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Over the last decade, novel materials such as graphene derivatives, transition metal
dichalcogenides (TMDs), other two-dimensional (2D) layered materials, perovskites, as well as metal
oxides and other metal nanostructures have centralized the interest of the scientific community [1–4].
Due to their extraordinary physical, optical, thermal, and electrical properties, which are correlated
with their 2D ultrathin atomic layer structure, large interlayer distance, ease of functionalization, as
well as bandgap tunability, these nanomaterials have been applied towards the development or the
improvement of innovative optoelectronic applications, as well as the expansion of theoretical studies
and simulations in very fast-growing fields of energy (photovoltaics, energy storage, fuel cells, hydrogen
storage, catalysis, etc.), electronics, photonics, spintronics and sensing devices [5–8]. The continuous
nanostructure-based applications development provides the confidence to significantly improve
existing products and to explore the design of materials and devices with novel functionalities [9–11].

This Special Issue reports some of the most recent trends and advances in the interdisciplinary
field of optoelectronics, including 24 original research articles and two review papers. Most articles
focus on light emitting diodes (LEDs) and solar cells (SCs), including organic, inorganic and hybrid
configurations, while the rest concern some excellent studies on photodetectors, transistors, as well
as on other well-known dynamic optoelectronic devices, as depicted in Figure 1. In this context,
this exceptional collection of articles is directed at a broad scientific audience of chemists, materials
scientists, physicists, and engineers, with the goals of not only pointing out the potential of innovative
optoelectronic applications incorporating nanostructures but also inspiring their realization.

The first section of the special issue includes five original articles from the broad field of solar cells
technology. First, the article by Deng at al. [22], reports on the preparation of a Ti porous film supported
NiCo2S4 nanotube and its role as a fluorine doped tin oxide (FTO)/Pt alternative counter electrode
(CE) in CdS/CdSe quantum-dot-sensitized solar cells (QDSSCs). The novel porous counter electrode,
prepared by acid etching and a two-step hydrothermal method, exhibited better electrocatalytic
properties, improved loading, as well as higher stability, resulting in a photovoltaic performance
improvement of the fabricated QDSSC by 240%, compared to the conventional FTO/Pt based one. Next,
Ho et al. [23] demonstrate their efforts to boost the performance and the output power of textured
silicon solar cells through plasmonic forward scattering. They individually inserted a single and a
double layer of two-dimensional indium NPs within a SiNx/SiO2 double-layer antireflective coating.
As a result, the conversion efficiency, for both approaches, was improved compared to the reference
cell up to 5%. They also investigated the effect of In NPs layers within the double layer of ARC on
light-trapping performance of the devices at different slopes. Finally, in a same manner, the electrical
output power was evaluated, exhibiting an enhancement over 50%.

In another study, Shi et al. [24] present the growth of high performance ultrathin MoO3/Ag
transparent electrodes via thermal evaporation at different deposition rates, by assessing their optical,
electrical, and morphological characteristics. They proved that the synergy of MoO3 with silver,
even as a very thin nucleation layer, was beneficial for the fabrication of uniform, semitransparent,
and highly conductive porous films. The said ultrathin electrode was used in inverted organic solar
cells as top semitransparent electrode, exhibiting a significant PV performance (2.76%) when the device

Nanomaterials 2020, 10, 520; doi:10.3390/nano10030520 www.mdpi.com/journal/nanomaterials1
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was illuminated from the top side. The article by Svrcek et al. [19] deals with the development of low
roughness InN thin films through the pulsed metalorganic vapor-phase epitaxy (MOVPE) process.
The optimized InN/p-GaN photoelectric heterojunction exhibited excellent electron extraction efficiency
compared to the literature for similar studies based on pulsed MOVPE.

 
Figure 1. Various configurations of the optoelectronic devices reported in the Special Issue.
(a) Ag–photonic crystal (PhC) SEM image. Reproduced with permission from [12]; (b) real
representations and schematic diagrams of a green and a red quantum-dot light emitting diode
(LED). Reproduced with permission from [13]; (c) representation of a field emitter cold cathode based
on graphene oxide r(GO):organic charge transfer materials composites. Reproduced with permission
from [14]; (d) schematic representation of a patterned double-layer indium tin oxide (ITO) ultraviolet
(UV) LED. Reproduced with permission from [15]; (e) typical J-V curves of a ternary organic solar
cells (OSC) device and schematic representation of charge transfer between the active layer materials.
Reproduced with permission from [16]; (f) schematic representation of a two-dimensional (2D)
perovskite platelet phototransistor. Reproduced with permission from [17]; (g) atomic force microscopy
(AFM) and SEM images of green LEDs with and without InGaN/GaN superlattice. Reproduced with
permission from [18]; (h) schematic representation of an InN/p-GaN photoelectric heterojunction.
Reproduced with permission from [19]; (i) a CdTe microdots array photodetector configuration.
Reproduced with permission from [20]; (j) configuration of a light emitting diode (PeLED) based on
octylammonium substituted perovskite. Reproduced with permission from [21]. Copyright of all
figures MDPI publisher, 2020.

The ternary configuration has shown a great potential in the field of organic solar cells. In this
context, Stylianakis et al. [16] synthesized a novel graphene derivative with favorable energy levels
to the binary blend materials of the active layer of a typical inverted organic solar cell. The new
graphene-based molecule was incorporated in ink form as the third component within the active layer,
in various ratios. In that way, highly efficient inverted ternary organic solar cells (OSC) devices were
realized, exhibiting a performance improvement by 13%, compared to the control device, leading to a
record PCE value of 8.71%. Power conversion efficiency (PCE) enhancement was attributed to the
cascade effect, facilitating electron transport from the active layer to ITO bottom electrode, as well
as the morphology improvement between the interfaces of the binary blend components. The last
article of this section is by Chen et al. [25], who examined the effect of solvent polarity, as well as
the concentration of the precursor methylammonium iodide (MAI) on the morphology of MAPbI3
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perovskite thin films. They found that better coverage and compactness were achieved according to
the longer alkyl chain of the solvent (lower polarity), although the film’s roughness was higher. Upon
the parameters’ optimization, highly efficient perovskite solar cells were prepared with a champion
PCE of 16.66%.

The second section consists of ten original contributions concerning the field of LEDs. Feng et al. [12]
present their study on the combination of localized surface plasmon (LSP) and quantum wells (QWs),
deriving from the incorporation of silver NPs into the holes of a photonic crystal within the p-GaN
layer of a green LED. In order to demarcate the impact of light and e-beam induced excitations on
LSP–QW coupling mechanism, they adopted a 3D finite difference time domain (FDTD) numerical
simulation model during the photophysics measurements, while they suggest a beneficial way towards
the energy dissipation reduction in Ag NPs. Next, Yan et al. [13] evaluated the performance of
green and red CdSe quantum dots (QDs) based LED devices, at various excitation wavelengths,
by assessing the photoluminescence (PL) of the respective thin films. In addition, the indefinite role
of a V-pits-embedded InGaN/GaN superlattice (SL) in green LEDs performance improvement was
explored by Liu et al. [18], who achieved to improve the device’s external quantum efficiency (EQE)
by ~30%, upon the development of the V-pits-embedded InGaN/GaN SL layer. They used scanning
electron microscopy (SEM) synergistically to a room temperature cathodoluminescence (CL) to validate
light emission properties of InGaN/GaN multiple quantum wells (MQWs), proving that V-pits may act
as a barrier for carriers’ diffusion into nonrecombination centers. Moreover, Chen et al. [21] prepared
highly fluorescent and uniform MAPbBr3 thin films by tuning the content of octylammonium bromide
(OAB) additive within the perovskite precursors. In this manner, high performance perovskite-based
LEDs were fabricated, exhibiting very high luminance and luminous current efficiency values, due to
high exciton binding energy of the nanocrystals grain size, resulting in nonradiative recombination
mitigation, as well as emission efficiency augmentation.

Li et al. [26] report on their efforts towards the improvement of color-conversion efficiency
(CCE) and stability of quantum-dot-based light-emitting diodes upon the incorporation of a blue
anti-transmission film (BATF). They proved that under the optimum tradeoff between the BATF
thickness and QDs concentration, both CCE and luminous efficacy can be significantly improved by
over 42% and 24%, respectively. The study by Zhou et al. [27] proposes the design of two novel p-type
layers a) a gradually reduced indium content p-InGaN and b) a p-GaN. The first one acted as an ideal
replacement of p-AlGaN, while the second boosted the light output power of a GaN-based green LED.
Indeed, the champion green LED device exhibited an improvement by ~14% compared to the reference
one in light intensity while the indium content was gradually reduced from 10% to 0%, as confirmed by
experimental and simulation studies. In another theoretical report on GaN-based LEDs, Jin et al. [28]
state an error-grating simulation model and recommend some nano-grating strategies, including the
use of alternative materials, as well as the adaption of different fabrication structural parameters
towards the improvement of light extraction efficiency of LEDs. They compare the results from the
literature regarding the use of several materials as patterned bottom reflection layer and suggest that
the incorporation of SiO2 nanorod array (NR) is the optimum approach.

The fabrication of a multilayered transparent conductive electrode (TCE) for AlGaN-based UV
LEDs, with improved optoelectronic properties, of the structure ITO/Ga2O3/Ag/Ga2O3 is suggested
by Wang et al. [29]. In that way, the complex TCE exhibited very high transmittance values at
365 nm and extremely low specific contact resistance, upon annealing. The combination of two
single ITO layers is demonstrated by Zhao et al. [15] for GaN-based UV LEDs, in order to improve
light extraction efficiency (LEE) and to reach low-resistance ohmic contact with the layer of p-GaN.
The concept was implemented using laser direct writing and was further supported by numerical
simulations. In the last article of the section, Tang et al. [30] describe their great efforts on LEE
enhancement in flip-chip (mini) GaN-based LEDs, through the management of the total internal
reflection at sapphire/air interface, using a tetramethylammonium hydroxide (TMAH) based etching.
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In this manner, hierarchical prism-structured sidewalls were formed in the device, to boost light output
power, due to light trapping, and thus scattering phenomena exploitation.

Three novel studies and a review article in the field of photodetectors are presented in the
third section of this SI. More specifically, Shih et al. [31] fabricated p- and n-type Si heterojunction
photodetectors incorporating graphene oxide (GO) of different oxidation degrees. They proved that
the oxidation degree, adjusted by tuning the total of hydrogen peroxide during the oxidation process,
increased the photoresponse in case of n-type Si heterojunction devices and vice versa in case of
p-type ones. In addition, Xue et al. [17] demonstrate their dual approach regarding a) the controllable
synthesis of high quality 2D perovskite platelets, compatible to conventional substrates with a melting
point over 100 ◦C and b) the following fabrication of high-performance photodetectors. On the
other hand, Lee et al. [20] report on the preparation of an ultrahigh sensitivity CdTe microdots-based
photodetector onto a bottom bismuth coated ITO/glass substrate. The devices exhibited excellent
durability and efficiency under stress conditions mainly due to piezo-phototronic effect, which highly
affected the height of the Schottky barrier. A review article, by Shi et al. [32] is the last contribution of the
section, summarizing the current insights and achievements in the field of organic photomultiplication
photodetectors, due to trap assisted carrier tunneling effect, while alternative operational mechanisms,
future perspectives, and challenges are also considered.

Novel contributions related to other dynamic devices are also included in the fourth section,
which consists of three research articles and a review one. Guo et al. [33] successfully tuned the
geometry of GaN-based nanobricks to be incorporated as efficient dielectric metasurface towards
the manipulation of orthogonal linear polarizations simultaneously in the visible light. Moreover,
they conceived and constructed a polarization beam splitter (PBS), as well as the required focusing
lenses at the wavelength of 530 nm, featuring the great options of visible light optical devices. In another
simulation study, Ma et al. [34] suggest a metamaterial structure composed of a gold split-ring and a
graphene one, in order to reinforce the electromagnetically induced transparency (EIT) effect in the mid
infrared (MIR) region and to create a tunable transparency window, by adjusting the coupling distance
and/or the Fermi level of the graphene-based split-ring. Their results could be exploited towards the
development of various light management nanodevices. Wu et al. [35] demonstrate the development
of a reusable and flexible tunable filter through an advanced electrowetting fluid-manipulation
technology. They observed that upon the simulated adjustment of the period of the grating structure
filter, the reflection of CMY (cyan, magenta, yellow) primary colors was accomplished. On the other
hand, the significantly shorter device’s response time was attributed in the fast speed of electrowetting
fluid manipulation process. The section closes with an extensive summary regarding the most recent
accomplishments in the field of dynamically tunable metasurface-based applications incorporating
liquid crystals (LCs) by Ma et al. [36]. They provide various rational architectures, as well as the most
common factors to adjust the optical properties of LCs. In this context, they list various combinations
between LCs and a range of metasurfaces that could be accomplished, aiming to increase their
compatibility with high performance functional dynamic nanodevices.

The last part of the Special Issue incorporates original articles demonstrating the realization
of other efficient optoelectronic nanodevices, such as field emission (FE) devices and transistors,
respectively. First, the article by Stylianakis et al. [14] compares the FE performance of four
solution-processed approaches including the use of polymeric and fullerene derivatives’ composites
towards the development of rGO-based in different ratios cold cathodes for FE devices. The prepared
devices displayed excellent stability, higher field enhancement factor, and much lower turn-on
field compared to the reference n+-Si/rGO FE devices. Celebrano et al. [37] close the Special Issue
demonstrating their investigation on the photocurrent behavior of an erbium-doped and co-doped
with oxygen silicon-based transistor at room temperature (RT), upon alteration of the laser source
wavelength. They proved that the photocurrent strongly depends both on the power, as well as the
frequency of the laser source, while the potential incorporation of Er-doped silicon in RT single photon
resonators is highlighted.

4



Nanomaterials 2020, 10, 520

To sum up, the present Special Issue entitled “Optoelectronic Nanodevices” assembles original
research contributions from various subfields of optoelectronics. This collection showcases outstanding
experimental and simulation studies pointing out the potential of novel organic, inorganic, hybrid
composites, as well as 2D nanomaterials to be incorporated in order to enhance the performance and
to extend the lifetime of conventional optoelectronic applications.

Funding: This research is co-financed by Greece and the European Union (European Social Fund-ESF) through
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Abstract: In this paper, a novel Ti porous film-supported NiCo2S4 nanotube was fabricated by the
acid etching and two-step hydrothermal method and then used as a counter electrode in a CdS/CdSe
quantum-dot-sensitized solar cell. Measurements of the cyclic voltammetry, Tafel polarization curves,
and electrochemical impedance spectroscopy of the symmetric cells revealed that compared with the
conventional FTO (fluorine doped tin oxide)/Pt counter electrode, Ti porous film-supported NiCo2S4

nanotubes counter electrode exhibited greater electrocatalytic activity toward polysulfide electrolyte
and lower charge-transfer resistance at the interface between electrolyte and counter electrode,
which remarkably improved the fill factor, short-circuit current density, and power conversion
efficiency of the quantum-dot-sensitized solar cell. Under illumination of one sun (100 mW/cm2),
the quantum-dot-sensitized solar cell based on Ti porous film-supported NiCo2S4 nanotubes counter
electrode achieved a power conversion efficiency of 3.14%, which is superior to the cell based on
FTO/Pt counter electrode (1.3%).

Keywords: NiCo2S4 nanotubes; Ti porous film; quantum dot; solar cells; counter electrode

1. Introduction

In recent years, the quantum-dot-sensitized solar cell (QDSSC) has aroused a widespread attention
due to the large absorption coefficient, multiple exciton generation, and the tunable absorption
spectrum based on quantum confinement effect. QDSSC is composed of three parts: QD-sensitized
TiO2 or ZnO photoanode, electrolyte (Sn

2−/S2−), and counter electrode (CE) [1]. As one of the most
important parts in QDSSC, CE is used as a catalyst to reduce Sn

2−/S2− after the electron injection from
external circuit so that QD can be regenerated. For achieving this function, CE materials should provide
superior catalytic activity and high chemical stability against the corrosive polysulfide electrolyte.

As is well known, Pt is a poor electrocatalyst for reducing Sn
2−/S2− due to its strong

chemisorption with S2− ions, resulting in the serious corrosion and much higher overpotentials
for electrolyte regeneration. Therefore, the QDSSC with Pt CE show a low fill factor (FF) and
power conversion efficiency (PCE) [2], and the high cost is another disadvantage. Recently,
some Pt-free CE materials with low cost, such as carbon materials [3–5], conductive polymers [6],
and inorganic compound [7], have been widely developed and demonstrated to have attractive
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performances. Of these Pt-free CE materials, the transition-metal sulfides, such as CuS, FeS, CoS,
NiS, and NiCo2S4 [8–12], have attracted tremendous interest. Especially, NiCo2S4 contains higher
electrochemical characteristics compared with binary NiS and CoS. NiCo2S4 has been regarded as one
of the most potential electrode materials for a super-capacitor for are several main reasons, as follows:
(1) NiCo2S4 has a high electric conductivity, which is approximately 100 times higher than that of
NiCo2O4 and higher than that of NiS and CoS [13]; (2) NiCo2S4 has good mechanical and thermal
stability and two different metal cations (Co and Ni) supplying richer redox reactions, leading to better
electrochemical performance [14–17]. Up until now, NiCo2S4 as an efficient CE has also been widely
used in dye-sensitized solar cell (DSSC). Shi et al. reported that NiCo2S4 nanosheet films were used
as a CE of DSSC, the photocurrent density is increased by 3 mA/cm2 [18]. Huo et al. fabricated the
flower-like NiCo2S4/NiS micro-spheres, then the NiCo2S4/NiS was coated on FTO (fluorine doped
tin oxide) conductive glass as a CE for DSSC and the PCE of DSSC increased by 8.24% compared
with that of the DSSC based on Pt CE [19]. A compact NiCo2S4 film with a thickness of 40 nm and
a cross-linked network of NiCo2S4 nanosheet film coated FTO conductive glass were used as CEs
for DSSC [20,21], and the DSSC with NiCo2S4 CE exhibited higher PCE compared with that of Pt
CE-based DSSC. In addition, one-dimensional (1D) nanomaterials (e.g., nanorod, nanowire, nanotube)
with direct electrical pathways show excellent application prospects in nanoscale electronic devices.
One-dimensional NiCo2S4 nanotube arrays were used for supercapacitors [22] and 1D Co9S8 hollow
nanoneedle arrays were used as CE for QDSSC [11].

The substrate supporting CE materials is also very important for the performance of DSSC;
it should have large surface area, excellent conductivity, and good corrosion resistance to the electrolyte.
Owing to the poor conductivity of metal sulfides, improving the catalytic activity of CE by increasing
the thickness of CE is limited. In order to solve this problem, the porous microstructure with a large
surface is used to load CE materials. For example, porous SnO2, ZnO, TiO2, and carbon and nickel
foam were used as catalyst support [7,9,23,24]. The porous Cu2S and FeS CEs were directly prepared
on Cu and Fe substrates by in situ corrosion method [25], but they can easily peeled off from the
substrates because of the reaction of Cu and Fe substrates with S2− in electrolyte. In addition, it is
important that the electrons from the external circuit quickly transfer to CE materials and reduce the
electrolyte. So far, various substrates have been used, such as FTO and ITO (indium doped tin oxide)
conductive glass [3–6], C fiber cloth and C paper [16], Ti mesh [26], and abovementioned Fe and Cu.
Generally, two methods are available to prepare CE: one is the in situ growth method, the other is
the ex situ coating method. For the former, there is a good adhesion between the substrate and CE
materials, but the load of CE materials is limited. For the latter, although CE materials can be increased
by increasing the coating several times, the adhesion is poor. In order to solve the adhesion problem,
the adhesive was added into the CE materials [27], but it increased the electron transfer resistance.

In this paper, we have designed NiCo2S4 nanotubes supported on Ti porous film (Ti-PF) as CE for
QDSSC. Firstly, Ti-PF was prepared by acid etching, then NiCo2S4 nanotubes were synthesized on Ti-PF
by two-step hydrothermal method. NiCo2S4 nanotubes not only provide the effective path for electron
transport but also have more electroactive sites for reducing polysulfide electrolyte. In addition,
Ti-PF/NiCo2S4 CE exhibits lower charge-transfer resistance compared with FTO/Pt CE owing to the
high conductivity of Ti and the porous structure increases the load of CE materials and improves
the stability via the pore-wall. As a result, the PCE (3.14%) of QDSSC based on Ti-PF/NiCo2S4 CE is
higher than that (1.3%) of QDSSC based on Pt CE.

2. Experimental Section

In this work, NiCo2S4 nanotubes supported on Ti-PF were prepared by the following three steps
(Figure 1): (1) Ti-PF was prepared by acid etching as the substrates (Step 1); (2) Ni−Co precursor
((Ni,Co)2(CO3)(OH)2) nanorods were hydrothermally grown (Step 2); and (3) (Ni,Co)2(CO3)(OH)2

nanorods were converted into NiCo2S4 nanotubes in Na2S solution via an anion-exchange
reaction (Step 3).
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2.1. Preparation of Ti-PF

Firstly, Ti sheets with high purity (TA1, 99.9%) and 0.2 mm thickness were washed in the acetone
and ethanol using an ultrasonic bath for 30 min, respectively, and rinsed with deionized water.
Then, the cleaned Ti sheets were immersed in 90 mL of HCl solution (25 wt·%) for 24–72 h at room
temperature. Next, Ti-PF sheets were washed thoroughly with deionized water until the pH was close
to 7 and further dried in air.

Figure 1. Schematic diagram to illustrate the preparation process of NiCo2S4 nanotubes on Ti porous
film (Ti-PF).

2.2. Fabrication of NiCo2S4 Nanotubes

NiCo2S4 nanotubes were prepared by two-step hydrothermal method according to the
literature [14,28]. All the reagents were of analytical grade in this experiment and purchased from
Sinopharm (Beijing, China). Firstly, 4 mmol CoCl2·6H2O, 2 mmol NiCl2·6H2O, and 12 mmol urea were
dissolved in 35 mL deionized water and stirred to form a pink homogeneous solution. Subsequently,
the mixed-solution and Ti-PF sheets were transferred into 50 mL Teflon-lined stainless-steel autoclave
and then heated at 120 ◦C for 10 h. After being cooled to room temperature, Ti-PF sheets with pink
product were washed with deionized water and ethanol and then dried at 60 ◦C in air for 10 h.
The (Ni,Co)2(CO3)(OH)2 nanorods were obtained. In the next step, the (Ni,Co)2(CO3)(OH)2 was
transformed into NiCo2S4 by a hydrothermal process in 0.1 M Na2S·9H2O solution at 120 ◦C for 10 h.
After being cooled to room temperature, Ti-PF sheets with black products were washed with deionized
water and ethanol and then dried in air at 60 ◦C. The NiCo2S4 nanotube CE was obtained.

2.3. Assembly of QDSSCs

The QDSSC was fabricated using a screen printing technique with the home-made TiO2/ZnO
paste [29]. Firstly, the TiO2 compact layer was prepared via a spin-coating method and followed by
calcination at 400 ◦C for 0.5 h. Subsequently, the mesoscopic photoanodes were prepared through four
circulars screen printing of TiO2/ZnO paste on FTO conductive glass with TiO2 compact layer and
sintered at 450 ◦C for 0.5 h. The active area of the film is 0.25 cm2. Next, the growth of ZnO nanowires
was performed in a procedure similar to that in our previous paper. Lastly, CdS/CdSe/ZnS QDs were
deposited by successive ionic layer adsorption and reaction (SILAR) method [1,29]. A polysulfide
electrolyte used in the QDSSCs and the symmetric cells was prepared by dissolving 1 M Na2S, 1 M S
and 0.2 M KCl in a methanol/water solution (7:3, v/v).
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2.4. Characterization and Measurements

Field emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Tokyo, Japan) and
transmission electron microscope (TEM, Tecnai G2F20, FEI, Columbus, OH, USA) were carried
out to investigate the morphology and composition. The X-ray diffraction (XRD) patterns were
obtained by D/max-2400 X-ray diffraction spectrometer (Rigaku, Akishima-Shi, Japan) with Cu Ka
radiation at 40 kV and 100 mA. The current-voltage (I–V) characterization was performed under
AM 1.5 G simulated sunlight (100 mW/cm2) and recorded by a Keithley 2400 Source Meter
(Keithley Instruments, Inc., Cleveland, OH, USA). The cyclic voltammetry (CV), Tafel polarization
curves, and electrochemical impedance spectroscopy (EIS) were performed in the symmetric cells on
the workstation (CHI660E, CH Instruments Ins., Shanghai, China). These tests were used to investigate
the electrocatalytic ability of CE towards the reduction of Sn

2−/S2− electrolyte and the electronic
transport properties of CE. In CV tests, the scanning potential range is from −1.2 V to 1 V with a scan
rate of 100 mV/s. EIS curves were recorded at bias voltage of 0 V over a frequency range of 0.1 Hz to
1 MHz with AC amplitude of 10 mV, all EIS spectra were analyzed by ZsimpWin software. Polarization
Tafel curves were recorded from −0.6V to 0.6 V at the scan rate of 10 mV/s.

3. Results and Discussion

3.1. Morphology of Ti-PF

Figure 2 shows the SEM images for Ti-PF with different etching time in HCl. Generally, metal Ti
is stable in low concentration of HCl at room temperature. However, Ti is slowly etched when HCl
concentration is greater than 20%. In our experiment, HCl solution with concentration of 25% is used to
etch Ti sheets at room temperature and the morphology of Ti-PF is controlled by adjusting the etching
time. Figure 2a–f show the morphologies of Ti-PF with etching 24 h, 48 h, and 72 h, respectively. It can
be seen clearly that with the increase of etching time, the porous structure has changed significantly.
When the etching time is 24 h, the holes with the size range of about 5–10 μm exist only in very few
places (Figure 2a,b). When the etching time increases to 48 h, the holes with the size range of 10–20 μm
are uniformly formed on the surface of Ti sheet (Figure 2c,d). With an increase in etching time (up to
72 h), the holes disappeared completely (Figure 2e) and the shallow pits with the size of below 5 μm
were formed (Figure 2f). In this experiment, Ti-PF plays three roles to improve the catalytic activity
of CE to polysulfide electrolyte: (1) metal Ti provides a fast electronic transmission channel, (2) the
porous structure gives a large surface area and thus increases the load of CE materials, and (3) the
deeper holes in which NiCo2S4 nanotubes are limited by the wall increase the stability of CE. Therefore,
the Ti-PF etched for 48 h is most suitable for using as the CE substrate.

Figure 2. Cont.
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Figure 2. SEM images for Ti-PF from different etching time. (a,b)24 h, (c,d)48 h, and (e,f )72 h.

3.2. Morphology of NiCo2S4 Nanotubes

The conversion of (Ni,Co)2(CO3)(OH)2 nanorods into NiCo2S4 nanotubes can be explained by the
anion-exchange reaction mechanism [22,30,31]. Firstly, S2- in the Na2S solution exchanges with CO3

2−

and OH− on the surface of (Ni, Co)2(CO3)(OH)2 nanorods to form NiCo2S4, CO3
2−, and OH- react

with H+ in the solution to produce CO2 and H2O. At the same time, the internal (Ni,Co)2(CO3)(OH)2

diffuse spontaneously to the surface of the nanorod, where it provides a source of (Ni,Co)2(CO3)(OH)2

for further anion exchange. The continuous outward diffusion results in the generation of void space
inside the nanorod. When (Ni,Co)2(CO3)(OH)2 has been completely converted into NiCo2S4, nanorods
become nanotubes.

To illustrate the morphology of as-synthesized samples, SEM measurements were performed.
Figure 3a,b,e show the representative low-magnification and high-magnification SEM images of
(Ni,Co)2(CO3)(OH)2 nanorods, respectively. Figure 3c,b,f correspond to the low-magnification
and high-magnification SEM images of NiCo2S4 nanotubes, respectively. In Figure 3a–d,
(Ni,Co)2(CO3)(OH)2 nanorods and NiCo2S4 nanotubes were homogeneously deposited on Ti-PF,
suggesting that the two-hydrothermal method is favorable in forming this structure. Moreover,
the NiCo2S4 nanotubes were well preserved during sulfurization process. It can be seen that the
(Ni,Co)2(CO3)(OH)2 array film is composed by many multi-directional nanorods due to the nucleation
sites from the wall of holes and there is considerable inter-nanorod space, it will help electrolyte
full contact with CE materials at the bottom, improving the utilization rate of the CE materials.
A rough comparison between Figure 3b,d the diameters of NiCo2S4 nanotubes are larger than that of
(Ni,Co)2(CO3)(OH)2 nanorods, owing to the Ni and Co ions diffusion from inside to outside of the
nanorod during an anion-exchange process. As shown in Figure 3e,f (Ni,Co)2(CO3)(OH)2 nanorods
with a smooth surface and solid structure and NiCo2S4 nanotubes with a rough surface are clearly
seen from the damaged film.
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Figure 3. SEM images for (Ni,Co)2(CO3)(OH)2 nanorods (a,b,e) and NiCo2S4 nanotubes (c,d,f) on Ti-PF.

The detailed structure of NiCo2S4 nanotube scraped from Ti-PF sheet was further confirmed by
TEM, as shown in Figure 4. From Figure 4a, the nanotube structure and the porous wall can be evidently
seen, indicating the successful preparation of NiCo2S4 nanotubes on Ti-PF. By a closer examination
of the wall in Figure 4b, it is found that NiCo2S4 nanotube is composed of many nanoparticles with
a size of about 25 nm (marked with red line) and numerous pores locate at the nanotube. The NiCo2S4

nanotube with a rough surface (Figure 4a–c) and a thin wall of about 25 nm (Figure 4c) effectively
increases the electroactive sites. The nanotube structure can greatly enhance the electrolyte penetration
and improve the performance of cells. In Figure 4c, the corresponding selected area electron diffraction
(SAED) pattern indicates the polycrystalline nature of NiCo2S4 nanotubes and the diffraction rings can
be readily indexed to the (111), (220), (311), (400), (511), and (440) planes of NiCo2S4 phase. In addition,
Figure 4d reveals that the lattice spacings are about 0.51 nm, 0.284 nm, and 0.234 nm, which can be
assigned to the (111), (311), and (400) crystal planes of the cubic NiCo2S4 phase, respectively, indicating
the successful formation of crystalline NiCo2S4.

Figure 4. (a–c) TEM and (inset) SAED and (d) HRTEM images of NiCo2S4 nanotube.
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The as-synthesized NiCo2S4 nanotubes were further confirmed by the XRD and electron energy
loss spectroscopy (EELS) elemental mapping. In order to investigate the effect of annealing treatment
on the catalytic activity of NiCo2S4 CE and the performance of cells, NiCo2S4 CE was annealed at
400 ◦C for 30 min in the nitrogen atmosphere (NiCo2S4-an). Figure 5a shows XRD images for Ti-PF,
NiCo2S4, and NiCo2S4-an on Ti-PF. The diffraction peaks located at 31.6◦, 38.3◦, 50.5◦, and 55.3◦ can
be indexed to the (311), (400), (511), and (440) planes of the cubic phase NiCo2S4 (JCPDS 20-0782),
which is consistent with SAED analysis. There are also two strong peaks at 29.84◦ and 52.0◦, which may
correspond to the (311) and (440) planes of the cubic phase Co9S8 (JCPDS no.19-0364). The existence
of Co9S8 phase is because that (Ni,Co)2(CO3)(OH)2 nanorods were incompletely sulfurized in Na2S
solution, which was verified by many reports [14,32]. It can also be seen that the intensity of (311) and
(440) diffraction peaks of NiCo2S4 increased after annealing, indicating an increase in the crystallinity.
Moreover, the TEM and EELS mapping images (Figure 5b) indicate that the elements (Ni, Co, and S)
are uniformly distributed in the NiCo2S4 nanotube.

Figure 5. (a) XRD images for Ti-PF, NiCo2S4, and NiCo2S4-an on Ti-PF; (b) TEM image and the
corresponding EELS elemental mapping images of a single NiCo2S4 nanotube.

3.3. Electrochemical Properties of CEs

To investigate the electrochemical properties of Pt, NiCo2S4, and NiCo2S4-an CEs, CV test of
a symmetrical cell was carried out, as shown in Figure 6a. The peaks explain the catalytic reaction
at the interface between CE and electrolyte as follows Sn

2− + e− → nS2−. From the CV curves,
NiCo2S4 and NiCo2S4-an CEs present a similar shape with two typical pairs of redox peaks [16,21].
As a matter of fact, the reduction peak of the left pair is assigned to the reaction Sn

2− + e− → nS2−

and the right one is assigned as S + 2ne− → Sn
2− [19,20,33]. The role of the CE in a QDSSC is to

catalyze the reduction of Sn
2− to S2− ions in the polysulfide electrolyte, so the left pair of redox

peaks is directly related to the catalytic activity of CE, the positive and negative peaks correspond
to the oxidation of S2− and the reduction of Sn2−, respectively [34,35]. However, because of high
over-potential, Pt CE has only one pair of redox peaks, which correspond to the oxidation of S2− and
the reduction of Sn

2− [36]. The higher current density of left cathodic peak indicates that the CE has
an excellent electrocatalytic activity for the reduction of Sn

2− to nS2− [17]. It can be seen that NiCo2S4

and NiCo2S4-an CEs show higher current than Pt CE and the reduction current density of NiCo2S4-an
CE is the biggest. This results indicate that the NiCo2S4 CE is expected to enhance QD regeneration
and photoelectron generation, thus beneficial for improving QDSSC’s photocurrent, and the annealing
treatment enhanced the crystallinity of NiCo2S4 CE, which increases the reduction current.

Tafel polarization technique is an important method to evaluate the catalytic activity of CEs.
Theoretically, the Tafel curve includes the diffusion, Tafel and polarization zones at the high-, middle-,
and low-potential areas, respectively. In Tafel analysis, the exchange current density (J0) (Tafel zone)
and the limiting diffusion current density (Jlim) (diffusion zone) are two key parameters to evaluate

15



Nanomaterials 2018, 8, 251

the electrocatalytic activity of CEs. Tafel polarization curves of Pt, NiCo2S4, and NiCo2S4-an CEs are
shown in Figure 6b. It can be seen that, in the Tafel zone, the slopes of the anodic or cathodic branches
are in the order of NiCo2S4-an > NiCo2S4 > Pt. A larger slope indicates a higher J0. According to the
following equation:

J0 = RT/nFRct, (1)

where R, T, F and n are the gas constant, the temperature, Faraday’s constant, and the electron number
involved in Sn2−/S2− redox couple, respectively [35]; the charge-transfer resistance (Rct) can be
calculated by J0 values. The change trends of the Rct is NiCo2S4-an < NiCo2S4 < Pt, which is consistent
with the EIS results. In addition, Jlim derived from the horizontal part of the curve at high potential is
also closely related to the catalytic activity of CEs, which is given by equation:

D = L Jlim/2nFC, (2)

where D, L, F, C, and n are the diffusion coefficient of the polysulfide, the electrolyte thickness,
the Faraday constant, the polysulfide concentration, and the number of electrons involved in the
reduction of disulphide at the counter electrode, respectively [37]. It can be noticed that the change
trend of Jlim is consistent with CV results, suggesting the D of redox couple in the electrolyte increases
with enhanced electrocatalytic activity of CEs.

To further understand the reason for the good performance of the as-prepared CEs, EIS was
carried out using the symmetrical cells, as shown in Figure 6c, and the corresponding parameters are
shown in Table 1. Figure 6c shows Nyquist plots of Pt, NiCo2S4, and NiCo2S44-an CEs and the insets
of Figure 6c are the equivalent circuit and the magnified Nyquist impedance. In the equivalent circuit,
Rs represents the series resistance including the sheet resistance of the substrates (FTO and Ti sheet)
and the contact resistance of the symmetrical cell, which is mainly correlated to electron transfer rates
to the interface of CE/electrolyte and it can be estimated from the intercept on the real axis at the
high frequency. The intercept of the middle frequency semicircle on the real axis represents Rct at the
interface between CE and electrolyte. The Rct, which is closely related to the electrocatalytic activity
and the reaction kinetics of the CE, is an important parameter to determine the FF of cell [36,38,39].
Generally, because of the symmetrical structure, Rct1 and Rct2 at the two CE/electrolyte interfaces are
equal (Rct1 = Rct2), so every Nyquist plot has one semicircle [35,40]. The obtained impedance spectra
are fitted by Z-View software, as shown in Table 1. The Rs values of Pt, NiCo2S4 and NiCo2S4-an CEs
are 8.639 Ω, 3.139 Ωand 3.01 Ω, respectively. Among them, the Rs values of NiCo2S4, and NiCo2S4-an
CEs are close, which may be ascribed to the same Ti-PF substrates. The Rs of Pt CE is much higher
than that of NiCo2S4 and NiCo2S4-an CEs, which is attributed to the strong chemisorption of S2−

ions on Pt. Rct directly reflects the electrochemical reaction at CE/electrolyte interface, Rct values of
Pt, NiCo2S4, and NiCo2S4-an CEs are 6860 Ω, 67.47 Ω, and 33.31 Ω, respectively; this means that it
is easier for charges transfer through the NiCo2S4-an/electrolyte interface than Pt/electrolyte and
NiCo2S4/electrolyte interfaces. Thus, it is anticipated that the QDSSC with Ti-PF-supported NiCo2S4

nanotube CE will show better photovoltaic performance. Furthermore, the proper annealing treatment
reduced the Rct of NiCo2S4/electrolyte interface and improved the short-circuit photocurrent density
(Jsc) and PCE of QDSSC.

Table 1. Photovoltaic parameters obtained from J–V curves of quantum-dot-sensitized solar cells
(QDSSCs) and EIS parameters of symmetric cells.

Samples Voc (V) Jsc (mA/cm2) FF (%) PCE (%) Rs (Ω) Rct (Ω)

Pt 0.489 (0.483) 11.76 (10.29) 22.56 (25.19) 1.30 (1.21) 8.639 6860
NiCo2S4 0.456 (0.45) 13.72 (13.56) 40.60 (40.46) 2.54 (2.51) 3.139 67.47

NiCo2S4-an 0.489 (0.478) 16.68 (15.32) 38.52 (38.61) 3.14 (2.82) 3.010 33.31
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Complete photovoltaic cells based on NiCo2S4 and NiCo2S4–an CEs were fabricated and the
cell based on Pt CE is used as the reference. In this study, Pt, NiCo2S4, and NiCo2S4-a CEs were
soaked in Sn

2−/S2− electrolyte for 24 h and then were used in the complete photovoltaic cells.
The complete photovoltaic cells and symmetric cells were fixed by clip and spacer with 90 μm
thickness. The photovoltaic curves and the photovoltaic parameters (open-circuit voltage (Voc), Jsc, FF,
and PCE) are shown in Figure 6d and Table 1, respectively. From Figure 6d, obviously, the performance
of QDSSCs based on NiCo2S4 and NiCo2S4-an CEs are better than that of QDSSC with Pt CE.

The champion QDSSC based on Pt CE has an Voc of 0.489V, a Jsc of 11.76 mA/cm2, a FF of 22.56%,
and a PCE of 1.3%. The champion QDSSC with NiCo2S4 CE has a Voc of 0.456V, a Jsc of 13.72 mA/cm2,
a FF of 40.6%, and a PCE of 2.54%. The champion QDSSC employing NiCo2S4-an CE has a Voc

of 0.489V, a Jsc of 16.68 mA/cm2, a FF of 38.52%, and a PCE of 3.14%. Notably, the PCE increased
from 1.3% to 3.14% when Pt CE was replaced with NiCo2S4-an CE. In addition, the average values
obtained of the three best cells (up to nine) based on an optimal photoanode and three CEs are given in
brackets, as shown in Table 1, and the change trends of the average values of Voc, Jsc, FF, and PCE are
consistent with the champion QDSSCs. This improvement in the cell performance originates from the
significant increases in both Jsc and FF, which closely related to the higher electrocatalytic ability of CE.
Furthermore, the QDSSC with NiCo2S4-an CE shows a higher Jsc and Voc than that with NiCo2S4 CE
and thus obtains a higher PCE. Voc of QDSSC depends upon the difference between the quasi Fermi
level of the photoanode and the redox potential of the electrolyte. The annealing treatment improved
the crystallinity and the conductivity of NiCo2S4, so the fast charge transfer at CE/electrolyte interface
can cause a change in the concentration gradient in the electrolyte solution, which influences the
recombination rates at the photoanode/electrolyte interface and consequently the conduction band
position of the photoanode. Meanwhile, the high conductivity of NiCo2S4-an CE also increased the
photocurrent of cell [41]. J–V parameters are in line with the electrocatalytic ability of CEs discussed in
the CV, Tafel polarization, and EIS.

Figure 6. (a) Cyclic voltammetry (CV); (b) Tafel curves; and (c) EIS of the symmetric cells with
Pt, NiCo2S4, and NiCo2S4-an CEs and (d) J–V characteristics for QDSSCs based on Pt, NiCo2S4,
and NiCo2S4-an CEs, respectively.
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4. Conclusions

In summary, we have prepared Ti-PF by the acid etching technique and Ti-PF supporting NiCo2S4

nanotubes via two-step hydrothermal method; furthermore, Ti-PF supporting NiCo2S4 nanotubes are
used as CE in QDSSCs. The morphology of Ti-PF is affected with the etching time. When etching time
is 48 h in hydrochloric acid with a weight concentration of 25% at room temperature, the holes are
uniformly formed on the surface of Ti sheet, which is most suitable for use as the substrate to support
CE materials. SEM, TEM, and XRD results show that the as-synthesized NiCo2S4 nanotube with porous
surface is the cubic phase. Using a polysulfide electrolyte in the symmetric cells, Ti-PF/NiCo2S4 CE
provided greater electrocatalytic activity (a higher reduction current density, a higher J0 and Jlim)
and lower internal resistance (Rs and Rct). Also, Ti-PF/NiCo2S4 was used to fabricate QDSSC, it has
a higher performance (Jsc = 16.68 mA/cm2, Voc = 0.489 V, FF = 38.52%, and PCE = 3.14%) than that
based on FTO/Pt CE (Jsc = 11.76 mA/cm2, Voc = 0.489 V, FF = 22.56%, and PCE = 1.3%).
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Abstract: In this study, we sought to enhance the output power and conversion efficiency of
textured silicon solar cells by layering two-dimensional indium nanoparticles (In NPs) within
a double-layer (SiNx/SiO2) antireflective coating (ARC) to induce plasmonic forward scattering.
The plasmonic effects were characterized using Raman scattering, absorbance spectra, optical
reflectance, and external quantum efficiency. We compared the optical and electrical performance of
cells with and without single layers and double layers of In NPs. The conversion efficiency of the
cell with a double layer of In NPs (16.97%) was higher than that of the cell with a single layer of In
NPs (16.61%) and greatly exceeded that of the cell without In NPs (16.16%). We also conducted a
comprehensive study on the light-trapping performance of the textured silicon solar cells with and
without layers of In NPs within the double layer of ARC at angles from 0◦ to 75◦. The total electrical
output power of cells under air mass (AM) 1.5 G illumination was calculated. The application of
a double layer of In NPs enabled an impressive 53.42% improvement in electrical output power
(compared to the cell without NPs) thanks to the effects of plasmonic forward scattering.

Keywords: indium nanoparticles (In NPs); textured silicon solar cells; antireflective coating (ARC);
plasmonic forward scattering

1. Introduction

Most commercial solar cells are fabricated using a silicon-based wafer ranging in thickness from
150 to 200 micrometers. Light trapping in crystalline silicon solar cells is generally achieved using
a pyramidal structure with an antireflective coating on the surface. This combination allows for the
multiple reflection and scattering of incident light within the solar cell [1–8]. Metallic nanoparticles
(NPs) [9–12] of silver (Ag NPs) [13–16], gold (Au NPs) [17–20], and aluminum (Al NPs) [21–24] have
been applied to the front and/or rear-side surfaces of silicon solar cells to increase light trapping
and enhance photovoltaic performance. Metallic NPs can be resonantly coupled with incident light,
thereby allowing a portion of the light to be scattered into the absorber layer. Far-field forward light
scattering from metallic NPs and a near-field enhanced localized field in the vicinity of the metallic
NPs have been shown to boost the conversion efficiency of photovoltaic devices [9,25]. Researchers
have investigated the use of various metallic materials in these devices. They have also controlled
the dimensions, shapes, spacing, and surrounding dielectric environments of the NPs to enhance
resonant plasmonic scattering [9,11]. In addition, a dielectric-based (TiO2) photonic structure using
colloidal-lithographed processing was also proposed for light trapping in thin film photovoltaics [26].
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Indium nanoparticles (In NPs) exhibit plasmonic resonance in the ultraviolet range (below 280 nm)
and broadband plasmonic light scattering from visible and near-infrared wavelengths [27–29], which
makes them capable of boosting the conversion efficiency of photovoltaic devices. However, there has
been relatively little research on the embedding of In NP sheets within a double-layer antireflective
coating (DL-ARC) to enhance the photovoltaic performance of textured silicon solar cells [30–33].

In this study, we examined the plasmonic light scattering of In NPs of various dimensions, which
were embedded in a coating of SiO2 with a DL-ARC structure (SiNx/SiO2) for use in textured silicon
solar cells. The plasmonic effects of samples with single and double layers of In NPs were characterized
according to Raman scattering, absorbance, optical reflectance, and external quantum efficiency (EQE).
We also measured the EQE and photovoltaic current-voltage (I-V) as a function of incident angle using
cells with and without In NPs. We then calculated the total output electrical power of cells under
AM 1.5 G illumination. The application of a double layer of In NPs enabled an impressive 53.42%
improvement in output electrical power (compared to the cell without NPs) thanks to the effects of
plasmonic forward scattering. The novelty of this study includes (a) the enhancement in output power
and conversion efficiency of textured silicon solar cells by layering two-dimensional In NPs within a
DL-ARC, and (b) a comprehensive study on the light-trapping performance of the textured silicon
solar cells with and without layers of In NPs within the DL-ARC at angles from 0◦ to 75◦, both of
which are issues beyond the scope of previous studies [30–33].

2. Experiments

2.1. Characterization of Plasmonic Effects from Indium Nanoparticle Layers Embedded in SiO2 Coating

Quartz substrates were used as a test template to characterize the plasmonic effects of indium
nanoparticles in the UV-VIS band, due to their high transparency (low absorption) at UV-band
wavelengths. Figure 1 presents a schematic diagram of (a) an SiO2 coating (90 nm) deposited on a
quartz substrate, (b) a single layer of In NPs embedded in a SiO2 coating (90 nm), and (c) a double
layer of In NPs embedded in a SiO2 coating (90 nm). The SiO2 layer and In NPs were deposited
using electron-beam (e-beam) evaporation. The In NPs were formed by depositing indium films at
thicknesses of 3.8, 5, and 7 nm directly on the quartz substrate or the SiO2 coating and then applying
rapid thermal annealing (RTA) at 200 ◦C under H2. The average surface coverage and average diameter
of the In NPs were as follows: 3.8 nm (36.75% and 20.13 nm), 5 nm (41.83% and 25.03 nm), and 7 nm
(46.46% and 32.14 nm). These results were calculated using image-J software from corresponding SEM
images. Sample (b) was fabricated by applying a layer of In NPs on the quartz substrate and then
capping it with a 90-nm coating of SiO2. Sample (c) was fabricated by applying an initial layer of
In NPs on the quartz substrate and covering it with a 20-nm spacer layer of SiO2 before applying a
second layer of In NPs over the spacer layer and capping it with an additional 70-nm coating of SiO2.

 

Figure 1. Schematic diagrams of proposed samples: (a) SiO2 coating (90 nm) deposited on quartz
substrate; (b) single layer of In NPs embedded in SiO2 coating (90 nm) on quartz substrate; and (c)
double layer of In NPs embedded in SiO2 coating (90 nm).

The plasmonic effects of the In NPs (single and double layers) were examined using Raman
scattering and absorbance measurements. Raman scattering spectra were collected using a Raman
spectrometer (UniRAM, UniNanoTech Co., Yongin-si, Giheung-gu, Korea) with a 532-nm laser
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(approximately 3 mW), with the signal accumulated over a period of 30 s. The observed shifts
in the Raman peaks and variations in Raman signal intensity revealed that the plasmonic effects
depend on the number of NP layers and the dimensions of the In NPs they comprise. Absorbance
spectra were collected using a miniature spectrometer (USB4000-VIS-NIR, Ocean Optics, Inc., Largo,
FL, USA) with a deuterium tungsten light source (200–2000 nm) and reflective integrating sphere
(diameter of 5 cm). The obtained absorbance spectrum revealed the intensity of surface plasmon
resonance (SPR) and the SPR absorption band induced by In NPs. Both measurements were also
obtained from the sample without In NPs (as a control) to confirm the plasmonic effects of In NPs
layered within the SiO2 coating.

2.2. Fabrication and Characterization of Plasmonic Textured Silicon Solar Cells

Boron-doped (P-type) crystalline silicon wafers with a (100) orientation and resistivity of 10 Ω-cm
were cut to a thickness of 150 μm to use them as a base material for textured silicon solar cells.
Following standard Radio Corporation of America (RCA) cleaning, the saw-damaged surface of the
silicon wafers was removed by dipping them in a solution of H2O/KOH (Potassium). The surface of
the wafer was then etched by dipping it in a solution of H2O/KOH/IPA (Isopropanol) at 80 ◦C for
20 min to create a surface texture in the form of randomly-arranged pyramidal structures. The textured
wafers then underwent RCA cleaning prior to the application of an n+-Si emitter layer with a sheet
resistance of approximately 80 Ω/sq using a POCl3 diffusion process in a tube diffusion chamber
at 850 ◦C over a period of 3 min. The wafer was then cut into samples of 10 mm2. The oxide layer
that formed on the surface of the samples was removed using hydrogen fluoride (HF) solution prior
to the deposition of an Al film with a depth of 2 μm on the rear surface using e-beam evaporation.
The as-deposited wafer was then annealed at 450 ◦C for 5 min to form a back electrode with a good
ohmic contact to the p-silicon. Plasma-enhanced chemical vapor deposition (PECVD) was used to
deposit a 70-nm silicon nitride film on the front surface as an antireflective coating. Finally, top contact
grid-electrodes were formed from a Ti film (20 nm) and Al film (10,000 nm) using photolithographic
etching, e-beam evaporation, and lift-off processes. The resulting textured silicon solar cells (as shown
in Figure 2a) underwent characterization in terms of optical and electrical performance for use as a
reference by which to evaluate the performance of the plasmonic solar cells.

Figure 2 presents schematic diagrams showing the silicon solar cells tested in this study: 2(a)
presents the bare reference silicon solar cell; 2(b) shows the solar cell with an SiO2 coating (90 nm)
without In NPs (DL-ARC; SiNx/SiO2); 2(c) shows the solar cell with an SiO2 coating (90 nm) embedded
with a single layer of In NPs; 2(d) shows the solar cell with an SiO2 coating (90 nm) embedded with a
double layer of In NPs (same dimensions in each layer) separated by a 20-nm SiO2 spacer layer. Note
that the total thickness of the SiO2 coatings and embedded layers was maintained at 90 nm.

As described in Section 2.1, the layers of In NPs were fabricated by depositing indium film using
e-beam evaporation with thicknesses of 3.8 nm, 5 nm, and 7 nm, followed by annealing in an RTA
chamber at 200 ◦C under H2 for 30 min. A scanning electron microscope (SEM; Hitachi S-4700, Hitachi
High-Tech Fielding Corporation, Tokyo, Japan) was used to characterize the sample surfaces and
cross-sections. Optical reflectance (Lambda 35, PerkinElmer, Inc., Waltham, MA, USA) and external
quantum efficiency (EQE; Enli Technology Co., Ltd., Kaohsiung, Taiwan) measurements were used to
assess the plasmonic effects of the In NPs layers embedded within the SiO2 coating. The photovoltaic
performance of the textured silicon solar cells (with and without In NPs layers) was assessed in terms
of photovoltaic current-voltage (I-V) under AM 1.5 G illumination. The solar simulator (XES-151S,
San-Ei Electric Co., Ltd., Osaka, Japan) was calibrated using a National Renewable Energy Laboratory
(NREL)-certified crystalline silicon reference (PVM-894, PV Measurements Inc., Boulder, CO, USA)
prior to measurement.
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Figure 2. Schematic illustrations showing cells evaluated in this study: (a) reference textured silicon
solar cell; (b) reference cell with SiO2 coating (90 nm); (c) reference cell with SiO2 coating (90 nm)
embedded with single layer of In NPs; and (d) reference cell with SiO2 coating (90 nm) embedded with
double layer of In NPs.

2.3. EQE and Photovoltaic Performance of Plasmonic Textured Silicon Solar Cells under Incident Light of
Various Angles

We evaluated the textured silicon solar cells with and without In NP layers in terms of EQE
response and photovoltaic I-V curves under illumination by an incident light source of various angles
(θ), ranging from 0◦ to 75◦, as shown in Figure 3. The light source was fixed above a stage that
could be rotated from 0◦ to 90◦. The light source was calibrated using an NREL-certified crystalline
silicon reference cell at 0◦ prior to measurement. The output power of the cells was calculated at each
incident angle to compare the total output power under daylight illumination (from AM 0700 to PM
1700). The incident angles were meant to simulate illumination at various times, as follows: 0◦ (noon),
45◦ (AM 0900/PM 1500), and 75◦ (AM 0700/PM 1700).

      

Figure 3. Varying incident light source angle (θ) while illuminating textured silicon solar.

3. Results and Discussion

Figure 4a presents the Raman spectra of samples with the following configurations: (1) quartz
substrate/SiO2 layer; (2) quartz substrate/SiO2 coating embedded with single layers of In NPs of
various sizes (3.8 nm, 5 nm, and 7 nm); and (3) quartz substrate/SiO2 coating embedded with double
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layers of In NPs of various sizes (3.8 nm, 5 nm, and 7 nm). Compared to the sample with a quartz
substrate/SiO2 coating, the samples with In NPs presented shifts in the Raman peaks at 1181, 1362,
and 1485 cm−1. Generally, peaks in the Raman signal from metallic nanoparticles are an indication
of SPR under a light source of specific wavelengths. We also observed an increase in the intensity of
the Raman signals with an increase in the particle size and the number of NP layers. Thus, the most
pronounced plasmonic effects were observed in the samples with a double layer of In NPs of 7 nm.
Figure 4b presents the absorption spectra of samples with the following configurations: (1) quartz
substrate/SiO2 coating; (2) quartz substrate/SiO2 coating embedded with single layers of In NPs of
various sizes (3.8 nm, 5 nm, and 7 nm); and (3) quartz substrate/SiO2 coating embedded with double
layers of In NPs of various sizes (3.8 nm, 5 nm, and 7 nm). The fact that the peak absorption occurred
at approximately 200 nm indicates that the principal absorption of incident light occurred in the quartz
substrate due to the bandgap of the quartz substrate (approximately 6 eV). Compared to the quartz
substrate/SiO2 coating sample, the sample with a single layer of In NPs presented a higher absorption
band between 220 and 300 nm, with peak absorption at approximately 260 nm. The samples with a
double layer of In NPs presented far higher absorption values due to the higher density of the indium
nanoparticles and the effects of light coupling between the two nanoparticle layers.

 

Figure 4. (a) Raman spectra; (b) absorption spectra of all tested samples.

Figure 5a,b present top-view SEM images of textured silicon solar cells without and with In NPs,
respectively. These images show that the minimum and maximum spacing between pyramids on
the textured surface was 4 μm and 8 μm, respectively. The minimum and maximum heights were
4 and 7 μm, respectively. Figure 5c presents a particle profile of In NPs (7 nm) within the textured
surface. This profile was generated from the inset of Figure 5b. The size distribution and coverage
were calculated using Image-J software (National Institutes of Health, Bethesda, MD, USA). Figure 5d
presents a side-view SEM image of a sample with a double layer of In NPs (7 nm) embedded within
the SiO2 coating on a GaAs substrate. The GaAs substrate was used to examine the layer(s) of indium
nanoparticles embedded in the SiO2 coating due to the ease with which it can be cleaved to a strip-bar
for side-view SEM examination. In this 2D profile, it is easy to differentiate the first and second layers
of indium nanoparticles within the SiO2 coating.
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Figure 5. Top-view SEM images of textured silicon solar cells: (a) without and (b) with In NPs;
(c) particle profile of In NPs (7 nm) within textured surface; (d) side-view SEM image of double layer of
In NPs (7 nm) embedded within SiO2 coating on GaAs substrate. The inset in Figure 5a,b is an enlarge
graph of a pyramid structure on the cells without and with In NPs, respectively.

Figure 6a presents the optical reflectance of the reference textured silicon solar cell (Ref. Cell), the
cell with an SiO2 coating without In NPs (ARC Cell), and cells with an SiO2 coating embedded with a
single layer of indium nanoparticles of 3.8, 5 and 7 nm (SL-NPs Cell). The average weighted reference
(RW) was calculated from the wavelength range of 380–1000 nm, as listed in Table 1. For the sake of
clarity, we calculated the RW of the cells as follows:

RW =

∫ 1000 nm
380 nm R(λ)ϕph(λ)dλ∫ 1000 nm

380 nm ϕph(λ)dλ
× 100% (1)

where R(λ) is the optical reflectance at a given wavelength (λ) and ϕph (λ) is the photon flux of AM 1.5
G at that wavelength (λ). The RW of the cells with In NPs was lower than that of the reference cell
due to SPR absorption in the wavelength range of 200–350 nm (Figure 4b) and plasmonic forward
scattering beyond 600 nm, both of which were induced by the In NPs. The low RW indicates that the
NPs enabled more of the incident light to be trapped in the silicon. Samples with larger nanoparticles
(7 nm) presented lower RW values (3.34%) than the samples with 3.8-nm nanoparticles (3.78%). Again,
we can see that larger In NPs were able to trap more of the incident light. We therefore fabricated
samples with two layers of larger In NPs (7 nm) for further study and comparison. Figure 6b presents
the optical reflectance of the reference cell, the cell with an SiO2 coating (no NPs), and cells with single
and double layers of In NPs of 7 nm (DL-NPs Cell). We calculated the RW of all tested cells over a
wavelength range of 380–1000 nm, the results of which are listed in Table 1. The lowest RW value
(2.32%) was obtained from the cell with the double layer of In NPs embedded within the SiO2 coating.
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Figure 6. Optical reflectance: (a) reference cell, cell with SiO2 coating (no In NPs), cell with single layer
of In NPs (3.8 nm, 5 nm, and 7 nm) embedded in SiO2 coating; (b) cell with double layer of In NPs
(7 nm) embedded in SiO2 coating.

Table 1. Average Weighted Reference (RW) and Average Weighted External Quantum Efficiency
(EQEW) of Proposed Cells.

Silicon Solar Cell
RW (%)

@ 380–1000 nm
EQEW (%)

@ 380–1000 nm

Ref. Cell 4.58 88.82
DL-ARC 4.15 89.87

SL-In NPs (3.8 nm) Cell 3.78 90.13
SL-In NPs (5 nm) Cell 3.54 90.45
SL-In NPs (7 nm) Cell 3.34 91.35
DL-In NPs (7 nm) Cell 2.32 92.74

Figure 7a presents the EQE response of the reference solar cell, the cell with an SiO2 coating (no
In NPs), and cells with a single layer of In NPs of various sizes (3.8, 5, and 7 nm) embedded in an SiO2

coating. The EQE values of cells with In NPs were higher than those without In NPs across the entire
wavelength range, due to the effects of plasmonic forward scattering induced by the NPs. The EQE
values of cells with larger NPs were slightly higher than those with smaller NPs. The EQE response
values are in good agreement with the optical reflectance results. Figure 7b presents the EQE response
of the reference cell, the cell with a SiO2 coating (no In NPs), and cells with either a single layer of
In NPs (7 nm) or a double layer of In NPs (7 nm). For the sake of clarity, we calculated the average
weighted EQE (EQEW) of the cells as follows:

EQEW =

∫ 1000 nm
380 nm EQE(λ)ϕph(λ)dλ∫ 1000 nm

380 nm ϕph(λ)dλ
× 100% (2)

where EQE(λ) is the EQE at a given wavelength (λ) and ϕph(λ) is the photon flux of AM 1.5 G at
that wavelength (λ). The EQEW values were as follows: double layer of 7-nm In NPs (92.74%), single
layer of 7-nm In NPs (91.35%), SiO2 coating without NPs (88.97%), and reference cell (88.82%). Table 1
summarizes the EQEW of the cells calculated over a wavelength range of 380–1000 nm. The EQE
values of cells with double layers of In NPs exceeded those of cells with a single layer due to the higher
density of NPs and more pronounced plasmonic forward scattering.
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Figure 7. EQE response values: (a) reference cell, cell with SiO2 coating (no NPs), and cell with single
layer of In NPs (3.8 nm, 5 nm, and 7 nm); (b) reference cell, cell with SiO2 coating (no NPs), cell with
single layer of In NPs (7 nm), and cell with double layer of In NPs (7 nm).

Figure 8a presents the photovoltaic J-V curves obtained from the reference cell, the cell with an
SiO2 coating (no In NPs), and cells with a single layer of In NPs of various sizes (3.8, 5, and 7 nm)
under normal incident illumination (θ = 0◦). The short-circuit current densities (Jsc) and conversion
efficiency (η) values were as follows: single layer of 7-nm NPs (40.26 mA/cm2 and 16.61%), single layer
of 5-nm NPs (39.95 mA/cm2 and 16.51%), single layer of 3.8-nm NPs (39.77 mA/cm2 and 16.44%),
SiO2 coating without NPs (39.61 mA/cm2 and 16.34%), and reference cell (39.19 mA/cm2 and 16.16%).
The Jsc values of cells with NPs were higher due to plasmonic forward scattering than those without
NPs. The Jsc values of cells with larger NPs were slightly higher than those of cells with smaller NPs,
due to stronger plasmonic forward scattering.

 

Figure 8. Photovoltaic I-V curves: (a) reference cell, cell with SiO2 coating (no NPs), and cell with
single layer of In NPs (3.8 nm, 5 nm, and 7 nm); (b) reference cell, cell with SiO2 coating (no NPs),
and cell with double layer of In NPs (7 nm). The inset in Figure 8a,b is an enlarge graph of Jsc of all
evaluated cells at voltage 0−0.15 V.

Figure 8b presents the photovoltaic J-V curves of cells with a single layer of 7-nm In NPs and a
double layer of 7-nm In NPs. The photovoltaic performance of the proposed cells is summarized in
Table 2. Adding the second layer of In NPs increased the Jsc value from 40.26 to 40.92 mA/cm2, and
the η value from 16.61% to 16.97%, compared to a single layer of In NPs (7 nm). Adding two layers of
In NPs (7 nm) increased the Jsc value from 39.61 to 40.92 mA/cm2, and the η value from 16.34% to
16.97%, compared to DL-ARC without In NPs. These results demonstrate that using larger In NPs and
including multiple layers of In NPs facilitates the trapping of incident light and enhances Jsc and η,
due to stronger plasmonic forward scattering.
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Table 2. Photovoltaic Performance of Proposed Cells Under AM 1.5 G Illumination at Normal Incidence.

Silicon Solar Cell Jsc (mA/cm2) Voc (mV) Fill Factor (%) η (%) ΔJsc (%) Δη (%)

Ref. Cell 39.19 609.40 67.68 16.16 — —
ARC Cell 39.61 609.50 67.70 16.34 1.07 1.11

SL-In NPs (3.8 nm) Cell 39.77 609.51 67.85 16.44 1.47 1.73
SL-In NPs (5 nm) Cell 39.95 609.52 67.84 16.51 1.93 2.16
SL-In NPs (7 nm) Cell 40.26 609.53 67.72 16.61 2.73 2.78
DL-In NPs (7 nm) Cell 40.92 609.50 68.05 16.97 4.41 5.01

Figure 9 presents the EQEW and Jsc of the reference cell, the cell with an SiO2 coating (no NPs),
and cells with single and double layers of In NPs under incident angles of 0◦–75◦. Increasing the
incident angle resulted in a gradual decrease in EQEW and Jsc values in all tested cells. Compared to
cells without NPs, we obtained higher EQEW and Jsc values from cells with single and double layers
of In NPs at all incident angles. At a high incident angle of 75◦, the double layer cells presented a Jsc

decrement of 25.2% (from 40.92 to 30.06 mA/cm2), compared to the decrement of 76.3% (from 39.61 to
9.38 mA/cm2) from cells without NPs. Overall, Jsc was proportional to EQE and η was proportional to
Jsc in all of the photovoltaic devices. This means that a higher Jsc would no doubt result in a higher
electrical output, as well as a higher conversion efficiency.

 
Figure 9. (a) EQE and (b) Jsc as a function of incident angle of reference cell, cell with SiO2 coating (no
NPs), cell with single layer of In NPs (7 nm), and cell with double layer of In NPs (7 nm).

Figure 10a presents the calculated electrical output power of all evaluated solar cells under
illumination from −75◦ to 0◦ (sun rising; i.e., AM 0700 to noon) and then from 0◦ to 75◦ (sun descending;
i.e., noon to PM 1700). At all illumination times/angles, the output power of cells with a double layer
of In NPs exceeded that of cells with a single layer and cells without NPs. Figure 10b presents the daily
output energy of all evaluated solar cells. For the sake of clarity, we calculated the electrical output
power (PE) and the daily output energy (Eday) of the cells as follows:

PE = Voc × Jsc × FF (3)

where Voc is the open-circuit voltage, Jsc is the short-circuit current density, and FF is the fill factor.
The total PE values of cells with an area of 10 mm2 were as follows: double layer of 7-nm NPs
(141.38 mW), single layer of 7-nm NPs (114.13 mW), SiO2 coating (94.92 mW), and reference cell
(92.15 mW).

Eday =
i=PM1700

∑
i=AM0700

(PE)i × 1 hour (4)
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the Eday values of the cell with an SiO2 coating and the reference cell were 94.92 and 92.15 mW·h,
respectively. Using these as reference values, the inclusion of a single layer of In NPs (7 nm) increased
Eday by 20.24% and 23.85%, respectively. The inclusion of a double layer of In NPs (7 nm) increased
Eday by 48.95% and 53.42%, respectively.

 

Figure 10. (a) Output electrical power; (b) output electrical energy of all tested solar cells under
illumination at incidence angles from −75◦ to 0◦ (sun rising) and from 0◦ to 75◦ (sun descending).

4. Conclusions

In this study, we examined the light trapping effects of In NPs according to optical reflectance
and EQE measurements, with a particular focus on the dimensions of the NPs and the number of
layers of NPs. A double layer of In NPs within the antireflective coating resulted in pronounced
plasmonic forward scattering, which greatly enhanced the output power and conversion efficiency
of the textured silicon solar cells. The inclusion of a double layer of In NPs increased the conversion
efficiency from 16.16% to 16.97%, compared to the reference cell without In NPs. We also examined
the light-trapping performance of cells with and without In NPs at incidence angles from 0◦ to 75◦.
At all angles, the output power delivered from cells with a double layer of In NPs exceeded that of
cells with a single layer and those without NPs. The cumulative output power (one day) delivered by
the cell with an area of 10 mm2 with a double layer of In NPs was 141.38 mW, which greatly exceeds
the 94.92 mW of the cell without In NPs.
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Abstract: In this paper, we demonstrate high performance ultrathin silver (Ag) transparent electrodes
with a thin MoO3 nucleation layer based on the thermal evaporation method. The MoO3/Ag
transparent electrodes fabricated at different deposition rates were compared systematically on
aspects of the transmission spectrum, surface resistance, and surface morphology. Our study indicates
that with the presence of the MoO3 nucleation layer, an Ag film of only 7 nm thick can achieve
percolation and the film is porous instead of forming isolated islands. In addition, the increase of the
deposition rate can yield obvious improvement of the surface morphology of the Ag film. Specifically,
with the help of a 1 nm thick MoO3 nucleation layer, the Ag film of 9 nm thick realized under the
deposition rate of 0.7 nm/s has a surface resistance of about 20 ohm/sq and an average transmittance
in the visible light range reaching 74.22%. Such a high performance of transmittance is superior to the
reported results in the literature, which inevitably suffer obvious drop in the long wavelength range.
Next, we applied the ultrathin MoO3/Ag transparent electrode in organic solar cells. The optimized
semitransparent organic solar cell displays a power conversion efficiency of 2.76% and an average
transmittance in the visible range of 38% when light is incident from the Ag electrode side.

Keywords: transparent electrode; Ag film; nucleation layer; organic solar cell

1. Introduction

Organic solar cells (OSCs), showing advantages in terms of rich material resources, light weight,
good compatibility with roll-to-roll and large area fabrications, colorfulness, etc., have become a very
hot research topic in the field of solar energy utilization [1]. In OSCs, Indium Tin Oxide (ITO) is
the most common transparent electrode. However, the ITO transparent electrodes suffer a series of
limitations due to their poor mechanical flexibility, high cost, and the rareness of indium [2]. To replace
ITO, other transparent conductive materials with high transmittance, low surface resistance, good
flexibility, and low cost are being developed. Different materials have been proposed to replace ITO
as transparent electrodes, e.g., highly conductive polymers (e.g., Poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate), shorted as PEDOT:PSS) [3], metal nanostructures [4–12], graphene [13,14],
carbon nanotubes [15], etc. Among these conductive materials, noble metals including silver (Ag) and
gold (Au), which have high conductivity and are inert from oxidation, have been frequently used to
make transparent electrodes. Compared to Au, Ag has relatively lower resistivity [16]; besides, Ag
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is more inexpensive than Au. Therefore, Ag based transparent electrodes have attracted intensive
attention in the field of optoelectronics [16–18].

Ag nanowires show high transmission and electrical conductivity [17], but they can produce
interference and scattering effects in the range of visible light. Besides, it is not easy to attach them
onto the photosensitive layer, resulting in poor performance of the device and other issues [18,19].
In contrast, a single layer of Ag film which also shows good conductivity does not generate any
negative optical effects to affect the device performance. However, an Ag film with a preferable
surface resistance has a large thickness due to its poor wettability on insulating substrates such
as silicon dioxide, thereby exhibiting low transmittance [20,21]. Doping the Ag film with a small
amount of calcium or aluminum is an effective method to greatly reduce the percolation thickness
to form a continuous film, resulting in high transmittance at the same time with a preferable surface
resistance [22,23]. However, the doping process in the experiment can hardly be controlled in obtaining
a fixed ratio of the alloy film, especially when the thermal evaporation method is used.

Researchers have also attempted to realize thin Ag film by introducing a nucleation layer which
can facilitate Ag percolation. Metals, like nickel [24], germanium [25,26], chromium [27], etc., have
been frequently used as the nucleation layer for Ag growth, but these high glossy metals bring about
unavoidable optical loss and they also alter the plasmonic properties of the Ag films. Metal oxides are
another great choice of the nucleation layer for Ag growth. Some poor transparent conductive oxides,
e.g., ZnO [28,29], TiO2 [30,31], SnOx [32,33], Nb2O5 [34], and so on, have been researched frequently for
this purpose. However, their depositions require the magnetic sputtering method or electron/ion-beam
assisted techniques, causing possible damage of the organic films. In this regard, transition metal oxides
like MoO3 [35–37], WO3 [38–40], and V2O5 [41] produced by the thermal evaporation method, have
been proposed as a nucleating layer for Ag growth, compatible with the process of organic devices.

In this paper, we select MoO3 for Ag percolation using the thermal evaporation method because
MoO3 is also a good hole transport material which can act as a bi-functional layer in the designed OSCs.
In some reports [42–44], the MoO3/Ag (hereafter, called MA) transparent electrodes were capped with
an additional MoO3 layer (hereafter, the triple layer structure is called MAM) for further reducing the
reflection of light at the visible range based on the principle of admittance match [45,46]. However,
this is not always necessary, depending on the working wavelength range of real applications. It has
been noticed that different research groups have reported quite different device performances of MA
based electrodes. In 2015, Lee et al. fabricated an MAM electrode with each layer 30 nm/11 nm/24 nm
thick which had a peak transmittance of 75% at 500 nm while the transmittance rapidly dropped
to ~50% at 760 nm [47]. In 2016, Travkin et al. reported another MAM electrode with each layer
10 nm/10 nm/12 nm thick, showing a transmittance of 90% at 380 nm; but the transmittance slump
at long wavelength range was much more severe, with the transmittance decreasing to only ~35%
at 760 nm [16]. In contrast, Xu et al. reported an MA composite film with each layer 10 nm/10 nm
thick which displayed relatively good transmittance at long wavelength range (~60% at 760 nm) [48].
The deviation between these results could be ascribed to their different deposition rates of Ag. In this
paper, the MA electrodes fabricated at different deposition rates were compared systematically on
the aspects of the transmission spectrum, surface resistance, and surface morphology. Our study
indicates that with the presence of a 1 nm thick MoO3 nucleation layer, the Ag film of only 7 nm thick
can achieve percolation and the film is porous instead of forming isolated islands. In other words,
the 10 nm thick MoO3 layer utilized in most of the literature is not compulsory for Ag percolation.
It is concluded that the increase of the deposition rate can yield obvious improvement of the surface
morphology of the Ag film. The MA electrode with a 9 nm thick Ag layer shows a surface resistance
of about 20 ohm/sq, and its average transmittance in the visible light range between 400 nm and
760 nm reaches 74.22%. Particularly, our optimal MA electrode displays a negligible transmittance
drop at long wavelength range with the transmittance maintained at 70% at 760 nm, superior to all
reported results in the literature. Furthermore, we apply the optimal MA transparent electrodes in
semitransparent OSCs.
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2. Materials and Methods

2.1. Fabrication of the Transparent Electrode

Prior to beginning the fabrication process, the glasses were cleaned in an ultrasonic cleaner
successively with deionized water, acetone, and isopropyl alcohol for 10 min in each round, and then
they were dried in a vacuum oven at 100 ◦C for 10 min. Both MoO3 and Ag were deposited using a
thermal evaporator under a base pressure below 8 × 10−4 Pa, and the thicknesses of the films were
monitored during deposition. The deposition rate of MoO3 was fixed at 0.01 nm/s and the thickness of
MoO3 as 1 nm. The deposition rates of the Ag films were varied from 0.1 to 0.9 nm/s and the thickness
of Ag film was also tuned to yield the optimal optical and electrical performance at the same time.

2.2. Fabrication of Semitransparent Organic Solar Cell Devices

The fabricated semitransparent OSC has a configuration of ITO/ZnO/PTB7:PC70BM/MoO3/Ag.
The donor PTB7 (Poly{4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl-alt-3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophene-4,6-diyl}) and the acceptor PC70BM (phenyl-C70-
butyric-acid-methyl-ester) were purchased from 1-Material. The active layer solution was prepared
by dissolving PTB7 and PC70BM in chlorobenzene with 3% DIO at concentrations of 10 mg/mL and
15 mg/mL, respectively. PTB7 and PC70BM were completely dissolved after the solution mixture was
stirred vigorously at 60 ◦C for 12 h but the stirring needs to be maintained until use. ITO glasses were
scrubbed with detergent first, and then cleaned by deionized water, acetone, ethanol, and isopropyl
alcohol, successively, in an ultrasonic cleaner. After the clean ITO substrate was transferred into the
glove box, the electron transporting layer of ZnO and the active layer of PTB7:PC70BM were made
consecutively by the spin-coating method both with a speed of 1000 rpm. The realized thicknesses of
ZnO and PTB7:PC70BM were around 30 and 100 nm, respectively. Later, the samples were placed in
the chamber of the thermal evaporator. After the base pressure reached 8 × 10−4 Pa, the depositions
of the hole transporting layer MoO3 and the ultrathin Ag electrode were carried out successively.
The deposition rate of MoO3 was 0.01 nm/s, and that of Ag was 0.7 nm/s. Here, for good hole
transporting property, the thickness of the MoO3 layer was tuned to 2 nm while the optimal thickness
of the Ag film (7 nm) obtained in the step of making transparent electrodes was adopted in the OSC
devices. In this paper, the active area of each device is 0.04 cm2.

2.3. Measurement

Transmittance properties of the Ag based transparent electrodes and the semitransparent OSC
were measured by a commercially available angle-resolved reflection/transmission spectroscopy
system (R1, IdeaOptics Instruments, Shanghai, China). The surface resistance of the fabricated
electrodes was characterized by a four point probe system (Loresta AX MCP-T370, Mitsubishi Chemical
Analytech, Kanagawa, Japan). Scanning electron microscopy (SEM) images of the surface of ultrathin
Ag films were recorded using a thermally assisted field emission SEM system (LEO 1530, Carl Zeiss
NTS GmbH, Oberkochen, Germany). Current density-voltage curve characteristics and External
Quantum Efficiency (EQE) spectra of the device were also analyzed. The current density-voltage
characteristics of OSCs under dark and AM 1.5 G solar illumination provided by a solar simulator
(Sun 3000, ABET, Milford, CT, USA, calibrated using a standard silicon cell) were measured using
the Source Meter of Keithley 2400 (Keithley, Solon, OH, USA). The wavelength dependent external
quantum efficiencies of the OSCs were recorded using a CSC1011 (ZOLIX instruments, Beijing, China)
which was equipped with a short arc xenon lamp source (UXL-553, Ushio, Cypress, CA, USA).

3. Results and Discussion

Before the fabrication and characterization of Ag electrodes in the form of MA, studies related
to the Ag electrodes without any nucleation layer were carried out first for comparison. Figure 1a,b
show the SEM images of the Ag thin films of 7 nm which were directly prepared on clean glass
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substrates at a deposition rate of 0.1 and 0.9 nm/s, respectively. It is known that without the nucleation
layer, the growth of the Ag films on glass substrate begins with island-like particles following the
Volmer-Weber mode [49,50], which can be clearly reflected from both SEM images in Figure 1a,b.
No matter that the deposition rate of Ag is low or high, one can see from the SEM images that
island-shaped particles are formed by directly depositing Ag on glass. By comparison, one also sees
that the average grain size of Ag islands obtained under a high deposition rate of 0.9 nm/s is larger
than that obtained with a low deposition rate of 0.1 nm/s, indicating that the high deposition rate is
able to suppress the island growth and thereby facilitate percolation. In other words, the Ag growth
forms a percolating layer more easily with a high deposition rate. This can be further verified through
the characterization of transmittance properties of Ag films with varied thicknesses. Here, Figure 1c,d
show the transmittance spectra of Ag films of 7 nm, 8 nm, 9 nm, 10 nm, 11 nm, and 15 nm thick
with the deposition rate of 0.1 and 0.9 nm/s, respectively. It can be seen that in Figure 1c, for the low
deposition rate case, the transmittance dip due to surface plasmon resonance of Ag nanoparticles
always takes place when the Ag thickness is equal or below 11 nm, and the surface plasmon induced
dip bears a red shift with the increase of the film thickness, ascribed to the increase of the average
grain size. When the Ag thickness increases to 15 nm, the transmittance dip disappears, and a smooth
spectrum is produced, reflecting that a continuous film which can conduct electrons (with a measured
surface resistance of 34.02 ohm/sq) is formed. While in Figure 1d, for the high deposition rate case,
the transmittance dip due to surface plasmon resonance only takes place when the Ag thickness is
below 11 nm. The Ag films with thickness of both 11 and 15 nm do not show any transmittance dip
in the visible range, indicating that the conductive film starts being formed at a thickness of 11 nm
(with a measured surface resistance of 71.39 ohm/sq) at a deposition rate of 0.9 nm/s, which is 4 nm
smaller than that at the deposition rate of 0.1 nm/s. The measured surface resistance of the 15 nm thick
Ag films under 0.9 nm/s is also greatly reduced (10.26 ohm/sq) compared with the case of 0.1 nm/s
deposition rate. Moreover, due to better percolation, the transmittance efficiencies for the continuous
films in Figure 1d are higher than that in Figure 1c. However, even under a high deposition rate,
the transmittances at the long wavelength range of the 11 nm thick Ag film are still quite low (~42% at
760 nm), similar to the reported results [16].

Figure 1. Scanning electron microscope (SEM) images of 7 nm thick Ag thin films directly prepared on
glass substrate at the deposition rates of 0.1 nm/s (a) and 0.9 nm/s (b). Transmission spectra of Ag
films with varied thicknesses prepared at the deposition rates of 0.1 nm/s (c) and 0.9 nm/s (d).
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Next, the study on ultrathin Ag film growth was carried out with the MoO3 nucleation layer.
Here, different from most of the literature which used a MoO3 layer with a thickness of 10 nm or so,
we found that 1 nm thick MoO3 is sufficiently good for functioning as the nucleation layer. Figure 2a,b
show the SEM images of the Ag thin films of 7 nm which were prepared on a 1 nm thick MoO3

coated glass substrates (i.e., the MA films) at a deposition rate of 0.1 and 0.9 nm/s, respectively. It is
observed that under the deposition rate of either 0.1 or 0.9 nm/s, that the SEM images of 7 nm thick Ag
samples with a nucleation layer as shown in Figure 2a,b do not own clear island boundaries as those
observed in Figure 1a,b. This means that the growth of Ag no longer follows the Volmer-Weber mode.
Instead, most parts of the Ag surface are connected with some isolated black domains (corresponding
to pores of the film) witnessed in Figure 2a,b. This is because the transition metal oxide MoO3 more
easily provides oxygen bonds to Ag atoms than the insulator medium SiO2 [51,52], resulting in better
adhesion of the Ag atoms on the MoO3 layer. Besides, the SEM images displayed in Figure 2a,b also
deviate from each other. It was found that a 0.1 nm/s deposition rate tends to produce a continuous
Ag film with some tiny bumps as reflected from the change of color in Figure 2a. In comparison,
the deposition rate of 0.9 nm/s yields a quasi-flat surface; as seen there is less obvious color change
taking place in Figure 2b than in Figure 2a. Such observation tells us that the process of high deposition
rate lowers the selectivity of the Ag atoms toward the target substrate during growth.

We further characterized the transmittance spectra of MA films when the Ag layer is fixed at 7 nm
and its deposition rate is tuned from 0.1 to 0.9 nm/s, as shown in Figure 2c. Later, the MA film with
the Ag layer of X nm is called X nm MA film. It can be seen that under a deposition rate of 0.1 nm/s,
there is a very tiny dip occurring in the transmittance spectrum, and at higher rates the transmittance
spectra are all smooth, displaying no dips over the investigated wavelength range. The tiny dip for
the 0.1 nm/s case could be ascribed to the surface plasmon resonance produced by the bump-like
geometries on the Ag surface as observed from the SEM image in Figure 2a. The transmittance
efficiencies over the whole range are more or less the same for the cases of 0.5 nm/s, 0.7 nm/s, and
0.9 nm/s, which are a bit higher than those obtained under the lower deposition rate of 0.3 nm/s.
Compared with the results of the thinnest continuous Ag film obtained under 0.9 nm/s without any
nucleation layer (that is of 11 nm thick) as shown in Figure 1d, it was found that the participation of
the 1 nm thick MoO3 layer enables a thinner Ag layer to become continuous (7 nm) and at the same
time lifts its transmission in the visible range much higher (~68% at 760 nm). The high transmission
of the MA film is because the Ag layer is porous, allowing more incoming light to transmit through
compared with a perfect continuous film without any pores.

The surface resistance of the above five different MA films were also characterized by the four
point probe system as shown in Figure 2d. It was found that the conductivity property of the 7 nm
MA film was improved significantly with the increase of the deposition rate. The improvement of
the surface resistance of 7 nm MA film from 0.1 to 0.3 nm/s achieves around 1000 ohm/sq and the
improvement from 0.3 to 0.5 nm/s is also quite high (~260 ohm/sq). The 7 nm MA films prepared at a
deposition rate no smaller than 0.3 nm/s show surface resistance below 100 ohm/sq, and the higher
the deposition rate, the lower the surface resistance. It was found that the lowest surface resistance of
a 7 nm MA film is 40 ohm/sq, realized at the Ag deposition rate of 0.9 nm/s.

A series of studies was then carried out for MA films with the thickness of the Ag layer varying
from 7 to 15 nm. In Figure 2d, the surface resistances of all different samples are displayed. Similar to
the situation taking place for 7 nm MA films, the increase of the deposition rate causes a decrease of
the surface resistance for all other MA films except the 15 nm thick cases. Moreover, the decrease of
surface resistance with the increase of deposition rate becomes less apparent for thicker MA films.
In detail, surface resistances of 9 nm MA films do not show obvious differences between the cases of
0.7 and 0.9 nm/s and both surface resistances are around 20 ohm/sq. The 10 nm (or 11 nm) MA films
perform almost the same on the aspect of conductivity when the deposition rate is no smaller than
0.3 nm/s and their surface resistances are about 17 ohm/sq (or 12 ohm/sq). It was also seen that the
surface resistances between the 15 nm MA films fabricated at different rates are almost identical and
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their surface resistances are extremely small (around 10 ohm/sq). From Figure 2d, one can easily draw
a conclusion that depositing the Ag layer with a rate above 0.5 nm/s is favorable for improving the
electrical property of the transparent electrodes. Combined with the conclusion drawn from Figure 2c,
we know that such a choice yields improvement of both the optical and electrical properties of the MA
transparent electrodes.

Figure 2. SEM images of MoO3/Ag (MA) films prepared at the deposition rates of 0.1 nm/s (a) and
0.9 nm/s (b); (c) Transmission spectra of 7 nm Ag thin films deposited on MoO3 nucleation layer at the
rates of 0.1, 0.3, 0.5, 0.7, and 0.9 nm/s, respectively; (d) Surface resistances of MA films with varied Ag
thicknesses which were deposited at different rates; (e) Transmission spectra of MA films with varied
Ag thicknesses at the deposition rate of 0.7 nm/s; (f) Photograph of the 9 nm MA transparent electrode
placed over an image.

We also characterized the transmittance spectra of all the MA electrodes studied in Figure 2d (not
shown). For the thickness dependent transmittance spectra of the MA electrodes, we show the situation
of 0.7 nm/s rate as an example in Figure 2e because it is seen from Figure 2c that this rate produces
7 nm MA films with more or less the same spectra with respect to the rates of 0.5 and 0.9 nm/s. It was
found that the performance of an 11 nm MA film is inferior to the other four cases. Table 1 shows the
calculated Ta and the measured Rs of the MA films with different thicknesses fabricated with 0.7 nm/s.
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It is clearly seen that the 9 nm MA film exhibits the highest average transmittance of 74.22%; but its
Rs is 19.68 ohm/sq, a bit higher than the 11 and 15 nm MA films. Figure 2f is the photograph of our
9 nm MA transparent electrode placed over a paper with the logo of our university, which exhibits
quite good transparency. Though the 11 nm MA film has the lowest transmittance among the five
samples, its surface resistance is the best (only 12.18 ohm/sq). In applications of optoelectronic devices,
the exact thickness of the Ag layer of the MA electrode should be determined case by case because
the device configuration, the working wavelength range, and the semiconductor materials are varied.
The ultimate decision is made based on the device performances.

Table 1. The average transmittance Ta calculated from measured transmittance spectra in Figure 2e
and the measured Rs of the MoO3/Ag (MA) films with varied Ag thicknesses fabricated with 0.7 nm/s
deposition rate.

Ag Thickness (nm) 7 8 9 10 11

Ta (%) 71.00 71.72 74.22 72.28 69.39

Rs (ohm/sq) 53.74 ± 9.16 38.71 ± 6.59 19.68 ± 1.77 17.48 ± 2.27 12.18 ± 0.74

Finally, we applied the MA transparent electrodes in semitransparent OSCs. The device
configuration is ITO/ZnO/PTB7:PC70BM/MoO3/Ag with the thickness of the top Ag layer varying
from 7 to 11 nm. The device structure is shown in Figure 3a, with X (nm) denoting the thickness of the
thin Ag layer. An opaque OSC which has the same configuration as the semitransparent OSCs but with
the top Ag layer of 100 nm thick was first demonstrated as the control. The fabricated control opaque
OSC, with the current density versus voltage curve shown in Figure 3b, exhibits a performance with
PCE of 7.32% and the corresponding open circuit voltage (Voc), short circuit current (Jsc), fill factor (FF),
series resistance (Rs), and shunt resistance (Rsh) are 0.73 V, 15.31 mA/cm2, 66.00%, 3.22 Ω·cm2, and
735.94 Ω·cm2, respectively. Figure 3c displays the current density versus voltage curves for the MA
electrode based semi-transparent OSCs with their device characteristics summarized in Table 2 as well.
It was found that increasing the thickness of the Ag electrode does not cause apparent change of the
open circuit voltage. However, the short circuit current varies greatly with the increase of the thickness
of the Ag electrode. The device with a 9 nm thick silver layer has the highest Jsc of 7.47 mA/cm2,
that is about half of that of the opaque control. The 9 nm device which performs the best is mainly
because this electrode has the highest average transmittance as shown in Table 1, which can also be
seen from the transmittance spectra of different MA based OSCs as shown in Figure 3d. As can be
seen, the semitransparent OSC with a 9 nm thick silver layer indeed shows the highest transmittances
over the investigated wavelength range and its average transmittance Ta over the visible range was
calculated to be 38%. Ascribed mainly to such a high transmittance and corresponding insufficient
photon absorption, the semitransparent OSCs have a much lower PCE (2.76% with a 9 nm thick Ag
electrode) with respect to the opaque OSC which bears zero transmission, in accordance with the
measurement of the external quantum efficiency (EQE) spectra as shown in Figure 3e. It can also be
clearly observed from Figure 3d that, among these five semitransparent devices, the one with an 11 nm
thick Ag electrode performs the poorest on the aspect of transmittance, in accordance with the results
in Table 1.

In addition, we found that compared with the control opaque OSC, the semitransparent OSCs
do not show any obvious difference on shunt resistance. Figure 3f shows the comparison between
curves of the current density versus voltage for one 9 nm MA electrode semitransparent OSC and the
control. It was found that the reverse saturation current for the semitransparent OSC is a bit higher
that of the control. Such a difference is acceptable as the standard deviation of shunt resistances are
around 100 Ω·cm2. The almost unchanged shunt resistance between control and semitransparent
OSCs indicates that the MA electrode does not induce extra surface defects and thus yields more
or less the same surface recombination as the 100 nm thick electrode. We also found that the series
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resistances of the semitransparent OSCs are much higher than that of the control. The increase of
the series resistance leads to a relatively poor fill factor of the semitransparent OSC, which would
definitely cause insufficient charge extraction efficiency and further reduce the PCE of semitransparent
OSCs on the premise of insufficient photon absorption. The poor Rs of MA based OSCs is produced
because the ultrathin silver electrode has a higher surface resistance compared with that of the 100 nm
thick silver electrode.

Table 3 summarizes the performance parameters of MA (or MAM) based semitransparent
OSCs reported in the literature and this work. By comparison, we concluded that the MA based
semitransparent OSC demonstrated in this work is much superior to the two reported devices [42,43]
which were also illuminated from the Ag side. Compared with the reported semitransparent OSC
illuminated from the ITO side [44], the PCE of our semitransparent OSC is lower but our average
transmittance is higher than twice that in the reference.

 

Figure 3. (a) Structure of the semitransparent organic solar cells (OSCs); (b) Curve of current density
versus voltage for the control opaque OSC; (c,d) Curves of current density versus voltage and
transmittance spectra for the MA electrode based semitransparent OSCs devices with varied Ag
thicknesses when light is illuminated from the Ag electrode side; (e,f) External quantum efficiency
(EQE) spectra and curves of current density versus voltage under dark for the one 9 nm MA electrode
based semitransparent OSC and the control.

Table 2. Performance parameters of the MA electrode based semitransparent OSCs when the Ag
thickness is varied under AM 1.5 G illumination at 100 mW/cm2 from the Ag electrode side.

Device
(X/nm)

Jsc
(mA/cm2)

Voc
(V)

FF
(%)

PCE
(%)

Rs
(Ω·cm2)

Rsh
(Ω·cm2)

7
Average 6.48 ± 0.08

(6.53)
0.71 ± 0.008

(0.71)
47.75 ± 1.89

(48.00)
2.19 ± 0.07

(2.23)
33.93 ± 5.77

(32.59)
925.87 ± 121.89

(835.11)Best

8
Average 6.96 ± 0.14

(7.12)
0.71 ± 0.006

(0.71)
44.33 ± 0.58

(45.00)
2.18 ± 0.07

(2.26)
39.54 ± 2.09

(40.29)
669.53 ± 68.20

(675.17)Best

9
Average 6.93 ± 0.40

(7.47)
0.72 ± 0.005

(0.72)
54.00 ± 2.45

(51.00)
2.71 ± 0.05

(2.76)
22.56 ± 3.07

(23.42)
999.04 ± 131.60

(873.40)Best

10
Average 6.71± 0.16

(6.85)
0.71 ± 0.010

(0.71)
53.17 ± 0.75

(54.00)
2.54 ± 0.09

(2.63)
22.40± 2.21

(21.68)
859.18 ± 102.82

(883.63)Best

11
Average 7.17 ± 0.17

(7.11)
0.71 ± 0.010

(0.72)
47.50 ± 2.38

(49.00)
2.40 ± 0.12

(2.51)
37.01 ± 6.54

(42.8)
722.22 ± 137.24

(883.82)Best
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Table 3. Performance parameters of MA (or MAM) based semitransparent OSCs reported in the
literature and this work. * means the illumination is from the ITO side in that work.

MA(M) Data Performance of Semitransparent OSCs

ReferenceMA(M)
Thickness (nm)

T at 760 nm
(%)

Ta
(%)

Jsc
(mA/cm2)

Voc
(V)

FF
(%)

PCE
(%)

1/10/20 65.0 NA 2.72 0.57 61.6 0.96 [42]
6/10/40 ~40.0 NA 4.64 0.54 55.0 1.39 [43]
6/7/40 NA 18.3 14.7 0.68 46.3 4.7 [44] *

2/9 70.0 38.0 7.47 0.72 51.0 2.76 This work

4. Conclusions

In this work, we systematically studied the effect of the deposition rate of Ag on the performances
of ultrathin MoO3/Ag transparent electrodes based on the thermal evaporation method. It was found
that the Ag film fabricated on top of the glass substrate shows minor improvement on film growth
with the increase of deposition rate. At a deposition rate of 0.9 nm/s, the Ag film on glass substrates
still have a percolation thickness of ~11 nm. In contrast, with the help of a 1 nm thick MoO3 nucleation
layer, under a deposition rate of 0.7 nm/s, the MA film with Ag layer of 7 nm can already conduct
electrons, corresponding to a surface resistance of ~54 ohm/sq. It was demonstrated that the MA
electrode with the Ag layer of 9 nm fabricated at 0.7 nm/s deposition rate owns the highest average
transmittance of light over the visible range (~74.22%) compared to MA electrodes with a Ag layer of
other thicknesses. The transmittance performance of our optimized MA electrode is superior to all
reported results in the literature, which may be ascribed to the better control of the deposition rate
of the Ag film realized through the tantalum boat in our experiments. This transmittance optimized
sample has a surface resistance of around 20 ohm/sq. For MA electrodes with a silver layer thicker
than 9 nm, the transmittance becomes slightly lower but the surface resistance can be improved.
In applications of optoelectronic devices, the exact thickness of the Ag layer of the MA electrode
should be determined case by case and the ultimate decision should be made based on the device
performance. For example, we applied the fabricated ultrathin MoO3/Ag transparent electrodes in
semitransparent organic solar devices. In our device, MoO3 acts as not only the hole transport layer
but also the nucleation layer beneficial to the formation of the Ag thin film. Through optimization,
we obtained a semitransparent OSC with a PCE of 2.76% and an average transmission in the visible
range of 38% when light is incident from the Ag electrode side. The power conversion efficiency of
the semitransparent OSCs can be further optimized by introducing a MoO3 capping layer on top of
the Ag electrode (in other words, using MAM electrodes) by tuning the transmittance spectrum of
the MA electrode matching well with the absorption of the active layer. However, this manipulation
would inevitably bring about a reduction in the transmittance of light through the device, therefore
compromises between the optical and electrical performances should be made if MAM is utilized.
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Abstract: In this paper, a superior-quality InN/p-GaN interface grown using pulsed metalorganic
vapor-phase epitaxy (MOVPE) is demonstrated. The InN/p-GaN heterojunction interface based
on high-quality InN (electron concentration 5.19 × 1018 cm−3 and mobility 980 cm2/(V s)) showed
good rectifying behavior. The heterojunction depletion region width was estimated to be 22.8 nm
and showed the ability for charge carrier extraction without external electrical field (unbiased).
Under reverse bias, the external quantum efficiency (EQE) in the blue spectral region (300–550 nm)
can be enhanced significantly and exceeds unity. Avalanche and carrier multiplication phenomena
were used to interpret the exclusive photoelectric features of the InN/p-GaN heterojunction behavior.

Keywords: InN/p-GaN heterojunction; interface; photovoltaics

1. Introduction

Single-nitride solar cells possess key and important features that can facilitate their large-scale
application, whereby the nontoxicity of the primary elements offers opportunities towards future
“green” technologies. Of the nitride family, an attractive candidate is indium nitride (InN),
which presents a narrow-energy band gap (Eg) of 0.7 eV at room temperature, useful for the
near-infrared region (NIR). Indium is also a key element in indium gallium nitride (InGaN) alloys,
providing a bandgap for a broad spectral response from 0.7 eV to 3.4 eV without deteriorating its high
carrier mobility [1,2]. The constituents of InN present a large difference in mass. Namely, the light
nitrogen anions beside the heavy indium cations result in a phonon dispersion between high-lying
optical phonon energies and low-lying acoustic phonon energies. Such a large gap [3] can effectively
block Klemens decay [4,5]. Consequently, InN has been recognized as one of the most suitable materials
with high potential for the realization of so-called hot carrier absorbers related to third-generation
solar cell concept [6]. In principle, hot carrier absorbers are expected to reduce significant thermal
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losses by directly extracting the hot carriers [6,7]. Theoretically, their population is maintained inside
the absorber by inhibiting the inherently ultrafast cooling process [6].

However, the realization of high-quality epitaxial InN layers remains a challenge. High-quality
growth means very low dislocation density, and reduction of the unintended n-type doping due to
indium or nitrogen vacancies and oxygen-related defects [8]. To date, the best results were obtained
through epitaxial growth of InN on p-GaN by molecular beam epitaxy (MBE) [9]. From the point
of view of optoelectronic device production, metalorganic vapor-phase epitaxy (MOVPE) is more
suitable [10–12]. Nevertheless, MOVPE is restricted by the low decomposition rate of NH3, resulting
in InN island growth on GaN, which deteriorates the quality of the InN films [13]. These nucleation
islands also strongly affect the junction interface morphology by producing dislocation defects and
causing inefficient photo-response of the devices (e.g., detectors, solar cells) [12].

In addition, the growth of high-quality GaN is favorable for fabrication of GaN avalanche
photodiodes for optical detection in the ultraviolet spectral region, due to a low operation voltage
and the possibility of Geiger-mode operation [14,15]. The combination of GaN with InN can expand
the detection spectral range and enhance the avalanche properties. Recently, illuminated and biased
GaN p-i-n avalanche photodiodes have been widely investigated to achieve low multiplication noise
and high gain [16–19]. Under reverse bias, the extended depletion region generates a strong electric
field, which effectively separates the electron–hole pairs. Although GaN avalanche photodiode
properties have been widely reported [14–19], to our knowledge an InN/p-GaN junction has never
been investigated in an avalanche regime. It should be stressed that only electron–hole pairs that are
generated at the interface or very close to a high-quality InN/p-GaN junction can contribute to the
external current.

The large lattice mismatch between GaN and InN hinders the growth of high-quality
interfaces and leads to the formation of a diffusive interface with poor photoluminescence
(PL)/electroluminescence (EL) emission and carrier photogeneration efficiency [20–23]. A diffusive
interface is often attributed to the migration of indium and gallium atoms through the spinodal
decomposition process resulting in the formation of clusters and localization of charge carriers. [24,25].
The intrinsic phonon properties of high-quality InN are thus of relevance to self-heating and phonon
engineering. The phonon decay into two or more phonons is subject to energy and wave vector
conservation, while basically two phonon decay phenomena are referred to as Klemens and Ridley
phonon decay mechanisms [4,26]. The most probable decay channels are those for which the vibrations
created have a high density of states, whereby the prevention of the Klemens optical phonon decay
mechanism occurs at the mini-Brillouin-zone boundaries of nanostructured interfaces. The important
feature in this context is a poor transmission of phonons across the interface. The development of
crystal growth technology, resulting in persistent improvements in the crystal and interface quality,
thus permits the examination of intrinsic properties and refinement of the important phonon decay
mechanisms. In this context, the InN/GaN interface quality is a key factor for the development of the
new generation of InN-based optoelectronic devices.

In this contribution, we demonstrate high-quality InN films with low defect concentration
and limited-roughness interface with magnesium-doped p-GaN, both grown by pulsed MOVPE.
The formed InN/p-GaN heterojunction shows good rectifying behavior with InN characteristic
electron concentration, among the best values obtained by pulsed MOVPE. An efficient photoelectric
InN/p-GaN heterojunction is demonstrated by measuring carrier extraction under unbiased and
reverse biased conditions.

2. Materials and Methods

The InN/p-GaN heterojunction investigated in this study was grown on a 5-μm-thick undoped
GaN buffer layer and sapphire substrate by MOVPE (AIXTRON 3 × 2 CCS Flip Top reactor, AIXTRON
SE, Herzogenrath, Germany). Trimethylgallium (TMGa), trimethylindium (TMIn) and ammonia
(NH3) have been used as precursors for gallium (Ga), indium (In), and nitrogen (N), respectively.
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Bis(cyclopentadienyl) magnesium (Cp2Mg) was used as a precursor for Mg p-type doping. The GaN
templates on sapphire were grown using a standard low-temperature GaN buffer layer followed by
high-temperature GaN growth (i.e., two-step growth), which were the necessary processes to achieve
a high-quality GaN film with low dislocation density and high carrier mobility (600 cm2/(V s) at
300 K) [27]. Then, a 600 nm p-GaN layer was grown on the un-doped 5-μm-thick GaN layer followed
by 20 min annealing at 850 ◦C under a nitrogen (N2) ambient atmosphere to activate Mg acceptor states
in the p-GaN. Finally, a 300-nm-thick InN layer was grown on the p-GaN under 400 mbar pressure
using TMIn precursor using a multiple flow-interruption technique, that is, pulsed. One growth cycle
duration was 27 s, where TMIn and NH3 were supplied into the reactor for the first 7 s and then only
NH3 was supplied for the next 20 s. The overall number of growth cycles was 600. The growth process
of the InN layers was split into two steps. InN began to grow at 570 ◦C for the first few dozen growth
cycles; then the growth temperature was increased at a constant rate until 610 ◦C (first step). For the
remaining growth cycles, the temperature was kept constant at 610 ◦C (second step). The V/III ratio
was stabilized at 99/68 during the entire InN growth process.

Scanning electron microscopy (SEM; Apollo 300, CamScan, Cambridge, UK (now successor
Applied Beams, LLC, Beaverton, OR, USA)) was used for evaluating the heterojunction cross-section.
Electron beam induced current (EBIC; Digiscan II priedu, model 778, Gatan, Inc., Pleasanton, CA, USA)
was used to determine the electrically active areas of the heterojunction cross-section.

In order to determine the crystallinity of the structure, X-ray diffraction (XRD) measurements
were carried out using a Rigaku SmartLab X-ray diffractometer (Rigaku, Tokyo, Japan).

The optical properties were investigated by photoluminescence (PL) at room temperature using a
continuous wave (cw) He-Ne laser (633 nm) as an excitation source. The PL emission was collected
into a 0.3 m spectrometer (Andor, Shamrock 303, Oxford Instruments, Abingdon, UK) and detected by
an InGaAs detector array (Andor, iDus DU491A-2.2, Oxford Instruments, Abingdon, UK. The Hall
measurements were performed on the Van der Pauw Ecopia HMS-3000 Hall Measurement System
(Bridge Technology, Chandler Heights, AZ, USA).

AM 1.5G standard solar spectra were simulated using Wacom Electric Co. solar simulator (JIS,
IEC standard conforming, CLASS AAA, Tokyo, Japan) calibrated to give 100 mW/cm2 using two
reference solar cells: a-Si and c-Si. The electrical data were recorded using a Keithley 2400 source
meter (Tektronics, IL USA). The external quantum efficiency (EQE) characteristics were measured by
CEP-25BXS (Bunkoh-Keiki Co., Ltd., Tokyo, Japan) in an extended spectral region of 300–2000 nm.

3. Results and Discussion

The X-ray diffraction (XRD) 2-theta scan measurements of the InN/p-GaN structure (Figure 1a)
revealed a pronounced peak at 31.46◦ corresponding to the diffraction of hexagonal InN (0002);
compared to the relaxed InN (0002) [27–29] (vertical line at 31.33◦ in Figure 1a), our measurements show
our InN layer slightly strained. The peak at 34.5◦ corresponds to hexagonal GaN (0002). Improved
crystallinity is due to the pulsed nature of the growth process, which enabled higher temperature
growth. This was confirmed by the rocking curve for the InN (0002) reflection (Figure 1b) with a full
width at half maximum (FWHM) of ~0.284◦ (1022 arcs). This value is by far better than those reported
in the literature for MOVPE growth: 1800 arcs (at 550 ◦C) [30], 5601 arcs (at 550 ◦C) [14], 1300 arcs [31]
and 0.27◦ (at 550 ◦C) obtained for c-oriented prismatic InN nanowalls grown on c-GaN/sapphire [32].
The dislocation density estimated from the rocking curve FWHM [33] showed a total (screw and edge)
value of ~6 × 1010 cm−3.

Figure 2a shows the structure of the investigated p-GaN/InN heterojunction and Figure 2b reports
the SEM image of the junction edge. An electron-beam-induced current (EBIC) image is used to show
the electrically active areas of the junction, that is, the depletion region with a built-in electric field.
The non-equilibrium charge carriers (electrons, holes) in the depletion region, due to the built-in electric
field, are immediately separated providing electrical current in the external circuit, expressed via
bright spots on the image. Areas without an electric field remain dark (no electrical current), indicating
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fast recombination of the electron–hole pair as a consequence. In Figure 2c, we superimposed the
EBIC on the SEM image to underline the precise location of the electrically active area, in our case, the
junction between InN and p-GaN. The depletion region is quite shallow (<100 nm) and it follows the
surface topology.
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Figure 1. XRD measurement results of the InN/p-GaN structure at (0002) reflection: the 2-theta scan
(a) and the rocking curve (b).

 

Figure 2. (a) Structure of the Mg doped p-GaN/InN junction; (b) SEM image (bird’s-eye view) of a
cleaved p-GaN/InN heterojunction. (c) Electron-beam-induced current (EBIC) image superimposed
on the SEM image. The bright line indicates the depleted region of the junction. Both SEM and EBIC
images were obtained at 5 kV.
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Furthermore, the extent of the depletion region at the InN/p-GaN interface has been
investigated theoretically. The built-in electrical field across the p–n interface is enhanced due
to the gradient of spontaneous polarization. Figure 3a shows hole and electron concentration
at the InN/p-GaN interface, and Figure 3b reports the built-in electrical field as a function
of depth at the InN/p-GaN interface. The initial conditions for the simulations and doping
concentration were evaluated from the equilibrium charge carrier concentrations obtained by Hall
measurements. From our simulations, we estimate the thickness of the depletion region to be
about 22.8 nm. The distribution of carrier concentration in the depletion region is broader towards
p-GaN (18.3 nm) than InN (4.5 nm). We must underline that still the good quality of the InN
film presented an unintended n-doping; to our knowledge, the measured electron concentration
ne = 5.19 × 1018 cm−3 and mobility μe = 980 cm2 V−1 s−1 are among the best values obtained by
MOVPE growth (ne = (3 ÷ 5) × 1018 cm−3, μe = (542 ÷ 980) cm2 V−1 s−1 [34–36]).
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Figure 3. (a) Hole/electron concentration and (b) built-in electrical field as a function of depth at the
InN/p-GaN interface.

The pulsed MOVPE growth method is quite commonly used to grow group III-nitride
heterostructures [37–39], but in this case it allowed us to grow good crystalline-quality InN layers using
a higher growth temperature (610 ◦C) (see Materials and Methods paragraph). The growth temperature
in the MOVPE growth of InN is the most critical parameter to control the film quality. Because of
the low InN dissociation temperature and high equilibrium nitrogen (N2) vapor pressure over the
InN film, the preparation of InN requires a low growth temperature. Due to the low (400–500 ◦C)
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growth temperatures, the growth of InN is restricted by a low decomposition rate of NH3 and reduced
migration of adatoms on the surface, which leads to metallic In formation on the surface [40,41]. In our
sample, no metallic In droplets were observed on the surface of the InN layer. Due to higher growth
temperature, the NH3 dissociation rate was enhanced and there was no shortage in active nitrogen
atoms (N). The object input of high V/III ratio is to provide a sufficient amount of reactive nitrogen.
The TMIn pulse length controls the thickness of the deposited ultrathin InN layer, while the pause
length controls the time allowed for surface migration of In adatoms on the surface and the amount of
additional reactive nitrogen. The ratio between the pause and pulse determines the effective V/III ratio,
which can be expressed as V

II I =
(

V
II I

)
nom

(
1 + tp

tTMIn

)
[41]. Here, (V/III)nom is the nominal V/III ratio,

in our case ~38,000 during the TMIn pulse of 7 s, tTMIn and tP are the TMIn pulse and pause lengths,
respectively. A high V/III ratio and a high growth temperature for InN allowed us to achieve good
electrical properties, such as low electron concentration and high mobility. This could be explained
by the reduction in the native defect concentration, such as N vacancies [42]. In addition, the gradual
increase of growth temperature (i.e., the temperature ramp) results in the repeated deposition of
ultrathin InN layers, where each successive layer is deposited at a slightly higher temperature until the
temperature reaches 610 ◦C. Such temperature ramping facilitates the formation of larger islands with
better alignment due to the increased diffusion of In adatoms, determined by the ultrathin InN layers
deposited at the lowest growth temperatures [41]. The temperature ramp approach is similar to using
two-step growth with a low-temperature InN buffer [43] or a graded composition InGaN buffer [9],
which are reported to improve the structural quality in the InN epilayers.

Furthermore, photoluminescence (PL) measurements of the structure at room temperature were
performed. The PL spectra consist of two parts corresponding to the near-infrared (InN) (Figure 4a)
and to the UV (p-GaN) (Figure 4b) spectral regions. The InN PL spectrum is centered at 1580 nm
(0.75 eV) which is consistent with the established band-to-band PL of InN [44]. The PL spectrum of the
p-GaN is a typical GaN room-temperature PL spectrum with near band-edge emission around 3.4 eV
(360 nm) [45].
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Figure 4. Room-temperature photoluminescence (PL) spectra of InN/p-GaN heterojunction grown on
sapphire substrates: (a) near-infrared from 1200 nm to 1900 nm, (b) UV range from 320 nm to 440 nm.

In order to study the capability of the heterojunction to generate a photo-current, two different
types of measurements were performed: (i) photovoltaic response and (ii) EQE measurements.
Figure 5a reveals the current density–voltage (J–V) characteristic of the InN/p-GaN heterojunction
under dark and AM1.5G illumination conditions. The current density was measured for the applied
bias voltage from −1 V to +1 V. The characteristics are asymmetrical with clear diode-like rectification
behavior. Within the region of the turn-on voltage and when the voltage is above ~0.2 V under dark
condition and above 0.06 V under illumination, the J–V characteristics follow a power law V ~ I2;
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consequently, for single-type carrier injection, the current conduction is expected to be space-charge
limited. At larger applied voltages >0.5 V, the J–V does not deviate considerably from linearity,
indicating low series resistance and retaining a low density of interface states. Figure 5b shows
corresponding EQE spectra of the unbiased InN/p-GaN heterojunction. The carrier collection peaked
in the wavelength region of 400–500 nm.
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Figure 5. (a) Current voltage (J–V) characteristics of an InN/p-GaN heterojunction under dark (black)
and AM1.5G illumination (red). (b) Corresponding external quantum efficiency (EQE) spectra of the
unbiased InN/p-GaN heterojunction.

Figure 6a shows the EQE spectra of the InN/p-GaN junction at different reverse biases: 0 V,
−10 V and −20 V. Photo-response in the region 300–600 nm originates from the absorption in both
p-GaN and InN, as explained below. Local EQE maxima are peaked at wavelengths of 430 nm, 450 nm
and 511 nm. Increased reverse bias results in a general rising trend of the full spectrum where the
peak at 511 nm (2.4 eV) appears to be the strongest. The sub-maximum at around 360 nm originates
from the bandgap transitions and is peaked at the same wavelength of the PL emission in Figure 4b;
this implies that conditions are favorable for both charge carriers generated in the p-GaN to reach
the contacts, that is, electrons down the barrier towards the n-contact and holes to the p-contact
(see Figure 7a). The same applies to the broad band at 375–550 nm (3.3–2.2 eV), which correlates with
known multiple transition mechanisms: (i) in the UV range peaked at 3.20–3.26 eV, the Mg doping
introduces shallow acceptors with an ionization energy of 200 meV; (ii) in the blue spectra range peaked
at 2.7–2.9 eV, the compensating deep donors formed at high p-doping levels are responsible for the
donor-to-band or donor-acceptor-pair transitions [45]. The dissociation of electron–hole pairs enhanced
under reverse bias is likely responsible for that. Surprisingly, the EQE in the 300–600 nm range is
enhanced significantly above 100%. At −20 V reverse bias we could observe also a contribution to the
EQE for the longer wavelengths (>1500 nm) (Figure 6b). The band peak position for carrier extraction
found at 1780 nm (~0.7 eV) corresponded to the InN energy bandgap [44]. Figure 6c highlights the
nonlinear increase of the photocurrent as a function of reverse bias. This suggests that the p–n junction
is normally operated and the generated photocurrent increases exponentially with the applied bias
attaining a 2kT/q slope in the semi-log (I–V) plot due to recombination effects [46].

In order to analyse the junction existing at the interface of InN/p-GaN, we have constructed a
band diagram based on our measurement results and calculations (Figure 7a). The schematic energy
band diagram of the InN/p-GaN heterojunction under irradiation is shown in Figure 7a, which reflects
the type-I straddling configuration [47]. Nitride semiconductors are pyroelectrics, that is, they present a
strong polarization due to fixed charges in the crystal structure [48,49]. The band diagram in Figure 7a
shows the band bending behavior at the InN and p-GaN interface that underlines the heterojunction
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formation. The absorption of photons leads to the formation of excess electrons in the n-side and
excess holes in the p-side of the device, generating a voltage drop Voc across the junction. The broader
depletion region in the p-GaN maintains space charge neutrality, which results in efficient collection of
the carriers generated by UV and blue–visible light (Figure 6). For electrons there is no offset, while
for holes, the potential barrier of 0.3 eV is obtained (Figure 7a). Nevertheless, with 1600–1800 nm
wavelengths, by 1 sun irradiation, electrons and holes are generated in the InN, and when a sufficient
reverse bias (−20 V) is applied, holes can overcome the interface barrier and generate photocurrent for
the near-infrared (NIR) region (Figure 7b). In the reverse bias, the presence of recombination centers
affects the overall I–V characteristics by the generation of additional electron–hole pairs within the
depletion region, which greatly exceeds the unbiased state. The generation rate of carriers in the
depletion region will reach a maximum when Eg/2. Since the intrinsic concentration is a function of
the energy gap of the material, InN with a small energy gap will therefore exhibit high generation
rates [50].
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Figure 6. (a) EQE of the InN/p-GaN junction at the reverse bias of 0, −5, −10 and −20 V, (b) EQE
spectra of the InN/p-GaN heterojunction at −20 V reverse bias in the NIR spectral region, (c)
corresponding photocurrent density as a function of the reverse bias whereby the line is a guide
to the eye.

Although enhancement of the EQE over unity under different excitation conditions has been
widely reported in the literature [51,52], the origin of the increase up to 1400% in EQE in InN/p-GaN
heterojunction under −20 V reverse bias is not yet clear and may be attributed to various factors.
The enhancement might originate from an enlargement of the depletion region contributing to the
enhanced absorption and charge collection efficiency at the junction. Bias voltage actually increases
the ionized donor concentration of GaN and decreases its work function while harvesting photo
carriers in a globally larger volume for the light in the spectral region 300–600 nm. Likewise for carrier
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multiplication (CM), a larger depletion region ensures that any photogenerated carriers are efficiently
collected [6,7,53].

10 V 

1 V 

Figure 7. (a) Schematic of the unbiased (0 V) interface band alignment at room temperature for
InN/p-GaN heterojunction. The irradiation of the junction from the GaN side is indicated. (b,c) Biased
band alignments for the InN/p-GaN heterojunction at −1 V and −10 V reverse bias, respectively. The
EC stands for conduction band, EV for valence band and EF for Fermi levels of electrons and holes.

The key aspect is to extract multiple excitons and hot carriers before they thermalize to the
band edge and rapidly recombine. In principle, that could be possible in our case when the relative
high-voltage reverse bias is applied. For the hot carrier contribution, however, InN should be most
likely in a cubic structure featuring a very large gap between high-lying optical phonon and low-lying
acoustic phonon energies. If the gap is wide enough, the Klemens decay of optical phonons is
prevented [4,54]. However, a pronounced XRD peak at 31.3◦ for the InN film reveals the hexagonal
lattice type, likewise for the GaN (0002) peak at 34.5◦ (Figure 1), weakening our expectation for the hot
carrier contribution.

Our results show that the photocurrent is increasing nonlinearly with the reverse bias (Figure 6c)
exhibiting a peak at 2.4 eV (see Figure 6b) which corresponds roughly to three times the InN bandgap.
This observation might support further the contribution from CM, which was demonstrated in bulk
InN to occur at photon energies roughly up to three times its bandgap [53,55]. When the reverse bias
approaches the breakdown level, amplification factors at the electrical level can take place [56]. In order
to get a better picture about these processes, we have simulated InN/p-GaN heterojunction at different
reverse biases (Figure 7b,c). Because the depletion layer is relatively thin (in the range of nanometers),
electrons can directly tunnel across the depletion region from p-GaN valence band (EV) into the n-InN
conduction band. Due to the increased reverse bias (>−10 V), photocurrent generation proceeds at the
breakdown level leading to the separation of multiple excitons and efficient electron–hole generation,
therefore contributing significantly to the EQE of the heterojunction. Because of the large conduction
band offset of the nitride materials, the high level of Mg doping improves the tunneling and therefore
overall photocurrent generation at the InN/p-GaN heterojunction [57].

4. Conclusions

In summary, efficient electron–hole pair generation and extraction in a superior-quality
InN/p-GaN heterojunction interface grown by pulsed MOVPE was achieved. The considerably
improved crystallinity was obtained thanks to pulsed nature and higher-temperature growth process.
The InN/p-GaN heterojunction depletion region was simulated, demonstrating 22.8 nm width
extended by four times more into p-GaN than InN. Experimentally, good rectifying behavior and
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photo-carrier extraction without external electrical field was observed. Under increased reverse bias
voltage at the enlarged depletion region width the EQE exceeded unity in the blue spectral region
(300–550 nm) due to carrier multiplication and photoconductivity. The optical generation of additional
electron–hole pairs within the depletion region still makes a significant impact onto the unbiased state.
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Abstract: A novel solution-processed, graphene-based material was synthesized
by treating graphene oxide (GO) with 2,5,7-trinitro-9-oxo-fluorenone-4-carboxylic
acid (TNF-COOH) moieties, via simple synthetic routes. The yielded molecule
N-[(carbamoyl-GO)ethyl]-N′-[(carbamoyl)-(2,5,7-trinitro-9-oxo-fluorene)] (GO-TNF) was thoroughly
characterized and it was shown that it presents favorable highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels to function as a
bridge component between the polymeric donor poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,
5-b′]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl}) (PTB7)
and the fullerene derivative acceptor [6,6]-phenyl-C71-butyric-acid-methylester (PC71BM). In this
context, a GO-TNF based ink was prepared and directly incorporated within the binary photoactive
layer, in different volume ratios (1%–3% ratio to the blend) for the effective realization of inverted
ternary organic solar cells (OSCs) of the structure ITO/PFN/PTB7:GO-TNF:PC71BM/MoO3/Al.
The addition of 2% v/v GO-TNF ink led to a champion power conversion efficiency (PCE) of 8.71%
that was enhanced by ~13% as compared to the reference cell.

Keywords: ternary organic solar cells; graphene ink; functionalization; air-processed; cascade effect;
charge transfer

1. Introduction

Due to the highly increased global demand for low-cost energy generation over the last three
decades, significant research efforts have been made towards the development and progress of organic
solar cells (OSCs), in order to boost their competitiveness over silicon technology [1,2]. Owing to several
attractive properties, including light weight, flexibility, low manufacturing costs, and compatibility
with large-area processes, OSCs is considered as one of the most prominent photovoltaic technologies
for sustainable energy production [3].
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In this context, several polymeric donor:fullerene-based acceptor combinations have been
flourished providing a rapid increase in the OSC devices efficiency over 9% [4–7]. On top of
that, very recently, alternative optimized architectures such as tandem structures, novel donors and
non-fullerene acceptor design and synthesis, as well as ternary systems have escalated the performance
of OSCs over 14% [8–11].

Unlike to the typical binary OSC configuration, that is based on a donor–acceptor bulk
heterojunction (BHJ) blend, the ternary one contains a third component which can function as:
(i) second donor, (ii) second acceptor, and (iii) non-volatile additive [12]. The operation of a ternary OSC
device relies on one of the four existing dominant mechanisms including: (1) charge transfer, (2) Forster
resonance energy transfer, (3) parallel-linkage, and (4) alloyed donor structure mechanism [12,13]. Thus,
according to the above mechanisms, small molecules [14–18], polymers [19–21], dye molecules [22,23],
graphene-based materials [24,25] or 2D materials [12,26,27] could be chosen and incorporated as
additives within the binary active layer.

This study discusses for the first time the design and synthesis of a novel graphene-based material
(GO-TNF) through simple chemical processes as well as its direct incorporation in ink form within
the binary active layer (PTB7:PC71BM) for the realization of inverted ternary OSC devices. GO-TNF
consists of graphene oxide (GO) as core and TNF side groups linked with ethylenediamine (EDA)
aliphatic spacers. Since the energy levels of the synthesized graphene-based molecule and these of
PTB7 and PC71BM perfectly match, GO-TNF ink was incorporated in different ratios ranging from
1% to 3%. Upon the incorporation of GO-TNF, charge transfer operational mechanism dominated
(cascade effect), while the photovoltaic performance was boosted in all ternary devices compared
to the reference cell. The champion device, containing 2% v/v GO-TNF ink, exhibited a significant
enhancement by ~13%, leading to a power conversion efficiency (PCE) of 8.71%. This increase is
mainly due to the improvement of the nanomorphology between the donor:acceptor blend’s interfaces,
as well as to electron mobility enhancement.

2. Materials and Methods

2.1. Materials

Initially, 9-oxo-fluorene-4-carboxylic acid 97%, 1,2-ethylenediamine (EDA) puriss. p.a., absolute,
≥99.5% (GC), graphite synthetic, H2SO4 95–97%, fuming HNO3 70%, SOCl2 ReagentPlus >99%, were
purchased from Sigma Aldrich (Taufkirchen, Germany). PTB7 was purchased from Solaris Chem
(Vaudreuil-Dorion, QC, Canada), while PC71BM and PFN were both purchased from Solenne BV
(Groningen, The Netherlands). Finally, MoO3 and Al were bought from Kurt J. Lesker (East Sussex, UK),
while the glass-ITO substrates were purchased from Naranjo Substrates (Groningen, The Netherlands).

2.2. Materials’ Synthetic Procedures

The preparation of GO-TNF took place into several steps, as it is depicted in Figure 1 and
analyzed in Appendix A. First, 9-oxo-fluorene-4-carboxylic acid was nitrated using a mixture
of concentrated sulfuric acid (H2SO4, 95–97%) and fuming nitric acid (HNO3, 70%), yielding
2,5,7-trinitro-9-oxo-fluorene-4-carboxylic acid (TNF-COOH). Afterwards, the carboxyl group of TNF
was chlorinated using thionyl-chloride (SOCl2), to get 2,5,7-trinitro-9-oxo-fluorene-4-acyl-chloride
(TNF-COCl). The linkage of TNF-COCl with 1,4-ethylenediamine (EDA) was held via a typical
nucleophilic substitution reaction to obtain TNF-EDA. In the second parallel step, GO was prepared via
a modified Hummers’ method [28] and was subsequently acylated, using SOCl2 to get GO-COCl [25].
The final GO-TNF was extracted upon the coupling between GO-COCl and TNF-EDA through a
nucleophilic substitution reaction. Finally, GO-TNF ink was prepared as described in the SI (see
Appendix A).
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Figure 1. Schematic representation of the chemical synthetic procedure.

2.3. OSC Device Fabrication

All OSC devices were fabricated in a typical sandwich inverted geometry consisting of a
bottom indium tin oxide (ITO) coated glass substrates electrode, poly [(9,9-bis(3′-(N,N-dimethy
-lamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)] (PFN) as the ETL, a PTB7:PC71BM BHJ thin
film as the active layer, a MoO3 as the HTL and a top metal (Al) electrode. GO-TNF ink was directly
incorporated within the binary photoactive layer, in ratios ranging from 1 to 3% ratio to the polymer
for the fabrication of the ternary devices. The devices’ fabrication in detail is reported in the SI. The
schematic representation of the device and the respective energy level diagram are depicted in Figure 2.

Figure 2. Schematic representation of the ternary OSC device (left) and energy levels diagram (right).

2.4. Characterization Techniques

ATR FT-IR (transmittance) experiments were carried out with a Bruker Vertex 70v FT-IR vacuum
spectrometer equipped with a A225/Q Platinum ATR unit with single reflection diamond crystal
which allows the infrared analysis of unevenly shaped solid samples and liquids through total
reflection measurements, in a spectral range of 4000–700 cm−1. UV-vis absorption spectra were
taken using a Shimadzu UV-2401 PC spectrophotometer, over the wavelength range of 270–800 nm.
The photoluminescence (PL) measurements of the devices’ active layers were carried out at room
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temperature and resolved by using a UV grating and a sensitive, calibrated and liquid N2-cooled CCD
camera in the wavelength range from 600 to 950 nm. The excitation source employed was a He-Cd
CW laser at 325 nm with a full power of P0 = 35 mW. Raman measurements were performed at room
temperature using a Horiba LabRAM HR Evolution confocal micro-spectrometer, in backscattering
geometry (180◦), equipped with an air-cooled solid-state laser operating at 532 nm with 100 mW
output power. The laser beam was focused on the samples using a 10× Olympus microscope objective
(numerical aperture of 0.25), providing a ~55 mW power on each sample. XRD patterns were
collected on a Panalytical Expert Pro X-ray diffractometer, using Cu Kα radiation (λ = 1.5406 Å).
Thermogravimetric analysis (TGA) was performed on 5–10 mg samples over the temperature range
from 40 to 800 ◦C at a heating rate of 10 ◦C/min utilizing a Perkin-Elmer Diamond Pyris model under
N2 atmosphere. The morphology of the surfaces was examined with an Atomic Force Microscope (Park
Systems XE7, Park Systems Corporate Headquarters, Suwon, Korea). SEM images were taken through
a JEOL JSM-7000F field emission scanning electron microscope. Cyclic voltammetry measurements
were conducted on an Autolab PGSTAT302N. The photovoltaic performance of the devices was
evaluated at room temperature within glove box (MBRAUN) conditions ((O2 < 0.1 ppm), moisture-free
(H2O < 0.1 ppm)), and under standard illumination conditions with an Air Mass 1.5 Global (A.M.
1.5 G) solar simulator at an intensity of 1000 Wm−2 using an Agilent B1500A Semiconductor Device
Analyzer, calibrated through a reference monocrystalline silicon solar cell supplied by Newport
Corporation. The external quantum efficiency (EQE) measurements were conducted immediately
after device fabrication, using an integrated system (Enlitech, Taiwan) and a lock-in amplifier with a
current preamplifier, under short-circuit conditions. To enhance the credibility of our measurements,
the solar simulator (a Xenon lamp) spectrum was calibrated using a monocrystalline photodetector of
known spectral response. OSC devices were measured using a Xe lamp and an optical chopper at low
frequencies (~200 Hz) in order to maximize the sound/noise (S/N) ratio. At least ten identical devices
with six photovoltaics cells each were fabricated so that the reproducibility of the J-V characteristics
is ensured.

3. Results and Discussions

3.1. ATR FT-IR Spectroscopy

ATR FT-IR spectra of GO and GO-TNF, in powder form, are presented in Figure 3. Pristine GO
(black line) shows a broad and strong peak at 3390 cm−1, which is attributed to O-H stretching vibration
of the OH- moieties. Furthermore, stretching vibration of C=O moieties is appeared at 1706 cm−1,
while the remaining graphitic domains (C=C) stretching vibration are shown at 1568 cm−1. In addition,
C-O-H bending vibration due to COOH groups are presented at 1394 cm−1. The peaks at 1143 cm−1 and
1027 cm−1 represent C-OH stretching vibration of the hydroxide domains and the stretching vibration
of C-O-C groups, respectively. On the other hand, GO-TNF (red line), exhibits a broad peak of low
intensity at 3331 cm−1, indicating a N-H stretching vibration. Next, a peak at 1697 cm−1 is attributed to
C=O stretching vibration deriving from the carbonyl moiety of trinitrofluorenone. Moreover, two peaks
occurred at 1652 cm-1 and 1575 cm−1 are due to amidic C=O stretching vibration. NO2 asymmetric
and symmetric stretch vibrations are shown at 1525 cm−1 and 1334 cm−1, respectively, as well as the
peak at 1446 cm−1 corresponds to the aliphatic a-CH2 bending vibration of ethylenediamine moiety.
Finally, C-N stretching vibration of the ethylene diamine moieties appears at 1105 cm−1. ATR FT-IR
spectra of the intermediate TNF and EDA-TNF are reported in the SI.
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Figure 3. ATR FT-IR spectra of graphene oxide (GO) (black line) and GO-TNF (red line) in
transmission mode.

3.2. UV-Visible Measurements

In Figure 4, UV-vis spectra of GO and GO-TNF in solid state are presented. Due to the strong
attachment of TNF moieties to the edges of the lattice of GO, the absorption spectrum of GO-TNF is
broader than that of the pristine GO, exhibiting a shoulder at ~365 nm. This fact indicates that there
is a strong interaction between the GO lattice and TNF moieties, which is mainly attributed to the
enhanced electron delocalization caused by TNF [24].

 
Figure 4. UV-vis spectra of GO (black line) and GO-TNF (red line).

3.3. Raman Spectroscopy

Raman spectra of GO and GO-TNF are shown in Figure 5. No shift is observed for both D and G
peaks of GO compared to the respective ones of GO-TNF; D bands occurred at ~1340 cm−1, while G
bands at ~1580 cm−1. However, a difference in the relative intensity ratio (ID/IG) was observed from
0.92 for GO to 1.04 for GO-TNF, indicating that the linking between GO and TNF increased disorder
and defects in the graphitic lattice [25].
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Figure 5. Raman spectra of GO and GO-TNF.

3.4. Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) measurements were conducted to evaluate charge transfer mechanism
upon the incorporation of GO-TNF within the active layer, and the respective PL spectra are depicted
in Figure 6. In this context, PTB7 and PTB7:GO-TNF thin films were excited at 471 nm presenting
an emission band around 760 nm corresponding to radiative decay of photogenerated excitons from
the excited state to ground state [29]. When 2% v/v GO-TNF ink was added, PL intensity quenching
is significant owing to the better energy offset between the LUMO levels of PTB7 and GO-TNF that
enhances the charge transfer mechanism. In our case, the incorporation of GO-TNF ink with an
optimum concentration of 2% v/v, facilitates exciton dissociation at the PTB7:PC71BM interface thus
leading to a higher number of electrons that can be collected by the cathode, which is in agreement
with the champion current density value achieved so far (17.65 mA cm−2) [30].

 
Figure 6. PL spectra of PTB7 (black) and PTB7:GO-TNF (2%) (red).

3.5. XRD Measurements

The crystallinity of pristine GO and GO-TNF was investigated by X-ray diffraction (XRD) in a
2θ range from 5◦ to 60◦ (Figure 7). GO displays a narrow peak at 9.51◦ which is attributed to the
main reflection (002) of its stacks with an interlayer d-spacing of ~8.2 Å, while a second weak peak
appearing at 42.69◦ is due to the turbostratic band of disordered carbon materials [31]. On the other
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hand, GO-TNF exhibits a broad peak at 24.99◦ referring to (002) reflection with a slightly increased
d-spacing of 9.1 Å which is attributed to GO covalent bonding with TNF moieties.

 
Figure 7. X-ray diffraction patterns of GO (black) and GO-TNF (red).

3.6. Thermogravimetric (TGA) Analysis

Figure 8 displays the TGA curves of GO and GO-TNF obtained under inert atmosphere with a
heating rate of 10 ◦C/min, while the maximum temperature limit was set at 800 ◦C. First, GO exhibited
a moderate weight loss of 5% at a 210 ◦C, which was followed by a steep weight loss of 37% at about
270 ◦C due to oxygen functional groups’ pyrolysis. Its total mass loss was 40% at 800 ◦C. On the other
hand, GO-TNF presented an improved thermal stability when compared to GO, since the total loss did
not exceed 22% of its initial weight. The improved thermal stability of GO-TNF was attributed to the
successful amide bond formation between GO and TNF that enhances thermal stability [32].

 
Figure 8. TGA curves of GO (black) and GO-TNF (red) taken under N2 atmosphere and 10 ◦C/min
heating rate.

3.7. Cyclic Voltammetry Measurements

To determine the energy levels of GO-TNF, cyclic voltammetry measurements were carried out
using an electrolytic solution of TBAPF6 in CH3CN 0.1M, with a scan rate of 10 mVs−1, between the
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potential sweep window of −2 V to +2 V, as demonstrated in Figure 9. The energy HOMO and LUMO
levels of GO-TNF were calculated using the empirical relations below [33]:

EHOMO = −(E(onset,ox vs Fc+)⁄Fc] + 5.1)(eV) (1)

ELUMO = −(E(onset,red vs Fc+)⁄Fc] + 5.1)(eV) (2)

Figure 9. Cyclic voltammogram of GO-TNF.

The HOMO level was approximately −5.66 eV as calculated by the oxidation peak onset 0.53 V,
while its LUMO level was extracted from the onset of the reduction peak (0.85 V) and was −4.13 eV.

3.8. Microscopic Characterization

The morphology of GO-TNF was examined using field emission scanning electron microscopy
(FE-SEM). Representative SEM images of its flakes coated on silicon substrates are demonstrated in
Figure S11. The size of the wrinkled GO-TNF flakes varies ranging from 100 nm to 1 μm, while it
should be reported that no charging was observed during SEM imaging, thus indicating that the
formed network was electrically conductive.

3.9. Photovoltaic Performance Evaluation

Several OSC devices were fabricated via the incorporation of GO-TNF ink within the binary
PTB7:PC71BM photoactive layer (Figure 1) in various ratios (1%, 2%, and 3%) and J-V characteristic
curves were exported to evaluate its operational role into device’s photovoltaic (PV) performance
(Figure 10). It is obvious that the presence of GO-TNF was beneficial, as stated below in Table 1.

Table 1. Photovoltaic characteristics summary of the OSC devices based on PTB7:GO-TNF:PC71BM
ternary blends a.

GO-TNF
Content (%)

Jsc (mA/cm2)
Calc. Jsc

(mA/cm2)
Voc (V) FF (%) PCE (%)

0 16.20 ± 0.45 15.72 0.760 ± 0.010 61.8 ± 0.7 7.61 ± 0.11
1 16.54 ± 0.54 16.21 0.760 ± 0.005 63.0 ± 0.4 7.92 ± 0.26
2 17.21 ± 0.44 16.78 0.760 ± 0.011 64.0 ± 0.1 8.37 ± 0.34
3 16.53 ± 0.35 16.21 0.760 ± 0.009 62.4 ± 0.6 7.84 ± 0.17

a The data is averaged from 10 identical devices with 6 cells each.

All ternary devices showed an improved performance, especially the device containing 2% v/v
GO-TNF ink. In particular, the champion device exhibited a current density (Jsc) of 17.65 mA/cm2 and a
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power conversion efficiency (PCE) of 8.71% that show an improvement of ~10% and ~13% respectively
when compared to the reference device.

To further confirm the experimental Jsc improvement due to the incorporation of GO-TNF, external
quantum efficiency measurements were conducted to determine the calculated Jsc. Figure 10 depicts
the external quantum efficiency (EQE) curves of the reference, as well as the champion ternary OSC
device incorporating 2% v/v GO-TNF ink.

 
(a) (b) 

Figure 10. J-V characteristics (a) and EQE curves (b) of the reference (PTB7:PC71BM) and the devices
incorporating different GO-TNF ink content. The calculated Jsc curves (inset in EQE) correspond to the
reference and the champion device with 2% GO-TNF ink content.

It can be seen that the EQE enhancement is in full accordance to Jsc increase, as calculated from the
respective J-V curves depicted in Figure 10a. In addition, the absence of any new peak is in agreement
with the operational role of GO-TNF, which does not contribute in exciton generation but only in
electron transfer, hence confirming the charge transfer mechanism (cascade effect). The accuracy of
the PV measurements was checked, by calculating the Jsc values of the OSCs from the integration of
the EQE spectra. The calculated Jsc was found to be −15.72 mA cm−2 and −16.78 mA cm−2 for the
binary and the 2% GO-TNF ink content ternary devices, respectively, which are within the standard
deviation from the Jsc obtained from the J-V curves. It should be also noted that any concentration of
GO-TNF ink higher than 3% wt. resulted in a short circuit, probably due to the occurrence of local
shunts. This undesired effect could be linked with the concentration of GO-TNF ink in the blend that
becomes enough to allow a direct bridging with the ITO electrode.

To get a more accurate insight into the influence of GO-TNF blend into the charge
transfer process in the ternary approach, hole-only and electron-only cells were fabricated to
calculate the hole and electron mobility, respectively. Measurements were based on space
charge limited current method. Hole-only cells and electron-only cells were fabricates using
the architecture indium tin oxide ITO/PEDOT:PSS/PTB7:GO-TNF:PC71BM/MoO3/Al for holes and
ITO/PFN/PCDTBT:GO-TNF:PC71BM/Ca/Al for electrons, respectively. The evaluation of the charge
carrier mobilities was based on the Mott–Gurney equation [34]:

JSCLC =
9
8
εrε0μ

(V −Vbi)
2

d3

where εr is the relative dielectric constant, ε0 is the permittivity of free space, μ is the charge carrier
mobility, V is the applied voltage, Vbi is the built-in potential, and d is the active layer thickness.

Supplementary Figure S12 illustrates J-V2 characteristics under dark conditions for (a) electron-only
and (b) hole-only devices, respectively, where the black line refers to the control device (PTB7:PC71BM),
while the red line corresponds to the champion ternary one PTB7:GO-TNF (2%): PC71BM. According
to J-V2 characteristics, although hole mobility did not present any significant change upon the addition
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of GO-TNF, the respective electron mobility has shown a significant improvement, passing from
7.80 × 10−5 cm2 V−1 s−1 to 9.93 × 10−5 cm2 V−1 s−1 (Table 2). This improvement in electron mobility
obviously originates from the presence of GO-TNF which has favourable energy levels, located between
the energy levels of the donor and acceptor materials, respectively. Hence, the observed electrons’
mobility enhancement is directly associated with the cascade effect facilitating electrons’ transition
from PTB7 to the ITO electrode [35].

In Appendix A, supplementary Figure S13 represents a simple one diode equivalent circuit model
corresponding to the ternary OSC device incorporating 2% GO-TNF ink. The diode “D” corresponds to
the electrical equivalent of the optical losses at the surface of bulk heterojunction. “Rsh” represents the
leakage and recombination losses whereas “RS” represents the sum of the internal resistance, including
the resistance of the active layer and ohmic contact.

Due to photoluminescence, the generated excitons are diffused to the nearest D: A interface and
are dissociated to form polaron-pairs. Polaron pairs can be either recombined or dissociated into free
carriers and are subsequently extracted to the electrodes through a cascade-diffusion process. GO-TNF
plays a key role in this cascade process, facilitating charge transfer from the polymer to the fullerene
reducing the possibility of free carriers’ recombination. This can be proven, by calculating the overall
resistance at the maximum power point which represents the decrease of the overall resistance that
derives from the higher recombination rate, resulting in larger Rsh value (Supplementary Figure S14).

Table 2. Hole and electron mobilities of PTB7:PC71BM and ternary blend PTB7:GO-TNF:PC71BM *.

Active Layer μh (cm2 V−1 s−1) μe (cm2 V−1 s−1) Ratio (μh/μe)

PTB7:PC71BM
(reference) 1.28 × 10−4 7.80 × 10−5 1.64

1% GO-TNF 1.31 × 10−4 8.71 × 10−5 1.50
2% GO-TNF 1.39 × 10−4 9.93 × 10−5 1.39
3% GO-TNF 1.34 × 10−4 8.03 × 10−5 1.67

* The data were averaged from 10 identical devices with 6 cells each.

3.10. Morphology Characterization of the Active Layer

The morphology of the reference PTB7:PC71BM as well as the champion ternary blend (2%)
surfaces were both examined by atomic force microscopy (AFM), with a scan size of 1 mm by 1 mm,
as displayed in Figure 11. The said ternary active layer exhibited a slightly smoother surface than the
binary one, giving a root-mean-square (RMS) roughness of 1.15 nm and 1.22 nm, respectively. The fact
that the morphology was improved upon the incorporation of 2% GO-TNF is in full accordance to Jsc

increase, indicating that the possibility of energetic disorders formation is smaller in case of the ternary
device. On the other hand, Voc slightly changed upon the addition of GO-TNF, which is normal, since
GO-TNF was incorporated in very low concentrations that cannot significantly affect Voc values.

Figure 11. AFM images of (a) the reference PTB7:PC71BM active layer and (b) the champion ternary
device containing 2% of GO-TNF ink.
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4. Conclusions

Herein, we reported the synthesis and characterization of a new graphene-trinitrofluorenone
derivative, named GO-TNF, as well as its operational role as the cascade material between the
LUMO energy levels of PTB7 and PC71BM, in efficient ternary OSCs. Due to its ideal energy levels,
it was directly incorporated, as the third component, within the binary photoactive layer providing a
significant improvement in current density of the champion device (2% v/v GO-TNF ink) by ~10%.
Respectively, the PCE value of the same device was higher by ~13%, leading to a champion efficiency
of 8.71%. Our efforts proved that the rational design of graphene-based molecules could provide the
opportunity for novel materials synthesis with tunable properties to be incorporated as additives, even
as interlayers into organic, as well as hybrid solar cells, thus contributing to the realization of new
generation high performance PV systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/1/89/s1,
Figure S1: The reaction mechanism of the nitration of 9-oxo-fluorene-4-carboxylic acid, Figure S2: The reaction
mechanism of acyl chloride synthesis, Figure S3: The reaction mechanism of the amide bond formation, Figure S4:
Schematic of 9-oxo-4-carboxyl-fluorenone nitration, Figure S5: ATR FT-IR spectrum of TNF-COOH, Figure S6:
Schematic representation of TNF-COCl synthesis, Figure S7: The reaction representation of TNF-EDA synthesis,
Figure S8: ATR FT-IR spectrum of TNF-EDA, Figure S9: The reaction representation of GO-COCl preparation,
Figure S10: (i) Schematic of the final reaction of GO-TNF, (ii) GO-COCl and TNF-EDA in powder form (a),
setup of the reaction (b), GO-TNF in powder form (c), Figure S11: FE-SEM images of GO-TNF, Figure S12: J-V2

characteristics of the fabricated (a) electron-only and (b) hole-only devices, Figure S13: The one diode equivalent
circuit model corresponding to the ternary OSC device incorporating 2% GO-TNF ink, Figure S14: The effect of
shunt resistance.

Author Contributions: Conceptualization, M.M.S. and D.M.K.; Methodology, M.M.S., D.M.K. and M.K.; Formal
Analysis, M.M.S., C.P., G.K., G.V., N.K. and K.P.; Investigation, M.M.S. and D.M.K., Data Curation, M.M.S.,
K.A., M.K., G.K., G.V., N.K. and K.P.; Writing—Original Draft Preparation, M.M.S., D.M.K., K.A. and C.P.;
Writing—Review and Editing, M.M.S., M.K., G.V. and K.P.; Supervision, M.M.S. and E.K.; Project Administration,
M.M.S. Funding Acquisition, M.M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research is co-financed by Greece and the European Union (European Social Fund-ESF) through
the Operational Programme «Human Resources Development, Education and Lifelong Learning» in the context
of the project “Reinforcement of Postdoctoral Researchers” (MIS-5001552), implemented by the State Scholarships
Foundation (IKΥ), Grant No. 13992.

Acknowledgments: The authors would like to thank Aleka Manousaki for the FE-SEM images.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The synthetic procedure of GO-TNF and its intermediate stages, as well as explanations of
experimental details to understanding and reproducing the research are available.

References

1. Inganäs, O. Organic Photovoltaics over Three Decades. Adv. Mater. 2018, 30, 1800388. [CrossRef] [PubMed]
2. Lee, C.; Lee, S.; Kim, G.U.; Lee, W.; Kim, B.J. Recent Advances, Design Guidelines, and Prospects of

All-Polymer Solar Cells. Chem. Rev. 2019, 119, 8028–8086. [CrossRef] [PubMed]
3. Zhang, J.; Tan, H.S.; Guo, X.; Facchetti, A.; Yan, H. Material Insights and Challenges for Non-Fullerene

Organic Solar Cells Based on Small Molecular Acceptors. Nat. Energy 2018, 3, 720–731. [CrossRef]
4. He, Z.; Zhong, C.; Huang, X.; Wong, W.Y.; Wu, H.; Chen, L.; Su, S.; Cao, Y. Simultaneous Enhancement of

Open-Circuit Voltage, Short-Circuit Current Density, and Fill Factor in Polymer Solar Cells. Adv. Mater. 2011,
23, 4636–4643. [CrossRef]

5. He, Z.; Zhong, C.; Su, S.; Xu, M.; Wu, H.; Cao, Y. Enhanced power-conversion efficiency in polymer solar
cells using an inverted device structure. Nat. Photon. 2012, 6, 591–595. [CrossRef]

6. Green, M.A.; Emery, K.; Hishikawa, Y.; Warta, W.; Dunlop, E.D. Solar cell efficiency tables (Version 45).
Prog. Photovolt. Res. Appl. 2013, 21, 1–11. [CrossRef]

7. Li, G.; Zhu, R.; Yang, Y. Polymer solar cells. Nat. Photon. 2012, 6, 153–161. [CrossRef]

67



Nanomaterials 2020, 10, 89

8. Meng, L.; Zhang, Y.; Wan, X.; Li, C.; Zhang, X.; Wang, Y.; Ke, X.; Xiao, Z.; Ding, L.; Xia, R.; et al. Organic and
Solution-Processed Tandem Solar Cells with 17.3% Efficiency. Science 2018, 361, 1094–1098. [CrossRef]

9. Yuan, J.; Zhang, Y.; Zhou, L.; Zhang, G.; Yip, H.L.; Lau, T.K.; Lu, X.; Zhu, C.; Peng, H.; Johnson, P.A.;
et al. Single-Junction Organic Solar Cell with over 15% Efficiency Using Fused-Ring Acceptor with
Electron-Deficient Core. Joule 2019, 3, 1140–1151. [CrossRef]

10. Liu, T.; Luo, Z.; Chen, Y.; Yang, T.; Xiao, Y.; Zhang, G.; Ma, R.; Lu, X.; Zhan, C.; Zhang, M.; et al. A Nonfullerene
Acceptor with a 1000 Nm Absorption Edge Enables Ternary Organic Solar Cells with Improved Optical and
Morphological Properties and Efficiencies over 15%. Energy Environ. Sci. 2019, 12, 2529–2536. [CrossRef]

11. Liu, X.; Yan, Y.; Yao, Y.; Liang, Z. Ternary Blend Strategy for Achieving High-Efficiency Organic Solar Cells
with Nonfullerene Acceptors Involved. Adv. Funct. Mater. 2018, 28, 1–20. [CrossRef]

12. Stylianakis, M.M.; Konios, D.; Petridis, C.; Kakavelakis, G.; Stratakis, E.; Kymakis, E. Ternary
Solution-Processed Organic Solar Cells Incorporating 2D Materials. 2D Mater. 2017, 4, 042005. [CrossRef]

13. Gasparini, N.; Salleo, A.; McCulloch, I.; Baran, D. The Role of the Third Component in Ternary Organic Solar
Cells. Nat. Rev. Mater. 2019, 4, 229–242. [CrossRef]

14. Song, X.; Gasparini, N.; Nahid, M.M.; Paleti, S.H.K.; Wang, J.L.; Ade, H.; Baran, D. Dual Sensitizer and
Processing-Aid Behavior of Donor Enables Efficient Ternary Organic Solar Cells. Joule 2019, 3, 846–857.
[CrossRef]

15. Seco, C.R.; Vidal-Ferran, A.; Misra, R.; Sharma, G.D.; Palomares, E. Efficient Non-Polymeric Heterojunctions
in Ternary Organic Solar Cells. ACS Appl. Energy Mater. 2018, 1, 4203–4210. [CrossRef]

16. Qin, R.; Guo, D.; Li, M.; Li, G.; Bo, Z.; Wu, J. Perylene Monoimide Dimers Enhance Ternary Organic Solar
Cells Efficiency by Induced D-A Crystallinity. ACS Appl. Energy Mater. 2019, 2, 305–311. [CrossRef]

17. Fu, H.; Li, C.; Bi, P.; Hao, X.; Liu, F.; Li, Y.; Wang, Z.; Sun, Y. Efficient Ternary Organic Solar Cells Enabled by
the Integration of Nonfullerene and Fullerene Acceptors with a Broad Composition Tolerance. Adv. Funct.
Mater. 2019, 29, 1–8. [CrossRef]

18. Cheng, P.; Li, Y.; Zhan, X. Efficient Ternary Blend Polymer Solar Cells with Indene-C60 Bisadduct as an
Electron-Cascade Acceptor. Energy Environ. Sci. 2014, 7, 2005–2011. [CrossRef]

19. Lu, L.; Xu, T.; Chen, W.; Landry, E.S.; Lu, L. Ternary blend polymer solar cells with enhanced power
conversion efficiency. Nat. Photon. 2014, 8, 716–722. [CrossRef]

20. Lu, L.; Chen, W.; Xu, T.; Yu, L. High-Performance Ternary Blend Polymer Solar Cells Involving Both Energy
Transfer and Hole Relay Processes. Nat. Commun. 2015, 6, 1–7. [CrossRef]

21. Gasparini, N.; Lucera, L.; Salvador, M.; Prosa, M.; Spyropoulos, G.D.; Kubis, P.; Egelhaaf, H.J.; Brabec, C.J.;
Ameri, T. High-Performance Ternary Organic Solar Cells with Thick Active Layer Exceeding 11% Efficiency.
Energy Environ. Sci. 2017, 10, 885–892. [CrossRef]

22. Ke, L.; Gasparini, N.; Min, J.; Zhang, H.; Adam, M.; Rechberger, S.; Forberich, K.; Zhang, C.; Spiecker, E.;
Tykwinski, R.R.; et al. Panchromatic Ternary/Quaternary Polymer/Fullerene BHJ Solar Cells Based on Novel
Silicon Naphthalocyanine and Silicon Phthalocyanine Dye Sensitizers. J. Mater. Chem. A 2017, 5, 2550–2562.
[CrossRef]

23. Stylianakis, M.M.; Konios, D.; Viskadouros, G.; Vernardou, D.; Katsarakis, N.; Koudoumas, E.;
Anastasiadis, S.H.; Stratakis, E.; Kymakis, E. Ternary Organic Solar Cells Incorporating Zinc Phthalocyanine
with Improved Performance Exceeding 8.5%. Dyes Pigm. 2017, 146, 408–413. [CrossRef]

24. Bonaccorso, F.; Balis, N.; Stylianakis, M.M.; Savarese, M.; Adamo, C.; Gemmi, M.; Pellegrini, V.; Stratakis, E.;
Kymakis, E. Functionalized Graphene as an Electron-Cascade Acceptor for Air-Processed Organic Ternary
Solar Cells. Adv. Funct. Mater. 2015, 25, 3870–3880. [CrossRef]

25. Stylianakis, M.M.; Konios, D.; Kakavelakis, G.; Charalambidis, G.; Stratakis, E.; Coutsolelos, A.G.; Kymakis, E.;
Anastasiadis, S.H. Efficient Ternary Organic Photovoltaics Incorporating a Graphene-Based Porphyrin
Molecule as a Universal Electron Cascade Material. Nanoscale 2015, 7, 17827–17835. [CrossRef] [PubMed]

26. Sygletou, M.; Tzourmpakis, P.; Petridis, C.; Konios, D.; Fotakis, C.; Kymakis, E.; Stratakis, E. Laser Induced
Nucleation of Plasmonic Nanoparticles on Two-Dimensional Nanosheets for Organic Photovoltaics. J. Mater.
Chem. A 2016, 4, 1020–1027. [CrossRef]

27. Kakavelakis, G.; Del Rio Castillo, A.E.; Pellegrini, V.; Ansaldo, A.; Tzourmpakis, P.; Brescia, R.; Prato, M.;
Stratakis, E.; Kymakis, E.; Bonaccorso, F. Size-Tuning of WSe2 Flakes for High Efficiency Inverted Organic
Solar Cells. ACS Nano 2017, 11, 3517–3531. [CrossRef]

68



Nanomaterials 2020, 10, 89

28. Stylianakis, M.M.; Viskadouros, G.; Polyzoidis, C.; Veisakis, G.; Kenanakis, G.; Kornilios, N.; Petridis, K.;
Kymakis, E. Updating the Role of Reduced Graphene Oxide Ink on Field Emission Devices in Synergy with
Charge Transfer Materials. Nanomaterials 2019, 9, 137. [CrossRef]

29. Nagarjuna, P.; Bagui, A.; Gupta, V.; Singh, S.P. A Highly Efficient PTB7-Th Polymer Donor Bulk
Hetero-Junction Solar Cell with Increased Open Circuit Voltage Using Fullerene Acceptor CN-PC70BM.
Org. Electron. 2017, 43, 262–267. [CrossRef]

30. Fan, R.; Huai, Z.; Sun, Y.; Li, X.; Fu, G.; Huang, S.; Wang, L.; Yang, S. Enhanced Performance of Polymer
Solar Cells Based on PTB7-Th:PC 71 BM by Doping with 1-Bromo-4-Nitrobenzene. J. Mater. Chem. C 2017, 5,
10985–10990. [CrossRef]

31. Zhu, Y.; Murali, S.; Cai, W.; Li, X.; Suk, J.W.; Potts, J.R.; Ruoff, R.S. Graphene and Graphene Oxide: Synthesis,
Properties, and Applications. Adv. Mater. 2010, 22, 3906–3924. [CrossRef] [PubMed]

32. Tang, X.Z.; Li, W.; Yu, Z.Z.; Rafiee, M.A.; Rafiee, J.; Yavari, F.; Koratkar, N. Enhanced thermal stability in
graphene oxide covalently functionalized with 2-amino-4, 6-didodecylamino-1, 3, 5-triazine. Carbon 2011, 49,
1258–1265. [CrossRef]

33. Cardona, C.M.; Li, W.; Kaifer, A.E.; Stockdale, D.; Bazan, G.C. Electrochemical considerations for determining
absolute frontier orbital energy levels of conjugated polymers for solar cell applications. Adv. Mater. 2011,
23, 2367–2371. [CrossRef] [PubMed]

34. Azimi, H.; Senes, A.; Scharber, M.C.; Hingerl, K.; Brabec, C.J. Charge Transport and Recombination in
Low-Bandgap Bulk Heterojunction Solar Cell using Bis-adduct Fullerene. Adv. Energy Mater. 2011, 1,
1162–1168. [CrossRef]

35. Lu, L.; Kelly, M.; You, W.; Yu, L. Status and prospects for ternary organic photovoltaics. Nat. Photon. 2015, 9,
491–500. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

69





nanomaterials

Article

A Compact and Smooth CH3NH3PbI3 Film:
Investigation of Solvent Sorts and Concentrations of
CH3NH3I towards Highly Efficient Perovskite
Solar Cells

Liang Chen 1,2,*, Hao Zhang 1, Jiyuan Zhang 3 and Yong Zhou 2,3

1 Hunan Key Laboratory of Applied Environmental Photocatalysis,
Hunan Collaborative Innovation Center of Environmental and Energy Photocatalysis,
Changsha University, 98 Hongshan Road, Changsha 410022, China; zhanghao0122@126.com

2 Jiangsu Key Laboratory for Nano Technology, National Laboratory of Solid State Microstructures,
College of Engineering and Applied Sciences, and Collaborative Innovation Center of Advanced
Microstructures, Nanjing University, 22 Hankou Road, Nanjing 210093, China; zhouyong1999@nju.edu.cn

3 Kunshan Innovation Institute, Nanjing University, Kunshan, Jiangsu 215347, China; jyzxni@163.com
* Correspondence: z20161153@ccsu.edu.cn

Received: 10 October 2018; Accepted: 29 October 2018; Published: 1 November 2018
��������	
�������

Abstract: Four solvents (isopropanol (IPA), n-butyl alcohol (NBA), n-amyl alcohol (NAA), and n-hexyl
alcohol (NHA)) were investigated to prepare CH3NH3I (methylammonium iodide, MAI) solutions
to transform PbI2 film into CH3NH3PbI3 (MAPbI3) film. It was found that the morphology of the
perovskite MAPbI3 film was not only affected by the chain of the solvent molecule, but also by
the concentration of MAI. The use of solvents with a long alkyl chain (NAA and NHA) allowed
the MAPbI3 to grow via an in situ transformation step, which easily made the perovskite films
compact, but with a high surface roughness due to the growth of unexpected nanorods/nanoplates.
The solvent with a short alkyl chain (IPA) led to the dissolution−crystallization growth mechanism,
resulting in rapid generation of perovskite films with a number of pinholes. A high-quality (compact,
smooth, pinhole-free) perovskite film was obtained with NBA and an optimized MAI concentration of
8 mg/mL. The corresponding perovskite solar cells achieved a maximum power conversion efficiency
(PCE) of 16.66% and average PCE of 14.76% (for 40 cells).

Keywords: solvent; compact; smooth; perovskite solar cells

1. Introduction

Organic-inorganic lead halide perovskite solar cells have attracted intensive attention due to
the remarkable progress in power conversion efficiency (PCE), increasing rapidly to over 22% in
a few years [1–18]. The PCEs of perovskite solar cells with various architectures (mesoporous
or planar heterojunction structures) are strongly dependent on the morphology of the perovskite
film [19–26]. The growth mechanism relating to the chemical reaction kinetics significantly influences
the perovskite polymorph [27]. There are several fabrication methods of perovskite films, including
two-step deposition techniques [6,7], one-step solution spin-coating [8,28,29], and vacuum-evaporation
deposition [9,30]. Among them, the two-step solution-process deposition technique is an easy method
to obtain cells with excellent photovoltaic performance in a reproducible way [6,7].

In a typical two-step sequential solution process, PbI2 film is first deposited on a TiO2-coated
substrate by spin-coating with a dimethylformamide (DMF) solution of PbI2, and is subsequently
transformed into a perovskite CH3NH3PbI3 (methylammonium lead iodide, MAPbI3) film through
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exposure to a CH3NH3I (methylammonium iodide, MAI) solution in isopropanol (IPA) [6,7]. However,
this two-step solution method often results in poor grain structure, incomplete surface coverage,
and high surface roughness [19–23,25], which limits the further improvement of photovoltaic
performance of perovskite solar cells. In a previous investigation, it was proposed that the perovskite
grain morphology was governed by its growth mechanism. The growth mechanism is in line with
a competing relation between an in situ transformation and dissolution-crystallization mechanism,
which is determined by the rate and amount of PbI2 dissolving in the MAI solution [27]. It was
confirmed that the MAI concentration significantly affects the solubility of PbI2 in the MAI solution
and the morphology of perovskite grains. When the MAPbI3 crystals grow based on the in situ
transformation mechanism, the formed MAPbI3 grains will maintain parallel geometries to PbI2.
On the other hand, in the dissolution–crystallization mechanism, the large amount of dissolved PbI2

results in the rapid generation rate of perovskite grains, the collapse of lead backbones, and the
occurrence of tetragonal-shaped MAPbI3 [27]. Hence, perovskite films forming in different solutions
might display diverse morphologies. Unfortunately, the role of the solvent on the MAPbI3 film
formation has been neglected. Thus, it is essential to systematically probe the relationship between the
chemical properties of the solvent and the perovskite crystal growth mechanism.

Herein, besides commonly used IPA, n-butyl alcohol (NBA), n-amyl alcohol (NAA), and n-hexyl
alcohol (NHA) (the corresponding molecular formula are shown in Figure S1 in Supporting
Information) were also selected as solvents to prepare MAI solutions to transform PbI2 into MAPbI3.
From IPA to NHA, the polarity of the solvents decreases with the increasing length of the molecule
chain. Considering that PbI2 is a polar molecule, its solubility is oppositely correlated with the length
of the alkyl chain of the solvent molecule in the MAI solution. Therefore, the effect of the length of the
alkyl chain of the solvents on the perovskite film morphology could be investigated systemically.

In this work, it was found that the morphology of the perovskite MAPbI3 film was significantly
affected by the alkyl chain of the solvent (i.e., solvent polarity) and the MAI concentration. On one
hand, the coverage and compactness of the perovskite film was improved through the use of a solvent
with a longer alkyl chain of MAI. This may be attributed to the slow chemical reaction rate of
PbI2 and MAI, resulting from the low polarity of the solvent with a longer alkyl chain. On the
other hand, the long-alkyl-chain solvent may also generate unexpected nanorods/nanoplates on
the film surface that increase the roughness of the perovskite film, which is negatively related to
the photovoltaic performance of the perovskite solar cell. In a word, both the high concentration of
MAI and long reaction time facilitated PbI2 to form PbI3

- or PbI4
2-, which also led to large crystal

MAPbI3 nanorods/nanoplates growing on the surface with long loading time [27,31]. The best-quality
(highly compact, pinhole-free, and smooth) perovskite films were fabricated with an optimized MAI
concentration of 8 mg/mL and using NBA as solvent. The resulting perovskite solar cell based on this
film achieved a maximum PCE of 16.66% and average PCE of 14.76% (for 40 cells).

2. Experimental Section

2.1. Materials

Methylamine (33 wt% in absolute ethanol), hydroiodic acid (57 wt% in water, 99.99%),
and Li-bis(trifluoromethanesulfonyl) imide (Li-TFSI) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). 4-tert-butylpyridine (TBP) was purchased from Aladdin (Shanghai, China).
Acetonitrile (99.8%), chlorobenzene (99.9%), dimethylformamide (DMF) (99.9%), PbI2 (99.999%),
IPA, NBA, NAA, and NHA were purchased from Alfa Aesar (Ward Hill, MA, USA).
2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) (≥99.0%) was
purchased from Shenzhen Feiming Science and Technology Co., Ltd. (Shenzhen, China).
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2.2. MAI Preparation

A solution was prepared by reacting methylamine (27.8 mL, 33 wt% in absolute ethanol) with
hydroiodic acid (30 mL, 57 wt% in water) at 0 ◦C for 2 h. Subsequently, a precipitate was obtained
through rotary evaporation of the solution at 60–70 ◦C. The as-prepared product was washed with
diethyl ether and ethanol, and then dried in a vacuum oven at 60 ◦C overnight.

2.3. Devices Fabrication

A TiO2 compact layer was prepared on fluorine-doped tin oxide glass (FTO) by spin-coating
a sol-gel solution at 5000 rpm for 30 s and sintering at 500 ◦C for 30 min. The sol-gel solution consisted
of 18 ml ethanol, 1.8 mL tetrabutyl titanate, and 0.38 mL diethanolamine. Subsequently, the TiO2

microstructure film was fabricated by spin-coating with dispersion (Deysol HR TiO2/ethanol 1:5 wt)
and heated at 500 ◦C for 30 min.

Next, 60 μL of 1.0 M PbI2 solution in DMF was dropped on the TiO2-coated FTO substrate,
and the substrate was then spun at 4000 rpm for 25 s. The as-prepared PbI2 film was heated at 70 ◦C
for 10 min, and then naturally cooled to room temperature. Subsequently, 150 μL MAI solution was
used to fully covered the PbI2 film. After a certain loading time (1–3 min), PbI2 was transformed into
MAPbI3, and the solution was then dried by spinning. The MAPbI3 film was heated at 100 ◦C for
30 min. When the MAPbI3 film cooled down to room temperature, 30 μL of hole-transport materials
(HTM) solution was spun on the film at 3000–4000 rpm for 45 s. The HTM solution was prepared by
dissolving 68 mM spiro-OMeTAD, 26 mM Li-TFSI, and 55 mM TBP in acetonitrile and chlorobenzene
(v/v = 1:10). The above processes were operated in an Ar glove box. Finally, a back-contact electrode
(120 nm silver film) was evaporated on HTM layer. In this work, the active area of a cell was 0.09 cm2.
A series of solar cells were prepared by tuning the solvents and concentration of MAI in different
MAI solution. The solvent sorts are IPA, NBA, NAA and NHA; the concentrations of MAI in the
four-selected solvents range from 6 to 12 mg/mL.

2.4. Characterization

The crystallographic phases of the as-prepared products were determined by powder X-ray
diffraction (XRD) (Rigaku Ultima III, Tokyo, Japan) using Cu-Ka radiation (λ = 0.154178 nm) with
a scan rate of 10 ◦/min at 40 kV and 40 mA. The morphologies of the films were examined with a field
emission scanning electron microscope (FE-SEM) (JEOL, Tokyo, Japan, JSM-6700F with an accelerating
voltage of 5 kV). Atomic force microscope (AFM) analysis was performed on a MFP3D microscope
(Asylum Research, MFP-3D-SA, Santa Barbara, CA, USA). The absorption properties of films were
investigated by ultraviolet-visible (UV-vis) spectrometer (Shimadzu UV-2550, Kyoto, Japan) and all the
data were corrected by deducting the baseline value of the TiO2-coated FTO substrate. Photocurrent
density-voltage (I-V) measurements were carried out with a Keithley (Johnston, OH, USA) 236 source
measurement unit under AM 1.5 illumination cast with an Oriel 92251A-1000 sunlight simulator (Irvine,
CA, USA) calibrated with the standard reference of a Newport 91150 silicon solar cell. The external
quantum efficiency (EQE) spectra were measured under monochromatic irradiation with a xenon lamp
and a monochromator. Photoluminescence (PL) spectrum was obtained with a 532 nm pulsed laser as
excition source at a frequency of 9.743 MHz.

3. Results and Discussion

Figure 1a1–a4 shows the morphologies of various perovskite films prepared using different
solvents with the same MAI concentration of 6 mg/mL. As the solvent changes from IPA to NHA
accompanying with the alkyl chain increasing, the perovskite films become pinhole-free and compact.
The presence of the pinholes may result in subsequently coated HTM solutions to deleteriously
infiltrate into the perovskite absorber layer. It increased the recombination of electron and hole due to
the large contact area between HTM and perovskite [13]. Furthermore, for NAA and NHA solvents,
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some nanorods/nanoplates were observed to grow on the film surface, which will be detrimental to
the performance of the perovskite solar cell. The presence of the nanorods/nanoplates requires thick
HTM layers to cover the perovskite in order to eliminate the short-circuiting [22]. Thus, the thick HTM
layer may result in lower short-circuit photocurrent density (Jsc) and fill factor (FF) due to the low
conductivity of the HTM.

 
Figure 1. Field emission scanning electron microscope (FE-SEM) images of CH3NH3PbI3 (MAPbI3)
films obtained from 6–12 mg/mL CH3NH3I (MAI) in (a1–d1) isopropanol (IPA), (a2–d2) n-butyl alcohol
(NBA), (a3–d3) n-amyl alcohol (NAA), and (a4–d4) n-hexyl alcohol (NHA). The scale bars of a1–d4 are
1 μm, and those of inserts are 200 nm.

Through careful observation of the film (inserts of Figure 1a1–a4), the perovskite grains were found
to gradually transit from nanocuboids to an unspecific shape without any corners. The morphology
change trend indicated different growth mechanisms of perovskite grains between the four used
solvents. For the in situ transformation mechanism, the resulting perovskite grains should keep
parallel geometries to PbI2 due to the preservation of the inorganic lead framework. For the
dissolution-crystallization mechanism, grains would be reconstructed into a tetragonal shape because
of the tetragonal phase MAPbI3 [27]. In order to clearly reveal the effect of the solvent molecule,
we specifically explored the growth mechanisms of the perovskite grains in IPA and NHA solutions.
Two series of films were fabricated through exposing PbI2 films to the 6 mg/mL MAI in IPA or NHA
with a loading time of 0–3 min. Note that the 0 min loading time signifies that the film was quickly dried
through spinning as soon as the PbI2 film was covered with the MAI solution. X-ray diffraction (XRD)
patterns (Figure S2) and ultraviolet-visible (UV-vis) absorption spectra (Figure S3) were performed to
trace the reaction process of the PbI2 film with MAI in IPA and NHA. In the case of IPA, only the film
prepared with a 0-min loading time shows a PbI2 diffraction peak, whereas no PbI2 peak was observed
in the other films with longer loading times (Figure S2a). This demonstrates that the reaction of PbI2
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and MAI can be finished in 1 min in IPA. The smaller differences between the UV-vis absorption
spectra of those films with loading times of 1–3 min for IPA also demonstrate that the PbI2 film
was totally transformed into the MAPbI3 film in 1 min (Figure S3a). The dissolution-crystallization
mechanism is responsible for the fast reaction [18]. The PbI2 peak intensity of the film in NHA was
gradually decreased with increasing loading time, and totally disappeared at 3 min (Figure S2b).
This means that the formation of the PbI2 residue-free perovskite film took 3 min of loading time.
The UV-vis absorption spectra of those films showed that the absorption obviously increased at
2 min, and differences decreased between 2 and 3 min in NHA (Figure S3b), which indicated that the
formation of MAPbI3 film was completed in 2–3 min. The slower rate of perovskite film generation
provides evidence for the in situ transformation mechanism in NHA [27]. In addition, long reaction
times (2–3 min) would make a certain amount of PbI2 dissolve in NHA, resulting in the formation of
perovskite nanorods/nanoplates.

The corresponding FE-SEM images of the resulting films are presented in Figure S4. For IPA,
the number of perovskite nanocuboids increased with loading time from 0 min (Figure S4a) to 1 min
(Figure S4b), and the interconnection between nanocuboids became closer. The morphologies of
films with 2 min (Figure S4c) and 3 min loading (Figure S4d) are not obviously different from that of
1 min loading, and the films still have incomplete coverage. The final tetragon-shaped morphology
(Figure S4a–d) implies the collapse of the lead backbone occurred in the IPA solution with the present
6 mg/mL MAI. This indicates that the growing MAPbI3 crystals followed a dissolution-crystallization
step. Notably, the randomly stacked nanocuboids might be responsible for difficulties in obtaining
pinhole-free and full-coverage perovskite films from IPA solutions.

For NHA, with 0 min loading time, the film was found to be already full-covered but the grains did
not interconnect closely (Figure S4e). The interconnection became increasingly closer with the extension
of loading time, and the perovskite films finally became very compact (Figure S4f–h). The applied PbI2

films consisted of unspecific-shaped particles (Figure S5), and the subsequent perovskite grains of the
full-covered films were still unspecific-shaped rather than tetragonal. This indicated the dominant
growth mechanism was in situ transformation in the NHA solution with the present 6 mg/mL MAI [27].
With the in situ transformation, the MAPbI3 grains grow up in situ to fill the void between the pristine
PbI2 particles (Figure S5), resulting in the film easily becoming compact and complete. However,
perovskite nanorods grow upon the surface with loading times of 2 min or longer. The reason is
that PbI2 is partly soluble in the MAI solution by forming a Pb complex (PbI3

− or PbI4
2−), and the

dissolving Pb complex increases with longer loading times so that large and tetragon-shaped MAPbI3

crystals grow on the surfaces of underlying film via the recrystallization step [27,31], i.e.,

PbI2 + xI− � PbIx−
2+x(x = 1, 2)

CH3NH−
3 + PbIx−

2+x � CH3NH3PbI3 + (x − 1)I−(x = 1, 2)

Therefore, the in situ transformation mechanism occurred in NHA solution, whereas the
dissolution-crystallization mechanism appeared in the IPA solution. It could be concluded that the
molecules with a longer alkyl chain gave rise to slower chemical reaction rates. The results might be
ascribed to the polarity of NHA being lower than that of IPA due to the different alkyl-chain lengths.
Given that PbI2 is a polar molecule, it easily dissolves in the IPA solution, and then forms nanocuboids
of MAPbI3. For NHA, the in situ transformation mechanism might bear responsibility for the formation
of full-covered film, as the grain gradually grows in situ and maintains the inorganic lead framework
(unspecific-shaped PbI2 particles). In other words, the coverage and compactness of the perovskite
film could be easily achieved by using a longer-alkyl-chain solvent (i.e., low polar solvent) for MAI.

The morphology of the perovskite MAPbI3 film does not only depend on solvent polarity but also
on the MAI concentration. Therefore, the relationship between the concentration of MAI and quality
(e.g., compactness and smoothness) of the MAPbI3 film was also studied. The surface morphologies
of the various MAPbI3 films obtained from different concentrations of MAI are described in Figure 1
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and summarized in Table 1. The obtained perovskite films could be classified into three basic types:
(1) incomplete-covered film, (2) compact film roughed with nanorods/nanoplates, and (3) compact
and smooth film. All the perovskite films were proved to be PbI2-free by XRD patterns (Figure S6).
For IPA, the resulting MAPbI3 films were incomplete-covered (Figure 1a1–d1). With increasing MAI
concentrations, the coverage of the perovskite film increased, but the size of the perovskite grains
decreased. These findings are in agreement with the literature [1,27]. No perovskite nanorods grew
on the surface of films except sporadically on the film obtained from the 12 mg/mL MAI in IPA.
For NBA, the perovskite grains growing in 6 mg/mL MAI were observed to still be nanocuboids
(Figure 1a2). Although the perovskite film contained a number of pinholes, its coverage was better
than that with the IPA solution. The film prepared with 8 mg/mL MAI in NBA became very compact,
and no obvious perovskite nanorods were observed (Figure 1b2). Thus, this pinhole-free film was
quite smooth. Since the high-quality film consisted of perovskite grains with tetragonal and unspecific
morphologies, both dissolution–crystallization and in situ transformation mechanisms worked together
with 8 mg/mL MAI in NBA. Perovskite nanorods or nanoplates began to form on the surfaces
of two films obtained from 10 and 12 mg/mL MAI in NBA (Figure 1c2,d2). Figure 1a3–d4 shows
that the surfaces of all compact films prepared with 6–12 mg/mL in NAA or NHA also contained
nanorods or nanoplates. These nanorods/nanoplates grew on the compact film surface through
CH3NH3

− reacting with the Pb complex (PbI3
– or PbI4

–) in solutions of MAI, increasing the surface
roughness. Figure S7 shows the corresponding atomic force microscope (AFM) images and root mean
squares (RMS) of three perovskite films respectively obtained from 6, 8, and 10 mg/mL MAI in NBA,
which represented incomplete-covered film, smooth and compact film, and compact film roughed
with nanorods/nanoplates, respectively. With the film changing from incomplete to compact, the RMS
decreased due to the disappearance of pinholes. Figure S7c indicates that the increase of the RMS
originates from the height of nanorods/nanoplates over the compact film surface.

Table 1. Morphologies of CH3NH3PbI3 (MAPbI3) films obtained from 6–12 mg/mL CH3NH3I (MAI)
in four-selected solvents.

Conentration

Solvents
Isopropanol (IPA) n-butyl Alcohol (NBA) n-amyl Alcohol (NAA) n-hexyl Alcohol (NHA)

6 (mg/mL) Incomplete-covered Incomplete-covered compact with nanorods compact with nanorods
8 (mg/mL) Incomplete-covered compact compact with nanorods compact with nanorods

10 (mg/mL) Incomplete-covered compact with nanorods compact with nanorods
and nanoplates

compact with nanorods
and nanoplates

12 (mg/mL) Incomplete-covered compact with nanorods
and nanoplates

compact with nanorods
and nanoplates

compact with nanorods
and nanoplates

A series of perovskite solar cells were assembled to study the photovoltaic performance of
those PbI2 residue-free perovskite films. Figure 2 performs the photovoltaic parameters of the
corresponding devices as functions of the MAI concentrations and solvent sorts. Those photovoltaic
parameters were obtained from photocurrent density-voltage (I-V) measurements under reverse scan.
On one hand, the perovskite solar cells obtained from 6–8 mg/mL MAI in IPA suffered lower Jsc

(16–18 mA/cm2) and open-circuit voltage (Voc, 0.93–0.95 V) due to serious recombination. The reason
for this is that HTM infiltrated into the incomplete-covered films through the pinholes (Figure 1a1,b1),
which increased the contact area between HTM and perovskite. The higher Jsc (20–21 mA/cm2) and
Voc (0.97–1.01 V) of the films from 10–12 mg/mL MAI in IPA resulted from the improvement of
perovskite film coverage (Figure 1c1,d1). On the other hand, unsatisfactory and slightly different
PCEs (range 10–12%) were achieved by those cells obtained from NAA and NHA solutions, resulting
from lower Jsc (17–19 mA/cm2) and fill factor (FF, 54–64%). This might be explained by the fact
that thick HTM layers were required to completely cover the compact perovskite films with dense
nanorods/nanoplates (Figure 1c2–d4 and Figure S7c), which increased the series resistance of devices.
A solar cell obtained from an NBA solution of 8 mg/mL MAI (Figure 1b2) achieved promising Jsc

(22.79 mA/cm2), Voc (1.06 V), FF (69%), and PCE (16.66%), which is ascribed to the compact and
smooth perovskite film without pinholes or nanorods/nanoplates. In addition, it is well known

76



Nanomaterials 2018, 8, 897

that perovskite solar cells often show an unusual hysteresis in the I-V curves. All perovskite solar
cells were measured with both reverse and forward scan directions to estimate their photovoltaic
performance. The corresponding detailed parameters and I-V cures are presented in Figure 3a and
Supporting Information (Figures S8–S11). Figure 3a shows the I-V curves and detailed parameters of
the best-performing solar cell. The reverse scan curve shows the highest PCE (16.66%) and the forward
scan curve indicates that the same cell achieved a PCE of 15.96%. The small difference between the two
PCEs implies less hysteresis in the device prepared with 8 mg/mL MAI in NBA. In order to further
study the performance of the cell under work conditions, the photocurrent density was measured
at 0.833 V for 110 s. The stabilized photocurrent density was 18.38 mA/cm2, and a stable high PCE
of 15.31% was obtained (Figure 3b). This stable power output efficiency suggests the possibility to
prepare efficient and stable perovskite solar cells with 8 mg/mL MAI in NBA.

Figure 2. Detail parameters and power conversion efficiencies (PCEs) of the cells prepared by using
MAPbI3 films obtained from 6–12 mg/mL MAI in IPA, NBA, NAA, or NHA.

 
Figure 3. (a) Density-voltage (I–V) cures of the best-performing cell, the voltage scan rate is 50 mV/s
(b) Photocurrent density and PCE as a function of time for the same cell under 0.833 V, (c) External
quantum efficiency (EQE) spectrum of the best-performing cell, (d) Histograms of PCEs measured for
40 cells prepared by using 8 mg/mL MAI in NBA.
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To check the Jsc of the best-performing cell, the external quantum efficiency (EQE) was measured
(Figure 3c). The Jsc can be predicted by integrating the EQE spectrum with the incident photo flux
density distribution using Equation (1),

Integrated JSC =
�

qF(λF(λ)EQ)dλ (1)

where q is the electron charge and F(λ) is the incident photon flux density (AM 1.5, ASTM G173) at
wavelength λ. The integrated Jsc of the cell was 20.46 mA/cm2, which is close to the value obtained
from the I–V measurement (Figure 3a). To investigate the reproducibility of the performance of
cells fabricated using 8 mg/mL MAI in NBA, 40 individual devices were measured to obtain the
corresponding PCEs. Statistical analysis of these PCEs showed an average value of 14.76% with a small
standard deviation of 0.67% for all 40 cells (Figure 3d).

4. Conclusions

It was demonstrated that the solvent significantly affects the growth mechanism of perovskite
grains. The morphology of perovskite films was controlled by manipulating the solvent polarity and
concentration of MAI solutions. The use of solvents with long alkyl-chain molecule (i.e., low polarity
solvent) allowed the MAPbI3 to grow via an in situ transformation step, which easily made the
perovskite films compact, but increased the surface roughness due to the growth of unexpected
nanorods/nanoplates. Using the solvent with a short alkyl chain (i.e., high polarity solvent) led to
the dissolution-crystallization growth mechanism, resulting in rapidly generation of perovskite films
with smooth surface, but with a number of pinholes. The best quality (highly compact, pinhole-free,
and smooth) perovskite films were fabricated with an optimized MAI concentration of 8 mg/mL and
NBA as the solvent, where both growth mechanisms worked together. The corresponding perovskite
solar cell achieved a promising PCE of 16.66% and average PCE of 14.76% (for 40 cells). The present
work may give some clues to other groups to further investigate the mechanisms of perovskite grain
growth and prepare high-quality perovskite film through simple methods.
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Abstract: We analyzed the coupling behavior between the localized surface plasmon (LSP) and
quantum wells (QWs) using cathodoluminescence (CL) in a green light-emitting diodes (LED) with Ag
nanoparticles (NPs) filled in photonic crystal (PhC) holes. Photoluminescence (PL) suppression and
CL enhancement were obtained for the same green LED sample with the Ag NP array. Time-resolved
PL (TRPL) results indicate strong coupling between the LSP and the QWs. Three-dimensional
(3D) finite difference time domain (FDTD) simulation was performed using a three-body model
consisting of two orthogonal dipoles and a single Ag NP. The LSP–QWs coupling effect was separated
from the electron-beam (e-beam)–LSP–QW system by linear approximation. The energy dissipation
was significantly reduced by the z-dipole introduction under the e-beam excitation. In this paper,
the coupling mechanism is discussed and a novel emission structure is proposed.

Keywords: localized surface plasmon; green LED; cathodoluminescence; FDTD

1. Introduction

Despite GaN-based blue light-emitting diodes (LEDs) achieving rather high external quantum
efficiency (EQE), the green gap is still a key issue for high-quality illumination [1,2]. Because of the
imperfect structure and high polarization field in high-indium content InGaN quantum wells (QWs),
the EQE for a green LED is quite low compared with that for a blue LED. Various approaches have been
applied to solve this problem, such as the use of nonpolar/semipolar substrates, the use of a Si substrate,
band engineering, and the introduction of a surface plasmon (SP) [3–6]. The polarization reduction and
incorporation of indium into the InGaN alloy have been improved by these methods except for the last
one, the SP method. Because of the high density of states (DOS) of the SP, the spontaneous emission
rate (SER) in QWs can be very high, leading to a higher internal quantum efficiency (IQE) [6]. Two main
perspectives on light emission enhancement via SP–QW coupling have emerged. One perspective
is that the SP modes in the metal are excited by spontaneous emission (SE) in QWs and radiate to
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air in dipole mode [7,8], thus the energy transferred to SP is divided into “SP radiation” and “metal
dissipation”. The other perspective is that the spontaneous emission rate in QWs is greatly enhanced
by the strong near-field strength of the SP excited by SE in QWs [9–11]. Both of these perspectives
can explain the light emission enhancement by SP–QW coupling. As to SP radiation, less than 50% of
the coupled energy can be radiated into air, and the emission enhancement is effective for emitters
with low original EQE [8]. The latter perspective introduces the possibility of emission enhancement
for a green LED [10,11]. However, the energy distribution dynamics in the SP–QW coupling system
remain unclear.

Although evidence of the SER enhancement has been reported for several decades, the problem of
energy dissipation in the metal is not yet well resolved. The energy dissipation in the metal corresponds
to the Ohmic loss and to the electron-hole pair creation [12]. Many techniques have been reported
to reduce the energy dissipation effects, including using a localized surface plasmon (LSP), placing
the emitters into a metal gap, adjusting the dipole orientation, and coupling the QWs between each
other [8,10,11,13,14]. An enhancement of the SER exceeding 1000 times with a quantum efficiency
above 50% indicates that the energy dissipation is greatly reduced by the gap modes [10]. However,
the complicated fabrication procedure for the gap structure prevents its further application. LSP–QW
coupling between the radial or orbital dipoles and Ag NPs is quite different in the simulation [13].
The enhancements of radiated power of a radial and an orbital dipole are induced through coupling
with the lower-order (dipole) and higher-order LSP resonance, respectively. Because the conventional
InGaN QWs are thin and flat, the dipoles are mainly orbitally oriented [9,13], that is, some energy
dissipation always occurs for planar QW structure.

Recently, several reports of electron beam (e-beam)-excited SP in metal nanoparticles (NPs)
by cathodoluminescence (CL) have been reported [15–18]. Because CL measurements combine the
ultrahigh spatial resolution of an electron microscope with broadband optical sensitivity, they can be
used to study the optical process in metal NPs. There is a direct link between CL and radiative modes
(“bright modes”) or the radiative electromagnetic local density of states (LDOS) [16]. Some simulation
results for CL measurements have also been performed by regarding the e-beam as a dipole source
along the incident direction [15,18]. Although Ag NP–QW structures excited by an e-beam have been
reported [19–21], these works did not consider the SPs induced by the e-beam. In fact, the e-beam,
approximated by a vertical dipole induces the high near-field strength near the Ag NPs [15–18],
will greatly influence the coupling between the LSP and the QWs. Moreover, the dipoles representing
the QW and the e-beam are in-plane and out-plane, respectively. The configuration of a single Ag
NP and two orthogonal dipoles can be used to study the energy transfer process of the LSP–QW
coupled system.

In this work, we fabricated LSP–QW coupled samples of an array of Ag NPs embedded in photonic
crystal (PhC) holes in the p-GaN layer of a green LED. Photoluminescence (PL) and time-resolved
photoluminescence (TRPL) and CL measurements were carried out. A novel three-dimensional (3D)
finite difference time domain (FDTD) numerical simulation model for CL and PL measurements
was also put forward using Lumerical software (FDTD Solutions v8.17, Vancouver, BC, Canada) to
illustrate the difference in the LSP–QW coupling mechanism under light and e-beam excitations [22].
The LSP-two orthogonal dipoles coupling mechanism is discussed and an effective way to reduce the
energy dissipation in Ag NPs is proposed.

2. Experimental

GaN-based green LED structures with a peak wavelength of 545 nm were grown by metal organic
chemical vapor deposition (MOCVD) on the double-polished c-plane sapphire substrate. The structure
consisted of 10 pairs of InGaN/GaN (2.5 nm/12.5 nm) multiple quantum wells (MQWs), on which
is 160 nm thick p-GaN. As shown in Figure 1, LSP–QW coupled samples (Ag–PhC) were fabricated
based on the PhC structure in the p-GaN layer. The scanning electron microscope (SEM) images
of the Ag arrayed LED were recorded using an FEI NanoSEM 430 (FEI, Hillsboro, OR, USA). First,
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a 120 nm thick SiO2 mask was deposited onto the surface of p-GaN. The PhC patterns were obtained
via nano-imprinting using an Obducat Eitre 3 instrument (Obducat, Lund, Sweden) with a standard
PhC stamp whose period was 545 nm. Then, the hexagonal nanohole array was subsequently obtained
using an induced coupled plasma (ICP) etcher to etch the pores to a depth of 150 nm, i.e., the bottom of
each pore was 10 nm away from QWs. Then, a 30 nm thick Ag film was deposited onto the patterned
surface. After thermal annealing at 600 ◦C for 10 min under a N2 atmosphere, Ag NPs were formed
in the PhC holes, followed by the lift-off process to remove the Ag NPs on the SiO2 mask. The Ag
NPs were spherical cap-shaped. Statistically, the diameter and height were 160 ± 10 and ~80 nm,
respectively. For comparison, reference samples (denoted PhC) with the same pattern but without Ag
NPs were also prepared.

Figure 1. SEM image of a Ag–photonic crystal (PhC) sample. The period of the PhC is 545 nm.
The diameter and height of the Ag NPs are 160 ± 10 and ~80 nm, respectively. The inset shows the
cross-sectional image of a single Ag NP in the hole.

PL measurements using a 405 nm laser diode with a power of 150 mW and a spot diameter of
~1 mm and CL measurements using a Gatan Mono-CL2 system (Gatan, Pleasanton, CA, USA) were
performed at room temperature on the Ag–PhC and PhC samples with a configuration of top excitation
and top detection. The electron acceleration voltage was set to 15 kV with a beam current of 158 pA.
The TRPL measurements were conducted using a LifeSpec-Red picosecond lifetime spectrometer
with a pulsed 372 nm laser (Edinburgh Instruments, Livingston, UK). The pulse duration was 69 ps.
This instrument was made use of a time-correlated single photon counting (TCSPC) technique with a
time resolution of ~30 ps within a range of 10 ns.

3. Results and Discussion

TRPL measurement is an efficient method to confirm LSP–QW coupling. Figure 2A shows the
TRPL results at the peak wavelength 545 nm of the Ag–PhC sample and the PhC sample. The decay
curves were fitted by a double exponential function as reported in the previous work [14]. The fast
decay time, which corresponds to the rapid carrier recombination in InGaN QWs, were obtained as
0.23 and 0.76 ns for the Ag–PhC and PhC samples, respectively. The 3.3-fold reduction of the decay
time indicates that LSP coupling with QWs substantially enhances the SER [14]. Contrarily, the PL
intensity of the Ag–PhC decreased by 1.7 times compared with that of PhC sample, as shown in
Figure 1B. This decrease is attributed to the large energy dissipation in Ag NPs as a result of their
small aspect parameter (α), which is defined as the ratio between the height of the Ag NP and its
radius [14,23]. When the α is greater than 1.5, the emission enhancement will be realized with Ag
NPs with diameters ranging from 90 to 200 nm [23]. Because the LSP–QW coupled energy was either
radiated into the air or dissipated in the Ag NPs, the ratio between radiated energy and the dissipated
energy would determine whether the final PL intensity was enhanced or suppressed.
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Figure 2. (A) Time-resolved photoluminescence (TRPL) and (B) PL spectra for Ag–PhC and PhC samples.

A schematic setup for the CL measurement is shown in Figure 3A. An e-beam was highly focused
and directed onto the surface of samples. CL measurement was performed using a 15 kV acceleration
voltage and a beam current of 158 pA. The electron penetrating depth into the Ag NPs was greater
than 20 nm [19,20]. The light emitted from the samples was collected by a retractable parabolic mirror
and collimated to an optical monochromator, after which the signal was detected by a charge-coupled
device (CCD). To ensure the maximum light collection efficiency, the samples were placed at the focal
plane of the parabolic mirror, approximately ~1 mm away from the mirror. Figure 3C,D show the
panchromatic CL (PanCL) image of an Ag–PhC sample and a PhC sample, respectively. The PanCL
image, where all of the emitted light from the sample was collected by the e-beam scanning point
by point, can clearly depict the LSP-induced luminescence around the Ag NPs. The holes are much
brighter than the platform of the Ag–PhC sample. The dark spots in the holes are related to the Ag NPs.
However, the spot size is much smaller than the actual size of Ag NPs in Figure 1. This discrepancy
arises because of the penetration ability of high-energy electrons [19] and the strong coupling between
the LSPs induced by the e-beam [16–18] and the QWs. The darker cloudy areas in Figure 3C,D are
mainly attributed to the InGaN phase separation in QWs. CL spectra were recorded by scanning the
electron beam over the entire surface of interest under the same conditions, as shown in Figure 3B.
To confirm that the emission originates from QWs rather than from the Ag NPs, samples without QWs
were fabricated. It was found that CL spectrum of the sample without QWs mainly originated from the
emission of GaN and its intensity was approximately two orders of magnitude smaller than that of the
sample with QWs. The CL intensity of the Ag–PhC sample is 2.91 times greater than that of the PhC
sample, whereas the PL intensity of PhC sample is 1.7 times that of the Ag–PhC sample. Compared
with laser excitation, e-beam excitation enhances the emission intensity of the Ag–PhC sample by a
factor of 4.95. Considering the penetration electron energy loss in Ag NPs, even if all the electrons
can penetrate through the Ag NP to excite the QW directly, it is impossible for the enhancement factor
to be as high as 4.95. The high near-field strength of the LSP in the Ag NPs induced by continuously
injected e-beam should be considered in the LSP–QW coupling process [16–18]. Moreover, how the
energy dissipation is reduced by the e-beam excitation is interesting.
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Figure 3. (A) Schematic setup for the cathodoluminescence (CL) measurement; (B) CL spectra for
Ag–PhC and PhC samples. Panchromatic CL images for (C) the Ag–PhC sample and (D) the PhC
sample. CL intensity for the Ag–PhC sample is enhanced 2.91 times compared with that for PhC sample.

To distinguish the different LSP–QW coupling mechanisms by e-beam excitation and laser
excitation, 3D-FDTD numerical simulations were carried out [22]. In FDTD, Maxwell’s equations
are solved in discretized space and time. Figure 4 shows the schematic structure of Ag–PhC sample
used in the 3D-FDTD simulation. Since the separation between Ag NPs is greater than 200 nm,
the coupling between Ag NPs can be ignored [24]. Therefore, only one Ag NP needs to be considered.
The dispersion relation of the Ag NP adopts “Ag (silver)-Palik (0–2 um)” data provided by the FDTD
material database [22]. The Ag NP was placed in the hole center of PhC on p-GaN (n = 2.55) to simplify
the simulation. The sizes of Ag NP and PhC are consistent with the SEM result as shown in Figure 1.
The space between Ag NP and the first QW is 10 nm. The perfectly matched layer (PML) absorbing
boundaries were adopted on all sides. To improve the simulation accuracy, an override region was
applied over the Ag NPs and x-dipole with the mesh size of 2 nm. Outside that region, automatic
graded meshing was used. Moreover, the simulation span was 6 um*6 um (x–y plane), which is large
enough for the light to propagate.

Figure 4. The schematic structure of the Ag–PhC sample in 3D finite difference time domain (FDTD)
simulation. The purple, green, and black boxes were used to collect the total power radiated by the
dipole, the dissipation power in the Ag NP, and the scatted energy, respectively. The red line (plane)
was used to record the radiated power from top surface.
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Given the symmetry in the QW plane, where the radiating dipoles lie, only one dipole polarized
along x direction (x-dipole) was placed below the Ag NP to represent the QW. The e-beam, however,
was represented by a dipole polarized along its trajectory (z-dipole) in order to simplify the model [18].
Both the x-dipole and z-dipole adopted the built-in broadband source model, with the wavelength
range from 480 to 630 nm. In FDTD, broadband sources can be used to perform simulations in which
wideband frequency data is required. Since the e-beam impinging on different positions of the Ag
NP may lead to different excitation, the z-dipole was successively placed with an interval of 30 nm
at the positions of A, B, C, and D, as shown by the yellow arrows in Figure 4. To calculate the power
transition, four monitors were used in the simulations. The purple, green, and black boxes were used
to collect the power of x-dipole (QW), dissipated power, and scattering power, respectively, while the
upper red plane monitor was used to record the energy successfully extracted into the air.

The actual power emitted by a dipole can vary dramatically depending on what dielectric
envelopments are nearby. The field induced by a dipole or reflected from the surrounding structures
can feed back on itself, causing it to radiate more or less power than expected in a homogenous
material [10,11,13]. As a result, the calculated power should be normalized to the power that a dipole
would emit in a homogenous material (such as vacuum), rather than the actually emitted power.
In FDTD, the quantum mechanical decay rate can be related to the power collected by a monitor box
in the same environment. Therefore, the decay rate can be normalized by [22],

γ

γ0
=

P
P0

(1)

where γ and P are the decay rate and radiated power by a dipole in an inhomogeneous environment,
and γ0 and P0 are the corresponding parameters in a homogeneous environment (here GaN).
In particular, when a dipole is surrounded by a monitor box (i.e., the purple box in Figure 4), γ would
become the well-known Purcell factor (Fp), which is defined as the ratio of the radiation power of a
dipole near Ag NPs to that in a bulk dielectric material (GaN). Thus, the EQE—namely the ratio of
power measured in the far field to the total power injected into the x-dipole (QW)—as well as the IQE
and light extraction efficiency (LEE) can be defined as [11,22],

ηEQE = ηIQEηLEE =

(
Fpγrad

Fpγrad + γnon

γscat

γdiss + γscat

)
γout

γscat
(2)

where γscat and γdiss are the scattering and dissipation rate, γrad and γnon are the radiative and
nonradiative decay rate, and γout is light extraction rate. According to our temperature-dependent
PL measurements, the internal quantum efficiency is calculated as 26%. A rough estimation of the
ratio of the nonradiative decay rate (γnon) to the radiative decay rate (γrad) for the PhC sample is
3:1. Based on the data drawn from the aforementioned monitors, EQE, IQE, LEE, and Fp can be
calculated, respectively.

In the PL simulation, because the Ag NPs are opaque to light excitation [19] or the laser wavelength
cannot match the SP resonant wavelength [14], z-dipole is not included, similar to our previous
work [11,23]. Figure 5 shows the simulated PL spectra for the Ag–PhC and PhC samples. The IQE
and LEE of the Ag–PhC sample as a function of wavelength are normalized to those of the PhC
sample, as also shown in Figure 5. According to the broadband simulation results, the final emitted
light spectrum can be obtained through post processing by multiplying the EQE with the actual
normalized QW spectrum that is obtained without any Ag NPs nearby [11]. The simulated PL spectra
show that the intensity of Ag–PhC sample decreases by 2.5 times, which agrees with the experimental
result. However, the enhancement is not completely consistent with that of the experimental result,
which is attributed to the approximations, including the dipole-QW approximation [9], the single
Ag NP approximation [8], and the simplification of a single dipole for the QWs [11]. Moreover,
the transmitted diffraction across the Ag NPs may also affect the consistence. The Purcell factor at
545 nm is calculated as 18.7, which indicates that LSP–QW coupling is strong and that the SER is
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greatly enhanced. However, due to the dissipation by Ag NP [11], the IQE of the Ag–PhC sample
is only 54% of that of PhC sample at 545 nm. Furthermore, the LEE of Ag–PhC is also decreased
by a factor of 1.8, as shown in Figure 5B. Obviously, the decreases of both IQE and LEE lead to the
suppression of PL intensity.

Figure 5. (A) Simulated PL spectra for Ag–PhC and PhC samples, (B) internal quantum efficiency
(IQE) and light extraction efficiency (LEE) of Ag–PhC sample normalized to those of the PhC sample.

To simulate the CL measurement for the Ag–PhC sample, the z-dipole is added to the system as
shown in Figure 4. Since the e-beam excitation is dependent on its impinging position as discussed
above, the simulations are carried out at e-beam impinging points A, B, C, and D individually.
Considering that the electron beam itself does not radiate light, after a z-dipole is added to simulate
the electron beam impinging at specific impinging points, the energy radiated by the z-dipole must
be subtracted. With the presence of both the z-dipole and x-dipole, the net powers flowing through
the green box, purple box, black box, and the upper red plane monitor (PgBox, PpBox, PbBox and PrPlane
respectively) have the relationship of

PrPlane = Pup−xDipole + Pup−zDipole (3)

PpBox = PxDipole (4)

PgBox = PzDipole −
(

PAg−xDipole + PAg−zDipole

)
(5)

PbBox = PxDipole + PzDipole −
(

PAg−xDipole + PAg−zDipole

)
(6)

where PxDipole and PzDipole are the power radiated by the x-dipole and z-dipole, which can be directly
recorded in the simulations. Pup is the power extracted upward into the air, and PAg is the dissipated
power by Ag NP. These two quantities can also be recorded directly; however, they are the sum of
the x-dipole and z-dipole components. To distinguish the efficiencies of the x-dipole (QW) from the
two orthogonal dipoles system, simulations at each point without x-dipole have also been performed.
Similarly, Equations (3)–(6) without x-dipole component is rewritten as

P′
rPlane = P′

up−xDipole + P′
up−zDipole (7)

P′
pBox = P′

xDipole = 0 (8)

P′
gBox = P′

zDipole − P′
Ag−zDipole (9)

P′
bBox = P′

xDipole + P′
zDipole − P′

Ag−zDipole (10)

where the prime (′) indicates all the powers recorded in the case without the x-dipole.
As mentioned above, for the laser beam with a power of 150 mW and a spot diameter of ~1 mm,

the power density of the laser beam is on the order of ~100 mW/mm2. Additionally, for the e-beam
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with a beam current of 158 pA at 15 kV impinging on the 160 nm diameter Ag NP, the power
density of the e-beam is on the order of ~100 W/mm2. Considering the dipole-QW and dipole-e-beam
approximations and that the energy of e-beam cannot be fully converted to the QW radiation, the ratio
of the amplitude of z-dipole to that of x-dipole was roughly set to be only 10 since the power of a
dipole is proportional to the square of its amplitude. By default, the power recorded by different
detectors in Equations (3)–(6) and (7)–(10) are normalized to the sum of power from all sources (Psource).
For consistency, all power in Equations (3)–(10) were renormalized by multiplying a correction factor
of Psource/P0, where P0 is defined in Equation (1). Figure 6A clearly shows that PzDipole and P′

zDipole
vs. wavelength almost coincide in the wavelength range from 480 nm to 630 nm at point B. We set
PzDipole = (1 + β)P′

zDipole, where β is a modification coefficient for the x-diploe. According to the
simulation results, β is a small quantity. On the contrary, the power of x-dipole (PxDipole) changes
greatly with the presence of the z-dipole, as shown in Figure 6B. Figure 6C shows the Purcell factor for
the x-dipole and z-dipole without the Ag NP. It is noted that the direct interaction between x-dipole
and z-dipole is far weaker than that shown in Figure 6B. Therefore, the great change in Figure 6B is
attributed to the SP strongly excited by z-dipole rather than z-dipole itself. Besides, the peak on the
left of 545 nm in Figure 6B is enhanced with the presence of the z-dipole, indicating that high-order
modes in LSP are excited and radiated [13]. According to the simulation, the electric field mapping
under the Ag NP also exhibits a quadrupole characteristic at shorter wavelength peak, which again
confirms the excitation of the high-order modes.

Table 1 lists the powers of z-dipole and x-dipole at different positions at 545 nm for Ag–PhC
sample. The simulation results at all the points show that the presence of x-dipole can hardly affect
z-dipole whereas the z-dipole strongly influences on the x-dipole through the excitation of the LSP.
Thus, it is reasonable to assume that the dissipated power and extracted power of z-dipole linearly
changes with PzDipole, that is

PAg−zDipole = (1 + β)P′
Ag−zDipole (11)

Pup−zDipole = (1 + β)P′
up−zDipole (12)

By subtracting Equations (4)–(10) from Equations (3)–(6), the effects of x-dipole can be separated
from the e-beam–LSP–QW coupling system as follows

PxDipole = PpBox (13)

PAg−xDipole = PgBox − (1 + β)P′
gBox (14)

Pup−xDipole = PrPlane − (1 + β)P′
rPlane (15)

Figure 6. Renormalized powers vs. wavelengths of (A) z-dipole with and without x-dipole and (B)
x-dipole (i.e., Fp in this case) with and without z-dipole at impinging point B; (C) Purcell factor for the
x-dipole and z-dipole without the Ag NP.
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Table 1. Powers of z-dipole and x-dipole and efficiencies of x-dipole at different positions at 545 nm for
Ag–PhC sample.

Position

Power of z-Dipole Power (Fp) of x-Dipole Efficiency of x-Dipole

With
x-Dipole

w/o
x-Dipole

With
z-Dipole

w/o
z-Dipole

LEE IQE EQE

A 189.04 196.55 11.38 18.7 2.69 1.15 3.02
B 530115 530081 7.11 18.7 2.41 1.43 3.36
C 1346570 1346580 15.32 18.7 1.86 1.52 2.75
D 44715.1 44427.7 17.12 18.7 0.64 0.43 0.27

Based on Equations (1), (2), and (13)–(15), the EQE for the x-dipole (QW) in the e-beam–LSP–QW
system can be obtained. The typical impinging positions A, B, C and D in the Ag–PhC sample are
calculated and their weights are considered. The efficiencies of the x-dipole at 545 nm are also listed
in the Table 1. Figure 7A shows the averaged CL spectra of Ag–PhC sample. The CL intensity of
the Ag–PhC is enhanced by 2.4 times compared with that of the PhC sample, which agrees with the
experimental result. The incomplete consistency is attributed to the approximations, as mentioned
above. It is found that the EQE of the x-dipole in most areas around the Ag NP are enhanced by
more than 2 times, except at its central area. The EQE at position D is only 0.27 times that of the PhC
sample, which agrees with the panchromatic CL images in Figure 3C. In order to better understand the
CL enhancement, the EQE at point B was divided to IQE and LEE, as shown in Figure 7B. Both the
LEE and the IQE of the x-dipole are enhanced in the emission range compared with those of the
PhC sample, which is quite different from that of the PL case. The LEE and IQE is enhanced by
2.41 and 1.43 times at 545 nm, respectively. It is notable that the Fp of x-dipole at point B is the
smallest in the four points in the CL simulation, as shown in Table 1. When the Fp is enhanced to a

certain value, it is no longer important for IQE enhancement. Since the term Fpγrad
Fpγrad+γnon

in Equation (2)

approaches 1, IQE is dominated by the scattering ratio (i.e., γscat
γdiss+γscat

). Compared with the simulated
PL results, the scattering ratio of the x-dipole is enhanced 2.65 times. That is, when the z-dipole is added,
less dissipation in the Ag NP can be obtained even when the Fp decreases. According to References [8,13],
with the presence of the z-dipole, the blue-shifted resonant peak in Figure 6B and the enhanced IQE in
Figure 7B indicates that the original higher-order nonradiating modes and lower-order radiating modes
are suppressed and enhanced, respectively. A high Fp may lead to severe luminescence quenching
effect via the high-order LSP modes [8].

Figure 7. (A) Simulated CL spectra for Ag–PhC and PhC samples; (B) IQE and LEE of x-dipole
normalized to those of the PhC sample at impinging point B for the Ag–PhC sample.

In addition, the LEE in CL simulation is also surprisingly enhanced by 4.3 times at 545 nm at point
B compared with the PL results in Figure 5B. The LEE enhancement of 68% of the Ag–PhC sample
compared with the PhC sample has been obtained in our previous work, which was explained by the
resultant modification of the waveguide mode, which combines the effects of the LSP and the PhC [11].
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In this work, the enhancement may occur because the excessive LSP modes excited by the z-dipole
also modify the waveguide mode in the GaN LEDs. The penetration ability of high-energy electrons is
stronger than that of the laser, which will enhance the CL intensity as well.

As described above, the z-dipole introduction enhances both the IQE and LEE of the QWs in the
LSP–QWs coupling process. The dissipated energy is reduced and the waveguide modes are extracted
effectively. It is reasonable to make an orthogonal emission dipole in LSP–QW coupling systems to
enhance the light output of the devices. The InGaN QWs epitaxy on pyramids or V-pit structures
seems to provide the possibility of two orthogonal dipoles coupling to LSP [25], where dipole radiators
within the quantum wells on the facets are similar with the z-dipole in this work compared with the
dipole radiators within normal quantum wells.

4. Conclusions

In summary, PL and CL measurements were performed on a green LED with Ag NPs filled in
photonic crystal holes. The suppression of PL and the enhancement of CL were observed compared
with the PhC sample. In the FDTD simulations, the two orthogonal dipoles were used to couple with the
LSP. The x-dipole (QW) effect was separated in the e-beam–LSP–QW system by linear approximation.
The simulation showed that both the IQE and the LEE were enhanced by the z-dipole added to the
LSP–QW system. The enhancements were attributed to the LSP excited by z-dipole coupled to some
LSP modes excited by the x-dipole. A novel LED device was proposed with orthogonal emission
dipoles based on the simulation and experimental results.
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Abstract: Light-emitting diode (LED) combined with quantum dots (QDs) is an important candidate
for next-generation high-quality semiconductor devices. However, the effect of the excitation
wavelength on their optical performance has not been fully explored. In this study, green and
red QDs are applied to LEDs of different excitation wavelengths from 365 to 455 nm. The blue light is
recommended for exciting QDs from the perspective of energy utilization. However, QD LEDs excited
at 365 nm have unique advantages in eliminating the original peaks from the LED chip. Moreover,
the green or red light excited by ultraviolet light has an advantage in colorimetry. Even for the 455 nm
LED with the highest QD concentration at 7.0 wt%, the color quality could not compete with the
365 nm LED with the lowest QD concentration at 0.2 wt%. A 117.5% (NTSC1953) color gamut could
be obtained by the 365 nm-excited RGB system, which is 32.6% higher than by the 455 nm-excited
solution, and this can help expand the color gamut of LED devices. Consequently, this study provides
an understanding of the properties of QD-converted LEDs under different wavelength excitations,
and offers a general guide to selecting a pumping source for QDs.

Keywords: colorimetry; excitation wavelength; light-emitting diode; quantum dots

1. Introduction

Light-emitting diodes (LEDs) are fundamental devices for backlights and displays [1,2]. Nowadays,
the common base pixel is composed of red, green, and blue (RGB) tricolor in both RGB backlights
and direct display technology. Three different-color epitaxial chips are mainly applied in an RGB
pixel: Blue, green, and red LED chips [3]. However, this solution cannot avoid the following problems:
First, the blue, green, and red LEDs have different turn-on voltage characteristics, resulting in voltage
balance problems in the circuit design [4]; second, owing to process limitations, the optical efficiency
and production yield of red LEDs cannot compare with blue LEDs [5], resulting in high technology
thresholds and increased costs; third, it is difficult to further improve the color quality in the current
common RGB pixel because of the epitaxial material property limitation.

In order to solve the above difficulties, there are two advanced technologies under discussion.
The first advanced technology is using only one LED chip, such as a blue or ultraviolet chip, to solve
the voltage mismatch problem [6,7]. For the blue chip solution, the blue light is from a blue LED
chip; the green and red light are obtained from the blue light to excite the green and red fluorescent
materials. For the ultraviolet chip solution, the blue, green, and red light are all obtained from the
ultraviolet-light-excitation fluorescent material [8]. Another technique is to maintain the mature
commercial blue chip as blue light and introduce an ultraviolet chip to excite green and red fluorescent
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materials in order to achieve green and red light. Among these strategies, the core point is that using
a short-wavelength light to excite fluorescent materials attains the primary color.

Fluorescent materials are key to improving display performance such as the color gamut.
In the past decade, fluorescent materials have evolved from a single YAG:Ce3+ phosphor to green
and red fluorescent materials such as β-sialon:Eu and CaAlSiN3:Eu phosphors [9–13]. However,
these fluorescent materials with a half-width wider than 50 nm are not ideal. Further improving
the color gamut of LEDs is a hot spot for future commercial competition [14,15]. As a new type of
luminescent material, quantum dots (QDs) are quite promising owing to their narrow half-peak width
down to 30 nm, wide excitation wavelength, high color purity, and tunable emission [16,17].

LED combined with QDs is an important candidate for next-generation high-quality semiconductor
devices [18,19]. By taking the advantages of the QD, a green or red LED could restore the natural
color to the greatest extent [20]. Shin-Tson Wu et al. applied CdSe QDs for backlight applications,
and a 115% color gamut in CIE 1931 was attained [21]. Similar high-quality colors from QD were
reported by Shinae Jun [22], Jian Chen [23], and Huang-Yu Lin [24] et al. In order to obtain green and
red LEDs, QDs are typically excited by short wavelengths such as blue or ultraviolet (UV) light [24,25].
However, the effect of the excitation wavelength on the optical performance of QD devices has not
been systematically studied.

Herein, using CdSe QDs, this study compared the performance of green and red QD LEDs at
different excitation wavelengths. The photoluminescence (PL) pattern of QD films was explored. Then,
the optical performances of green and red LEDs were compared and analyzed at different excitation
wavelengths. It turns out the excitation wavelength of the LED chip has an important impact on the
overall device performance.

2. Methods

2.1. Materials and Equipments

The green and red QDs were purchased from Beijing Beida Jubang Science & Technology Co., Ltd.
The PDMS package material was purchased from Dow Corning Corporation, USA. TEM images were
taken by a transmission electron microscope (TEM, JEM-2100F, JEOL, Akishima, Japan) operated at
an accelerating voltage of 200 kV while dropping the QD solution on the copper network. The PL
spectrum was measured by a fluorescence spectrophotometer (RF-6000, Shimadzu, Kyoto, Japan) under
365 nm of excitation. The absorption and transmission spectra were collected by a UV-vis spectrometer
with an integrating sphere accessory (TU-1901, Persee, Beijing, China). The electroluminescence (EL)
spectra and optical parameters of the LED devices were measured with a calibrated integrating sphere
system, a spectrometer (USB2000+, Ocean Optics, Largo, FL, USA), and a power supply (Keithley 2425,
Keithley Instruments & Products, Cleveland, OH, USA).

2.2. Characterization of Quantum Dot

To determine the characteristics of the QDs used in this study, their PL and absorbance spectrum
after dispersal in n-hexane were measured and are shown in Figure 1. The emission peaks of green
QDs (GQDs) and red QDs (RQDs) are located at 525 and 626 nm, while their absorption peaks are at
515 and 610 nm, respectively. This difference between the emission and absorption peaks is attributed
to the Stokes shift effect. The half width of the emission peak is 30 nm for GQDs and 28 nm for RQDs.
This indicates that the QDs have a narrower half-width than most common fluorescent materials such
as YAG:Ce3+ phosphor [26,27] and that the color purity can be guaranteed. The inset picture also
indicates their excellent color purity. QDs can absorb light of a shorter wavelength than their PL
emission peaks, and QDs are more capable of absorbing ultraviolet light than in absorbing blue light
such as that at 455 nm.
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Figure 1. Photoluminescence (PL) and absorbance spectrum of (a) GQDs and (b) RQDs.

From the transmission electron microscope (TEM) graph, all of the QDs show good dispersibility
in n-hexane. The QDs exhibit a distinct spherical shape, which is formed by the core-shell structure.
For these samples, the CdSe acts as a core, and the ZnS acts as a shell. Further, by using ImageJ
software to calculate the diameter of 100 QDs in the TEM graph, the particle size distribution is shown
in Figure 2. Both particle size distributions show an approximately normal distribution. The average
diameter of the GQDs and RQDs is 7.63 ± 1.16 nm and 9.55 ± 1.10 nm, respectively. The particle size of
RQDs is larger than that of the GQDs, which is consistent with the reported discovery: the emission
peak of CdSe-based QD is related to its particle size, and a larger diameter can result in a longer
emission wavelength [28,29].

 
Figure 2. TEM graph of (a) GQDs and (b) RQDs; inset picture shows particle size distribution of QDs.

2.3. Fabrication of QD-Based LED with Different Excitation Wavelengths

To obtain a QD-based LED with different excitation wavelengths for this study, first, commercial
LED chips of the same size (45 × 45 mil) with 365, 385, 405, and 455 nm of emission wavelengths were
mounted on a copper substrate. The copper substrate serves as a circuit board and a heat sink. Then,
the golden wire was connected by ultrasonic welding. For QD applications, the remote excitation
to attain green and red light is the basic LED package structure in this study, as shown in Figure 3.
Polydimethylsiloxane (PDMS) was selected as the package material. PDMS gel was injected into the
cavity and then cured at 100 ◦C for 1 h.

To prepare QD remote films for LEDs, green CdSe/ZnS and red CdSe/ZnS/ZnS QDs were selected.
After dispersal in n-hexane, the QDs were mixed with the PDMS at mass concentrations of 0, 0.2, 0.5,
1.2, 3.0, and 7.0 wt%. Then, the film was prepared using a designed mold. The thickness of the film
was fixed at 500 μm by a gasket. After 1 h of heating at 100 ◦C, the mold could be released to obtain
QD films. Finally, the QD remote film was assembled to form LED samples with different excitation
wavelengths. Green and red QD-converted LEDs (GQD LED and RQD LED) were obtained.
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Figure 3. Physical picture and schematic diagram of (a) green quantum-dot LED and (b) red
quantum-dot LED.

3. Results and Discussion

3.1. Characterization of QD Film

After the QDs were prepared as QD film, the properties of the QD films were explored. As shown
in Figure 4a,b, the absorbance peaks of the GQD and RQD films were located at 512 nm and 610 nm,
respectively. These are almost identical to the absorption peak of the QD solution, which means
that the film maintains the original luminescence properties of the QDs. The absorbance of both
GQD- and RQD-based film increases as the concentration of QDs increases. After adding the QDs,
the absorbance below the absorption wavelength increases significantly, and the absorbance of the
ultraviolet region is more pronounced than in the blue region. This regular pattern is also reflected in
the transmission spectrum, as shown in Figure S1. Thus, with more QDs, more short-wavelength light
could be absorbed.

 

Figure 4. Absorption spectrum of (a) GQD and (b) RQD film; photoluminescence (PL) spectrum of (c)
GQDs and (d) RQD film.

The PL spectra of different QD films excited at 365 nm are shown in Figure 4c,d. The higher the
QD concentration, the greater the PL intensity that can be attained. However, a red-shift in the emission
peak occurs at a higher QD concentration. For example, at a low concentration of 0.2 wt%, the emission
wavelength of GQD film is 526 nm, but at a high concentration of 7 wt%, it is red-shifted to 531 nm,
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as shown in Figure S2. The reason for the red shift could be the agglomeration and reabsorption of
QDs. Agglomeration leads to an increase in the average particle size of the QDs, and the QDs have
special properties of reabsorption and reemission [30]. Since the red QD absorption is much stronger
than the green QD absorption at 365 nm of excitation, the reabsorption effect is much more significant.
Thus, the RQD suffers from a more severe red-shifted effect at high concentrations such as 7.0 wt%.

3.2. Light Conversion Optical Model of QD LED

With the combination of the LED chip and QD film, the entire device forms a green or red LED,
which is the fundamental base of a display pixel. As shown in Figure 5, LED light transformation can
be summarized into three stages:

(1) Absorption. The short-wavelength light from the LED chip is absorbed by the QDs. Thus,
the QD absorption rate is defined as the ratio of the absorbed short-wavelength light intensity to the
initial short-wavelength light intensity. The QD absorption rate can be used to measure the initial peak
elimination ability of QDs for short-wavelength light;

(2) Conversion. Then, the QDs can turn the short-wavelength light into their own emission light.
For example, the green QD transforms the blue light into green emissions. Thus, the QD conversion
efficiency is defined as the ratio of the QD emission intensity to the absorbed short-wavelength light
intensity. The QD conversion efficiency reflects the ability to convert short-wavelength light;

(3) Output. After mixing the residual short-wavelength light intensity and the QD emission
peak intensity, the LED devices produce new light output. In other words, the final optical output is
composed of residual short-wavelength light and QD emissions. Thus, the energy conversion efficiency
is defined as the ratio of the final total light intensity to the initial light intensity. This can reveal the
energy utilization of the total LED device.

 
(a) (b) 

Figure 5. Light conversion optical models of (a) GQD LED and (b) RQD LED.

3.3. Performance of GQD LED with Different Excitation Wavelengths

The EL spectra of different GQD LEDs are explored and shown in Figure 6. At different
excitation wavelengths, the following discoveries about QD concentrations are consistent: First,
as the concentration of GQD increases, the peak of short-wavelength light decreases while the green
peak first rises and then falls. Almost all of the LED samples at different excitation wavelengths
show the top green peak intensity at 1.2 wt% of GQD concentration. Second, the green peak emission
wavelength shows a red shift with increasing GQD concentration, which is consistent with the PL
test of the QD film. Third, the overall radiant flux of the LED device decreased. This confirms the
significant energy loss during QD conversion and this situation becomes more serious with high
concentration QDs. Therefore, varieties in QD concentration at different excitation wavelengths show
similar patterns in the LED spectrum. This means that even if the initial excitation wavelength of the
device is changed, the basic shape of the EL spectrum stays the same.

To further analyze the effects of the excitation wavelength, the optical model described above is
introduced here. The first stage is absorption. For the GQD absorption rate, all LEDs with different
excitation wavelengths indicate that the higher the QD concentration, the more the short-wavelength
light is absorbed, as shown in Figure 7a. However, the GQD absorption rate excited by UV light is
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much higher than that by blue light with the same QD concentration. Only a GQD concentration of
0.2 wt% can absorb nearly half of the 365 nm original light intensity (47.7%). Further, the initial incident
radiant flux of LED chips and the QD concentration (1.2 wt%) were fixed to ensure a single variable of
the excitation wavelength. Three initial incident radiant fluxes of the LED chips were studied: 20, 60,
and 100 mW. Under a 20 mW incident radiant flux, the GQDs could absorb 69.5% of the 365 nm violet
light, while only 53.3% of the 455 nm blue light could be absorbed, as shown in Figure 7d. The ability
to absorb short wavelengths of GQD increased by 16.1% under 365 nm of excitation. Thus, a solution
that combines the UV light and QDs has advantages in eliminating raw chip peaks.

 

Figure 6. Electroluminescence (EL) spectrum of GQD LED with (a) 365 nm, (b) 385 nm, (c) 405 nm,
and (d) 455 nm of LED-chip excitation wavelength under 20 mA. Inset graph shows radiation flux vs.
GQD concentration.

 

Figure 7. (a,d) QD absorption rate, (b,e) QD conversion efficiency, and (c,f) energy conversion efficiency
of GQD LED with different excitation wavelengths.
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Then, the absorbed short-wavelength light is converted to green light by GQDs. Among the
excitation wavelengths, the QD conversion efficiency of GQD rises first and then drops as the QD
concentration increases. Thus, a moderate QD concentration such as 1.2 wt% can maximize the QD
conversion efficiency. The QD conversion efficiency tends to increase at longer excitation wavelengths.
In other words, the QD conversion efficiency excited by ultraviolet light is lower than that by blue
light. Taking the 20 mW incident radiant flux as an example, the QD conversion efficiency is only
17.1% under 365 nm of excitation but increases to 23.5% with 455 nm of excitation, a 6.4% increase.
It should be pointed out that the QD conversion efficiency is not ideal; this could be owing to the
severe reabsorption characteristics of QDs [31]. In short, typical blue light has an advantage in QD
conversion efficiency.

The last part of the optical model is the output. At different excitation wavelengths, the energy
conversion efficiency of all LEDs declines as the QD concentration increases. This may be owing
to the agglomeration and reabsorption effect of the high QD concentration, which is more likely to
produce significant heat [32,33]. Therefore, from the perspective of energy utilization, a low QD
concentration is better for LED applications. However, at the same QD concentration, the energy
conversion efficiency gradually increases as the excitation wavelength increases. The typical blue
455 nm excited LED has a maximum energy conversion efficiency of 83.1% with a GQD concentration
of 0.2 wt%. As shown in Figure 7f, when the incident radiant flux is 20 mW, the output radiant flux
of the LED with excitation wavelengths of 365, 385, 405, and 455 nm is 8.5, 9.1, 10.6, and 11.3 mW,
respectively. Therefore, the energy conversion efficiency at 455 nm is 14.1% higher than that at 365 nm.
Repeated experiments with different incident radiant fluxes such as 60 and 100 mW demonstrate the
reliability of the above conclusions, as shown in Figure S3.

To determine the color quality of these different LEDs, their color coordinates are summarized
and drawn in the chromaticity diagram in Figure 8. The colorimetric behavior of the GQD LED with
different excitations can be divided into two categories: (A) 365 and 385 nm of excitation and (B) 405
and 455 nm of excitation. Under 365 and 385 nm of excitation, the x color coordinate keeps increasing,
while the y color coordinate first increases and then decreases as the GQD concentration increases.
This indicates that the green light gradually plays a leading role. The color coordinates only shifted
within the green-light area. Interestingly, the LED excited at 365 nm at a low QD concentration of
0.2 wt% emits a relatively high-purity green light. However, 405 and 455 nm-based LEDs show distinct
color qualities. Both the x and y color coordinates keep increasing as the QD concentration increases,
which leads to a gradual light shift from the blue area to the green area. Even the green color quality of
the 455 nm LED with the highest QD concentration at 7.0 wt% could not compete with the 365 nm LED
with the lowest QD concentration at 0.2 wt%. If the LEDs with different excitation wavelengths aim
to obtain the same green light color quality, the GQD concentration at 455 nm of excitation should
be much higher than that at 365 nm of excitation. Thanks to the excellent color characteristics of the
QD itself, the color coordinate of the GQD LED with 365 nm excitation and high GQD concentration
at 7.0 wt% is (0.322, 0.663). This green light almost reaches the edge of the chromaticity diagram,
which means that ultrawide color gamut performance is possible if this GQD is applied to displays.

Even with the same incident light power and the same GQD concentration, the LEDs clearly
exhibit different color properties owing to different excitation wavelengths, as shown in Figure 9.
The color coordinates of the green LED excited at 365, 385, 405, and 455 nm are (0.231, 0.706), (0.230,
0.674), (0.202, 0.318), and (0.162, 0.123) under a 20 mW incident radiant flux, respectively. Thus, both
the x and y coordinates show a downward trend. In other words, under the excitation of a 365 nm LED
chip, the entire GQD device emits high-purity green light. However, under the excitation of the 455-nm
LED chip, the device emits blue light. This superiority in color purity excited at 365 nm is mainly
owing to two reasons: the GQD LEDs excited at 365 nm have unique advantages in eliminating initial
short peaks owing to the stronger absorption ability, and the naked eye is not sensitive to residual
365 nm ultraviolet light. But green light from QD emission is visible and the human eye is quite
sensitive to green light. Thus, in terms of color purity, the excitation of QDs by ultraviolet light such as
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365 nm can maximize the advantages of the quantum-dot color quality. This UV excitation solution is
recommended for display applications.

 

Figure 8. Chromaticity diagram of GQD LED with different QD concentrations under (a) 365 nm,
(b) 385 nm, (c) 405 nm, and (d) 455 nm of excitation.

 
Figure 9. Chromaticity diagram of GQD LED with different excitation wavelengths under equal
incident radiant fluxes of (a) 20 mW, (b) 60 mW, and (c) 100 mW.

3.4. Performance of RQD LEDs with Different Excitation Wavelengths

As for the RQDs, the EL spectrum is also explored and shown in Figure S4. The EL spectra reveal
that LEDs based on RQDs exhibit laws similar to those of GQDs. Then, as with the GQD LED, the QD
absorption rate, QD conversion efficiency, and energy conversion efficiency of the RQD LED were
calculated and are shown in Figure 10. In general, the red LED has a pattern similar to that of the green
LED. Unlike green QDs, almost all of the short-wavelength light can be absorbed with only 3.0 wt%
concentration RQDs. This reveals that RQDs have a stronger advantage than GQDs in eliminating
short peaks.
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Under 20 mW of incident optical power, the RQD absorption rate excited at 365 nm is 5.0% higher
than that at 455 nm, but the RQD conversion efficiency and energy conversion efficiency excited at
455 nm are 14.3% and 15.5% higher, respectively, than that at 365 nm. Like the GQD, the blue chip is
recommended from the perspective of energy utilization because the maximum energy conversion
efficiency is 69.3 wt% from the 455 nm LED. At different incident power such as 60 and 100 mW,
the same law is exhibited in Figure S5.

 

Figure 10. (a,d) QD absorption rate, (b,e) QD conversion efficiency, and (c,f) energy conversion
efficiency of GQD LED with different excitation wavelengths.

A chromaticity diagram of the RQD LED under different wavelength excitations is also summarized.
There is a significant difference in behavior in the color performance between a typical UV 365 nm
LED and a blue 455 nm LED. Under 365 nm of excitation, because the original peak from the LED chip
is more easily eliminated owing to the stronger absorption ability and the human eye is not sensitive
to residual 365 nm ultraviolet light. The main color perceived by the human eye is visible red light,
which leads to excellent red-light quality even at a low QD concentration of 0.2 wt%. In addition,
the red color quality of the 385 nm excitation is similar to that of 365 nm LED but is slightly closer to
the orange color at low concentrations. However, under 455 nm of excitation, the color shifts from
blue and purple to red. The LED exhibits significant blue light at low concentrations such as 0.2 wt%.
The 405 nm LED shows patterns similar to those of the blue excitation.

Even with the same incident light power and the same RQD concentration (1.2 wt%), the color
performance of these LED samples is totally different, as shown in Figure 11. From 365 nm to 455 nm
of excitation, the color shifts from red to purple regions, as shown in Figure S6. Taking advantage of
the QD, the color coordinates of the 365 nm excitation basically reached the boundaries of the gamut,
which means that the red color is highly pure. These experimental results reveal that the combination
of UV light with RQDs has unparalleled advantages in colorimetry, which may shine in future display
fields. Therefore, the red LED prepared by ultraviolet light to excite RQDs is superior to the blue-light
excitation in attaining high-quality red light. This is consistent with the conclusion regarding GQDs.
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Figure 11. Chromaticity diagram of RQD LED with different QD concentrations under (a) 365 nm, (b)
385 nm, (c) 405 nm, and (d) 455 nm of excitation.

3.5. Comparison of Color Gamut between Blue (455 nm) Excitation and Ultraviolet (365 nm) Excitation
Solutions

The color gamut is an important parameter when evaluating RGB display systems. The wider the
gamut, the higher the fidelity of the colors of nature that can be attained. A comparison of the color
gamut for different excitation wavelength solutions is analyzed in Table 1. The blue-color coordinates
of all solutions are derived from the blue LED chip, and the green and red color coordinates are
obtained from the QD-converted LEDs. With the highest QD concentration at 7.0%, the RGB color
gamut excited at 455 nm is only 84.9% of the NTSC1953 standard. Interestingly, the color gamut
of 365 nm-excited solution could cover 99.7% of the NTSC1953 standard area even at a low QD
concentration (0.2 wt%). Moreover, as shown in Figure 12, the color gamut of a 365-nm-excited
RGB system could be high as 117.5% by adjusting the QD concentration properly. This is a 32.6%
improvement over the blue-light-excited solution. Thus, the UV-excited quantum-dot solution can
achieve a wider color gamut and has great potential for development in quantum-dot applications,
especially in the display field.
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Figure 12. Comparison of color gamut between blue (455-nm) excitation and ultraviolet (365-nm)
excitation solutions.

Table 1. Comparison of color gamut for wavelength solutions with different excitations.

Group
Excitation

Wavelength (nm)
GQD
(%)

RQD
(%)

R(x, y) G(x, y) B(x, y)
NTSC1953

Standard (%)

1 455 7.0 7.0 (0.7210, 0.2794) (0.2935, 0.5624) (0.1492, 0.0298) 84.9
2 365 0.2 0.2 (0.6485, 0.2931) (0.1947, 0.6855) (0.1492, 0.0298) 99.7
3 365 1.2 7.0 (0.7289, 0.2834) (0.2300, 0.7064) (0.1492, 0.0299) 117.5

4. Conclusions

In this study, we investigated the effect of the excitation wavelength on the optical performances
of QD-converted light-emitting diodes. Sample LEDs with excitation light sources of 365, 385, 405,
and 455 nm were prepared, and their optical performances were compared. Under different excitation
wavelengths, green and red QD-converted LEDs showed similar patterns. The QD conversion efficiency
and energy conversion efficiency increase at longer excitation wavelengths. At an incident radiant flux
of 20 mW, the QD conversion efficiency and energy conversion efficiency of the 455 nm-excited GQD
LED were 6.4% and 14.1% higher than those of the 365 nm LED. Therefore, blue light is recommended
to excite QDs with regard to energy utilization. However, the UV-excited QD LED solution has more
advantages than blue-light excitation for color purity. Even for the 455 nm LED with the highest QD
concentration at 7.0 wt%, the green color quality could not compete with a 365 nm LED with the lowest
QD concentration of 0.2 wt%. This is because QD LEDs excited at 365 nm have unique advantages
in eliminating short peaks because of higher absorption in the ultraviolet range of QD. Moreover,
the naked eye is not sensitive to the residual 365 nm ultraviolet light. As a result, green and red light
excited at 365 nm with a 7.0 wt% QD concentration can approach the boundary of the chromaticity
diagram. Taking advantage of the 365 nm-excited solution, a 117.5% color gamut of the RGB system
could be obtained compared with the NTSC1953 standard, which is an improvement of 32.6% over the
blue-light-excited solution. This research helps understand the variation of quantum-dot-converted
LEDs at different excitation wavelengths, and provides basic guidance for the selection of a pumping
source for QDs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/8/1100/s1,
Figure S1: Transmission spectrum of (a) GQD and (b) RQD film; Figure S2: PL shift phenomenon of (a) GQD film
and (c) RQD film; Figure S3: (a,d) GQD absorption rate; (b,e) GQD conversion efficiency; (c,f) output radiant flux
and energy conversion efficiency under 60- and 100-mW incident radiant flux; Figure S4: Electroluminescence (EL)
spectrum of RQD LED with (a) 365 nm, (b) 385 nm, (c) 405 nm, and (d) 455-nm LED chip excitation wavelength
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under 20 mA; Figure S5: (a,d) RQD absorption rate; (b,e) RQD conversion efficiency; (c,f) output radiant flux and
energy conversion efficiency under 60- and 100-mW incident radiant flux; Figure S6: Chromaticity diagram of
RQD LED with different excitation wavelengths under equal incident radiant fluxes such as (a) 20 mW, (b) 60 mW,
and (c) 100 mW.
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Abstract: Despite the fact that an InGaN/GaN superlattice (SL) is useful for enhancing the
performance of a GaN-based light-emitting diode (LED), its role in improving the efficiency of
green LEDs remains an open question. Here, we investigate the influence of a V-pits-embedded
InGaN/GaN SL on optical and electrical properties of GaN-based green LEDs. We recorded a
sequence of light emission properties of InGaN/GaN multiple quantum wells (MQWs) grown on a
0- and 24-pair InGaN/GaN SL by using scanning electron microscopy (SEM) in combination with a
room temperature cathodoluminescence (CL) measurement, which demonstrated the presence of a
potential barrier formed by the V-pits around threading dislocations (TDs). We find that an increase
in V-pit diameter would lead to the increase of V-pit potential barrier height. Our experimental data
suggest that a V-pits-embedded, 24-pair InGaN/GaN SL can effectively suppress the lateral diffusion
of carriers into non-recombination centers. As a result, the external quantum efficiency (EQE) of green
LEDs is improved by 29.6% at an injection current of 20 mA after implementing the V-pits-embedded
InGaN/GaN SL layer. In addition, a lower reverse leakage current was achieved with larger V-pits.

Keywords: green LEDs; InGaN/GaN superlattice; V-pits; external quantum efficiency

1. Introduction

GaN-based light-emitting diodes (LEDs) have been applied in many commercial areas, such as
backlights for liquid crystal displays (LCDs), solid-state lighting, visible light communications,
head-up displays, and optogenetics [1–7]. Generally, the white light emission is obtained by using a
combination of phosphors with a blue LED. However, in this scheme, the light emission efficiency of
a phosphor-converted white LED is limited due to the energy loss when higher energy photons
are converted to lower energy photons. To solve this problem, the direct color mixing of red,
green, and blue LEDs are generally considered as a sufficiently efficient method to eliminate optical
conversion using phosphors. Nevertheless, it is difficult to obtain high-efficiency LEDs with an
emission wavelength ranging from 500 nm to 600 nm by using GaN-based or AlGaInP-based materials,
which is known as the “green gap” [8–10].

It has been reported that the “green gap” is caused by high-density threading dislocations (TDs),
which result from a large mismatch in the lattice parameter between the GaN and the high-In-content
InGaN. The TDs can severely reduce the quantum efficiency of green LEDs [11–14]. Additionally, highly
strained InGaN/GaN green multiple quantum wells (MQWs), due to a large lattice mismatch between
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the high-In-content InGaN and the GaN, exhibit strong piezoelectric-field-induced quantum-confined
stark effects (QCSE), resulting in a spatial separation of the wave functions of electrons and holes in
the quantum well [15,16]. In the past few decades, much scientific effort has focused on approaches
to improve the optical and electrical properties of green LEDs [17–19]. It was found that hexagonal
V-pits having inverted pyramids with (10-11) faceted sidewalls were generally formed in InGaN/GaN
MQWs [20–23]. Previous studies have demonstrated that the V-pits could impact the performance of
LEDs, such as the leakage current, electrostatic discharge capabilities, and the radiative recombination
efficiency [24–27]. An underlying InGaN/GaN superlattice (SL) embedded between an n-GaN and an
MQW has been used to relax misfit strain [28–31]. However, the increasing SL pairs would accumulate
strain energy and the partial strain relaxation would trigger the formation of V-pits [32]. The influence
of V-pits and their energy barrier originating from (10-11) facets on optical and electrical properties
of LEDs have been investigated [33,34]. It was observed that the presence of V-pits could efficiently
suppress the lateral diffusion of excited carriers into non-radiative recombination centers at TDs [35].
Despite the fact that the insertion of an underlying InGaN/GaN SL before the growth of InGaN/GaN
MQWs is known to enhance the device performance of LEDs, its role in improving the efficiency of
green LEDs remains an open question.

In this work, we investigated the effect of a V-pits-embedded, 24-pair InGaN/GaN SL on the
optical and electrical properties of green LEDs. Atomic force microscopy (AFM), scanning electron
microscopy (SEM), and cathodoluminescence (CL) measurements were used to characterize the surface
morphology and optical property of a green InGaN/GaN MQW. A detailed analysis of a V-pit’s
structure was performed by using high-angle dark-field (HAADF) scanning transmission electron
microscopy (STEM). Additionally, the potential barrier height around the V-pit was also investigated
by CL. We found that V-pits play an important role in improving the external quantum efficiency
(EQE) and reducing the reverse leakage current of green LEDs.

2. Materials and Methods

2.1. Growth and Device Fabrication

The green MQW and LED samples used in this study were grown on a c-plane-patterned
sapphire substrate by metal organic chemical vapor deposition (MOCVD). Trimethylindium (TMIn),
trimethylgallium (TMGa), and ammonia (NH3) were used as gallium (Ga), indium (In), and nitrogen
(N) sources, respectively. Silane (SiH4) and biscyclopentadienylmagnesium (CP2Mg) were used as the
n-dopant and p-dopant source. Hydrogen was used as the carrier gas for the growth of the GaN layer
while nitrogen was used as the carrier gas for the growth of the InGaN layer. The epitaxial structure of
the green LEDs is composed of a 25-nm-thick sputtered AlN nucleation layer, a 2-μm-thick undoped
GaN buffer layer, a 2.5-μm-thick Si-doped n-GaN layer, a 24-pair In0.04Ga0.96N (3 nm)/GaN (3 nm) SL
at 800 ◦C, a 12-pair In0.25Ga0.75N (3 nm)/GaN (12 nm) MQW, a 60-nm-thick low temperature p-GaN
layer, a 60-nm-thick p-AlGaN/GaN SL electron blocking layer, and a 285-nm-thick p-GaN capping
layer. Figure 1 shows schematic illustration of the green LED epitaxial structure. To investigate
the effect of the InGaN/GaN SL on optical and electrical properties of green LEDs, the 24-pair
In0.04Ga0.96N (3 nm)/GaN (3 nm) was sandwiched between the In0.25Ga0.75N/GaN MQW active
layer and the n-GaN layer. A green LED without an InGaN/GaN SL was also grown for reference.
Additionally, the green MQWs without and with an InGaN/GaN SL were prepared for investigation
of the surface morphology.

To form the mesa structure of the green LEDs and expose the n-GaN layer for the deposition
of an n-type electrode, a standard photolithography process and BCl3-based inductively coupled
plasma etching were performed. Next, an indium tin oxide (ITO) transparent conductive layer was
deposited onto the p-GaN layer for current spreading followed by thermal annealing at 500 ◦C for
30 min in an N2 atmosphere. Finally, Cr/Au (30/300 nm) layers were evaporated onto the ITO layers
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and n-GaN layer for formation of the n-type and the p-type electrodes using an e-beam evaporator.
Finally, the epitaxial green LED wafers were diced into chips with a size of 305 × 330 μm2.

Figure 1. Schematic illustration of green light-emitting diode (LED) epitaxial structure. MQW, multiple
quantum well; SL, superlattice.

2.2. Material Characterization and Measurement

AFM (Bruker, Karlsruhe, Germany), performed on a Bruker Multimode 8 in tapping mode,
was used to determine the V-pit densities of green MQW samples. The surface morphology of
green MQW samples was characterized by using an FEI Nova 3D (FEI, Hillsboro, OR, USA). CL
measurements performed on an FEI Quanta 200F field emission SEM (FEI, Hillsboro, OR, USA) fitted
with a Gatan Mono CL3+ (Gatan, Pleasanton, CA, USA) system under a vacuum of 10−6 Torr were
used to further analyze the properties of V-pits. Cross-sectional and plan-view TEM samples were
prepared by focus ion beam (FIB) milling using Ga ions at 30 kV, and then TEM images were taken with
an FEI Talos F200X system at 200 kV (FEI, Hillsboro, OR, USA). X-ray diffraction (XRD) performed on
a BEDE D1 (BEDE, Durham, UK) was used to characterize the crystalline quality of the green LEDs.
Temperature-dependent photoluminescence (PL) experiments were conducted at temperatures from
5 K to 300 K using a He–Cd laser (λ = 325 nm) as the excitation source. The detection part of the PL
system consisted of a charge-coupled device detector (Princeton Instruments PIX IS256, Trenton, NJ,
USA) connected to a spectrometer (Princeton Instruments SP2500i, Trenton, NJ, USA). The light output
power versus current and the current versus voltage characteristics of the green LEDs were measured
by using a probe station system (NationStar, Foshan, China) [36].

3. Results and Discussion

Figure 2 shows AFM and morphological SEM images of green MQW samples without and with an
InGaN/GaN SL. The V-pit densities of the sample without and with an InGaN/GaN SL were 1.54 × 108

and 1.75 × 108 cm−2, respectively. A previous study revealed that stacking mismatch boundaries
induced by stacking faults would trigger the formation of V-pits due to the strain relaxation [21]. As a
result, a higher V-pits density was observed in the green MQW grown on an InGaN/GaN SL because of
the accumulated strain energy. Additionally, the V-pit diameter of the MQW sample without and with
an InGaN/GaN SL was determined to be about 99 and 280 nm, respectively, as shown in Figure 2c,d.
Accordingly, the corresponding ratios of the V-pit area were 0.02 and 0.12 with a V-pit diameter of 99
and 280 nm, respectively.

To further analyze the optical properties of V-pits, the CL spectra of the green MQWs were
measured around the V-pits and at a point away from the V-pits at an acceleration voltage of 2 kV
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at room temperature. As shown in Figure 3a,b, the CL spectra exhibited two emission components,
which comprised a main energy peak identical to that taken from the point away from the V-pits and a
higher-energy component corresponding to the emission energy of the sidewall MQW of the V-pits.
In the case of the CL spectra for the green MQWs without an InGaN/GaN SL, the main energy is about
2.30 eV, and the higher-energy component is approximately 2.42 eV. The energy gap between the main
energy and the higher-energy component was 120 meV, which indicated that a potential barrier was
formed by the V-pit. However, in the case of the InGaN/GaN SL, the energy gap between the main
energy and the higher-energy component was about 233 meV as shown in Figure 3b. The potential
barrier height of the green MQW with an InGaN/GaN SL was 113 meV higher than that of the green
MQW without an InGaN/GaN SL. The extended potential barrier height was attributed to the larger
V-pit diameter. A CL intensity measurement with various acceleration voltages was also performed to
obtain depth-resolved information on the optical property of the InGaN layer. Figure 3c shows the
peak shift of the InGaN emission toward higher energy with increasing acceleration voltage from the
outer to the inner region of the InGaN layer. The penetration depth of an electron is determined by
the acceleration voltage of the electron beam during the CL measurement. It was previously reported
that strain hinders the incorporation of In atoms in the InGaN lattice and is the driving force for the
compositional pulling effect in InGaN films [37,38]. As the layer thickness increases, the InGaN film
partially relaxes allowing more In atoms to be incorporated in the lattice. For electron energy from 1 kV
to 5 kV, the region of maximum energy deposition progressively moves from the near-surface region
to the deeper InGaN/GaN QW. The observed blue-shifts of the CL peak position with the increasing
acceleration voltage from 1 kV to 5 kV can be explained by a decrease of In content over the penetration
depth due to a compositional pulling effect. At an acceleration voltage of 5 kV, the penetration depth
of an electron is estimated to be 125 nm. The thickness of the In0.25Ga0.75N/GaN green MQW (180 nm)
is much larger than the depth of the electron penetration depth at 5 kV. Depth-resolved CL spectra of
a green InGaN/GaN MQW measured at various acceleration voltages can exclude the possibility of
part of the CL arising from the InGaN/GaN SL, which might result in a blue shift not related to the
potential barrier around the dislocation.

Figure 2. The 10 μm × 10 μm AFM and morphological SEM images of samples. (a,b) without an
InGaN/GaN SL; (c,d) with an InGaN/GaN SL.
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As shown in Figure 3d,e, the CL intensity distribution images of the green LEDs without and
with an InGaN/GaN SL along with SEM images were taken from the same area of the samples. It was
obviously found that the V-pits, directly observable on the SEM images, coincide with dark spots in
the CL images corresponding to the non-radiative recombination areas where the TD is located [39].
Generally, the excited charge carriers in the InGaN quantum wells are prone to diffuse laterally until
they recombine radiatively or non-radiatively. The excited charge carriers can excite over the small
V-pits with a relatively low potential barrier height and non-radiatively recombine at TDs. Therefore,
it was observed in Figure 3d,e that the lateral size of the dark spot around small V-pits was larger than
its physical size, suggesting that the non-radiative recombination regions are extended outside the
V-pits. However, the presence of larger V-pits with a higher potential barrier could effectively suppress
the lateral diffusion of the carriers into TDs, minimizing the size of the dark spot.

Figure 3. CL spectra measured from a green InGaN/GaN MQW (a) without an InGaN/GaN SL;
and (b) with an InGaN/GaN SL at an acceleration voltage of 2 kV; (c) Depth-resolved CL spectra of the
green InGaN/GaN MQW measured at various acceleration voltages. The SEM and CL images taken
from the same area of the samples (d) without an InGaN/GaN SL; (e) with an InGaN/GaN SL.

Figure 4a,b show the cross-sectional HAADF-STEM images of a green In0.25Ga0.75N/GaN MQW
grown on an In0.04Ga0.96N/GaN SL, where the V-pits connecting with TDs extend from the underlying
SL and pass through the MQW to the low temperature p-GaN and p-AlGaN electron blocking layer.
We found that large V-pits start to form at the last few SL pairs while small V-pits form at the first few
quantum well pairs. Besides this, it was interesting to observe in Figure 4b that two adjacent V-pits
merged and formed a wider W-defect section. A plan-view TEM analysis was performed to confirm
the distribution of V-pits on the epilayer by bright-field imaging in the vicinity of the (0001) zone axis.
Figure 4c shows the plan-view TEM images of a portion of a green LED epitaxial layer, including the
low temperature p-GaN layer, the InGaN/GaN MQW, and a portion of the n-GaN layer along the
(0001)-growth direction. The plan-view TEM images associated with selected area diffraction (SAD)
patterns confirm that the V-pits were projected along (0001), and each side of the hexagon corresponds
to intersections of the (0001) and (10-11) planes.
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Figure 4. (a,b) The HAADF-STEM images showing a representative cross-section of V-pits;
(c) Plan-view TEM images of a green LED specimen including layers of low temperature p-GaN,
InGaN/GaN MQW, and a portion of n-GaN with the selected area diffraction (SAD) pattern of SAD-01.

To elucidate the impact of the underlying InGaN/GaN SL on the crystalline quality of the green
LEDs, we performed an X-ray diffraction (XRD) measurement on the green LEDs. Figure 5 shows
symmetric (002) and asymmetric (102) ω-scan rocking curves of green LEDs without and with an
InGaN/GaN SL. The full widths at half maximum (FWHMs) of the symmetric (002) rocking curves
of green LEDs without and with an InGaN/GaN SL were about 265 and 165.5 arcsec, respectively.
The FWHMs of the symmetric (102) rocking curve of green LEDs without and with an InGaN/GaN
SL were about 194.2 and 181.5 arcsec, respectively. The FWHMs of symmetric (102) and (002) rocking
curves of green LEDs with an InGaN/GaN SL are much smaller than those of green LEDs without an
InGaN/GaN SL. We can reasonably conclude that the green LED with an InGaN/GaN SL has superior
crystallite quality as compared with the green LED without an InGaN/GaN SL.
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Figure 5. (a) Symmetric (002) and (b) asymmetric (102) XRD ω-scan rocking curves of green LEDs
without and with an InGaN/GaN SL.

Figure 6a,b show the PL spectra of green LEDs without and with an InGaN/GaN SL. A S-shaped
(decrease-increase-decrease) temperature dependence of the peak energy with increasing temperature
from 5 K to 300 K was observed in Figure 6a,b, which was attributed to the inhomogeneity and
carrier localization in the InGaN/GaN MQW [40]. The peak wavelength shifts of the green LED
without and with an InGaN/GaN SL were 3.6 and 2.5 nm, respectively, when the temperature was
increased from 5 K to 300 K. The smaller peak wavelength shift of the green LED with an InGaN/GaN
SL was attributed to the reduced strain in the MQWs due to the insertion of an InGaN/GaN SL.
The temperature dependence of the normalized integrated PL intensity, as shown in Figure 6c, can be
described by the empirical Arrhenius equation [41]

I(T) =
I0

1 + Cexp(− Ea
kBT )

, (1)

where I0 is the PL intensity at low temperature, C is a constant proportional to the density of
non-radiative recombination centers, Ea is the activation energy of non-radiative recombination centers,
T is the temperature, and kB is the Boltzmann constant. The fitting curves give the activation energy Ea

of 15.5 meV for the green MQW without an InGaN/GaN SL and 16.4 meV for the green MQW with an
InGaN/GaN SL. The higher activation energy Ea of non-radiative recombination centers is indicative
of the superior light emission efficiency of the green MQW with an InGaN/GaN SL. The constant
C is 2.4 and 0.8 for the green MQWs without and with an InGaN/GaN SL, respectively, indicating
that there was a lower density of non-radiative recombination centers in the green MQW with an
InGaN/GaN SL.

By assuming that the non-radiative channels are suppressed at a low temperature, the ratio of
the spectrally integrated PL intensity at room temperature (300 K) to that at a low temperature can be
used to estimate the internal quantum efficiency (IQE) of green LEDs [42,43]. The IQE of green LEDs is
given by the following equation

IQE =
I300K
I0K

. (2)

In a realistic measurement, I0K could be replaced by I5K. Here, the IQE of green LEDs without
and with an InGaN/GaN SL were estimated to be 20.07% and 29.35%, respectively. The improvement
in IQE of the green LED with an InGaN/GaN SL was attributed to the large V-pits having a higher
potential barrier height, which could effectively suppress the lateral diffusion of the carriers into TDs
and thus result in a reduction in the non-radiative combination rate.
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Figure 6. PL spectra of green LEDs (a) without and (b) with an InGaN/GaN SL; (c) Arrhenius plot of
the normalized integrated PL intensity of the green MQWs without an SL and with an SL.

Figure 7a shows the light output power as a function of injection current for green LEDs. At 20 mA,
the light output power of the green LEDs without and with an InGaN/GaN SL was 8.2 and 10.6 mW,
respectively. The external quantum efficiency (EQE) of green LEDs is described by

EQE =
P/hv
I/e

=
Pλ

I
× e

hc
=

Pλ

1240 × I
(3)

where P is the light output power of green LEDs, I is the injection current, and λ is the light emission
wavelength. The light emission wavelength of the grown green LEDs was 542 nm. The corresponding
EQEs were estimated to be 17.9% and 23.2% for the 542 nm green LEDs without and with an
InGaN/GaN SL, respectively, at 20 mA. The EQE of the green LED with an InGaN/GaN SL was 29.6%
higher than that of the green LED without an InGaN/GaN SL. The result revealed that larger V-pits
having a higher potential barrier height can more effectively suppress the non-radiative recombination
of the carrier at TDs, thereby leading to an improvement in the EQE of a green LED. Figure 7b shows
the current-voltage characteristic curves of green LEDs. At 20 mA, the forward voltages of the green
LEDs without and with an InGaN/GaN SL were 3.93 and 2.71 V, respectively. Owing to the lower
polarization charge densities at the InGaN/GaN interfaces from the V-pit sidewalls, the effective barrier
height for holes injected from the V-pit sidewalls is lower than that for holes injected from the flat
MQW [44–46]. As a result, the injection of holes into the MQW via the sidewalls of the V-pits is easier
than via the flat region. On the other hand, the surface coverage ratio of V-pits in the InGaN/GaN
MQW was calculated to be about 0.02 and 0.12 for green LED without and with an InGaN/GaN SL,
respectively. The higher surface coverage ratio of V-pits was favorable for the injection of holes into
MQWs from the sidewall of the V-pits. Consequently, the green LED with an InGaN/GaN SL exhibits
a lower forward voltage than that of the green LED without an InGaN/GaN SL.

Figures 6d and 7c show temperature-dependent current-voltage characteristics of green LEDs
under the reverse bias condition for temperatures ranging from 100 K to 400 K. We found that a
higher reverse voltage tended to enhance the reverse leakage current for both of the green LEDs
without and with an InGaN/GaN SL, which was attributed to the thermal activation of carriers from
deep centers enhanced by an electric field. However, the reverse leakage current of the green LED
with an InGaN/GaN SL was much lower than that of the green LED without an InGaN/GaN SL
under the same reverse bias. For example, the leakage current of green LEDs without and with an
InGaN/GaN SL were 18.8 and 0.109 μA, respectively, at −10 V and 300 K. It has been reported in
our previous work that hopping conduction, including variable-range hopping (VRH) conduction
and nearest-neighbor hopping (NNH) conduction, which is defined as carrier transport via electron
hopping among localized states within the bandgap, is believed to the main mechanism causing the
reverse leakage current [47]. The localized states are believed to be associated with TDs. Therefore,
screening of TDs by the V-pits is considered to be an effective method for reducing the reverse leakage
current. Additionally, the larger V-pits were also more effective in reducing the reverse leakage current
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of LEDs due to their higher Poole–Frenkel barrier height [24,48,49]. As a result, the reverse leakage
current of the green LEDs decreased with increasing V-pit diameter.

Figure 7. (a) Light output power versus current and (b) current versus voltage characteristics of green
LEDs without and with an InGaN/GaN SL. Temperature-dependent current-voltage characteristics of
green LEDs (c) without and (d) with an InGaN/GaN SL under the reverse bias condition.

4. Conclusions

We systematically investigated the effect of a V-pits-embedded InGaN/GaN SL on the optical and
electrical properties of green LEDs. By performing a CL measurement, we have demonstrated that a
potential barrier formed by a V-pit occurs around the TDs, and that the V-pit potential barrier height
rises as the size of the V-pit increases, suggesting that a larger V-pit could more effectively hinder
the non-radiative recombination of carrier at TDs. As a result, the EQE of green LEDs is improved
by 29.6% at an injection current of 20 mA after implementing the V-pits-embedded InGaN/GaN SL.
We observed that the forward voltage of green LEDs decreased with increasing V-pit diameter due to
the enhanced holes injection. In addition, we found that the reverse leakage current of green LEDs
decreased with increasing V-pit diameter, which was attributed to a more effective screening of TDs
and also to a higher Poole–Frenkel barrier height.
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Abstract: In this study, we demonstrate an easy and reliable solution-processed technique using
an extra adductive in the perovskite precursor solution. Using this method, a dense and uniform
morphology with full surface coverage and highly fluorescent films with nanoscale crystal grains
can be obtained. The high exciton binding energy in the resulting films employing octylammonium
bromide (OAB) adductives proved that high fluorescence originated from the quantum confinement
effect. The corresponding perovskite light-emitting diodes (PeLEDs) that were based on this technique
also exhibited excellent device performance.
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1. Introduction

Since the report on the perovskite light-emitting diodes (PeLEDs) in 2012 [1] expanded the
research range of lead halide perovskites from their photovoltaic applications, a series of studies
on device structures and deposition methods [2–10] have been presented. As a result, excellent
electroluminescence efficiency of 42.9 cd/A has been achieved by employing an additive-based
nanocrystal pinning technique [11].

The active layer of PeLEDs and CH3NH3PbBr3 (MAPbBr3) can be prepared by using a simple
solution-processed coating, where a precursor solution containing CH3NH3Br (MAB) and PbBr2 is
spin-coated on the substrates and washed using toluene to rapidly crystalize while spinning [12,13].
The resulting film exhibited better optoelectronic properties, such as high mobility [14–17], long
and balanced electron-hole diffusion lengths [18,19], low bulk defect densities, and slow Auger
recombination [20] compared to the previous solution-processed semiconductors. On the other hand,
Pérez-Prieto et al. [21,22] first reported that MAPbBr3 perovskite quantum dots (QDs) were achievable
and they synthesized them using octylammonium bromide (CH3(CH2)7NH3Br; OAB) with a long
alkyl chain as a capping ligand to stabilize them. The longer alkyl chain cations are embedded in the
MAPbBr3 lattice to replace the methyl ammonium cations and their long chains dangling outside the
lattice, as illustrated in Figure 1a. Because of the repulsion forces between long alkyl chains, the growth
of the perovskite array is suppressed in three dimensions, resulting in perovskite QDs being produced.
Although it is well known that colloidal QD dispersions exhibit narrow-band emission and high
photoluminescence (PL) efficiency [21–27], the uniform, smooth, and large-area films are difficult to
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prepare by directly using colloidal dispersions. In addition, some solution-processed methods for
highly efficient PeLEDs with high-quality perovskite films, such as the additive-based nanocrystal
pinning technique, require great skill for processing controls. Therefore, it is necessary to develop an
easy and reliable method for obtaining high-quality perovskite films with nanoscale crystal grains for
high-performance PeLEDs [28–30].

In this study, we demonstrate the preparation of MAPbBr3 thin films with highly uniform and
dense nanoscale grains through a simple spin-coating method using OAB as an additive (Figure 1a).
Highly fluorescent thin films with full-surface coverage were achieved by optimizing the amount of
OAB in the perovskite precursors. Highly efficient PeLEDs were also prepared using the resulting
MAPbBr3 thin films as active layers. The champion device based on the OAB adductive method
exhibited a maximum luminance of 310 cd/m2 (at 4.5 V) and a maximum luminous current efficiency
of 1.21 cd/A (at 4.5 V). We further show that the improved performance of PeLEDs and the enhanced
fluorescence of MAPbBr3 thin films are due to high exciton binding energy in nanometer-sized crystal
grains, which leads to reduced nonradiative recombination and increased emission efficiency.

Figure 1. (a) Illustration for substituting octylammonium (OA+) for methylammonium (MA+)
in the MAPbBr3 array; (b) Schematic of the device structure of perovskite light-emitting
diodes (PeLEDs) in this study. PCBM, [6,6]-phenyl-C61-butyric acid methyl ester. PEDOT:PSS,
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate. ITO, indium tin oxide.

2. Materials and Methods

PeLEDs with a device structure of glass/indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS)/MAPbBr3/[6,6]-phenyl-C61-butyric acid methyl ester
(PCBM)/Ag were used in this study, as illustrated in Figure 1b. The PEDOT:PSS layers using
AI-4083 (Heraeus Clevios) were spin-coated on a cleaned ITO substrate at 5000 rpm for 30 s and
were post-annealed at 120 ◦C for 10 min. PbBr2 (99.999%; Sigma-Aldrich, St. Louis, MO, USA),
methylammonium iodide (MAB; Lumtec, Hsinchu, Taiwan), and octylammonium bromide (OAB;
Lumtec, Hsinchu, Taiwan) were dissolved in a dimethyl sulfoxide (DMSO)/dimethylformamide
(DMF) mixture (7:3, v/v) as the precursor, with an MAPbBr3 concentration of 0.5 M. Different OAB
ratios were prepared with the weight ratio of MAB:OAB. The perovskite precursors were then
spin-coated onto the PEDOT:PSS layers at 5000 rpm for 30 s, with 2 mL of anhydrous toluene dropped
at 27 s during spin-coating. The large amount of toluene ensured the removal of OAB due to the long
alkyl chain approaching nonpolar character. The as-deposited films were post-annealed at 90 ◦C
for 5 min, and after being cooled to room temperature, [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) dissolved in chlorobenzene (20 mg/mL) was then spin-coated on them at 1200 rpm for 30 s.
Ag electrodes (100 nm) were evaporated through a metal mask to define the device area (0.1 cm2).
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The crystalline microstructure, absorbance spectra, and surface morphology of the films
were determined by X-ray diffraction with Cu-Kα radiation (D8 Discover, Bruker, Karlsruhe,
Germany), UV-visible spectroscopy (U-4100, Hitachi High-Technologies Co., Tokyo, Japan), and a
field-emission scanning electron microscope (GeminiSEM, Zeiss, Oberkochen, Germany), respectively.
The photoluminescence (PL) spectra were measured using an optical microscope-based system
(UniRAM, Protrustech, New Taipei, Taiwan) with an excitation of 405 nm. The temperature-dependent
photoluminescence (PL) spectra was measured under a nitrogen-filled atmosphere. The current
density-voltage-luminesce (J-V-L) characteristics were measured using a Keithley 2400 combined with
a SpectraScan Spectroradiometer (PR-670, Photo Research, New York, NY, USA).

3. Results and Discussion

To understand how the ratio of OAB to MAPbBr3 in the precursor solution affects the performance
of the resulting perovskite light-emitting diodes, X-ray diffraction patterns of MAPbBr3 films grown
with different OAB ratios were collected, and these are shown in Figure 2 (the corresponding 2D-XRD
is shown in Supplementary Figure S1). Pure MAPbBr3 cubic phase with (001), (011), (002), (021),
(211), and (220) at 2θ range from 5–45◦ were identified [23] in all diffractograms. The thicknesses
of the MAPbBr3 films that were obtained by α-step had no significant differences at different OAB
ratios (~200 nm; Supplementary Figure S2). Using a higher OAB ratio, the intensity of the (001) peak
decreased and full width at half maximum (FWHM) increased, implying a smaller MAPbBr3 grain
size. Also, when the OAB ratio was increased to 6%, the intensity and FWHM ratio of the (001) to
(110) peak decreased. Reduced crystallinity of MAPbBr3 with an OAB adductive compared to pure
MAPbBr3 films suggests that the long alkyl chain of OAB indeed acts as a better capping ligand to
limit MAPbBr3 grain growth. Therefore, the OAB ratio in the precursor solution was confirmed to
suppress the grain growth in the MAPbBr3 films. Interestingly, when applying a higher OAB ratio (8%),
MAPbBr3 became very weak and produced a new diffraction peak at a low angle (~6◦). Most reported
XRD patterns for MAPbBr3 were only detected from 10◦ (2θ > 10◦), therefore it was difficult to know
the exact components and structures of this new phase by only depending on XRD. Nevertheless,
according to the Scherrer equation [30], we can obtain that the low-angle peak corresponded to a larger
lateral ordered spacing.

Figure 2. XRD patterns of the MAPbBr3 films with different octylammonium bromide (OAB) ratios
deposited on the glass.

Furthermore, the OAB ratio also affected the surface morphology of the MAPbBr3 films,
as revealed by scanning electron microscopy (SEM) micrographs, shown in Figure 3. The morphology
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of the pure MAPbBr3 films showed large and nonuniform cubic grains from 200 to 1000 nm, but
some interspace existed between the micrograins, which may have increased leakage due to the
direct contact between the upper and bottom layers without passing through the perovskite films.
The unwanted broad size distribution was due to the rapid crystallization process in the perovskite
thin films [31,32], leading to not enough time for the thermodynamically spontaneous process, i.e.,
the well-known Ostwald ripening process [33,34], to form small-size crystals that recrystallized to large
grains. Several methods have been suggested to improve this phenomenon in perovskite thin films,
such as the solvent-annealing process [35], mixed halide treatment [34], and HBr/DMF cosolvent [10].
Applying OAB as an additive, the grain size was significantly reduced, which was in accord with XRD
results. Smooth, uniform, and dense perovskite films (grain size of about 20 nm) were observed when
the OAB ratio was equal to 2% and 4%, and furthermore, the grain size of the 2% sample was more
uniform than that of the 4% sample (see insets in Figure 3). This suggested that the OAB additive is
the main factor in the formation of nanograins in perovskite film. This dense MAPbBr3 film was also
reported using the HBr/DMF cosolvent method [10], which originated from slow crystallization rates
during deposition. Unlike those, the reason in our case for morphological control was the grain growth
being limited by the long alkyl chain of OAB. Therefore, our grain sizes were much smaller than theirs
and were much like those using an additive-based nanocrystal pinning technique [11]. Under a higher
OAB ratio, inhomogeneous humped structures could be seen, resulting in rough films with some
cracks and defects, which negatively affected the device performance. The humped structure may be
attributed to large-size ordered packing that was formed from the grain aggregation. This may be why
the low angle phase was found in the XRD pattern. These results indicate that the film morphology of
MAPbBr3 films is strongly influenced by the OAB ratio in the precursor solution. This easy method,
using an OAB adductive, provides a general way to control the morphology and the surface coverage
of MAPbBr3 films.

2% 4%

6% 8%

PURE

 

Figure 3. Scanning electron microscopy (SEM) images of the MAPbBr3 films with different OAB ratios
deposited on the glass. The insets for 2% and 4% show images with higher magnification.

Figure 4a shows the PL spectra of samples with different OAB ratios in the precursor solution.
The intensity increased using lower OAB ratios (2% and 4%), but decreased using low OAB ratios
(6% and 8%). The PL intensity in the 4% sample is better than that in the 2% sample, which can be
attributed to more homogeneous grain size (Figure 3). The weak PL in the 6 and 8% samples may be
due to the poor crystallinity and grain aggregation, which may increase the dissociation rate. However,

122



Nanomaterials 2018, 8, 459

the PL intensity in thin films compared to that in dispersions is much more complicated [36,37] due
to exciton dissociation between grains or bottom/upper layers, leading to radiative loss. Therefore,
the smaller grains in the 2% and 4% films had more grain boundaries (more grain package) to provide
PL quenching sites, but the 2% and 4% samples exhibited better PL intensities. The reason is that
excitons are confined in the nanometer-sized grains [21,22], leading to strong PL emission. These results
are similar to those using colloidal perovskite QD dispersions to directly deposit thin films [38–41]. An
exciton diffusion length of 67 nm in MAPbBr3 films with nanograins was reported, which is much
smaller than that of solution-processed perovskite films [11]. Moreover, a significant blue shift can be
observed in PL spectra, in that emission wavelength decreased with an increase in the OAB ratio, from
540.1 nm (pure film) to 531.7 nm (8%). Similarly, the absorption edges in ultraviolet-visible (UV-vis)
spectra (Figure 3b) also showed the same trend. The fitting bandgap (the corresponding Tauc plots
shown in Supplementary Figure S3) from UV-vis spectra increased with an increase in the OAB ratio.
The blue shift can typically be attributed to the quantum confinement effect in the nanocrystal [21,22].
Besides, nanocrystal materials have sharper density of states than higher dimensional materials.
Therefore, they permit more electrons to occupy the states in conduction band, such that opportunity
of spontaneous emission increases.

 

Figure 4. (a) PL spectra and (b) the absorbance of the MAPbBr3 films with different OAB ratios
deposited on the PEDOT:PSS glass.

Figure 5a shows the current–density vs. voltage (J-V) curves for PeLEDs using different OAB
ratios. All of the curves revealed diode behavior. The inserted image in Figure 5a shows that our PeLED
displayed a text patterned by a metal mask for Ag evaporation. Figure 5b,c shows the luminance vs.
voltage (L-V) and the current efficiency vs. voltage (CE-V) of our PeLEDs with different OAB ratios.
The optimized PeLED that was prepared with the OAB ratio of 6% exhibited a maximum luminance
of 310 cd/m2 (at 4.5 V) and a maximum luminous current efficiency of 1.21 cd/A (at 4.5 V). The
PeLED that was based on the pure MAPbBr3 film without OAB adductives showed poor luminance
characteristics (maximum CE = 0.32 cd/A), mainly due to high leakage current, as mentioned in
Figure 3, that was induced from the lateral space between the MAPbBr3 grains or the pinholes on the
film surface. Maximum current efficiency was achieved (1.21 cd/A) when the OAB ratio was increased
to 4%. The excellent performance at the OAB ratio of 4% was mainly due to the dense and uniform
MAPbBr3 layer with full coverage avoiding leakage, the smooth surface providing good contact with
the electrode transporting layer (PCBM), and the MAPbBr3 nanograins having an enhanced radiative
recombination rate for injected carriers. In contrast, poor device performance at higher OAB ratios
(6% and 8%) may have been from the grain aggregation, leading to an increased dissociation path and
a rough film surface. Furthermore, the electroluminescence (EL) spectra also exhibited a blue shift
(Figure 5d), which was consistent with the PL observation. It is worth mentioning that the maximum
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luminance and current efficiency values of our PeLED are comparable to those of the previously
reported PeLEDs based on MAPbBr3 active layers [2–10]. Figure 5e shows the energy band structure
to explain the mechanism of the radiative recombination caused by the quantum confinement effect,
as results of the blue shift and enhance the spontaneous emission of the electroluminescence (EL)
spectra. In Figure 5, the phenomenon of luminance decay at high applied voltage is caused either by
heat due to the series resistance of the devices or by damage due to the high electrical field.
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Figure 5. (a) Current–density vs. voltage, (b) luminance vs. voltage, (c) current efficiency vs. voltage,
and (d) electroluminescence of PeLEDs based on MAPbBr3 films with different OAB ratios deposited
on the glass. (e) a diagram of the energy band structure of the PeLEDs. The inset in (a) shows a photo
image of our PeLED.

To better realize the nature of strong PL emission in the MAPbBr3 nanograins formed by the
OAB adductive, the excitonic characteristics of the MAPbBr3 films should be considered. As we
reported previously [42], temperature-dependent photoluminescence (TDPL) can be used to determine
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the exciton binding energy by linear fitting with a PL spectral broadening equation [43] at different
temperatures:

ln(hΔν − hΔν0) = ln(hνT) − Eb/KBT (1)

where hΔν is the full width at half maximum (FWHM) of the PL spectrum at some temperature, hΔν0

is the FWHM of the PL spectrum at the initial temperature, hνT is related to the thermal dissociation
rate, Eb is the exciton binding energy, KB is the Boltzmann constant, and T is the temperature. The PL
spectra at temperatures from 100 to 300 K for the MAPbBr3 films deposited with (4%) and without
(pure) the OAB adductive are shown in Figure 6. The peak of both samples significantly broadened
with increased temperature due to exciton–phonon interaction [17]. Grätzel et al. suggested that the
dual PL emissions in MAPbBr3 at temperatures below 175 K were due to the coexistence of MA-ordered
and MA-disordered domains in the MAPbBr3 array [44]. However, only one peak of both samples
can be found in Figure 6. Indeed, in our case, linear fitting could not be estimated (very low R-square)
if the temperature selected was from 100 to 300 K. Therefore, the temperature was set from 180 to
300 K for linear fitting in Supplementary Figure S4. R-square over 0.99 reveals a good fit, and exciton
binding energies of 48 and 85 meV were determined for pure MAPbBr3 film and film using the OAB
adductive, respectively. The higher exciton binding energy of the MAPbBr3 film with OAB compared
to that of the pure MAPbBr3 film indicates strong exciton localization, which can block the exciton
dissociation and increase the radiative recombination rate. Therefore, this provides evidence for the
quantum confinement effect in nanometer-sized grains of MAPbBr3 film using the OAB adductive.

Figure 6. Temperature-dependent photoluminescence spectra for MAPbBr3 film with an OAB ratio of
4% and without OAB.

4. Conclusions

In conclusion, we have demonstrated that the preparation method employing OAB adductive
can obtain high-quality MAPbBr3 thin films. The addition of a small amount of OAB in the MAPbBr3

precursor solvent produces a dense and uniform film morphology with full surface coverage. Also,
it enables the formation of nanoscale MAPbBr3 grains, which enhance PL emission due to the quantum
confinement effect. The high exciton binding energy in the MAPbBr3 films that are formed by the
OAB adductive is evidence for the quantum confinement effect in the nanometer-sized grains, which
reduces exciton dissociation and enhances exciton radiation. The quantum confinement effect also
affects bandgap, which shifts to a short wavelength with an increasing OAB ratio. A blue shift is
found in absorbance, PL, and EL spectra at different OAB ratios. The optimized PeLED with an
OAB ratio of 4% exhibited a maximum luminance of 310 cd/m2 (at 4.5 V) and a maximum luminous
current efficiency of 1.21 cd/A (at 4.5 V). This study offers a promising approach for reliably depositing
high-quality MAPbBr3 thin films for application to efficient PeLEDs.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/7/459/s1,
Figure S1: Original 2D XRD data of perovskite films with different OAB ratios, Figure S2: Film thicknesses of
perovskite films with different OAB ratios. The error bars are standard deviations obtained from five samples,
Figure S3: The corresponding Tauc plots from UV-vis spectra for linear fitting to determine bandgaps of perovskite
films with different OAB ratios. The solid lines are fittings, Figure S4: Temperature-dependent data for linear
fitting exciton binding energy. The solid lines are fittings.
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Abstract: In this report, a blue anti-transmission film (BATF) has been introduced to improve the
color-conversion efficiency (CCE) and the stability of quantum dot (QD) films. The results indicate
that the CCE can be increased by as much as 93% using 15 layers of BATFs under the same QD
concentration. Therefore, the same CCE can be achieved using BATF-QD hybrid films with a lower
QD concentration when compared with standard QD films. The hybrid and QD films with the same
CCE of 60% were aged at an environmental temperature of 25◦C and with a 10 mA injection current
light-emitting diode source. The CCE and luminous efficacy that are gained by the hybrid film
increased by 42.8% and 24.5%, respectively, when compared with that gained by the QD film after
aging for the same time period of approximately 65 h. In addition, the hybrid film can effectively
suppress the red-shift phenomenon of the QD light spectra, as well as an expansion of the full-width
at half maximum. Consequently, these BATF-QD hybrid films with excellent optical performance
and stability show great potential for illumination and display applications.

Keywords: light-emitting diodes; quantum dots; stability; color-conversion efficiency;
photoluminescence

1. Introduction

Quantum dots (QDs) have several advantages for lighting applications, including high quantum
yield, high color purity, and easy manufacture. They have demonstrated great potential in
optoelectronic devices, such as light-emitting diodes [1]. Blue LED chips are generally utilized
to excite QD films. In this process, the mixing of the blue light from the LEDs (chip light) and the
conversion light from the QDs (QD light) can achieve different output colors [2]. Significant effort has
been directed at attempting to improve the quantum yield (QY) of QDs by optimizing the core/shell
structures [3] and the surface functional groups [4]. At present, the QY of CdSe/ZnS is already in excess
of 90% [5]. This OD is widely regarded as one of the most promising candidates for replacing traditional
rare-earth-based phosphor materials [6]. However, significant challenges are still encountered when
these QDs are used in LEDs. Similar to other phosphor materials, such as yttrium aluminitum garnet
(YAG) and nitride phosphor, it is necessary to disperse the QDs into a transparent matrix in order
to achieve high light extraction [7] and to simultaneously prevent oxidation [8]. QDs are easy to
aggregate in a matrix due to their small particle size of several nanometers. However, this results
in aggregation induced quenching (AIQ) [9], which leads to high conversion losses. Some polymer
matrixes, including polyvinyl alcohol (PVA) [10], polydimethylsiloxane (PDMS) [11], and gel glass [12]
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have been proposed to improve the dispersity of QDs, thereby decreasing this loss. In addition,
QDs strongly absorb their emission light, which results in significant reabsorption loss [13–15]. This
may lead to larger thermal power generation from the QDs and a reduced working stability [16].

The color-conversion efficiency (CCE) refers to the proportion of QD light radiant power to the
total radiant power. It determines the output color coordinates of LEDs [17,18]. This is one of the most
essential parameters when characterizing illuminations and displays. It is common to increase the
CCE by increasing the QD concentration in the QD matrix [19]. However, a larger QD concentration
can significantly increase AIQ and the reabsorption by the QDs [15], leading to a lower conversion
efficiency of the QD films when compared to the QY of the QDs. Therefore, the luminous efficacy of
the QD-based LEDs is still significantly less than that of traditional phosphor-based LEDs, especially
for high CCE LEDs [20]. To solve this issue, the scattering effect that is introduced by particles with
a high refractive index [21,22] or patterned structures [18] is used to improve the CCE by increasing
the blue light path in the QD films. However, these methods also increase the light path of the QD
light in the QD films, leading to higher reabsorption loss and heat power generation from the QDs [23].
Consequently, it is expected that any new solution for improving the CCE should simultaneously
decrease reabsorption losses [20]. Solving this problem is an important aspect in the development of
high efficiency and stable QD-based LEDs.

In this study, a blue anti-transmission film (BATF) is introduced in order to improve the CCE
and stability of QD films. The absorption of QD films and BATF-QD hybrid films were investigated.
Then, the influence of the BATF-QD hybrid films on the optical performance of LEDs was investigated.
Finally, the optical performance and working stability of the BATF-QD hybrid films were compared
with QD films under the same CCE.

2. Methods

The QDs with the CdSe/ZnS core/shell structure (purchased from China Beijing Beida Jubang
Science & Technology Co., Ltd., Beijing, China, quantum yield larger than 80%) were used in this
study. The emission and absorption properties of these QDs in chloroform solution are shown in
Figure 1. PDMS (Sylgard-184, purchased from Dow Corning, Midland, MI, USA) was used as the
transparent matrix to disperse the QDs. Since the blue light is necessary for the illumination and display
applications, we have selected the BATF with a specific blue light transmittance instead of entirely
absorbing the blue light. The commercial BATFs with approximately 70% blue light transmittance
are widely used for eye-protection in screens of mobile phones and computers, which have been
used in this study. These BATFs were purchased from Shen Zhen Fancy Package & Manufactory Co.,
Ltd. (Shenzhen, China). The blue blocking function is realized by the multilayer composites with
gradient refractive index (the total thickness of the functional composites is 100 μm). The transparent
substrate is PET polymer, as shown in Figure 2a. They strongly reflect blue light, as shown in Figure 2c,
and are widely used as eye-protection films in screens. The LED source has a radius of 8 mm, and
was packaged as 42 blue LED chips with an emission wavelength centered at 455 nm; all of the LED
chips were sealed by the silicone-based encapsulant; the electrical injection power is 150 mW (injection
current of 10 mA), which is a harsh condition for QD-based LED operation [24]. The QD films were
fabricated using the evaporation-curing method [11,22,23]. Firstly, QDs were added into 2 mL of
chloroform solution to uniformly disperse them in the solution systems with low viscosity; the total
mass of the QDs were 10 mg, 15 mg, 20 mg, and 30 mg, in order to control the QD concentration in
the QD films. After mixing for several seconds, 909 mg of pre-polymer A-PDMS was added to the
QD-chloroform solution. This mixture was stirred for 40 mins until the chloroform solution completely
evaporated. Then, 91 mg of curing agent of B-PDMS was added into the mixtures, which were stirred
and evacuated for 15 mins. Finally, the QD-PDMS mixtures were injected into a mold and then cured
at a temperature of 120 ◦C for 90 mins. QD films with a thickness of 0.5 mm and radius of 16 mm
were produced. The BATF-QD hybrid films can be easily fabricated by placing the BATFs inside the
mold during the curing process. Moreover, the BATFs were stamped to each other using PDMS in
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order to achieve multi-layer BATFs. The optical properties of the BATFs, QD films, and BATF-QD
hybrid films were measured using a dual-beam UV-Vis spectrophotometer TU-1901 (Beijing Persee
General Instrument Co., Ltd., Beijing, China). These films were also assembled on an LED source, and
then their optical performance were measured using the Integrating Systems from Instrument Systems
(Munich, Germany). The injection current of 10 mA is provided by a source from Keithley (Beaverton,
OR, USA). During measurements, it should be noted that the BATFs are always on the upper side of
the QD film.

 

Figure 1. Absorption and emission spectra of CdSe/ZnS quantum dots (QDs) solution.

 

Figure 2. The (a) BATF; (b) QD films; (c) blue light spot reflection by BATFs; (d) LED assembled with a
QD films; and (e) LED assembled with a BATF-QD hybrid film (5 layers of BTAFs).

The working stability was investigated according to the aging tests at an environmental
temperature of 25 ◦C without heat sink for thermal managements [24]. The BATF-QD hybrid films and
QD films were assembled to the same LED source mentioned above, respectively. The LED source was
kept with an injection current of 10 mA (electrical injection power of 150 mW) to continuously excite
these QDs films for degradations. The optical performance of LEDs assembled with BATF-QD hybrid
films and QD films were measured at different aging time using the same injection current of 10 mA.

3. Results and Discussion

The optical properties including wavelength-dependent transmittance, reflection, and absorption
of the commercial BATF were characterized, as shown in Figure 3a. The BATF has a low average
transmittance of 69.1% for blue light with a wavelength less than 500 nm, which is due, in part, to its
high reflection (average of 11.3%) and absorption (average 19.6%) for these wavelengths. Moreover,
it exhibits almost no reflection for wavelengths that are longer than 500 nm. The average transmittance
is as high as 91.5%, while the absorption is approximately 7% for these wavelengths. These values
indicate that BATF is beneficial with respect to suppressing the transmittance of chip light (emission
from LEDs), while also introducing some additional absorption loss for QD light (emission from QDs).
Figure 3b shows the absorption spectra of the QD films and the BATF-QD hybrid films with different
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layers of BATFs. The concentration of the QD is kept as 0.75 wt. %. The BATF-QD hybrid films
have a higher absorption when compared with the QD films, and the absorption becomes larger with
additional layers of BATFs. Besides, it shows less increment in the absorption as the number of BATF
layers increases. This is because much more reflection light can escapes from the lateral side of BATFs
with a larger thickness instead of being absorbed by the QD film. The inset figures of Figure 3b show
the absorption spectra when normalized to the absorption at the peak emission wavelength of the QDs.
It can be observed that the BATF-QD hybrid films have a higher absorption for blue light (at 455 nm)
when they have the same absorption for the peak wavelength of the QD light, especially for the hybrid
films with several layers of BATFs. This implies that the BATF-QD hybrid films are useful in reducing
the chip light with increasing layers of BATFs, while maintaining a large amount of QD light, which
may be beneficial to increasing the CCE of the QDs.

  

Figure 3. (a) The transmittance, reflection, and absorption spectrum of the BATF; and (b) the absorption
spectra of the QD films and the BATF-QD hybrid films.

The QD film and BATF-QD hybrid film with different layers of BATFs and different concentrations
of QDs were applied to a blue LED source. The radiant power, including the total radiant power,
radiant power of chip light, and radiant power of QD light, of these QD-based LEDs is given in
Figure 4a. It should be noted that the radiant power of the chip light and the QD light were obtained by
integrating the emission radiant spectra of QD-based LEDs from 380 nm to 525 nm and from 525 nm to
730 nm, respectively. As the number of BATF layers was increased, the total radiant power significantly
decreases. This demonstrates that the use of BATF can lead to a reduction in light extraction due to
its high reflection and absorption. However, this decrease becomes smaller as the QD concentration
increases. When the number of BATF layers increases from 0 to 15, the total radiant power that is
gained for a QD concentration of 0 wt. % decreases by 62.2%. There is a decrease of 49.2% for a QD
concentration of 1.5 wt. %. One reasonable explanation for this observation is that much more chip
light is absorbed by the QD films prior to propagating into the BATFs as the QD concentration is
increased. This results in more QD light with a higher transmittance. These results are also supported
by the significant reduction in the radiant power of the chip light as the QD concentration increases.
Although the BATF has a high absorption for QD light that is comparable with that of chip light, it is
interesting that the radiant power shows a significant decrease with increasing BATF layers. Only a
slight change is observed for the radiant power of the QD light. These results indicate that a portion of
the chip light reflected by BATF has propagated into the QD films and it is absorbed by QDs, thereby
increasing the excitation of the QD light. In other words, it is the reuse of the reflected chip light that
prevents the reduction in the radiant power of the QD light.

Their luminous efficacy and CCE are given in Figure 4b. Similarly, the luminous efficacy also
decreases with increasing BATF layers due to the absorption and reflection losses that are introduced
by the BATFs. However, the reduction in the luminous efficacy is smaller than 37%, which is less

132



Nanomaterials 2018, 8, 508

than that of the radiant power. This is because the luminous efficacy is more sensitive to the QD light,
which still maintains a high radiant power. Most importantly, the CCE shows a significant increase
as the number of BATF layer increases. This increase is more significant at lower QD concentrations.
An increase of 93% using 15 layers of BATFs is observed when the QD concentration is 0.5 wt. %.
This is because when the QD film has a lower concentration, it more readily facilitates the escape of
QD light due to the lower probability of reabsorption events.

Moreover, it is interesting that LEDs using BATF-QD hybrid films with a lower QD concentration
can attain the same CCE as QD films with larger QD concentrations. To further investigate this issue,
the results for the QD concentration for the same CCE when a different number of BATF layers were
used, are given in Figure 4c. It is evident that more BATF layers are beneficial to decreasing the QD
concentration at the same CCE. For example, when 15 layers of BATFs are used, a QD concentration
of only 0.75 wt. % can result in a CCE that is as high as that of 1.5 wt. % without using BATFs.
The conversion loss of the QDs is also given in Figure 4c, which was calculated using the equation
(PCabs−PQDemit)/PCabs. PCabs and PQDemit are the QD absorption power of the chip light and
the radiant power of the QD light, respectively. It is obvious that a larger QD concentration can cause
higher conversion losses due to significantly more reabsorption events. The conversion loss gained
with a 0.75 wt. % QD concentration can decrease by 11.3% when compared with that gained using
1.5 wt. % QD concentration. Therefore, the BATF-QD hybrid films can achieve a high CCE using a low
QD concentration, which is beneficial to decreasing conversion losses inside QD films.

  

 

Figure 4. The (a) total radiant power, radiant power of the chip light, radiant power of the QD light;
(b) luminous efficacy, and color-conversion efficiency of LEDs with different QD concentrations and
BATF layers; (c) the QD concentration verse color-conversion efficiency with different BATF layers and
the conversion loss with different QD concentration. The QD concentration is various from 0 wt. % to
1.5 wt. %.
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The aging test was performed to evaluate this issue, the optical performances of LEDs using
hybrid films (QD concentration of 0.75 wt. %, 15-layer BATFs, initial CCE of 60%) and QD films (QD
concentration of 1.5 wt. %, initial CCE of 60%) with different aging time are shown in Figure 5a,b,
respectively. The optical performances including the radiant power, luminous flux, and CCE of
these LEDs dramatically decrease at the initial stage (within 200 min), which is similar to previous
investigations on their stability [16,24]. One possible explanation is that much more QD light at the
initial stage leads to much more reabsorption events between QDs, resulting in greater thermal power
generation from QDs [20,25]. However, it is evident that the luminous efficacy that is gained by the
QD film significantly decreases when compared with the BATF-QD hybrid film, although they have
the same initial CCE of 60%. As discussed above, this is because that the BATF significantly reduces
the chip light, while maintaining a large amount of QD light, which realizes the same CCE for LEDs
using the hybrid film with a lower QD concentration compared with that only using the QD film
with a higher QD concentration. A lower QD concentration leads to less reabsorption loss [20,26],
thereby decreasing the thermal power generating from QDs and improving the stability. Their stability
have been compared in detail. After aging for approximately 65 h, the CCE, total radiant power, and
luminous efficacy gained by the QD film decrease by 66.5%, 62.4%, and 86.6%, respectively; while, that
gained by the hybrid film only decreased by 39.7%, 19.4%, and 48%, respectively. Their spectra after
aging for approximately 65 h are also given in Figure 6. It is interesting that the radiant power of the
spectra of the QD light that are acquired from the hybrid film are even higher than that acquired from
the QD film. As such, the hybrid film can have a higher CCE and luminous efficacy when compared
to the QD film after aging. These values are increased by 42.8% and 24.5%, respectively, as shown
in the inset figure. It should be noted that the initial luminous efficacy (before aging) of this hybrid
film is 30% lower than that of the QD film at the same CCE of 60%, as shown in Figure 4. However,
this property is significantly increased by 24.5% after aging. This indicates that the hybrid film has a
lower conversion loss and generates less thermal power, which avoids the destruction of the QDs and
silicone carbonization [25]. Therefore, the BATF-QD hybrid film appears to result in a better working
stability and better optical performances after aging. In addition, the initial luminous efficacy using
these hybrid films is far lower than that using the QD films at the same CCE. This is mainly because
the absorption losses that are introduced by the BATFs are much larger than the reduction in the
conversion loss. Consequently, it is necessary to modify the BATF structures in order to simultaneously
improve light extraction of the LEDs. This will help to further improve the optical performances of
these hybrid films. To avoid misinterpretation, it should be noticed that the percentage improvements
given above are arbitrary and not absolute.

 

Figure 5. The optical performances of LEDs using (a) hybrid films (0.75 wt. % QD concentration and
15-layer BATFs) and (b) QD films (1.5 wt. % QD concentration) with different aging time, respectively.
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Figure 6. The emission spectra of LEDs using hybrid films (0.75 wt. % QD concentration and 15-layer
BATFs) and QD films (1.5 wt. % QD concentration) after aging for approximately 65 h. The inset figure
represents their color-conversion efficiency (CCE), total radiant power (TRP), and luminous efficacy
(LE) normalized to that of the BATF.

The spectra of LEDs using QD films and BATF-QD hybrid films with different QD concentrations
and BATF layers are further investigated, as given in Figure 7. Figure 7a shows the spectra that
are acquired from the QD films. The radiant power of the spectra of the QD light increase with an
increasing QD concentration, while it should be noted that their increment is significantly low when
compared with the reduction in the radiant power of the spectra of the chip light, especially when
the QD concentration is sufficiently large. This is because of the severe reabsorption losses of the
QD films with high QD concentration, as previously indicated. Besides, the reabsorption effect leads
to a red-shift of the spectra, as shown in the normalized spectra in the inset figures. When the QD
concentration is 1.5 wt. %, the peak wavelength in the spectra of QD light shifts to 580 nm, and its
full-width at half maximum (FWHM) is increased to 36 nm. As a result, although the increase in the
QD concentration can result in an increase of the CCE, it also causes the spectra to be unpredictable.
The spectra that are acquired from the BATF-QD hybrid films for a QD concentration of 0.75 wt. %
are shown in Figure 7b. The spectra of the chip light is significantly decreased, while that of the
QD light shows a slight decrease with an increasing number of BATF layers. This is beneficial to
increasing the CCE, as previously discussed. However, it is interesting that their normalized spectra
show almost no change. It is noteworthy that the CCE gained using 0.75 wt. % QD concentration and
15 layers of BATFs is almost the same as that gained by QD films using 1.5 wt. % QD concentration.
The peak wavelength and the FWHM of the QD light are 575 nm and 34 nm, respectively. These values
are the same as the values that are acquired from the QD films using 0.75 wt. % QD concentration
and smaller than the values acquired from the QD films for 1.5 wt. % QD concentration. Therefore,
compared with QD films with a higher QD concentration under the same CCE, the BATF-QD hybrid
films with a lower QD concentration are also beneficial for suppressing the red-shift phenomenon.
This is helpful for accurately obtaining color coordinates, which is critically important in illuminations
and display applications.
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Figure 7. The emission spectra of LEDs using (a) QD films with different QD concentration and
(b) hybrid films with 0.75 wt. % QD concentration and different BATFs layers.

4. Conclusions

In this report, BATF was introduced to improve the CCE and stability of QD films. The results
show that the BATF-QD hybrid films significantly increase the CCE by 93% using 15 layers of BATFs
with the same QD concentration. This is caused by the stronger absorption and reflection of chip light.
The same CCE (as high as 60%) can be achieved using hybrid films with a QD concentration half that
of QD films, although the initial luminous efficacy (before aging) acquired by the hybrid film was
substantially lower than that acquired by the QD film with the same CCE of 60%. After aging for
approximately 65 h, the CCE and luminous efficacy gained by the hybrid film increased by 42.8% and
24.5% when compared with that of the QD film. These results demonstrate that a hybrid film with a
lower QD concentration can significantly decrease conversion losses due to the reduced probability of
reabsorption events. As a result, the stability and optical performance are significantly increased after
aging. Because of the lower QD concentration usage, the hybrid film can also effectively suppress the
red-shift phenomenon of the spectra, which simultaneously leads to a smaller FWHM of the QD light.
Therefore, the BATF-QD hybrid films show great potential in the illumination and display applications.

In future investigations, we intend to optimize the BATF structure to decrease its absorption
while increasing its reflection. We believe that this will further improve the light extraction of LEDs by
avoiding the absorption losses introduce by the BATFs.
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Abstract: We propose a graded indium composition p-type InGaN (p-InGaN) conduction layer to
replace the p-type AlGaN electron blocking layer and a p-GaN layer in order to enhance the light
output power of a GaN-based green light-emitting diode (LED). The indium composition of the
p-InGaN layer decreased from 10.4% to 0% along the growth direction. The light intensity of the LED
with a graded indium composition p-InGaN layer is 13.7% higher than that of conventional LEDs
according to the experimental result. The calculated data further confirmed that the graded indium
composition p-InGaN layer can effectively improve the light power of green LEDs. According to the
simulation, the increase in light output power of green LEDs with a graded indium composition
p-InGaN layer was mainly attributed to the enhancement of hole injection and the improvement of
the radiative recombination rate.

Keywords: p-type InGaN; graded indium composition; hole injection; quantum efficiency; green LED

1. Introduction

GaN-based light-emitting diodes (LEDs) have attracted considerable attention and have been seen
as a promising replacement for conventional light sources in the last few decades [1,2]. The efficiency of
blue LEDs is very high, and blue LEDs have been commercially used in many fields, such as lighting [3–6],
display [7,8], light communication [9,10], back lighting [11,12], and so on. However, the internal
quantum efficiency (IQE) of GaN-based green LEDs is still lower than that of blue LEDs, which is
called the “Green Gap” [13]. It obstructs the green LED to be applied in Red-Green-Blue (RGB)
lighting, full-color displays, and visible-light communication. A large polarization field [14–16] and
poor crystal quality [17,18] are the main reasons for the low IQE of green LEDs with a high indium
composition. In fact, the poor hole injection also plays an important role in the low quantum efficiency
of GaN-based LEDs. Many researchers have proposed various methods to solve this problem based
on band engineering of the electron blocking layer (EBL). Kim et al. employed an active-layer-friendly
lattice-matched InAlN EBL to improve the quantum efficiency of green LEDs [19]. A graded superlattice
AlGaN/GaN inserting layer was proposed by J. Kang et al. to enhance the efficiency of hole
injection and performance of green LEDs [20]. An InAlGaN/GaN superlattice [21], an AlGaN/InGaN
superlattice [22,23], and a composition-graded AlGaN EBL [24–26] were also employed to reduce the
potential barrier of holes without damaging the electron confinement. A recently proposed method
to improve the properties of p-type GaN is polarization doping [27]. It uses the internal polarization
of the structures and material composition grading to induce free electrons or holes [28]. However,
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the growth temperature of AlGaN is always high in order to improve the crystal quality. The high
indium content InGaN/GaN multiple quantum well (MQW) of green LEDs will be damaged during
the high temperature process [29–32]. There are few reports about the p-type layer structure designed
to improve the hole injection of GaN-based LEDs [33].

In this paper, we designed a new structure of p-type InGaN (p-InGaN) conduction layer with a graded
indium composition to replace the conventional p-type AlGaN (p-AlGaN) EBL and p-type GaN (p-GaN)
conduction layer of GaN-based green LEDs. The effect of the graded indium composition p-InGaN
conduction layer on the light output power of green LEDs is studied by experiments and simulations.

2. Experimental Details

The LED samples were grown on (0001)-oriented sapphire substrates by an AIXTRON close-coupled
showerhead metal-organic chemical vapor deposition (MOCVD) reactor (MOCVD, AIXTRON Inc.,
Herzogenrath, Germany). The trimethylgallium (TMGa), trimethylaluminum (TMAl), trimethylindium
(TMIn), and ammonia (NH3) were used as sources of gallium, aluminum, indium, and nitrogen,
respectively. Silane (SiH4) and bicyclopentadienyl magnesium (Cp2Mg) were used as n-type and
p-type doping sources, respectively. The epitaxial structure of conventional LEDs consisted of a 30 nm
thick GaN nucleation layer grown at 530 ◦C, a 3 μm thick undoped GaN (u-GaN) buffer layer grown
at 1100 ◦C, a 4 μm thick Si-doped n-type GaN (n-GaN) layer with 8 × 1018 cm–3 doping concentration
grown at 1080 ◦C, five pairs of 3 nm and 10 nm thick In0.22Ga0.78N/GaN MQWs active layers, a 20 nm
thick p-type Al0.15Ga0.85N (p-AlGaN) electron blocking layer grown at 1040 ◦C, and a 180 nm thick
p-GaN layer grown at 940 ◦C. The doping concentration of the p-AlGaN and p-GaN layers was
5 × 1018 cm–3. The conventional LEDs were denoted as sample A. Figure 1a is the profile of sample A.
We also prepared green LEDs with a graded indium composition p-InGaN conduction layer, which are
denoted as sample B. The growth conditions of sample B were similar to that of sample A except for
the p-type layers. As shown in Figure 1b, the p-AlGaN and p-GaN layers were replaced by a p-InGaN
single layer with a thickness of 200 nm. The growth temperature of p-InGaN layer was 860 ◦C, and the
flow of TMIn changed from 175 sccm to 0 sccm along the growth direction in order to obtain a p-InGaN
layer with a graded indium composition. Furthermore, we grew another sample with only a p-InGaN
film on u-GaN in order to determine the indium composition of the p-InGaN layer. The TMIn flow of
the p-InGaN film remained at 175 sccm, and the growth temperature was 860 ◦C. Figure 1c shows the
schematic diagram of the p-InGaN film, which is denoted as sample C. The thickness of the p-InGaN
layer in sample C was 80 nm.

Figure 1. Schematic diagrams for the LED and p-InGaN samples: (a) sample A; (b) sample B; and (c) sample C.

After the growth of the LED structure of sample A and sample B, the epitaxial wafers were treated
together to LED chips. The epitaxial wafers were first cleaned in acetone, isopropanol, deionized water,
and partly etched to n-GaN by an inductively coupled plasma (ICP) system. Next, these samples were
cleaned by a sulfuric acid peroxide mixture at 60 ◦C, ammonia water at 35 ◦C, deionized water at room
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temperature, and dried by nitrogen gas. Sequentially, the 80 nm indium tin oxide (ITO) transparent
conductive electrodes (TCEs) were evaporated by electron beam evaporation and then annealed at
600 ◦C for 3 min in a mixture of ambient N2/O2 (200:35). The ITO TCEs were selectively removed by
wet chemical etching. Then, the SiO2 passivation layer was deposited by a plasma enhanced chemical
vapor deposition (PECVD) system. Finally, Cr (50 nm)/Al (200 nm)/Ti (100 nm)/Au (100 nm) electrode
layers were deposited by electron beam evaporation. The size of the LED chip was 1.14 mm × 1.14 mm.

3. Results and Discussion

We characterized the crystallography of the p-InGaN film in sample C by a Rigaku high-resolution
X-ray diffraction (XRD, Rigaku Inc., Tokyo, Japan) with Cu Kα irradiation at 40 kV and 100 mA. Figure 2
is the HRXRD ω-2θ scan of p-InGaN film in sample C. The main peak and the secondary peak are
GaN and InGaN, respectively. Chen et al. and Zhou et al. calculated the indium composition of the
InxGa1−xN film using Vegard’s law and the XRD data [34–36]. We evaluated the indium content of
the p-InGaN film by the separation between GaN and InGaN peaks in the XRD spectra. The indium
content of p-InGaN in sample C was 10.4%. No evidence of phase separation could be found in the
XRD spectrum. When the indium content is not too high, it almost linearly increases as the TMIn
flow increasing [37]. Because the p-InGaN in sample B had similar growth conditions to sample C,
except for the TMIn flow changing form 175 sccm to 0 sccm, the indium content in p-InGaN of sample
B was from 10.4% to 0% along the growth direction. The expected indium content profiles of samples
B and C are shown in the inset of Figure 2.

Figure 2. High-resolution X-ray diffraction ω-2θ scan of sample C. The dashed line in red is the simulated
curve. The inset shows the indium content profiles of samples B and C.

The light output properties of the two LED samples are shown in Figure 3. Figure 3a shows the
light output power as a function of injection current. Sample B had a great enhancement of light output
power for the whole injection current range compared with the sample A. The light output power of
sample B was 13.7% larger than that of sample A at a 300 mA injection current. The result revealed
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that the graded indium composition p-InGaN conduction layer was beneficial for enhancing the light
output power of a GaN-based green LED. It is clear that the peak intensity of electroluminescence (EL)
spectra at 300 mA of sample B was stronger than that of sample A, as shown in Figure 3b. Furthermore,
the peak wavelengths of samples A and B were 529 nm and 534 nm respectively.

Figure 3. Light output properties of samples A and B: (a) measured light output power and enhancement
percentage as a function of the injection current; (b) measured EL spectra at 300 mA; and (c) calculated
EL spectra at 300 mA.

In order to better understand the influence of the graded indium composition p-InGaN conduction
layer on the performance of GaN-based green LEDs, we performed a numerical simulation using
APSYS software (version 2010, Crosslight Software Inc., Burnaby, BC, Canada). The software
self-consistently solves the Poisson equation, continuity equation, and Schrödinger equation with
boundary conditions [38,39]. Here, the band-offset ratio between the conduction band and the valence
band for InGaN/GaN MQWs was 70% [40]. In addition, the values of the Shockley-Read-Hall
(SRH) recombination lifetime and Auger coefficients assumed in this simulation were 50 ns and
1 × 10−30 cm6/s, respectively [41–43]. Figure 3c displays the calculated EL spectra at 300 mA,
which shows a similar trend of enhancement in light intensity with measured results. The simulated
energy band diagrams at 300 mA of sample A and sample B are shown in Figure 4. The solid lines
are conduction bands and valence bands and the dashed lines are the quasi-fermi level. In sample A,
the height of the barrier, which obstructs holes injecting into the MQW, is 330 meV. However, in sample
B, the height of the barrier is 285 meV when the p-AlGaN EBL and p-GaN conduction layer are replaced
by the graded indium composition p-InGaN conduction layer. The lower potential barrier is beneficial
for holes injecting into the MQW.

Figure 5 plots the carrier concentration distribution and radiation recombination rate distribution
in the MQW of sample A and sample B from n-side to p-side. The holes of samples A and B both
accumulate in the quantum well near the p-type layer. As shown in Figure 5a, the hole concentration
in the quantum well near the p-type layer of sample B was much larger than that of sample A.
The function of the EBL is to reduce the electron overflow leakage. Therefore, sample A had a little
more electron concentration in the MQW, as shown in Figure 5b. The higher carrier concentration led
to a larger radiation recombination rate of GaN-based LED. From Figure 5c, we could find that the
radiation recombination rate of sample B was much bigger than that of sample A in the quantum well
near the p-type layer. As a result, sample B had a higher total radiation recombination rate compared to
sample A. The simulation data demonstrated that the graded indium composition p-InGaN conduction
layer could enhance the hole injection and radiation recombination rate of GaN-based green LEDs.
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Figure 4. Calculated energy band diagrams at 300 mA of (a) sample A; and (b) sample B.

Figure 5. (a) Hole concentration distribution; (b) electron concentration distribution; and (c) radiation
recombination rate distribution of samples A and B.

4. Conclusions

In conclusion, the light output properties of GaN-based green LEDs with and without a graded
indium composition p-InGaN layer were numerically and experimentally investigated. Both the
experimental results and simulated data revealed that the graded indium composition p-InGaN
conduction layer can promote the light output power of green LEDs. The light output power of green
LEDs with a p-InGaN conduction layer was enhanced by 13.7% compared to the conventional LED,
according to the experimental data. The simulation results demonstrated that the improvement in light
output property was mainly due to the increase of hole injection and the enhancement of the radiative
recombination rate.
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Abstract: Based on our recent work, this paper reviews our theoretical study on gallium nitride (GaN)
light-emitting-diode (LED). The focus of the paper is to improve LED light extraction efficiency through
various nano-grating designs. The gratings can be designed at different locations, such as at the top,
the middle, and the bottom, on the LED. They also can be made of different materials. In this study,
we first present a GaN LED error-grating simulation model. Second, nano Indium Tin Oxide (ITO)
top gratings are studied and compared with conventional LED (CLED) using standing wave analysis.
Third, we present results related to a patterned sapphire substrate (PSS), SiO2 Nanorod array (NR), and Ag
bottom reflection layer. Finally, we investigate the nano-top ITO grating performance over different
wavelengths to validate our design simulation, which focusing on a single wavelength of 460 nm.

Keywords: GaN; LED; nano-grating

1. Introduction

Gallium nitride (GaN) based light-emitting-diodes (LEDs) continue to prove themselves increasingly
useful in the world of solid-state lighting. Although highly efficient, scientists continue to investigate
ways to increase their internal and external quantum efficiencies. In general, the efficiency of an LED is
limited by the maximum angle that light can escape from the surface as defined by Snell’s law. Since GaN
has a high refractive index compared to air, light can only escape the LED if it approaches the surface
within +/− 23◦ of the normal incidence. The large difference in the refractive index of air and GaN results
in a low critical angle. Therefore, the low critical angle traps light within the LED, reduces light output,
and increases the device temperature. Improving the light extraction efficiency of GaN LEDs has been
approached by several different ways. Early approaches for improvement of light efficiency include surface
roughness or texturing [1]. Then, adding a material with a refractive index between the indices of GaN
and air to the LED surface increases the limiting angle [2]. Photonic crystal top grating [3] and nano pillar
Multiple-quantum-well (MQW) [4] have also been proposed. Recently, several research groups have used
various gratings as methods for increasing light output and placed these gratings either on the surface [5],
the bottom [5,6], or the sidewalls [7] of the LED.

Fabrication techniques have improved in the recent years. They have allowed design structures, such
as periodic top gratings [8–13], patterned sapphire substrates (PSS) [14–18], and reflection layers (R) [19–23],
to improve the external quantum efficiency by enhancing light extraction. One study showed that moving
an Ag-based reflective mirror from below to above the sapphire substrate increases light extraction by
21% [24]. Recently, a SiO2 nano-rod array (NR) was also used in GaN LED [25–28]. As technology
progresses, more complex structures are designed using a multi-nano structure in a single GaN LED.
For example, in 2018, GaN LEDs with a hybrid structure were fabricated and studied, which were a
combination of sidewalls and microhole arrays [26]. In general, a cost-effective method to design high
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efficiency GaN LEDs is still highly desired. A more comprehensive GaN LED design simulation or
theoretical study, including several nano-stuctures, is very valuable in this case before the fabrication.

Currently, no study fully examines or directly compares the above several light extraction
efficiency (LEE) improvement methods theoretically. For example, which method is more efficient,
and whether they can be combined. How does an Ag reflector affect light extraction in those structures?
In this paper, we present comprehensive simulation results of Indium Tin Oxide (ITO) top nano-grating,
and a direct comparison of GaN LED with a patterned sapphire substrate, SiO2 nano-rod array, and Ag
bottom reflection layer. Additionally, we find that among all of the above technologies, NR has more
potential of improving the light extraction efficiency.

2. GaN LED Grating Simulation with the Error Grating Model

2.1. Basic Structure of GaN LED

The GaN LED models used in this paper were built through 2D finite difference time domain
(FDTD) analysis. We used FDTD to provide a solution to Maxwell’s equations by using Yee’s mesh,
a system in which the E- and H-field components are solved based on the previous spatial E- and
H-field components. FDTD also solves Maxwell’s equations on a point by point basis and can
accurately simulate the effects of nano-gratings in the LED, such as reflection due to linear dispersion
or total internal reflection, transmission of escaping light from the LED, and scattering at the grating.
Since FDTD decomposes space and time into separate components, the model is meshed into small
cells whose side length must be much smaller than the wavelength of light to obtain accurate results.
Using this method, we can simulate the average power emission of LEDs.

As shown in Figure 1, light is generated in the multiple quantum well (MQW) region between the
positive and negatively doped GaN regions of the diode. Since the computer model simulates light
propagation in the LED, we assign all light to emerge as a continuous wave (CW) from the middle of
the MQW region. The model is built as a 2D representative section of the whole LED and implements
a uniform light distribution across the MQW region. The four green bars around the edge of the LED
in Figure 1 are the light monitors. They measure the intensity of light emerging from top, bottom,
and sides of the LED. The top monitor always sits 560 nm above the top non-grating layer of the LED,
100 nm higher than the tallest grating triangles. The bottom and side monitors sit 100 nm from the
LED body. These positions were held constant throughout this research to make sure that each set of
simulations has only limit variables that can change the intensity of the light emitted from the LED.

Figure 1. Structure and basic simulation model of conventional Gallium nitride (GaN) based
light-emitting-diode (LED).

The conventional GaN LED model, as shown in Figure 1, consists of a p-GaN layer, InGaN/GaN
MQW, n-GaN layer, and sapphire substrate, whose thicknesses and refractive indices are listed in
Table 1. The sapphire substrate thickness was set to 80 μm.
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Table 1. LED material thickness and refractive indices at λ = 460 nm.

Material Sample Thickness (μm) Refractive Index
ITO 0.23 2.1

p-GaN 0.2 2.5
InGaN/GaN MQWs 0.1 2.6

n-GaN 2 2.5
GaN 3 2.5

Sapphire 80 1.78
Ag Reflection: 90%

2.2. Error Grating Model

Usually, it is not very practical to fabricate all kinds of textures or patterns to select the optimized
structure [29,30]. Therefore, we first simulated three typical gratings: Cylindrical pillar grating, conical
pillar grating, and cylindrical nano-hole grating. Figure 2a–c are illustrations of the top grating
implementing above three grating types. Additionally, we found that the conical pillar grating is
more efficient compared to the cylindrical pillar grating, and a small grating period will yield a better
light extraction efficiency [31,32]. In the grating simulation model, for top-grating, bottom grating,
and nano-hole grating, there are three major parameters that affect the light extraction: The grating
period (A), grating height (h), and bottom width (w).

We also proposed a top and bottom grating model with each cell randomly shifted a distance
along the axis in varying degrees of randomization intensity to further understand the effects of
fabrication defects on the top and bottom gratings, as shown in Figure 2d [5]. Usually, the widths of
holes can be fabricated to great precision. Often the placement of holes causes concern, as it shifts the
grating location and affects light extraction efficiency of otherwise ordered photonic crystal structures.

Figure 2. The schematic diagrams of the top grating simulation, (a) cylindrical pillar grating, (b) conical
pillar grating, and (c) cylindrical nano-hole grating. (d) Error grating model: Normal reference grating
model and error grating model with both positive and negative shifts.

The error grating model still makes use of the 2D FDTD method. Random displacements
in position form the basis of the error grating model with a normal grating as a reference.
Displacements can move either direction from the grating cell’s original center point. The error
grating model shows examples of a positive and negative Δx shift. This randomization then applies to
all grating cells in the photonic crystal arrangement with Equation (1):

xpos = N × period + (2 × rand −1) × R × period (1)

where N is an integer index defining the original grating cell location, the period is the grating period
(A), rand is a pseudo-randomly generated number from 0 to 1, and R is the randomization factor from
0 to 1. The quantity, Δx, in Figure 2d represents the (2 × rand − 1) × R × period in Equation (1).
By varying R, which applies to all grating cells, from 0 to 1 in 40 steps, the individual rand factor can
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be emphasized or deemphasized. This process repeats for each of the grating models to calculate the
light extraction efficiency variation.

The randomization creates local variation of the grating structure, A and w. Our simulation of several
top and bottom grating shows that randomization in gratings appear to help the light extraction efficiency,
peaking at about a randomization factor of R = 10% in most simulations [5]. In essence, a slight random
variation or fabrication defect in grating cells would not only be beneficial, but also desirable for many top
and bottom grating types up to a variation of 10–15% for most double grating cases. A double grating case,
such as top and bottom gratings, usually optimize separately, and a small local perturbation could result in
more matching gratings and introduce local light extraction improvement.

Randomization of grating cells increases the light extraction efficiency while having the added
benefit of alleviating some of the fabrication complexities demanded by strict periodicities in photonic
crystal LEDs. We believe the LED error grating model presents a unique model to analyze fabrication
defects associated with laser positioning error and randomizations from chemical etching.

3. Results

3.1. Top ITO Layer with/without Grating Using Standing Wave Analysis

In our ITO nano-grating device design, it is very important to keep a layer of ITO at the bottom of
the grating. This fixed thickness is used to prevent the P-GaN layer from being damaged in the etching
process and protect the overall device charaterization. Furthermore, the ITO layer also acts as the
current injection layer to protect the LED I-V charaterization from being affected by the nano-structure.
The ITO top grating studied is shown in Figure 3. In this paper, we focus on the conical ITO study.
More simulation results regrading cylindrical top ITO can be found in reference [33].

Figure 3. The schematic diagrams of the top grating simulation of (a) cylindrical pillar grating, (b) conical
pillar grating, (c) conventional LED (CLED) with Indium Tin Oxide (ITO) layer, and (d) conventional LED.

Standing waves in an LED can either increase or decrease light output from an LED by constructively
or destructively interfering at the top surface. By changing the thicknesses of the ITO and sapphire layers,
we show that standing wave interference patterns exist in the LED. Studying this effect shows how much
the standing wave pattern can either increase or decrease the light extraction from a chip. It is an important
step in forming a complete light optimization study of a GaN LED, before any grating will be implemented
on top of them, such as top ITO grating, and bottom nano Patterned Sapphire Substrates (PSS) [10].

We first chose to incrementally add ITO to the surface of the conventional LED (CLED) at a
460 nm wavelength, studying reference 1 in Figure 3c. If no standing wave is present, we should
observe a linearly decreasing light output as the ITO is added. However, if a standing wave does exist,
adding ITO should cause the output to sinusoidally fluctuate with a linear decrease in output intensity,
as shown in Figure 4. As ITO is added, a roughly sinusoidal standing wave pattern emerges whose peak
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output intensity gradually decreases with increasing material thickness. From Figure 4, the standing
wave period is 50 nm and one of the best-case ITO thicknesses occurs at 78 nm, the first constructive
interference peak, while one of the worst-case ITO occurs at the 260 nm thickness. This yields a
total light increase of 26.7% when the LED is changed from the worst- to best-case ITO thickness.
The best-case values are fairly similar as well, from 1.26 a.u. to 1.23 a.u. as the ITO thickness increases.
The more accurate values are summarized in Table 2, which presents the light output improvement
by 9.6% over the conventional LED (reference 2). The 46 nm ITO thickness is a neutral case, with no
improvement and no degradation.

Figure 4. LED top output intensity as ITO thickness varies from 0 nm to 450 nm at 1 nm increments.

Table 2. Light output intensities at the best, worst, and neutral ITO thicknesses.

ITO Thickness Output Intensity (a.u.) % Improvement over CLED

46nm 1.1500 0.000
78nm 1.2606 9.617
260nm 0.9946 −13.513

Based on the ITO layer thickness study, the grating period is swept from 92 nm to 920 nm
so we can find the grating period that maximizes the top light extraction. We chose this range
for the grating because it sweeps the height and width of the cones in the grating from λ/10 to λ.
The grating fill factor was held at 0.5 and the ratio of the cone height to the cone width was kept at
1 throughout the study to focus on the effect of the grating period and standing waves on the light
output. Because the standing wave analysis showed material thicknesses for the ITO layer that both
maximize and minimize light extraction before gratings are added, we studied the grating output at
those key ITO thicknesses. As material thicknesses change, the grating output was compared to the
instance of reference 1, that has the same ITO thickness. However, reference 2, the conventional LED,
was used as an unchanging reference and its sapphire substrate thickness remains fixed at 10,000 nm
in here to reduce the simulation time and space.

In our earlier study [31], we used a two-dimensional (2D) rigorous couple wave analysis
(RCWA) GaN LED grating model to study top diffraction gratings, and compare none-grating,
cylindrical-grating, and conical-grating cases. It showed that the cylindrical grating has better performance.
Therefore, our study is focused on the conical nano-ITO grating case, and compares it with the none-grating
(reference 1) and conventional LED (reference 2) [10].

Understanding where light is emitted is important, because some systems are designed to capture
and direct light emitted from the sides and bottom of the LED. For these systems, maximizing total
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light output may be more important. Figure 5a shows that most of the light is emitting through the
top, and is also most sensitive to the grating design, and the bottom is second. Side light emittance
is very low and very insensitive to the grating implementation. Compared to the conventional LED
(reference 2), top emittance also has the highest improvement, about 204% for both reference 1 and 2.
Bottom light emittance for the best grating case can reach a 241% and 132% improvement according
to reference 1 and reference 2, respectively. Left and right monitor simulations have some difference,
which comes from slightly different monitor location placements. We also calculate reference 1 and
reference 2’s monitor outputs, as listed in Table 3 and calculated the total light extraction (top + bottom
+ left side + right side) according to the grating period variation (Figure 5b). It showed that gratings
can significantly improve light output around the 500 nm grating period and increase light output at
most periods. However, the results also show that the grating can reduce light output by more than
50% if a period of 400 nm or 900 nm is used. As expected, the grating on the best case ITO layer (78 nm)
has the highest light output at 5.03 a.u., resulting in an approximately 199% improvement for reference
1 and 148% improvement for reference 2.
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Figure 5. Light extracted from LED as the grating period is varied. (a) Light extraction from four
monitors (top, bottom, left side, and right side) compared with conventional LED (reference 2) for an
ITO thickness of 46 nm; (b) total light extraction for difference ITO thicknesses and compared with
reference 1 with an ITO of 46 nm and reference 2.

Table 3. Light output intensities at difference monitors for ITO 46nm case and refrernces.

Monitor
Intensity (a.u.)

reference 1
Intensity (a.u.)

reference 2

Intensity (a.u.)
for ITO 46 nm

maximum value

Intensity (a.u.)
for ITO 46 nm

grating period 500 nm

Left 0.017 0.0605 0.533 0.16
Right 0.124 0.244 0.488 0.3

Bottom 0.3897 0.5726 1.322 0.20
Top 1.149 1.15 3.5778 3.54

Total 1.680 2.027 —— 4.20

3.2. Nano-patterned Sapphire Substrates (PSS) Bottom Grating, SiO2 Nano-rod Grating (NR), and Ag Reflector

We studied the conical bottom reflection grating and published top/bottom grating design
simulation in reference [5]. The simulation results show that simple or direct combinations of the
optimized top grating with the optimized bottom grating only produces a 42% light extraction
improvement compared to the non-grating conventional LED, which is much lower than that of
an optimized single grating case (about 165%). This is due to the mismatch of two grating parameters
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with the direct addition of the second grating structure, which changes optical modes in the LEDs.
Therefore, it is very important to optimize both top and bottom gratings simultaneously for the
double-grating design [5]. In this section, we optimized two or three structures simultaneously to
achieve the final design comparison.

Most nano-bottom gratings are fabricated on the sapphire substrate, currently called a patterned
sapphire substrate, as shown in Figure 6e. In this section, we simulated GaN LED structures with
a patterned sapphire substrate and an embedded SiO2 nanorod array. To confirm the accuracy
of our software, we simulated a conventional LED (CLED) and PSS NR LED. Neither of these two
structures contained an Ag reflection layer. Previous experiments have revealed that adding a patterned
sapphire substrate and SiO2 nanorod array increases the external quantum efficiency by 48% [34] or
56% [25] compared to CLED. Our corresponding simulation results show that the PSS NR structure
increases light extraction by 52% compared to the CLED, from CLED 32.239 a.u. to PSS NR 48.925 a.u.
These results agree very well with the published experimental data. Next, we optimized PSS by
changing the period (d) from 2 μm to 3 μm in steps of 0.5 μm and width (w) from 1 μm to 2.5 μm in
steps of 0.1 μm. A more stable point was obtained where w = 2.5 μm and d = 3 μm, which will be used
in our later simulation. The more detailed results for various grating widths and periods for PSS are
published in reference [35] and is not the focus of this paper. We also optimized the position of the
SiO2 NR array by moving it up and down in the z direction between 7 μm and 8 μm, and chose a
maximum light output location of z = 7.8 μm for the final simulation.

Based on the basic simulation results, we fully investigated 12 state of the art LED structures,
which include (Figure 6):

(a) Conventional LED (CLED);
(b) conventional LED with Ag between U-GaN and a sapphire substrate;
(c) conventional LED with Ag below a sapphire substrate;
(d) LED with an SiO2 nanorod (NR)) array;
(e) LED with a patterned sapphire substrate (PSS);
(f) LED with a PSS and NR array (PSS NR);
(g) LED with PSS, Ag between U-GaN, and a sapphire substrate;
(h) LED with an NR array, Ag between U-GaN, and a sapphire substrate;
(i) LED with PSS, Ag below a sapphire substrate;
(j) LED with NR array, Ag below a sapphire substrate;
(k) LED with PSS, NR array, and Ag between U-GaN and a sapphire substrate; and
(l) LED with PSS, NR array, and Ag below a sapphire substrate.

Combinations of PSS and NR arrays have shown to increase crystal quality by reducing thread
dislocations, and increase external quantum efficiency by scattering light [34]. We chose to simulate
this structure because of its high efficiency. The conventional LEDs were simulated as a reference point.
All simulations were compared with the conventional LED. If a structure cannot perform better than a
conventional LED and is more difficult to fabricate, it may not be worth fabricating. Figure 6 does not
show two key components of our simulation, the excitation source located at the MQW region and the
time monitor located just above the p-GaN layer. The excitation source emits light at a wavelength of
460 nm, while the monitor records the average power extracted. Table 4 below provides a description
of the conventional LED, including the substrate material, thickness, and refractive index, for this
comparison simulation.
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Figure 6. Diagram of LED with a patterned sapphire substrate (PSS), SiO2 NR array, and Ag Reflector.
The diagram defines the PSS period (d), PSS width (w), SiO2 NR period (p), SiO2 NR width (a), SiO2

NR high (s), and shows the x and z direction of the LED. (a)–(l) are explained and listed in the paper.
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Table 4. Conventional GaN LED Parameters.

Material Thickness (μm) Refractive Index
p-GaN 0.12 2.55

P-AlGaN 0.05 2.5
InGaN/GaN 0.115 2.6

n-GaN 2 2.55
GaN 3 2.55

Sapphire 80 1.77

The results in Figure 7 lead to several observations. First, Figure 7 show that both PSS and SiO2

nano-rod structures enhance light extraction; a 15% improvement for the PSS structure and a 26%
improvement for the PSS and SiO2 NR array structure. The structure with both the PSS and SiO2

nano-rod array increases light extraction more than the simulation only containing the PSS. This is
because that SiO2 NR structure alone can improve light extraction by 30%, which is higher than PSS
only or PSS NR. Second, adding Ag reflection may not necessarily improve light extraction, as shown
in the CLED Ag-middle and Ag-bottom cases. Inappropriate placement of the Ag layer may cause
a destructive interference pattern or force minimum standing wave output at the top of the LED.
Therefore, this may decrease the output light intensity. The third, NR with an Ag reflector improves
light extraction by about 127% for Ag-middle and 116.38% with Ag-bottom, which are the best cases for
the 12 designs. It is very worthwhile to fabricate NR with an Ag reflector structure. Fourth, the output
power of the structures containing the bottom Ag reflection layer fluctuates with the sapphire substrate
thickness because of the standing wave pattern inside the LED cavity [35], as shown in Figure 8.
Our simulation also shows that the sapphire substrate height (H) does not affect structures without
Ag reflectors or Ag reflectors above it. The conventional LED with the reflection layer shows the
greatest change in output power. At a height of 40 μm, light extraction increases by 160% and at a
height of 20 μm, light extraction decreases by 45% compared to the CLED structure, which can also be
understood by the standing wave analysis.
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Figure 7. Average power of light extracted in 10 structures, while the PSS width, w = 2.5 μm, and period,
d = 3 μm. The SiO2 layer is centered at z = 7.8 μm. Sapphire layer thickness is 80 μm. (a) CLED, (b) CLED
with Ag between U-GaN and the sapphire substrate, (c) CLED with Ag below the sapphire substrate,
(d) NR, (e) PSS, (f) PSS NR, (g) PSS with Ag between U-GaN and the sapphire substrate, (h) NR with
Ag between U-GaN and the sapphire substrate, (i) PSS, Ag below the sapphire substrate, (j) NR array,
Ag below the sapphire substrate, (k) PSS NR array with Ag between U-GaN and the sapphire substrate,
and (l) LED with PSS, NR array, and Ag below the sapphire substrate.

155



Nanomaterials 2018, 8, 1045

 
(a) 

 
(b) 

36

38

40

42

44

46

48

0 200 400 600 800 1000

10
20
30

40
50
60 

70
80

Time (a.u.)

10

20

30

40

50

60

70

80

90

10 20 30 40 50 60 70 80

CLED Ag-bottom
PSS Ag-bottom
NR  Ag-bottom
PSS NR  Ag-bottom
CLED

Sapphire Height (μm)

Figure 8. Average power vs. different sapphire substrate thicknesses with PSS NR and a bottom layer
Ag reflector. PSS width of w = 2.5 μm and period of d = 3 μm. SiO2 layer is centered at z = 7.8 μm.
(a) Average power extracted against time according to different sapphire substrate thicknesses of 10 μm,
20 μm, 30μm, 40 μm, 50 μm, 60 μm, 70 μm, and 80 μm, and (b) steady state average power.

A summary of the results, including the percent improvement compared to the conventional
LED, are listed below in Table 5. For the three kinds of structures investigated, NR is the most
efficient and intensively studied. PSS is a reasonable method to improve the light extraction efficiency.
An Ag-reflector can improve or decrease light output, because it can change the standing wave pattern
inside an LED dramatically and cause huge effects. When designing carefully, an NR plus Ag-reflector
can be one of the best designs of GaN LEDs.

Table 5. Percent improvement of various LEDs compared to CLEDs.

Structure Average Power (a.u.) Percent Improvement (%)
a Conventional (CLED) 32.239 —
b CLED Ag-middle 23.078 −28.416
c CLED Ag-bottom 32.227 −0.037218
d NR (only) 41.934 30.072
e PSS (only) 37.159 15.261
f PSS & NR 40.769 26.459
g PSS Ag-middle 35.461 9.9941
h NR Ag-middle 73.191 127.03
i PSS Ag-bottom 41.358 28.29
j NR Ag-bottom 69.759 116.38
k PSS NR Ag-middle 42.221 30.963
l PSS NR Ag-bottom 38.011 17.904

3.3. Nano-top Grating Performance over Different Wavelength

In reality, regarding LEDs’ output light over a range of wavelengths surrounding the primary
wavelength, we verified that the grating period that maximizes light extraction at the center wavelength
is still effective at other wavelengths in the primary emission range. To better understand how the
wavelength of light affects light output, the grating periods around the peak light emission were
re-simulated for the ITO nano-top grating at free space wavelengths of 470 nm and 450 nm, as shown
in Figure 9. These are wavelengths that are near the peak wavelength of 460 nm and are still strongly
emitted by the LED. These simulations use an ITO thickness of 78 nm and a sapphire substrate
thickness of 10,050 nm.
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Figure 9. Total light output for ITO nano-top grating when the free space wavelength is at (a) 450 nm,
(b) 460 nm, and (c) 470 nm.

It shows that the gratings are still highly effective at increasing the light output from the CLED
for both 450 nm light and 470 nm light. Additionally, total light extraction, with a wavelength of
λo = 450 nm, is substantially higher than any total light extraction that was achieved for either the
460 nm or 470 nm light. This is because the shoulder of the top emission peak overlaps with a sharp
rise in light extraction from both the bottom and sides of the LED. The top light extraction efficiency is
still highest for the 460 nm wavelength, which is our design wavelength. The most effective grating
period in all three wavelengths is about 500 nm, which is our next simulation parameters.

The maximum output for each wavelength occurs at a different grating period, but all are
a little smaller and close to 500 nm. It shows that for maximum top light extraction, shorter
wavelengths correlate with smaller grating periods and longer wavelengths correlate with bigger
grating periods [10]. Because the material layers were optimized for 460 nm light in the standing wave
section, the larger grating periods, like 496 nm, enhance the longer wavelengths of light within the
LED emitting spectrum and shorter periods around 472 nm enhance the shorter wavelengths, which is
clearly shown in Figure 10 as well. The grating period that maximizes total light output for our design
is a grating period near 484 nm.

2

2.5
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3.5

4

440 445 450 455 460 465 470 475 480

472nm grating period
484nm grating period
496nm grating period

Wavelength of Light (nm)

Figure 10. Light extraction intensity across the LED emitting spectrum.

4. Conclusions

We proposed an error grating model to simulate the fabrication variation and its effects.
All simulations were based on the FDTD method. The scope of this research covers the effects of
nano-scale top gratings, patterned sapphire substrates, SiO2 nano-rod arrays, and Ag reflection layers.

We investigated the effect of nanoscale ITO transmission gratings on light emission from the top,
the side, and the bottom of a GaN LED based on substrate standing wave analysis. Standing wave
analysis of the LED showed that the light extraction efficiency can be improved by varying the ITO
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thickness, and optimized the ITO grating parameters, which can reach a 204% improvement compared
to CLED. We also optimized light extraction for a structure containing a patterned sapphire substrate
and an SiO2 nano-rod array. Both PSS and SiO2 nano-rod structures enhanced light extraction. A 15%
improvement for the PSS structure and a 30% improvement for NR was achieved. A combination of
NR and PSS may not be a better design, with a 26.459% improvement here. A more careful design
simulation is needed to obtain the overall optimizing results. We also found that the position of the
reflection layer affected the light extraction. From these simulations, we found a maximum increase
in light extraction of 127% for an SiO2 nano-rod LED with an Ag reflection layer compared to a
conventional LED. The LED with the NR and Ag reflector structure was the best design.

Finally, we studied the nano-top grating performance over different wavelengths to validate our
design simulation and generate an LED emitting spectrum. The grating period had clear influence on
the emitting spectrum. However, our design was still reasonable between 440 nm and 480 nm around
the center wavelength of 460 nm.
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Abstract: We fabricated a complex transparent conductive electrode (TCE) based on Ga2O3 for
AlGaN-based ultraviolet light-emitting diodes. The complex TCE consists of a 10 nm ITO, a 15 nm
Ga2O3, a 7 nm Ag, and a 15 nm Ga2O3, forming a ITO/Ga2O3/Ag/Ga2O3 multilayer. The metal
layer embedded into Ga2O3 and the thin ITO contact layer improves current spreading and
electrode contact properties. It is found that the ITO/Ga2O3/Ag/Ga2O3 multilayer can reach
a 92.8% transmittance at 365 nm and a specific contact resistance of 10−3 Ω·cm2 with suitable
annealing conditions.

Keywords: transparent conductive electrode; Ga2O3; AlGaN-based ultraviolet light-emitting diode;
transmittance; sheet resistance

1. Introduction

AlGaN-based ultraviolet (UV) light-emitting diodes (LEDs) can achieve the full wavelength
coverage of UVA (400–320 nm), UVB (320–280 nm) and UVC (280–200 nm) by changing Al content.
As a result, AlGaN-based UV LEDs have attracted considerable attention and are seen as a promising
lighting source for different applications in environmental cleaning, medicine, printing, microscopy
and lighting [1–6]. However, the external quantum efficiency (EQE) of AlGaN-based UV LEDs is still
much lower than that of the commercially available blue LEDs with an EQE close to 20% for UVA and
<1% for UVC devices [7–9]. This phenomenon obstructs commercial applications of the AlGaN-based
UV LEDs. Indium tin oxide (ITO) is widely used as transparent contact layers in traditional GaN-based
blue and green LEDs. However, there is serious light absorption in the ITO in the ultraviolet band
due to the band gap of ITO ranging from 3.5 eV to 4.3 eV [10,11]. Previous studies reported that
doping metals in ITO would reduce the light absorption in near UV LEDs. The transmittance of
ITO at wavelengths above 380 nm can reach about 90% by optimizing the thickness of metal and
the annealing temperature [12–15]. But the transmittance of ITO still decreases rapidly when the
wavelength becomes shorter. Thus, it is very urgent for a layer with higher transmittance in ultraviolet
band to be able to replace the traditional ITO transparent conductive electrode (TCE) in UV LEDs.

Ga2O3, which has a bandgap from 4.9 eV to 5 eV, is an attractive alternative for TCE in UV LEDs
because of its high transmittance in UV band [16–18]. In addition, a large size and high quality Ga2O3

thin film can be fabricated by single crystals synthesized by the melt growth method [19]. This material
has been studied in the fields of metal semiconductor field effect transistors, metal oxide semiconductor
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field effect transistors and Schottky barrier diodes. However, the conductivity of Ga2O3 is very poor.
Many approaches have been developed to promote the conductivity of Ga2O3. Orita Mi Hiramatsu
H et al. improved the conductivity of β-Ga2O3 by doping In or Sn into Ga2O3 [16]. The (201)-oriented
Sn-doped β-Ga2O3 films obtained a maximum conductivity of 8.2 S/cm (about 1.22 × 104 Ω/sq).
But it is still too low to be used as TCE in UV LED. Liu JJ et al. grew ITO thin films in Ga2O3 films
and improved the sheet resistance and transmittance of Ga2O3/ITO films by adjusting the growth
temperature and the thickness of ITO [17]. A sheet resistance of 323 Ω/sq and a transmittance at 280 nm
of 77.6% can be achieved. Jae-kwan Kim et al. realized that the transmittance at 380 nm is 80.944% and
the sheet resistance is 58.6 Ω/sq [20]. The Kie Young Woo group in Korea prepared the Ag/Ga2O3

model by learning the ITO/Ag/ITO model [21]. The contact characteristics and conductivity of the
Ga2O3 films were improved by the Ag intercalation layer, and the transmittance at 380 nm and specific
contact resistivity of the Ag/Ga2O3 thin film were 91% and 3.06 × 10−2 Ω·cm2 respectively.

In this paper, a complex TCE based on Ga2O3 is proposed to enhance the efficiency of
UV LEDs. We prepared the complex Ga2O3-based TCE by depositing an ITO contact layer,
a Ga2O3 layer, an Ag metal intercalation layer and another Ga2O3 layer in sequence, forming
an ITO/Ga2O3/Ag/Ga2O3 multilayer. The resistance and transmittance ITO/Ga2O3/Ag/Ga2O3

multilayer with a different annealing temperature were studied and analyzed systematically. The sheet
resistance of the ITO/Ga2O3/Ag/Ga2O3 multilayer was detected by four-point probe methods.
The optical transmittance was measured by a UV/visible spectrophotometer. The surface roughness
of these ITO/Ga2O3/Ag/Ga2O3 multilayer were measured by atomic force microscope (AFM).
The X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) measurements
were also used to analyze the ITO/Ga2O3/Ag/Ga2O3 multilayer. Furthermore, we employed the
ITO/Ga2O3/Ag/Ga2O3 multilayer as TCEs on 365 nm UV epitaxy in comparison to those with
conventional ITO.

2. Materials and Methods

To investigate the influence of a Ag intercalation layer on the Ga2O3 layer, a Ga2O3/Ag/Ga2O3

(15 nm/7 nm/15 nm) multilayer was deposited on quartz substrates and then annealed at different
conditions. The quartz substrates were first washed in acetone, isopropanol and deionized water
and dried by nitrogen. After that, Ga2O3, Ag and Ga2O3 were sequentially deposited on the quartz
substrates in magnetron sputtering equipment. In order to reduce the resistivity of the Ga2O3 layer
but not affect its transmittance, the thickness of the Ag embedding interlayer and Ga2O3 were set to be
7 nm and 15 nm respectively. The Ga2O3 thin films were all deposited by RF magnetron sputtering of
Ga2O3 (purity 99.99%) ceramic target, and the Ag thin film was deposited by direct current magnetron
sputtering of the Ag target. The sputtering cavity was pumped to 5 × 10−6 Pa before the sputtering
begin. The sputtering atmosphere was pure argon with the pressure of 5 mtorr. The rotation speed
of the cavity substrate is 20 rpm. The temperature was controlled at about 35 ◦C ± 1 ◦C by feedback
control heater during deposition. Afterwards, all the Ga2O3/Ag/Ga2O3 multilayer samples were
annealed by a rapid thermal annealing (RTA) system at a different temperature and ambient. We used
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) to analyze the element
diffusion effect of the Ga2O3/Ag/Ga2O3 multilayer.

To further improve the contact between Ga2O3 and AlGaN-based UV epitaxy, we insert an ITO thin
film below the Ga2O3/Ag/Ga2O3 multilayer as a contact layer. We prepared ITO/Ga2O3/Ag/Ga2O3

multilayer on quartz substrates. Before the deposition of Ga2O3/Ag/Ga2O3 multilayer, a 10 nm
ITO was deposited on quartz substrates by RF magnetron sputtering of ITO (In2O3: 90 wt%, SnO2:
10 wt%) and then annealed by RTA. Subsequently, Ga2O3/Ag/Ga2O3 multilayer was deposited on the
annealed ITO thin films and the whole ITO/Ga2O3/Ag/Ga2O3 multilayer was annealed again.

Finally, we prepared ITO/Ga2O3/Ag/Ga2O3 multilayer on AlGaN-based UV epitaxy in the same
method to study the specific contact resistance through the CTLM model. A 47 nm ITO thin film
on quartz substrates and epitaxy was also prepared as reference, which was annealed at 600 ◦C for
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1 min in a mixture of N2/O2 (200 sccm:35 sccm) ambient. The procedures of ITO/Ga2O3/Ag/Ga2O3

multilayer and optical micrograph of contact surface on CTLM patterns are shown in Figure 1.

Figure 1. The procedures of ITO/Ga2O3/Ag/Ga2O3 multilayer and optical micrograph of contact
surface on CTLM patterns.

3. Results

In order to study the influence of annealing conditions on the sheet resistance of
Ga2O3/Ag/Ga2O3 multilayer, a series of Ga2O3/Ag/Ga2O3 multilayer on quartz substrates were
annealed at different temperature and ambient. The annealing temperature changed from 400 ◦C to
600 ◦C with the annealing ambient changing from N2/O2 mixture and pure O2 ambient. As shown
in Table 1, the sheet resistance increases with the decrease of annealing temperature. It is found that
the Ga2O3/Ag/Ga2O3 multilayer could reach the lowest sheet resistance of 16.45 Ω/sq after being
annealed at 600 ◦C for 1 min in an N2/O2 mixture ambient. The result means that the effect of Ag as
the insertion layer is not obvious at low temperature, and the metal diffusion reaction is not sufficient.
The metal insertion layer in the film can fully diffuse to the Ga2O3 layer and decrease the resistance
value of the Ga2O3/Ag/Ga2O3 multilayer when the temperature reaches 600 ◦C. The resistance of
the multilayer annealed at 600 ◦C in pure oxygen ambient is higher than that of the multilayer in an
N2/O2 mixture annealing ambient. Besides, the higher the oxygen ratio in the annealing atmosphere,
the higher the multilayer resistance value becomes. The reason for this is that metal oxides form and
then affect the resistance of film [22,23].

Table 1. Sheet resistance of a Ga2O3/Ag/Ga2O3 multilayer on quartz substrates at different
annealing conditions.

No. Annealing Temperature Annealing Ambient Annealing Time Sheet Resistance (Ω/sq)

1 As deposited As deposited As deposited 23.86
2 400 ◦C N2 200 sccm:O2 35 sccm 1 min 32.1
3 500 ◦C N2 200 sccm:O2 35 sccm 1 min 27.74
4 600 ◦C N2 200 sccm:O2 35 sccm 1 min 16.45
5 600 ◦C O2 35 sccm 3 min 30.6
6 600 ◦C O2 100 sccm 1 min 40.93

Figure 2 and Table 2 show the XPS energy spectral of Ga2O3/Ag/Ga2O3 multilayer on quartz
substrate before and after annealing at 600 ◦C for 1 min in N2/O2 mixture ambient. The energy
intensity, peak value quantum-number vertex, high half-width and atomic fraction content of Ag3d,
O1s, Ga2p3 were measured at the depth of about 10 nm of the multilayer. The open symbol and
solid symbol in Figure 2 represent the energy intensity of the elements before and after annealing
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respectively. We can see that the energy value of element Ag3d is high, the quantum number per
second is 13581 states/s, and the atomic fraction is 0.47 before annealing. After annealing, the energy
intensity and the atomic ratio of Ag atom decrease relatively, which is 6651.8 counts/s and 0.29%,
respectively. The energy and atomic ratio of Ga and O increase a little after annealing. The decrease of
atomic ratio of Ag atom means that the process of annealing results in diffusion of Ag in the multilayer.
Therefore, the sheet resistance of annealed Ga2O3/Ag/Ga2O3 multilayer decreases compared to that
of the as-deposited sample due to the diffusion of internal elements.

Figure 2. XPS spectrum for Ag3d, O1s and Ga2p3 of Ga2O3/Ag/Ga2O3 multilayer on quartz substrates.

Table 2. XPS data of Ga2O3/Ag/Ga2O3 multilayer on quartz substrates.

Name
As Deposited Annealing As Deposited Annealing As Deposited Annealing As Deposited Annealing

Peak BE Height CPS FWHM eV Atomic %

Ag3d 367.24 367.06 13,581.03 6651.81 0.95 0.95 0.47 0.29
O1s 530.89 530.7 224,669.16 265,423 2.04 1.7 50.67 50.97

Ga2p3 1118.21 1117.93 705,296.57 772,390.77 1.66 1.62 34.31 35.62

In addition, to further identify the distribution of composition in Ga2O3/Ag/Ga2O3 multilayer,
we analyzed the Ga2O3/Ag/Ga2O3 multilayer on quartz substrate using AES measurement. Figure 3
shows the AES depth profiles of the Ga2O3/Ag/Ga2O3 multilayer before and after annealing at 600 ◦C
for 1 min in N2/O2 mixture ambient. For the multilayer before annealing, the atomic percent of
Ag is low in the surface and increases after a specific sputter time, which means that the Ag do not
diffuse into the multilayer. Since the Ga2O3 and quartz substrates have poor conductivity, the atomic
percent will become random and fluctuant due to the charge accumulation effect when the sputter
time increases. By contrast, the atomic percent of Ag increases at the beginning of sputtering and
the Ag atoms distribute more evenly in the whole multilayer after annealing as shown in Figure 3b.
This result demonstrates that the Ag will diffuses into the Ga2O3 layer during the annealing process,
leading to the reduction of sheet resistance of the Ga2O3/Ag/Ga2O3 multilayer.

Because of the bad contact property between Ga2O3 and p-GaN on epitaxial wafer, we insert
a 10 nm ITO thin film below Ga2O3 as the contact layer. In order to optimal the transmittance and
sheet resistance of the ITO/Ga2O3/Ag/Ga2O3 multilayer, we prepared five ITO/Ga2O3/Ag/Ga2O3

multilayer samples on quartz substrates and changed the annealing temperature as shown in Table 3.
Among the five samples, sample 1 was not annealed. Sample 2 was annealed at 600 ◦C as a whole.
For sample 3 to sample 5, the 10 nm ITO layer was firstly annealed at 550/600/650 ◦C respectively and
then the whole ITO/Ga2O3/Ag/Ga2O3 multilayer were annealed at 600 ◦C. The annealing process of
ITO and ITO/Ga2O3/Ag/Ga2O3 multilayer both maintained in N2/O2 (200 sccm:35 sccm) mixture
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ambient for 1 min. Figure 4 is the transmittance curves of five samples at range of 300 nm to 450 nm.
It is obvious that sample 4, which was annealed at 600 ◦C at first and then at 600 ◦C again, has the
highest transmittance of 92.68% at 365 nm and the lowest sheet resistance of 20.1 Ω/sq.

Figure 3. AES depth profiles of the Ga2O3/Ag/Ga2O3 multilayer on quartz substrates (a) before
annealing and (b) after annealing.

Table 3. The transmittance and sheet resistance of ITO/Ga2O3/Ag/Ga2O3 multilayer on
quartz substrates.

Sample
Annealing Temperature

Sheet Resistance Transmittance at 365 nm
10 nm ITO ITO/Ga2O3/Ag/Ga2O3

1 No annealing No annealing 386.7 Ω/sq 48.04%

2 No annealing

600 ◦C

164.0 Ω/sq 69.35%
3 550 ◦C 36.9 Ω/sq 80.31%
4 600 ◦C 20.1 Ω/sq 92.68%
5 650 ◦C 48.1 Ω/sq 72.09%

Figure 4. The transmittance curves of ITO/Ga2O3/Ag/Ga2O3 multilayer on quartz substrates
after annealing.

In addition, we compared the transmittance and sheet resistance of sample 4 and a 47 nm ITO thin
film on quartz substrate. The 47 nm ITO sample was annealed at 600 ◦C in N2/O2 (200 sccm:35 sccm)
mixture ambient for 1 min. Figure 5a plots the transmittance curves of sample 4 and 47 nm ITO.
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The ITO/Ga2O3/Ag/Ga2O3 multilayer demonstrates better transmittance property than 47 nm ITO
especially in UV range. To further understand the origin of this result, the optical bandgap Energy Eg
of sample 4 and 47 nm ITO was calculated. The Eg can be extracted from the relation between (αhv)2

and hv according to the Equations (1) and (2), as follow:

αhv = C
(
hv − Eg

)1/2 (1)

hv =
hc
λi

(2)

Figure 5. (a) Transmittance and (b) Energy bandgap of sample 4 and 47 nm ITO on quartz substrates.

The Eg can be obtained by extrapolating the linear (αhv)2 versus hv plots to the horizontal
axis [24,25]. In Equations (1) and (2), C is a constant of direct transition, α is the light absorption
coefficient, hv is the photon energy, h is Planck constant bright, c is the light speed, and λi is the
wavelength [24,26,27].

If the transmittance T at each λi is known, the value of α at each λi can be obtained by
Equations (3) and (4), as follow:

T = exp(−αd) (3)

α =
Ln

(
1
T

)
d

(4)

where d is the thickness of films. Since we have measured the transmittance T of sample 4 and 47 nm
ITO, the curves of (αhv)2 as a function of hv can be obtained as shown in Figure 5b. The optical
Energy bandgap Eg of sample 4 is determined to be 4.12 eV, and that of ITO layer is 5.11 eV, by
extrapolating the linear section of (αhν)2 to the hv axis. The large band gap means that the absorption
of ITO/Ga2O3/Ag/Ga2O3 multilayer in UV range is smaller than that of 47 nm ITO layer. Table 4
shows the transmittance at 365 nm and sheet resistance of sample 4 and 47 nm ITO. The sample
4 has a reduction in sheet resistance compared to the 47 nm ITO sample. The transmittance of
sample 4 is higher than that of 47 nm ITO and other reported metal-doped ITO [12–15]. These results
reveal that the ITO/Ga2O3/Ag/Ga2O3 multilayer exhibits an advantage of transmittance at UV range
and conductivity.

Table 4. Transmittance at 365 nm and sheet resistance of sample 4 and 47 nm ITO on quartz substrates.

Sample 47 nm ITO Sample 4

Transmittance at 365 nm 79.15% 92.68%
Sheet resistance 57.63 Ω/sq 20.1 Ω/sq
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Finally, we prepared a series of ITO/Ga2O3/Ag/Ga2O3 multilayers on AlGaN-based UV epitaxy
to study the specific contact resistance through the CTLM model. These samples were fabricated
in the same process as sample 1 and sample 3, 4, 5. The 10 nm ITO contact layer was annealed at
550/600/650 ◦C respectively, and then the whole ITO/Ga2O3/Ag/Ga2O3 multilayer was annealed
at 600 ◦C. The annealing process of ITO and the ITO/Ga2O3/Ag/Ga2O3 multilayer both maintained
in N2/O2 (200 sccm:35 sccm) mixture ambient for 1 min. As reference, a 47 nm ITO was also
deposited on epitaxy and annealed at 600 ◦C in N2/O2 (200 sccm:35 sccm) mixture ambient for 1 min.
Figure 6 shows the Ohmic contact characteristics of annealed ITO/Ga2O3/Ag/Ga2O3 multilayer
with p-GaN measured by Electroluminescence system and CTLM mode. The I–V characteristics of
the as-deposited ITO/Ga2O3/Ag/Ga2O3 multilayer are insulated, because the Ga2O3 films have the
properties of non-diffusion of metals, poor conductivity and insulation on the p-GaN surface. However,
the multilayer whose ITO was annealed in nitrogen-oxygen atmosphere at 550 ◦C /600 ◦C /650 ◦C
shows linear I–V characteristics on the surface of p-GaN. Also, all the annealed ITO/Ga2O3/Ag/Ga2O3

multilayers exhibit higher current compared to the 47 nm ITO on p-GaN. The slope of 600 ◦C
annealed I-V curve is highest. The specific contact resistance of 600 ◦C annealed sample could reach
2.36 × 10−3 Ω·cm2. In contrast, the specific contact resistance of 47 nm ITO on AlGaN-based UV
epitaxy is 5.68 × 10−3 Ω·cm2.

 

Figure 6. Ohmic contact characteristics of ITO/Ga2O3/Ag/Ga2O3 multilayer with different annealing
temperature for ITO contact layer.

To further compare the differences between ITO/Ga2O3/Ag/Ga2O3 multilayer and the 47 nm
ITO, we measured the surface morphology using scanning electron microscope (SEM) and AFM.
The Figure 7a,b show SEM micrographs of the ITO/Ga2O3/Ag/Ga2O3 multilayer and 47 nm
ITO on the AlGaN-based UV epitaxy. The surface of 47 nm ITO is smoother than that of
the ITO/Ga2O3/Ag/Ga2O3 multilayer. Besides, the thickness of the multilayer is about 48 nm
measured by SEM cross-section micrograph. The root-mean-square (RMS) surface roughness of
the ITO/Ga2O3/Ag/Ga2O3 multilayer and 47 nm ITO on a 10 × 10 μm2 area are 6.92 nm and
2.36 nm respectively measured by AFM. A rough surface is beneficial for light emitting form chips to
external. The rougher surface of the ITO/Ga2O3/Ag/Ga2O3 multilayer may be another reason for its
higher transmittance.
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Figure 7. The surface morphology measured by SEM and AFM. (a,c) are for ITO/Ga2O3/Ag/Ga2O3

multilayer on AlGaN-based UV epitaxy after annealing at 600 ◦C. (b,d) are for 47 nm ITO on
AlGaN-based UV epitaxy after annealing at 600 ◦C.

4. Conclusions

In this paper, a complex transparent conductive electrode based on Ga2O3 for AlGaN-based
UV LEDs is proposed. The complex transparent conductive electrode consists of a 10 nm ITO,
a 15 nm Ga2O3, a 7 nm Ag, and a 15 nm Ga2O3, forming a ITO/Ga2O3/Ag/Ga2O3 multilayer.
The ITO/Ga2O3/Ag/Ga2O3 multilayer was grown by magnetron sputtering. The resistance and
transmittance ITO/Ga2O3/Ag/Ga2O3 multilayer with a different annealing temperature was studied
and analyzed systematically. With suitable annealing conditions, the ITO/Ga2O3/Ag/Ga2O3

multilayer reaches a 92.8% transmittance at 365 nm and a specific contact resistance of
2.36 × 10−3 Ω·cm2. The XPS and AES results show that the diffusion of Ag in the multilayer leads to a
low sheet resistance of the ITO/Ga2O3/Ag/Ga2O3 multilayer. The reason for the high transmittance
of the ITO/Ga2O3/Ag/Ga2O3 multilayer in the UV range is the 5.11 eV band gap. These situations
provide the improvement in optical characteristics of 365 nm UV LEDs. These results indicate that the
proposed ITO/Ga2O3/Ag/Ga2O3 multilayer is a promising alternative for TCE to further improve the
optical and electrical performances of AlGaN-based UV LED.
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Abstract: A patterned double-layer indium-tin oxide (ITO), including the first unpatterned ITO
layer serving as current spreading and the second patterned ITO layer serving as light extracting,
was applied to obtain uniform current spreading and high light extraction efficiency (LEE)
of GaN-based ultraviolet (UV) light-emitting diodes (LEDs). Periodic pinhole patterns were formed
on the second ITO layer by laser direct writing to increase the LEE of UV LED. Effects of interval of
pinhole patterns on optical and electrical properties of UV LED with patterned double-layer ITO
were studied by numerical simulations and experimental investigations. Due to scattering out of
waveguided light trapped inside the GaN film, LEE of UV LED with patterned double-layer ITO
was improved as compared to UV LED with planar double-layer ITO. As interval of pinhole patterns
decreased, the light output power (LOP) of UV LED with patterned double-layer ITO increased.
In addition, UV LED with patterned double-layer ITO exhibited a slight degradation of current
spreading as compared to the UV LED with a planar double-layer ITO. The forward voltage of UV
LED with patterned double-layer ITO increased as the interval of pinhole patterns decreased.

Keywords: UV LEDs; double-layer ITO; pinhole pattern; current spreading; light output power

1. Introduction

Ultraviolet (UV) light-emitting diodes (LEDs) have attracted considerable attention due to their
potential applications in sterilization, water purification, photocatalyst, and solid-state lighting [1–8].
The improvement of light output is crucial for the realization of high-efficiency UV LEDs.
The uniform current spreading is strongly correlated with light output and device reliability [9–12].
Thus, p-type electrodes possessing low contact resistivity as well as high transmittance have been
extensively studied. Several kinds of transparent conductive layer such as metal nanowires [13–16],
graphene [17–19], carbon nanotubes [20,21], and conductive polymers [22–24] have been reported to
improve the current spreading of LEDs. For top-emitting LEDs, indium-tin-oxide (ITO) has been widely
used to increase current spreading uniformity over the entire active region due to its high optical
transmittance and excellent electrical conductivity [25–27]. In addition, thermal annealing process
has been used to improve ohmic contact performance between ITO and p-GaN [28,29]. However, the ITO
exhibits optical degradation at UV wavelength region during the thermal annealing process [30].
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On the other hand, the light extraction efficiency (LEE) is limited by total internal reflection (TIR)
because of large difference in refractive index between sapphire substrate, GaN film, ITO and the air.
To overcome TIR at the ITO-air interface, microstructures formed on ITO have been reported to redirect
the orientation of photons to favor emission into the air, leading to increasing scattering probability of
photons at the ITO-air interface [31–37]. Moreover, compared to randomly distributed ITO pattern,
the escape probability of photons emitting from the active region can be further increased by a regularly
distributed ITO pattern [38]. However, patterned ITO has been shown to degrade the current spreading
performance of UV LED due to an increase in sheet resistance [39–41]. Adding an annealed bottom
ITO layer is an effective way to stabilize the current spreading and prevent electrical degradation.

In this study, we combined two single ITO layers into double-layer ITO to obtain excellent ohmic
contact and high LEE. The first ITO layer was annealed to form low-resistance ohmic contact with
p-GaN. The unannealed second ITO layer was patterned to increase the scattering probability of
photons at the ITO-air interface. The periodic pinhole patterns with different intervals were fabricated
on the unannealed second ITO layer using laser direct writing. Effects of interval of pinhole patterns
on the optical and electrical characteristics of UV LED with patterned double-layer ITO were studied
in detail using numerical simulations and experimental investigations.

2. Materials and Methods

The GaN-based UV LED was grown on patterned sapphire substrate (PSS) with a sputtered AlN
nucleation layer (15 nm) using the metal-organic chemical vapor deposition (MOCVD) technique.
Trimethylgallium (TMGa), trimethylindium (TMIn), trimethylaluminum (TMAl), and ammonia (NH3)
were used as precursors of Ga, In, Al, and N, respectively. Silane (SiH4) and bis (cyclopentadienyl)
magnesium (Cp2Mg) were used as the n- and p-dopant sources, respectively. The epitaxial structure
of UV LED includes a 15-nm-thick sputtered AlN nucleation layer, a 2.5-μm-thick undoped GaN
layer, a 2-μm-thick n-GaN layer, a 12-pair In0.02Ga0.98N (2.1 nm)/GaN (2.3 nm) superlattice layer
(SL), a 15-pair In0.07Ga0.93N (3 nm)/GaN (12 nm) multiple quantum well (MQW) active layer,
a 28-nm-thick p-InGaN layer, a 5-pair p-Al0.2Ga0.8N (1 nm)/GaN(2 nm) SL, a 50-nm-thick p-GaN
layer, and a 10-nm-thick p+-GaN layer. The peak emission wavelength of UV LED is 375 nm.
Figure 1a shows a schematic representation of the 375 nm UV LED epitaxial structure. Figure 1b shows
the cross-sectional transmission electron microscope (TEM) image of the UV LED epitaxial structure
grown on PSS. Figure 1c shows the magnified cross-sectional TEM image of In0.02Ga0.98N/GaN SL,
In0.07Ga0.93N/GaN MQW, p-InGaN layer, and p-Al0.2Ga0.8N /GaN SL.

Figure 1. (a) Schematic representation of the UV LED epitaxial structure; (b) cross-sectional TEM image
of the UV LED epitaxial structure; (c) magnified cross-sectional TEM image showing In0.02Ga0.98N/GaN
SL, In0.07Ga0.93N/GaN MQW, and p-Al0.2Ga0.8N /GaN SL.

UV LEDs with a patterned double-layer ITO were fabricated. The detailed fabrication process is
composed of the following steps. Firstly, inductively coupled plasma (ICP) etching based on BCl3/Cl2
mixture gas was used to form GaN mesa by removing a portion of p-GaN layer and MQW active layer
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to expose the n-GaN layer (Step (1)). Then, the first 30-nm-thick ITO layer was subsequently deposited
on the p-GaN layer using an electron beam evaporator, followed by thermal annealing in N2 ambient
at 540 ◦C for 20 min to obtain good ohmic contact with p-GaN (Step (2)). Next, the second 120-nm-thick
ITO layer was deposited on the first ITO layer, and the periodic pinhole patterns were then formed on
the second ITO layer by laser direct writing (Step (3)). Finger-like Cr/Pt/Au (30 nm/30 nm/2000 nm)
multilayers were adopted for both n-electrode and p-electrodes. The Cr/Pt/Au multilayers were
deposited on the second patterned ITO layer for the formation of p-electrode. Meanwhile, the same
Cr/Pt/Au multilayers were also deposited on the exposed n-GaN layer for the formation of
the n-electrode (Step (4)). Finally, the UV LED wafers were thinned down to about 120 μm and diced
into chips with dimension of 1132 × 1132μm2 (Step (5)). Except for different interval of pinhole
patterns fabricated on the second ITO layer, the fabrication process of these UV LEDs is identical.
The diameters of pinhole patterns were 2 μm in UV LED II, UV LED III, and UV LED IV, while intervals
of pinhole patterns were 400 nm, 600 nm, and 800 nm, respectively. For comparison, the UV LED I
with planar double-layer ITO was also prepared. The light output power (LOP)-current-voltage
(L-I-V) characteristics of UV LEDs were measured using an integrating sphere and a semiconductor
parameter analyzer (Keysight B2901A). Figure 2a shows a schematic representation of the UV LED with
a patterned double-layer ITO. Figure 2b shows a cross-sectional schematic representation of the UV
LED with a patterned double-layer ITO. Figure 2c shows the top-view scanning electron microscopy
(SEM) image of the fabricated UV LED chip.

Figure 2. (a) Schematic representation of the UV LED with a patterned double-layer ITO;
(b) cross-sectional schematic representation of the UV LED with a patterned double-layer ITO;
(c) top-view SEM image of the fabricated UV LED chip.

Figure 3 shows an energy band diagram of the UV LED at forward bias. When a current is passed
through the UV LED, electrons and holes are injected into the In0.07Ga0.93N/GaN MQW active layer from
the n-type GaN and p-type GaN layers, respectively. The electrons and holes recombine radiatively in
the In0.07Ga0.93N/GaN MQW active layer, thereby emitting photons of light, as shown in Figure 3.
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Figure 3. Energy band diagram of the UV LED at forward bias.

3. Results and Discussion

The pinhole patterns on the second ITO layer were fabricated by laser direct writing system
(4PICO.BV, Netherlands). First, the photoresist (ma-p1275HV) was spin-coated on GaN-based
wafer at 4000 rpm for 60 s. Then, laser direct writing was performed on the photoresist film to
obtain pinhole patterns, which will be transferred to the ITO film. The irradiating red laser beam
(λ = 635 nm) was focused onto the surface of spin-coated photoresist through a dedicated objective lens
(numerical aperture (NA) = 0.85, focal length = 0.6 mm, and magnification = 100×) to correct for surface
errors. Then an ultraviolet laser beam (λ = 405 nm) was normally directed to the surface of photoresist with
a spot diameter of 300 nm and an energy density of 60 mJ/cm2 through the same objective lens. The laser
beam was scanned on the photoresist with a scan speed of 200 mm/s and stepping distance of 150 nm
by a motorized stage. The wafer was then submersed into developer (ma-D 331) for 70 s to remove
the area that has been exposed. Finally, pinhole patterns were transferred from photoresist onto the second
ITO layer by wet chemical etching process. Figure 4 shows top-view SEM images of the pinhole patterns
with different intervals. The diameter and intervals of the pinhole patterns of UV LED II, UV LED III,
and UV LED IV were 2 μm/400 nm, 2 μm/600 nm, and 2 μm/800 nm, respectively.

Figure 4. Top-view SEM images of the pinhole patterns with different intervals: (a) 400 nm; (b) 600 nm;
(c) 800 nm.

We measured transmittance spectra of the evaporated ITO films before and after thermal
annealing. Figure 5 shows the transmittance spectra of unannealed ITO and annealed ITO films
in the wavelength range of 370–440 nm measured by a UV/VIS/NIR spectrometer. The transmittance
of the unannealed ITO and annealed ITO were 68.81% and 66.88% at 375 nm, respectively.
The transmittance of the unannealed ITO was 2.89% higher than that of the annealed ITO.
It was indicated that the transmittance of ITO exhibited optical degradation at UV wavelength region
after thermal annealing, which would lead to a decrease in LEE of UV LED. To avoid the decrease
in transmittance of ITO at the UV wavelength region, the second ITO layer remains unannealed in
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our design. In addition, a combined method including electron beam evaporation and subsequent
magnetron sputtering can further improve the optical transmittance of ITO [42].

Figure 5. Transmission spectra of the unannealed ITO and annealed ITO films in the wavelength range
of 370–440 nm.

We investigated the effect of interval of pinhole patterns on current spreading of UV LED with
double-layer ITO using SimuLED commercial software package. Figure 6 shows simulation results
of the current density distribution of UV LED I, UV LED II, UV LED III, and UV LED IV at 350 mA.
The root mean square (RMS) of current density in the active region of UV LED I, UV LED II, UV LED III,
and UV LED IV was 35.02 A/cm2, 38.76 A/cm2, 37.27 A/cm2, and 37.09 A/cm2, respectively.
Compared with UV LED I, the RMS of current density in the active region of UV LED with patterned
double-layer ITO was slightly increased. Meanwhile, the RMS of current density in the active region
of UV LEDs increased with decreasing interval of the pinhole patterns on the second ITO layer.
The slightly increased RMS of current density resulted from non-uniform current spreading.

Figure 6. SimuLED simulation of the current density distribution in the active region of UV LED
at 350 mA: (a) UV LED I; (b) UV LED II; (c) UV LED III; (d) UV LED IV.
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The Finite-Difference Time-Domain (FDTD) method was applied for numerical simulation to
clarify the effect of interval of pinhole patterns on the LEE of UV LED. To save computational memory
and simulation time, the thickness of the sapphire substrate was fixed at 1 μm. Other structure
parameters in the simulation were similar with the actual LED structure. The simplified UV LED
structure model was depicted in Figure 7. The boundary conditions were a perfectly matched layer
(PML) on top of the simulation region. The PML boundary absorbs incident light with zero reflection.
Reflective metal boundaries were used at the bottom and four broad sidewalls. The top monitor
was located 800 nm above the surface of the second patterned ITO to receive the optical waves
extracted to air and calculate the LEE of the UV LED.

In order to present the random propagation of unpolarized photons within the active region,
sufficient dipole sources with wavelength of 375 nm were regularly distributed throughout the middle
of the MQW layer with an interval of 1 μm. Three orientations of dipole sources were along the x-, y-,
and z-axis. Compared to UV LED I, the LEEs of UV LED II, UV LED III, and UV LED IV were improved
by 13.06%, 12.04%, and 7.02%, respectively. The enhancement in LEE was attributed to the formation
of pinhole patterns on the second ITO layer, which redirected the photon propagation into the air
escape cone and provided the photons with multiple opportunities to escape from the LED surface.

Figure 7. Schematic illustration of the FDTD simulation model for UV LED with a patterned double
layer ITO.

The LOPs of UV LEDs versus injection current were shown in Figure 8a. At an injection current
of 350 mA, the LOPs of UV LED I, UV LED II, UV LED III, and UV LED IV were 32.60 mW, 36.70 mW,
36.38 mW, and 34.75 mW, respectively. Compared with UV LED I, the LOPs of UV LED II, UV LED III,
and UV LED IV were improved by 12.4%, 11.7%, and 6.5%, respectively. The improvement of LOP
was attributed to increased LEE caused by formation of a pinhole pattern on the second ITO layer,
as evidenced by FDTD simulation. Moreover, LOP of UV LED with a patterned double-layer ITO
increased with the decrease of interval of pinhole patterns, owing to the higher density of pinhole
pattern on the second ITO layer leading to an increased escape probability of photons. Figure 8b shows
the I–V characteristic of UV LEDs. At 350 mA, the forward voltages of UV LED I, UV LED II, UV LED III,
and UV LED IV were 3.88 V, 4.01 V, 3.99 V, and 3.97 V, respectively. The forward voltage of UV LED
with patterned double-layer ITO was slightly higher than that of UV LED with planar double-layer
ITO. The slightly higher forward voltage originated from the pinhole patterns on the second ITO
that impeded lateral current spreading. Additionally, the forward voltage of UV LED with a patterned
double-layer ITO increased with decreasing interval of the pinhole patterns.

176



Nanomaterials 2019, 9, 203

Figure 8. (a) L-I characteristic and (b) I–V characteristic of UV LED I, UV LED II, UV LED III, and UV LED IV.

4. Conclusions

The first unpatterned current spreading layer and the second patterned light extracting layer
were combined into a patterned double-layer ITO to improve current spreading and LEE of UV LEDs.
The interval of the pinhole patterns on the second ITO has a significant impact on the sheet resistance of
patterned double-layer ITO and the way of light propagation at the ITO-air interface. Compared to UV
LED with planar double-layer ITO, LEE of UV LED with a patterned double-layer ITO was improved
due to the scattering out of the waveguided light trapped inside the GaN film. The LOP of UV
LED with a patterned double-layer ITO increased with decreasing interval of the pinhole patterns
due to the higher density of pinhole pattern formed on the second ITO. Owing to non-uniform
current spreading caused by pinhole patterns on the second ITO, the forward voltage of UV LED with
a patterned double-layer ITO was slightly increased.

Author Contributions: S.Z. originally conceived the idea. J.Z. and S.Z. wrote the manuscript. X.D. contributed to
the manuscript preparation. J.M. carried out SEM, TEM, and transmittance measurements. J.H. and H.W. carried
out the simulations. All authors discussed the progress of the research and reviewed the manuscript.

Funding: This work was supported by the National Key R&D Program of China (No. 2017YFB1104900),
the National Natural Science Foundation of China (Grant Nos. 51675386, 51305266), and Hubei Province Science
Fund for Distinguished Young Scholars (No. 2018CFA091). We acknowledge nanofabrication assistance from
the Center for Nanoscience and Nanotechnology at Wuhan University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zou, X.; Lin, Y.; Xu, B.; Cao, T.; Tang, Y.; Pan, Y.; Gao, Z.; Gao, N. Enhanced inactivation of E. coli by pulsed
UV-LED irradiation during water disinfection. Sci. Total Environ. 2019, 650, 210–215. [CrossRef] [PubMed]

2. Rattanakul, S.; Oguma, K. Inactivation kinetics and efficiencies of UV-LEDs against Pseudomonas aeruginosa,
Legionella pneumophila, and surrogate microorganisms. Water Res. 2018, 130, 31–37. [CrossRef] [PubMed]

3. Zhou, S.; Xu, H.; Hu, H.; Gui, C.; Liu, S. High quality GaN buffer layer by isoelectronic doping and its
application to 365 nm InGaN/AlGaN ultraviolet light-emitting diodes. Appl. Surf. Sci. 2019, 471, 231–238.
[CrossRef]

4. Oguma, K.; Kanazawa, K.; Kasuga, I.; Takizawa, S. Effects of UV Irradiation by Light Emitting Diodes on
Heterotrophic Bacteria in Tap Water. Photochem. Photobiol. 2018, 94, 570–576. [CrossRef] [PubMed]

5. Hu, H.; Zhou, S.; Liu, X.; Gao, Y.; Gui, C.; Liu, S. Effects of GaN/AlGaN/Sputtered AlN nucleation layers on
performance of GaN-based ultraviolet light-emitting diodes. Sci. Rep. 2017, 7, 44627. [CrossRef] [PubMed]

6. Guo, H.; Huang, X.; Zeng, Y. Synthesis and photoluminescence properties of novel highly thermal-stable
red-emitting Na3Sc2(PO4)3:Eu3+ phosphors for UV-excited white-light-emitting diodes. J. Alloys Compd.
2018, 741, 300–306. [CrossRef]

177



Nanomaterials 2019, 9, 203

7. Fernandes, R.A.; Sampaio, M.J.; Da Silva, E.S.; Serp, P.; Faria, J.L.; Silva, C. Synthesis of selected aromatic
aldehydes under UV-LED irradiation over a hybrid photocatalyst of carbon nanofibers and zinc oxide.
Catal. Today 2018. [CrossRef]

8. Zhou, S.; Hu, H.; Liu, X.; Liu, M.; Ding, X.; Gui, C.; Liu, S.; Guo, L.J. Comparative study of GaN-based
ultraviolet LEDs grown on different-sized patterned sapphire substrates with sputtered AlN nucleation
layer. Jpn. J. Appl. Phys. 2017, 56, 111001. [CrossRef]

9. Qian, C.; Li, Y.; Fan, J.; Fan, X.; Fu, J.; Zhao, L.; Zhang, G. Studies of the light output properties for a GaN based
blue LED using an electro-optical simulation method. Microelectron. Reliab. 2017, 74, 173–178. [CrossRef]

10. Hao, G.D.; Taniguchi, M.; Tamari, N.; Inoue, S. Enhanced wall-plug efficiency in AlGaN-based
deep-ultraviolet light-emitting diodes with uniform current spreading p-electrode structures. J. Phys.
D Appl. 2016, 49, 235101. [CrossRef]

11. Kudryk, Y.Y.; Zinovchuk, A.V. Efficiency droop in InGaN/GaN multiple quantum well light-emitting diodes
with nonuniform current spreading. Semicond. Sci. Technol. 2011, 26, 095007. [CrossRef]

12. Huang, S.; Fan, B.; Chen, Z.; Zheng, Z.; Luo, H.; Wu, Z.; Wang, G.; Jiang, H. Lateral current spreading effect
on the efficiency droop in GaN based light-emitting diodes. J. Disp. Technol. 2013, 9, 266–271. [CrossRef]

13. Djavid, M.; Choudhary, D.D.; Philip, M.R.; Bui, T.H.Q.; Akinnuoye, O.; Pham, T.T.; Nguyen, H.P.T. Effects of
optical absorption in deep ultraviolet nanowire light-emitting diodes. Photonics Nanostruct. 2018, 28, 106–110.
[CrossRef]

14. Mock, J.; Bobinger, M.; Bogner, C.; Lugli, P.; Becherer, M. Aqueous Synthesis, Degradation, and Encapsulation
of Copper Nanowires for Transparent Electrodes. Nanomaterials 2018, 8, 767. [CrossRef]

15. Park, J.S.; Kim, J.H.; Na, J.Y.; Kim, D.H.; Kang, D.; Kim, S.K.; Seong, T.Y. Ag nanowire-based electrodes
for improving the output power of ultraviolet AlGaN-based light-emitting diodes. J. Alloys Compd. 2017,
703, 198–203. [CrossRef]

16. Gui, C.; Ding, X.; Zhou, S.; Gao, Y.; Liu, X.; Liu, S. Nanoscale Ni/Au wire grids as transparent conductive
electrodes in ultraviolet light-emitting diodes by laser direct writing. Opt. Laser Technol. 2018, 104, 112–117.
[CrossRef]

17. Alonso, E.T.; Rodrigues, D.P.; Khetani, M.; Shin, D.W.; Sanctis, A.D.; Joulie, H.; Schrijver, I.; Baldycheva, A.;
Alves, H.; Neves, A.I.S.; et al. Graphene electronic fibres with touch-sensing and light-emitting functionalities
for smart textiles. NPJ Flexible Electron. 2018, 2, 25. [CrossRef]

18. Bointon, T.H.; Russo, S.; Craciun, M.F. Is graphene a good transparent electrode for photovoltaics and display
a pplications? IET Circ. Devices Syst. 2015, 9, 403–412. [CrossRef]

19. Alonso, E.T.; Karkera, G.; Jones, G.F.; Craciun, M.F.; Russo, S. Homogeneously bright, flexible, and foldable
lighting devices with functionalized graphene electrodes. ACS Appl. Mater. Interfaces 2016, 8, 16541–16545.
[CrossRef]

20. Wu, Z.; Chen, Z.; Du, X.; Logan, J.M.; Sippel, J.; Nikolou, M.; Kamaras, K.; Reynolds, J.R.; Tanner, D.B.;
Hebard, A.F.; et al. Transparent, Conductive Carbon Nanotube Films. Science 2004, 305, 1273–1276. [CrossRef]

21. Hu, L.; Hecht, D.S.; Grüner, G. Percolation in Transparent and Conducting Carbon Nanotube Networks.
Nano Lett. 2004, 4, 2513–2517. [CrossRef]

22. Park, J.S.; Kim, J.H.; Kim, J.Y.; Kim, D.H.; Kang, D.; Sung, J.S.; Seong, T.Y. Hybrid indium tin oxide/Ag
nanowire electrodes for improving the light output power of near ultraviolet AlGaN-based light-emitting
diode. Curr. Appl. Phys. 2016, 16, 545–548. [CrossRef]

23. Lai, W.C.; Lin, C.N.; Lai, Y.C.; Yu, P.; Chi, G.C.; Chang, S.J. GaN-based light-emitting diodes with
graphene/indium tin oxide transparent layer. Opt. Express 2014, 22, A396–A401. [CrossRef] [PubMed]

24. Kim, Y.H.; Lee, J.; Hofmann, S.; Gather, M.C.; Müller-Meskamp, L.; Leo, K. Achieving High Efficiency
and Improved Stability in ITO-Free Transparent Organic Light-Emitting Diodes with Conductive Polymer
Electrodes. Adv. Funct. Mater. 2013, 23, 3763–3769. [CrossRef]

25. Kim, H.; Lee, S.N. Theoretical considerations on current spreading in GaN-based light emitting diodes
fabricated with top-emission geometry. J. Electrochem. Soc. 2010, 157, H562–H564. [CrossRef]

26. Jo, Y.J.; Hong, C.H.; Kwak, J.S. Improved electrical and optical properties of ITO thin films by using electron
beam irradiation and their application to UV-LED as highly transparent p-type electrodes. Curr. Appl. Phys.
2011, 11, S143–S146. [CrossRef]

178



Nanomaterials 2019, 9, 203

27. Liu, Y.J.; Huang, C.C.; Chen, T.Y.; Hsu, C.S.; Liou, J.K.; Tsai, T.Y.; Liu, W.C. Implementation of
an indium-tin-oxide (ITO) direct-Ohmic contact structure on a GaN-based light emitting diode. Opt. Express
2011, 19, 14662–14670. [CrossRef]

28. Waki, I.; Fujioka, H.; Oshima, M.; Miki, H.; Fukizawa, A. Low-temperature activation of Mg-doped GaN
using Ni films. Appl. Phys. Lett. 2001, 78, 2899. [CrossRef]

29. Nakamura, S.; Mukai, T.; Senoh, M.; Iwasa, N. Thermal annealing effects on p-type Mg-doped GaN films.
Jpn. J. Appl. Phys. 1992, 31, L139. [CrossRef]

30. Zhou, S.; Yuan, S.; Liu, Y.; Guo, L.J.; Liu, S.; Ding, H. Highly efficient and reliable high power LEDs with
patterned sapphire substrate and strip-shaped distributed current blocking layer. Appl. Surf. Sci. 2015,
355, 1013–1019. [CrossRef]

31. Jung, S.H.; Song, K.M.; Choi, Y.S.; Park, H.H.; Shin, H.B.; Kang, H.K.; Lee, J. Light output enhancement of
InGaN/GaN light-emitting diodes with contrasting indium tin-oxide nanopatterned structures. J. Nanomater.
2013, 2013, 7. [CrossRef]

32. Tsai, C.F.; Su, Y.K.; Lin, C.L. Improvement in External Quantum Efficiency of InGaN-Based LEDs by
Micro-Textured Surface with Different Geometric Patterns. J. Electrochem. Soc. 2011, 159, H151–H156.
[CrossRef]

33. Zhong, Y.; Shin, Y.C.; Kim, C.M.; Lee, B.G.; Kim, E.H.; Park, Y.J.; Sobahan, K.M.A.; Hwangbo, C.K.; Lee, Y.P.;
Kim, T.G. Optical and electrical properties of indium tin oxide thin films with tilted and spiral microstructures
prepared by oblique angle deposition. J. Mater. Res. 2008, 23, 2500–2505. [CrossRef]

34. Chang, S.J.; Shen, C.F.; Chen, W.S.; Kuo, C.T.; Ko, T.K.; Shei, S.C.; Sheu, J.K. Nitride-based light emitting
diodes with indium tin oxide electrode patterned by imprint lithography. Appl. Phys. Lett. 2007, 91, 013504.
[CrossRef]

35. Horng, R.H.; Yang, C.C.; Wu, J.Y.; Huang, S.H.; Lee, C.E.; Wuu, D.S. GaN-based light-emitting diodes with
indium tin oxide texturing window layers using natural lithography. Appl. Phys. Lett. 2005, 86, 221101.
[CrossRef]

36. Leem, D.S.; Cho, J.; Sone, C.; Park, Y.; Seong, T.Y. Light-output enhancement of GaN-based light-emitting
diodes by using hole-patterned transparent indium tin oxide electrodes. J. Appl. Phys. 2005, 98, 076107.
[CrossRef]

37. Kang, J.H.; Ryu, J.H.; Kim, H.K.; Kim, H.Y.; Han, N.; Park, Y.J.; Uthirakumar, P.; Hong, C.H. Comparison
of various surface textured layer in InGaN LEDs for high light extraction efficiency. Opt. Express 2011,
19, 3637–3646. [CrossRef]

38. Zhou, S.; Cao, B.; Liu, S.; Ding, H. Improved light extraction efficiency of GaN-based LEDs with patterned
sapphire substrate and patterned ITO. Opt. Laser Technol. 2012, 44, 2302–2305. [CrossRef]

39. Huang, H.; Hu, J.; Wang, H. GaN-based light-emitting diodes with hybrid micro/nano-textured
indium-tin-oxide layer. J. Semicond. 2014, 35, 084006. [CrossRef]

40. Oh, S.; Su, P.C.; Yoon, Y.J.; Cho, S.; Oh, J.H.; Seong, T.Y.; Kim, K.K. Nano-patterned dual-layer ITO electrode
of high brightness blue light emitting diodes using maskless wet etching. Opt. Express 2013, 21, A970–A976.
[CrossRef]

41. Leem, D.S.; Lee, T.; Seong, T.Y. Enhancement of the light output of GaN-based light-emitting diodes with
surface-patterned ITO electrodes by maskless wet-etching. Solid-State Electron. 2007, 51, 793–796. [CrossRef]

42. Markov, L.K.; Smirnova, I.P.; Pavluchenko, A.S.; Kukushkin, M.V.; Zakheim, D.A.; Pavlov, S.I. Use of
double-layer ITO films in reflective contacts for blue and near-UV LEDs. Semiconductors 2014, 48, 1674–1679.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

179





nanomaterials

Article

Enhanced Light Extraction of Flip-Chip Mini-LEDs
with Prism-Structured Sidewall

Bin Tang 1, Jia Miao 1, Yingce Liu 2, Hui Wan 3, Ning Li 1, Shengjun Zhou 1,4,5,* and

Chengqun Gui 3

1 Key Laboratory of Hydraulic Machinery Transients (Wuhan University), Ministry of Education,
Wuhan 430072, China; bintang@whu.edu.cn (B.T.); miaojia789@whu.edu.cn (J.M.);
liningmick@whu.edu.cn (N.L.)

2 Xiamen Changelight Co. Ltd., Xiamen 361000, China; tigerlyc@163.com
3 The Institute of Technological Sciences, Wuhan University, Wuhan 430072, China;

wanhui_hb@whu.edu.cn (H.W.); cheng.gui.2000@gmail.com (C.G.)
4 Center for Photonics and Semiconductors, School of Power and Mechanical Engineering,

Wuhan University, Wuhan 430072, China
5 State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics,

Chinese Academy of Sciences, Changchun 130033, China
* Correspondence: zhousj@whu.edu.cn

Received: 22 January 2019; Accepted: 26 February 2019; Published: 28 February 2019
��������	
�������

Abstract: Current solutions for improving the light extraction efficiency of flip-chip light-emitting
diodes (LEDs) mainly focus on relieving the total internal reflection at sapphire/air interface, but such
methods hardly affect the epilayer mode photons. We demonstrated that the prism-structured
sidewall based on tetramethylammonium hydroxide (TMAH) etching is a cost-effective solution for
promoting light extraction efficiency of flip-chip mini-LEDs. The anisotropic TMAH etching created
hierarchical prism structure on sidewall of mini-LEDs for coupling out photons into air without
deteriorating the electrical property. Prism-structured sidewall effectively improved light output
power of mini-LEDs by 10.3%, owing to the scattering out of waveguided light trapped in the gallium
nitride (GaN) epilayer.

Keywords: flip-chip mini-LED; prism-structured sidewall; waveguide photons; light extraction

1. Introduction

The developments in GaN-based light-emitting diodes (LEDs) have promoted the liquid crystal
display (LCD) as a highly competitive display technology in the past few decades [1,2]. Recently,
the application of mini-LEDs with size below 200 microns gains new advantages for LCDs in
market competition owing to their prominent merits as backlight unit, such as long life span,
low energy consumption and high resolution [3,4]. However, to meet the high dynamic range (HDR)
requirements of next generation displays, the luminance of the LCD bright state should be over
1000 nits, which requests the mini-LED backlight unit to be much more energy efficient [5].

Tremendous efforts have been done to improve the efficiency of GaN-based LEDs, which can be
principally divided into two categories: improving the crystal quality of epilayer [6–10] and boosting
the light extraction efficiency (LEE) [11–15]. Since mini-LEDs are obtained from the identical epilayer
as broad-area LEDs, the fruitful methods for high crystal quality epilayer are universal in fabrication of
the two kinds of LEDs. Since the ratio of top emitting area to sidewall emitting area is greatly different
for mini-LEDs and broad-area LEDs, the methods applicable in broad-area LEDs for improved LEE
need to be reassessed in mini-LEDs.
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Since the top surface area of mini-LED is much reduced, flip-chip structure is the preferable
choice for mini-LEDs to ensure enough top emitting area as well as p-contact area. Owing to the
index mismatch of GaN epilayer, sapphire substrate and air, the majority of photons are trapped in
the high-index epilayer and sapphire substrate by total internal reflection (TIR) and guided laterally
as waveguide modes, which finally dissipate in the lossy epilayer. Several methods have been
proposed to extract the waveguide photons of flip-chip LEDs, such as texturing the sapphire subtract
surface [16–18], shaping the sapphire substrate [19,20], plasmonic structure [21], and depositing
nanoparticles or scattering layers [22,23]. Such approaches are effective in extraction of the sapphire
substrate mode photons, while additional protection procedures are generally needed owing to the
more inert property of sapphire substrate relative to the epilayer. More importantly, these approaches
have no effect on epilayer mode photons. Simulation and experimental results have shown that
reducing the pattern size of patterned sapphire substrate (PSS) is effective in improving the LEE
by scattering out epilayer mode photons [24,25]. However, small pattern size is disadvantage for
crystalline quality of epilayer [26] and the minimal spacing of PSS achieved in practice is far from the
best outcoupling spacing for light extraction [27]. Thus, further works are still needed to extract the
epilayer mode photons of flip-chip LEDs.

In this study, we demonstrated a simple and reliable method to extract the epilayer mode
photons. Prism-structured sidewall generated by tetramethylammonium hydroxide (TMAH)-based
crystallographic etching was introduced to scatter out epilayer mode photons. The size of prism
structure on the sidewall of mini-LED could be manipulated from nanoscale to a few microns by
adjusting TMAH etching time to achieve the best outcoupling efficiency. The anisotropic TMAH
etching is damage-free and practical in mass-production, which makes the prism-structured sidewall
based on TMAH etching a promising solution for highly efficient mini-LEDs.

2. Materials and Methods

The GaN-based LEDs were grown on c-plane PSS using metal–organic chemical vapor deposition
(MOCVD) method. The LED epitaxial structure consisted of a 25-nm-thick low temperature GaN
nucleation layer, a 3.0-μm-thick undoped GaN buffer layer, a 2.5-μm-thick Si-doped n-GaN layer,
a 12-pair of InGaN (3 nm)/GaN (12 nm) multiple quantum well (MQW), a 40-nm-thick p-AlGaN
electron blocking layer, and a 112-nm-thick Mg-doped p-GaN layer. The LED wafer was subsequently
annealed at 750 ◦C at N2 atmosphere to activate Mg acceptor in the p-GaN. Then, the photolithography
and inductively coupled plasma etching (ICP) process based on BCl3/Cl2 mixture gas were performed
to form the mesa structure and deep isolation trench. Afterwards, the TMAH-based crystallographic
etching procedure was applied. The LED wafers were dipped into the 15 wt% TMAH solution at
85 ◦C during the TMAH etching process. After rinsing with deionized water and drying under N2

flow, a 60-nm-thick indium tin oxide (ITO) transparent conductive layer was evaporated on the p-GaN
layer. Cr/Al/Ti/Pt/Au metallization schemed as ohmic contact layer was deposited on the ITO
and n-GaN layer. Sixteen pairs of quarter-wavelength-thick TiO2/SiO2 stacks, as distributed Bragg
reflectors, were sputtered by ion beam deposition followed by the opening of via through DBR using
ICP etching based on CHF3/Ar/O2 mixture gas. Cr/Ti/Pt/Au metallization was evaporated as contact
pads subsequently. Finally, the LED wafer was thinned down to about 150 μm and diced into chips
with dimensions of 101 μm × 200 μm. The peak emission wavelength of the fabricated mini-LEDs
was 456 nm. The light output power–current–voltage (L-I-V) characteristics of mini-LEDs were
measured using a semiconductor parameter analyzer (Keysight B2901A, Santa Rosa, CA, USA) with
an integrating sphere. In this work, two types of mini-LED chips with different sidewall orientations
on the same LED wafer (as shown in Figure 1) were investigated by the scanning electron microscope
(SEM) owing to the anisotropic etching behavior of TMAH-based crystallographic etching. The two
types of mini-LEDs were named as mini-LED I and mini-LED II according to the sidewall orientation.
The larger sidewalls of mini-LED I were set to be orientated along [10-10] direction, while the larger
sidewalls of mini-LED II were set to be orientated along [1-210] direction.
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Figure 1. (a) Optical microscope image of the epilayer after ICP procedure, showing the orthogonal
arrangements of mini-LED I and mini-LED II. (b) SEM image of the fabricated flip-chip mini-LED with
a bird’s eye view, showing the dimension of the flip-chip mini-LED. (c) SEM image of the mini-LED
I after TMAH etching treatment, the red arrow in the image points to the prism-structured sidewall.
(d) SEM image of the mini-LED II after TMAH etching treatment, the red arrow in the image points to
the prism-structured sidewall.

3. Results and Discussion

We took advantage of the anisotropic etching behavior of TMAH-based crystallographic etching to
obtain the textured sidewall structure. No additional protection procedure was incorporated owing to
the damage-free and anisotropic etching properties of TMAH-based crystallographic etching, making
it a convenient and cost effective solution to texture the sidewall of GaN epilayer. The selective etching
ability of TMAH solution arises from the difference in density of N dangling bonds on different
GaN lattice planes [28]. Surfaces with high density of N dangling bonds possess large repulsion to
the hydroxide ions, which stops the crystallographic etching at such surface [29]. The density of
N dangling bonds on different GaN lattice planes can be ranked as follows: (0001) plane > (1-210)
plane > (10-10) plane > (000-1) plane [30]. Thus, the (0001) plane and (1-210) plane have larger
repulsion force to the hydroxide ions, and the TMAH etching did not proceed on the top surface
and the sidewall along [10-10] direction under our experiment condition. As shown in Figure 1c,d,
no prism structure appeared on the top surface and the sidewall along [10-10] direction while the
hierarchical prism structure appeared throughout the sidewall along [1-210] direction. Moreover,
the textured sidewall surface area was different for the two types of mini-LEDs investigated owing to
their orthogonal arrangements, which resulted in discrepant light output power as demonstrated by
the L-I-V characteristics. The surface morphology of the sidewall along [1-210] direction with different
TMAH etching time was characterized by SEM, as shown in Figure 2. Owing to the anisotropic etching
property, the smooth surface was left with hierarchical prism structure after TMAH treatment. Trigonal
prisms close to the PSS presented larger size than that in other regions, suggesting a larger TMAH
etching rate near the interface of PSS and GaN. The larger etching rate may arise from that the TMAH
etching started from the (000-1) plane at the interface. Within the etching time investigated, the TMAH
etching proceeded at selected lattice planes and trigonal prism structures varied from nanoscale to a
few microns as the TMAH etching time increased. The influence of prism size on light extraction is
discussed below.

To verify the TMAH etching is a damage-free process, the I-V characteristics of mini-LEDs with
and without TMAH etching treatment were investigated, as shown in Figure 3a. A 7.5 min TMAH
etching procedure only caused slight variation in forward voltages of mini-LEDs, suggesting no
electrical degradation was brought in by the TMAH etching process. Previous reports on improving the
sidewall surface area by ICP etching generally incorporate plasma damage, which leads to deteriorated
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electrical property [31,32]. The TMAH etching demonstrated here provided an alternative solution
without reducing the top emitting area and deteriorating the electrical property.

 
Figure 2. (a–f) SEM images of the chip sidewall along [1-210] direction with various TMAH etching
time: (a) with 0 min TMAH etching treatment; (b) with 2.5 min TMAH etching treatment; (c) with
5 min TMAH etching treatment; (d) with 7.5 min TMAH etching treatment; (e) with 10 min TMAH
etching treatment; and (f) with 20 min TMAH etching treatment.

 
Figure 3. (a) I-V curves of the investigated two types of mini-LEDs with and without TMAH etching
treatment. (b) L-I curves of the fabricated mini-LEDs with and without 7.5 min TMAH etching
treatment. The insets show the photographs of TMAH treated LEDs under 10 mA injection current:
mini-LED I with TMAH etching (left) and mini-LED II with TMAH etching (right).
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Figure 3b shows the L-I curves of the investigated mini-LEDs, and the insets are photographs of
TMAH treated mini-LEDs under 10 mA injection current. The L-I characteristics for mini-LED I and
mini-LED II almost overlapped since they were fabricated from the same wafer. With injection current
of 120 mA, the light output powers of the TMAH treated mini-LED I and TMAH treated mini-LED II
were 62.5 mW and 65.6 mW, which were improved by 4.5% and 10.3% as compared to the mini-LEDs
without TMAH treatment. The inset photographs show obvious brightness difference at the sidewall
regions for the two types of mini-LEDs with TMAH etching. Mini-LED I with TMAH etching showed
brighter S1 sidewall while mini-LED II with TMAH etching showed brighter S2 and S3 sidewall,
corresponding to their prism-structured sidewalls. According to the far-field radiation patterns shown
in Figure 4, the light emission of TMAH treated mini-LEDs from the side direction was significantly
improved as compared to the mini-LEDs without TMAH treatment, while only slight variation along
the surface normal direction was observed for the investigated mini-LEDs. These results suggest that
the light output power enhancement of mini-LEDs with TMAH treatment can be mainly attributed to
increased light extraction from the prism-structured sidewall surfaces.

Figure 4. Far-field radiation patterns of the flip-chip mini-LEDs without TMAH etching treatment and
with 7.5 min TMAH etching treatment.

To reveal the fundamental principle of prism structure on light extraction, the finite-difference
time-domain (FDTD) simulation was conducted. The simulation model was built based on the
above-described device structure and scaled to the size of 15 μm × 30 μm considering the
computational capacity. Perfectly matched layers (PML) was adopted as boundaries to avoid
unnecessary reflected light. The grid size in the simulation domain was 10 nm for accuracy with the
limitation of computer memory. Transverse electric (TE) and transverse magnetic (TM) polarized
point sources with a ratio of 1.8:1 were positioned in the center region of MQW [33] and the emission
wavelength was set to be 456 nm. Figure 5a shows the simulated electric field intensity distribution
nearby the smooth and prism-structured sidewalls of epilayer. The electric field emitting out from the
smooth sidewall is mainly confined at the center region, while an intensified electric field emitted out
from the prism-structured sidewall with a broader distribution in air. The broader and stronger electric
field emitting out from the prism-structured sidewall suggested that the prism-structured sidewall
acted more effectively in extracting light out than the smooth sidewall. The relationship between
sidewall light extraction efficiency and prism size is presented in Figure 5b. The strong dependence of
sidewall light extraction efficiency on the prism size indicating that the enhancement mainly arose
from more light scattering out from the epilayer mode rather than only randomizing of light rays [34].
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Figure 5. (a) Normalized electric field intensity distribution nearby the smooth (left) and
prism-structured sidewalls (right) of LED chips from FDTD simulations. The color scale measures the
electric field intensity E. (b) Simulated dependence of single sidewall light extraction efficiency on
prism size parameters.

4. Conclusions

In summary, we demonstrated the prism-structured sidewall based on TMAH etching as an
effective approach for scattering out waveguided light from the GaN epilayer. After TMAH etching
procedure, hierarchical prism structure generated on the sidewall along [1-210] direction without
bringing in damages on other surfaces owing to the anisotropic property of TMAH etching. Compared
to the control mini-LEDs, the light output power of mini-LEDs with prism-structured sidewall
improved by 4.5% or 10.3%, respectively, according to the different arrangements of LED chips
on the wafer. We suggest the cost-effective sidewall texturing approach proposed in this work is a
promising way to realize high-efficiency flip-chip mini-LEDs.
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Abstract: Oxygen-containing functional groups in graphene oxide (GO), a derivative of graphene, can
widen the bandgap of graphene. In this study, we varied the amount of hydrogen peroxide used to
prepare GO samples with different degrees of oxidation. Transmittance measurement, Raman spectroscopy,
and X-ray photoelectron spectroscopy were used to completely characterize the change in oxidation
degree. The effects of oxidation degree on p-type and n-type Si heterojunction photodetectors were
compared. Notably, GO with a lower oxidation degree led to a larger photoresponse of p-type Si,
whereas that with a higher oxidation degree achieved a larger photoresponse of n-type Si.

Keywords: graphene oxide; oxidation; photodetector

1. Introduction

Heterojunction photodetectors combine two types of materials for light detection, and Si is the
optimal choice for one of the two materials due to mature and cheap Si complementary metal–oxide–
semiconductor (CMOS) technology with Si acting as the substrate [1–3]. Numerous materials have
been investigated to be combined with the Si substrate in heterojunction photodetectors for the
optimization of photodetector applications, and studies increasingly concentrate on graphene-based
materials [4]. The common graphene-based materials in Si heterojunction photodetectors are composed
of graphene/Si [5–7] or reduced-graphene-oxide (rGO)/Si [8–10] structures. In these studies, graphene or
rGO is typically only used as the electrode in Schottky diodes. The absorption of graphene itself can also
be utilized for certain structures [11] or certain wavelengths [12], but the gapless properties of graphene
(and ideal rGO) still restrict its applications in optoelectronic devices [13]. Graphene, with attached
oxygen-containing functional groups, is known as graphene oxide (GO) [14]. These oxygen-containing
functional groups in GO open the bandgap of graphene. Even partially-reduced GO with suitable
manipulation of O/C ratios can still exhibit a large bandgap for utilization in photodetection [15].
The opened bandgap yields more flexibility to graphene-based Si heterojunction photodetectors.
For example, an opened bandgap in GO can contribute to light absorption, and enrich the possibility
of band engineering. Recently, GO has been integrated on p-type Si substrates (p-Si) to fabricate
heterojunction photodetectors [16,17], and GO has also been integrated with n-Si [18,19]. However,
to our knowledge, the effects of GO oxidation degrees on the performance of GO/Si heterojunction
photodetectors have not been investigated either on p-Si or n-Si. It was reported that the bandgap of
GO can vary from 2.3 to 2.7 eV with increasing GO oxidation degrees [20]. Since GO has the advantage
of an opened bandgap over graphene, the influence of oxidation degrees is a meaningful subject
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for GO/Si heterojunction photodetectors. Therefore, the influence of oxidation degrees of GO on Si
heterojunction photodetectors is studied in this manuscript. Furthermore, the comparison between
influence of oxidation degrees on GO/p-Si and the influence of oxidation degrees on GO/n-Si reveal
different trends. We propose that high-oxidation-degree GO is suitable for GO/n-Si heterojunction
photodetectors and low-oxidation-degree GO is suitable for GO/p-Si heterojunction photodetectors.
The mechanisms are interpreted on the basis of band diagrams.

2. Experiments

We prepared GO powder using the modified Hummers method [21]. The main approach to
varying the oxidation degree was changing the amount of hydrogen peroxide (H2O2) used. The details
of the experimental procedures are as follows.

Graphite powder, potassium permanganate (KMnO4), and sulfuric acid (H2SO4, 98%) were mixed
at a ratio of 1:3:24 below 35 ◦C. The resulting solution was divided between two beakers. H2O2 (35%)
was then added to both beakers until its volume fraction reached 1% and 4%. The corresponding
solutions were used to prepare samples GO1 and GO4, respectively. The resultant solutions were both
diluted with deionized (DI) water and continually stirred. Each solution was filtered, and the residual
slurry was washed with HCl (3%) and DI water. The slurry was then dried and ground into powder.
The powder was added to the DI water, and tiny flakes of GO could be exfoliated and collected through
ultrasonication and centrifugation. GO aqueous suspension was then obtained from the supernatant.

To uniformly deposit the hydrophilic GO flakes on Si substrates, the Si substrates were immersed
in SC1 solution (1:2:8 NH4OH/H2O2/H2O ratio) for 30 min at a temperature of 70 ◦C [22]. Because of
the abundant hydroxyl radicals (OH−) in the SC1 solution, the Si substrates also became hydrophilic.
Drops of the GO suspension were then applied to the Si surface to form a GO film. Uniform deposition
of the GO flakes was possible because of the hydrophilicity of the GO due to its oxygen-containing
groups. In our previous study [22], samples treated with SC1 for 0, 15, and 30 min were compared.
The longest treatment (30 min) resulted in the lowest tunneling current because of the dense coverage.
Because we wanted to form a uniform GO layer, we performed a 30-min SC1 treatment in this study.
The morphology of GO1 and GO4 was obtained using atomic force microscopy, as shown in Figure 1a,b.
Since both substrates were subjected to the same hydrophilic treatment for 30 min, GO flakes with
dense coverage coated the entire surface. The difference in electrical characteristics (which is discussed
later) may be attributed to the oxidation degree, but not to the coverage condition.

 
(a) (b) 

Figure 1. Surface morphology of (a) GO1 and (b) GO4. GO flakes densely cover the entire surface.
Therefore, the difference in electrical characteristics discussed in the text was attributed to the oxidation
degree and not to the coverage condition.
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After GO deposition, a circular Al gate with an area of 5 × 10−4 cm2 was evaporated on the top of
the Si substrate, and a large area of Al was evaporated on the back side of the Si to form an ohmic contact.
Both p-type and n-type Si substrates were used to fabricate GO-on-p-Si and GO-on-n-Si heterojunction
photodetectors. Current-voltage (IV) measurement was performed using a semiconductor analyzer
(Agilent B1500A, Santa Rosa, CA, USA).

3. Characterization of Oxidation Degree

A study found that a higher degree of oxidation resulted in a larger bandgap of GO [20]. To verify
whether our procedure changed the oxidation degree, we first performed a spectral absorption
measurement (Figure 2). For short-wavelength light, the energy of photons was larger than the GO
bandgap, and GO absorbed the light, resulting in a low transmittance. Conversely, GO did not absorb
long-wavelength light, which resulted in a high transmittance. Therefore, the onset of the transmittance
increase was directly related to the GO bandgap. As shown in Figure 2, the onset for GO4 was shifted
to wavelengths shorter than the wavelengths for GO1. This result implies that the bandgap of GO4
was larger than that of GO1. More hydrogen peroxide used in the modified Hummers method resulted
in a higher degree of oxidation, which contributed to the larger bandgap.

Figure 2. Transmittance of GO aqueous solutions with different oxidation degrees. The inset presents
the normalized curves. The onset for GO4 is shifted to shorter wavelengths than those for GO1.

Raman spectroscopy is a powerful tool for analyzing the chemical composition and nanostructure
of GO [23,24]. The Raman spectroscopy results of GO1 and GO4 are shown in Figure 3. Three bands
are typically used to identify graphene-based materials. The vibration caused by defects in the material
and disorder at the edge is called the D band, which is located at approximately 1350 cm−1 [23,25].
Another band at approximately 2650 cm−1, known as the 2D band, is closely related to the number of
layers of graphene flakes [23]. Undoped graphene exhibits a peak at approximately 1580 cm−1 [26],
termed the G band. The position of this band is sensitive to the doping level. Thus, a G-band shift due
to the introduction of oxygen, a form of doping, can be an index of the oxidation degree [27].

A magnified view of the G-band peaks of the two samples is shown in the inset of Figure 3.
The peak shifted to a higher wavenumber from GO1 to GO4. As observed in a related study [23], the higher
oxygen-to-carbon ratio led to a larger Raman shift of the G band. Therefore, it was suspected that the GO4
sample, which had a larger G-band Raman shift, corresponded to a higher oxygen-to-carbon ratio.

X-ray photoelectron spectroscopy (XPS) provided direct evidence of the difference in H2O2

treatment resulting in differences in oxygen content. Figure 4a,b show the C1s XPS results for GO1
and GO4, respectively. The well-known binding energy of sp2 and sp3 C (C–C peak in Figure 4) was at
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284.5 eV [22,28]. In addition, the reported binding energies of C–O and O=C–OH bonds matched those
from our peak fitting (~286.5 and 288.4 eV, respectively; Figure 4) [28,29]. The XPS intensity ratios
of C–O (at 286.5 eV) to C–C (at 284.5 eV) bonds for GO1 and GO4 were 0.28 and 0.40, respectively.
These indicated that the oxygen content in GO4 was higher than that of GO1.

Figure 3. Raman spectra of the GO1 and GO4 samples. A magnified view of the G band is provided in
the inset. The excitation wavelength in Raman measurements was located at 632.8 nm. The G peak of
GO4 shifted to a higher wavenumber than that of GO1.

(a) (b) 

Figure 4. C1s XPS results for (a) GO1 and (b) GO4. The XPS intensity ratio of C–O (at 286.5 eV) to C–C
(at 284.5 eV) bonds of GO4 was larger than that of GO1.

4. Electrical Characteristics

Si substrates with GO1 and GO4 deposited on the surface were used to fabricate GO1 and
GO4 photodetectors, respectively. GO flakes and the native oxide comprised the oxide layers.
The photocurrents and dark currents of p-Si and n-Si heterojunction photodetectors were measured,
as shown in Figure 5a,b.
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(a) (b) 

Figure 5. Dark currents and photocurrents of GO1 and GO4 heterojunction photodetectors on (a) p-Si
and (b) n-Si. The photocurrents were measured under white light from white light emitting diodes
with a power density of 0.5 mW/cm2.

A higher oxidation degree corresponds to a larger bandgap [20]. Schematic band diagrams of our
p-Si detectors with GO1 or GO4 (Figure 6) were constructed according to the data in [20]. A higher
oxidation degree of GO4 resulted in a larger work function and bandgap compared with those of GO1.
In [20], the conduction band edge (EC) did not change but the valence band edge (EV) was lowered
as the oxidation degree increased. Therefore, a downward shift of EV was present regarding GO4
relative to that in GO1 of our photodetectors (Figure 6d as compared with Figure 6c), which resulted
in a large barrier for holes from Si to the Al gate at the accumulation (negative) bias. This is illustrated
in the upper insets of Figure 6c,d. The hole flow from Si to Al might have been blocked by GO4 in the
GO4 device (the upper inset of Figure 6d), whereas more hole flow from Si could reach the Al gate
successfully in the GO1 device (the upper inset of Figure 6c). Therefore, the accumulation current of
GO4-on-p-Si was smaller (Figure 5a). There might have been some electron flow from the Al gate to Si
that overcame the EC barrier at the accumulation bias. However, this component was small for the
GO1 and GO4 cases because the EC barrier of GO was large and thick. Therefore, the GO4-on-p-Si
photodetector exhibited a smaller accumulation current than that of GO1-on-p-Si mainly due to the
larger barrier for the holes from the Si to the Al gate. Photodetection should be performed at the
inversion bias (positive bias in the p-substrate case) because the high electric-field in the depletion
region at the inversion bias could help the carrier separation of photo-generated electron-hole pairs.
The band alignment suggested that the larger work function of GO4 was detrimental to the formation
of a depletion region in the p-Si. The Fermi level (EF) of GO4 was lower than the EF of p-Si, resulting in
initial accumulation (the Si band at the surface was oriented upward at 0 V) (Figure 6d). At the positive
bias, the initial accumulation of the GO4-on-p-Si resulted in a thinner depletion region (red solid line
on the lower inset of Figure 6d) compared with the thicker depletion region of GO1-on-p-Si (red solid
line of the lower inset of Figure 6c). Thus, the photocurrent of the GO4-on-p-Si was smaller than
that of the GO1-on-p-Si. The photo-to-dark ratio of the GO4-on-p-Si was 1.75, which was smaller
than that of the GO1-on-p-Si at 2 V (10.1). At 2 V, the absolute photoresponse (difference between the
photocurrent and dark current) of the GO4-on-p-Si (1.2 × 10−6 A) was therefore smaller than that of
GO1-on-p-Si (6.4 × 10−6 A). To validate these findings, more samples were prepared and measured.
The cumulative probability plot of photo-to-dark ratio is shown in Figure 7. On p-Si, all the GO4
photodetectors exhibited smaller photo-to-dark ratios than those of the GO1 photodetectors.
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Figure 6. Band diagrams for (a) GO1 and (b) GO4 detectors on p-Si before and (c) GO1 and (d) GO4
detectors after contact. The larger work function of GO4 was detrimental to the formation of a depletion
region in the p-Si.

Figure 7. Cumulative probability plot of photo-to-dark ratios. On p-Si, GO1 results in larger ratios
than those of GO4, whereas GO1 leads to smaller ratios on n-Si.

Figure 5b shows the IV behaviors of n-Si photodetectors. On n-Si, the accumulation bias (positive
bias in the n-substrate case) drove electrons from the Si to the Al gate and the holes from the Al gate
to the Si. In the n-Si photodetector, the EC barrier for electrons from the n-Si to Al gate formed by
GO became smaller than the EC barrier from the Al gate to the p-Si in p-Si photodetectors. Therefore,
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the electron flow could not be ignored now. The electron flow will considerably contribute the total
current in the n-Si photodetectors.

The accumulation current of the GO4-on-n-Si photodetector, therefore, displayed no obvious
difference with that of the GO1-on-n-Si photodetector, because the barrier for electrons from n-Si to
the Al gate in the GO4-on-n-Si photodetector (lower inset of Figure 8d) was similar to that in the
GO1-on-n-Si photodetector (lower inset of Figure 8c). Oxidation degrees mainly influenced the EV and
EF, but not the EC [20] as shown in Figure 8a,b. However, the relation between the photoresponse at
the inversion bias (negative bias in the n-substrate case) and oxidation degrees in the n-Si case was
the inverse of that of the p-Si case. The photo-to-dark ratio of the GO4-on-n-Si was 5.3, which was
larger than that of the GO1-on-n-Si at −2 V (2.5). The absolute photoresponse of the GO4-on-n-Si
at −2 V (3.4 × 10−5 A) was also larger than that of the GO1-on-n-Si (1.8 × 10−5 A). Notably, GO4
provided a superior photoresponse than GO1 on n-Si, whereas GO4 led to an inferior photoresponse
on p-Si. This substantial photoresponse of the GO4-on-n-Si occurred because the larger work function
of GO4 contributed to a thicker depletion region (red solid line of the upper inset of Figure 8d) in n-Si
compared with the thinner depletion region of the GO1-on-n-Si (red solid line of the upper inset of
Figure 8c). Therefore, the cumulative probability plot demonstrated that the photo-to-dark ratios of
the GO4-on-n-Si photodetector were significantly larger than those of GO1-on-n-Si (Figure 7).

 

Figure 8. Band diagrams for (a) GO1 and (b) GO4 detectors on n-Si before and (c) GO1 and (d) GO4
detectors after contact. At the inversion bias (upper inset of (c,d)), the larger work function of GO4
contributed to a wider depletion region in the n-Si. At the accumulation bias (lower inset of (c,d)),
the component of “electrons from Si to the Al gate” would predominate over the component of “holes
from the Al gate to Si” due to the smaller SiO2 oxide barrier.
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5. Conclusions

GO-on-p-Si and GO-on-n-Si heterojunction photodetectors were comprehensively studied.
Different oxidation degrees of GO were achieved by varying the amount of hydrogen peroxide
used in the oxidation procedure of GO. Our results indicated that GO with lower oxidation degrees
should be applied to p-Si heterojunction photodetectors to achieve superior photoresponses, whereas
GO with higher oxidation degrees was applicable for n-Si heterojunction photodetectors. Oxidation
degrees led to opposing influence on GO/p-Si and GO/n-Si photodetectors, and the corresponding
influence on the depletion region provided the possibility of photodetector optimization through such
band engineering.
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Abstract: Perovskites have recently attracted intense interests for optoelectronic devices application
due to their excellent photovoltaic and photoelectric properties. The performance of perovskite-based
devices highly depends on the perovskite material properties. However, the widely used spin-coating
method can only prepare polycrystalline perovskite and physical vapor deposition (PVD) method
requires a higher melting point (>350 ◦C) substrate due to the high growth temperature, which is
not suitable for low melting point substrates, especially for flexible substrates. Here, we present the
controlled synthesis of high quality two-dimensional (2D) perovskite platelets on random substrates,
including SiO2/Si, Si, mica, glass and flexible polydimethylsiloxane (PDMS) substrates, and our
method is applicable to any substrate as long as its melting point is higher than 100 ◦C. We found that
the photoluminescence (PL) characteristics of perovskite depend strongly on the platelets thickness,
namely, thicker perovskite platelet has higher PL wavelength and stronger intensity, and thinner
perovskite exhibits opposite results. Moreover, photodetectors based on the as-produced perovskite
platelets show excellent photoelectric performance with a high photoresponsivity of 8.3 A·W−1, a high
on/off ratio of ~103, and a small rise and decay time of 30 and 50 ms, respectively. Our approach in this
work provides a feasible way for making 2D perovskite platelets for wide optoelectronic applications.

Keywords: 2D perovskite; controllable synthesis; flexible substrate; photodetector;
photoelectric performance

1. Introduction

Organic-inorganic halide perovskite are materials described by AMX3 formula, in which A is
organic cation, M is metal cation and X is halogen anion [1]. Although perovskites have been discovered
for more than one century, the use of perovskites in solar cells only happened in recent years [2–10].
Among the variety kinds of perovskites, methylammonium lead iodide perovskite (CH3NH3PbI3) has
attracted intensive interest due to its extraordinary optoelectronic properties such as long electron/hole
diffusion lengths, high optical absorption coefficient, and optimal bandgap [11,12]. These advantages
have generated widely growing interest for diverse applications such as photodetectors [13–16],
light-emitting diodes (LEDs) [17–21], waveguides [22], field effect transistors (FET) [23], lasers [24,25],
etc. These applications requires high performance devices which highly depends on the perovskite
material properties. To date, there are several methods to prepare CH3NH3PbI3 perovskite. Directly
spin-coating perovskite compound solution to prepare perovskite films is the simplest method, which
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is suitable for use in solar cells with perovskite as the light harvester [18,20]. However, the material
properties obtained by this method still cannot fully display the nature of perovskite, due to its
inhomogeneous, polycrystalline structure and large surface roughness. Homogeneous and high
crystalline perovskite film can be obtained by thermal evaporation, but this method needs dedicated
equipment and can easily cause lead poisoning as the lead iodide (PbI2) vapor cannot be avoided
in the experiment process [8,26]. Chemical vapor deposition (CVD) is promising for the synthesis
of high quality perovskite with well-defined structures and morphologies [27,28], especially for
two-dimensional (2D) CH3NH3PbI3 perovskite platelets. This method involves two steps: firstly,
PbI2 platelets were grown on mica substrate under 350–510 ◦C, and then the as-grown PbI2 platelets
were converted to CH3NH3PbI3 perovskites through inserting the CH3NH3I molecules into the PbI2

platelets under 120 ◦C [29]. Although high quality perovskite can be obtained by this method, it would
still induce lead poisoning owing to the PbI2 vapor produced during the first growth step. Moreover,
the high temperature growth process requires substrates that have high melting point (>350 ◦C), which
are not suitable for flexible substrates with low melting point. Therefore, the need for developing other
alternative routes to produce high quality perovskite platelets without lead halide vapour during the
process on diverse substrates, especially on flexible substrates remains a challenge.

Previously, we introduce a two-steps method to produce high quality 2D perovskite platelets
on SiO2/Si substrate [13]. The highest growth temperature during the process was around 180 ◦C.
In this manuscript, we carefully control the growth temperature to below 100 ◦C, therefore high
quality 2D perovskite platelets can be obtained on random substrates, especially on transparent,
flexible and lower melting point substrates. Our method is applicable to any substrate as long as its
melting point is higher than 100 ◦C. Moreover, photodetectors based on the as-produced 2D perovskite
platelets were fabricated. The devices exhibit excellent photoresponse performance, including a high
photoresponsivity of 8.3 AW−1, a high on/off ratio of ~103, and a small rise and decay time of 30 and
50 ms, respectively. Considering the feasibility of preparing 2D perovskite platelets with different
thickness on diverse substrates, especially on transparent, flexible and lower melting point substrates,
the results in this paper would greatly extend the device applications of 2D perovskite.

2. Materials and Methods

The 2D CH3NH3PbI3 platelets were prepared by two steps. Firstly, 0.2 mg PbI2 powder was
dissolved in 1 mL distilled water and heated at 100 ◦C for 1 h to get oversaturated PbI2 solution.
After this, the hot PbI2 solution (around 100 ◦C) was dropped on the aimed heating substrates,
including SiO2/Si, Si, mica, glass and PDMS. During this process, the PbI2 oversaturated solution
would nucleate and form the 2D PbI2 platelets on the corresponding substrates. Secondly, CH3NH3I
powder was put into the center of the furnace and the above obtained 2D PbI2 platelets were placed
10–15 cm downstream from the CH3NH3I powder in a CVD system (Hefei, Anhui, China) to convert
to CH3NH3PbI3 perovskite. After that, 500 sccm Ar was introduced into the CVD system for 30 min
to clear the air in the quartz tube. The Ar flow rate was then kept at 30 sccm to maintain the system
pressure to be lower than 1 Torr. Afterword, the furnace was heated to 100 ◦C under a heating rate
of 2.5 ◦C/min and kept at 100 ◦C for 5–30 min. Finally, we stopped heating and opened the furnace
quickly. During this process, the CH3NH3I molecules would insert into the 2D PbI2 platelets to convert
them into 2D CH3NH3PbI3 perovskite platelets. Moreover, the heating rate should not be very quick
as higher heating rate usually induces temperature overshoot (>100 ◦C), and there would be more
CH3NH3I molecules inserted into the PbI2 platelets than as needed.

The photodetectors were fabricated by picking up a single organic ribbon by a mechanical
probe and placed over the 2D perovskite platelet as an organic ribbon mask. After this, 30 nm Au
was deposited on the 2D perovskite platelet by thermal evaporation. Finally, the organic ribbon
mask was peeled off by a mechanical probe to form the source and drain electrodes over the 2D
perovskite platelet. The morphology and structure of the as-grown 2D perovskite platelets were
characterized by field-emission scanning electron microscopy (FESEM, Model S-4800, Hitachi, Tokyo,
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Japan), optical microscopy (Olympus BX51, Shinjuku, Tokyo, Japan), atomic force microscopy (AFM,
Bruker, Dimension Icon SPM, Billerica, MA, USA) in the tapping model and X-ray diffraction (XRD,
Bruker D8 advanced diffractometer, Cu-Kα radiation (λ = 1.54050 Å), Billerica, Massachusetts, United
States ) scanned from 10 to 60◦ with a step of 0.02◦. Chemical composition and crystal orientation of
the 2D perovskite platelets were analyzed by X-ray photoelectron spectroscopy (XPS) and transmission
electron microscope (TEM, FEI, Hillsboro, OR, USA, Tecnai G2 F20). Photoluminescence (PL) spectrum
and mapping measurements were performed using a confocal microscope system (WITec, Ulm,
Germany, alpha 300R) with 532 nm wavelength laser to excite the samples. The photoresponse
properties of the photodetectors were characterized using the probe station (Cascade, Kingsey Falls,
QC, Canada, M150) and a semiconductor property analyzer (Keithley, Cleveland, OH, USA, 4200)
under 405 nm laser excitation.

3. Results

Figure 1 shows the morphology of 2D PbI2 and CH3NH3PbI3 perovskite platelets characterized
by optical microscopy, SEM and AFM. Figure 1a–d show the optical microscopy images of hexagonal
and triangular 2D PbI2 on Si, mica, glass and flexible PDMS substrates, respectively. We can observe
that the surfaces of all the 2D PbI2 platelets are smooth and uniform, no matter the substrate is rigid (Si,
mica and glass)/flexible (PDMS) or smooth (Si and mica)/rough (PDMS and glass), which indicates
that the toughness and roughness of the substrates do not play a key role during the PbI2 single crystal
growth process. Figure 1e–h show the optical microscope images of 2D perovskite platelets on Si,
mica, glass and PDMS substrates, respectively, which were converted from the single crystal PbI2 by
inserting CH3NH3I molecules into them. After the conversion, the surfaces of perovskite platelets were
found to be non-uniform and relatively rough compared to their counterparts before the conversion.
The surface morphology change is induced by insertion of CH3NH3I molecules into the lattice of single
crystal PbI2. Notably, we can obtain CH3NH3PbI3 perovskite on almost all kinds of substrates as long
as its melting point is higher than 100 ◦C, which is the highest temperature during the whole process.
Figure 1i–p show the optical and SEM images of perovskites with different thickness from hundreds
of nanometers to a single-unit-cell thick (2 nm) on SiO2/Si substrate. Clearly, the surface of the 2D
perovskites is more rough for the hundreds-nanometer-thick (Figure 1i) and the single-unit-cell-thick
samples (Figure 1l), but the ten-nanometer-thick sample exhibits a much smoother surface (Figure 1k).
AFM was used to explore the morphology and thickness of the 2D perovskite platelets, as shown in
Figure 1q–t. Samples with thickness of 450 nm, 175 nm, 150 nm and 60 nm were measured. AFM
morphology indicates a surface roughness of 24 nm, 22 nm, 18 nm and 13 nm, corresponding to 450 nm,
175 nm, 150 nm and 60 nm samples, respectively. From Figure 1s,t, we can even find small particles
on the surface of thinner samples, this proves again that the CH3NH3I molecules insert into the PbI2

crystal and result in the surface morphology change.
Figure 2a shows the XRD patterns of the 2D PbI2 and the corresponding CH3NH3PbI3 perovskite

platelets on glass substrates with a thickness of 10 nm. The strong (110) and (220) diffraction peaks
with 2θ located at 13.9◦ and 28.17◦ indicate that the obtained CH3NH3PbI3 perovskite is of tetragonal
crystalline structure. Moreover, comparing the diffraction peaks of PbI2 and CH3NH3PbI3 perovskite,
we can observe that the (001), (002), (003), (004) diffraction peaks of PbI2 disappeared after the
conversion process, indicating that the PbI2 was completely converted to CH3NH3PbI3 perovskite
crystals. Note that the normally observed (112), (211), (310) and (224) diffraction peaks in perovskite
synthesized via solution method are not observed in our samples, attesting the fine crystal orientation
of the converted CH3NH3PbI3 perovskite [30]. In order to characterize the optical properties of the
converted perovskite, PL spectra were collected under 532 nm laser excitation at room temperature,
as shown in Figure 2b and Figure S1a,b. Samples with different thickness that varies from 63 nm to
single unit cell thick (2 nm) were marked by p1 to p6. The PL peak shifts towards shorter wavelength
from 770 to 720 nm as the thickness of the perovskite decreases from 100 nm to single unit cell (2
nm), which is consistent with the previous report [13] and can be ascribed to the lattice expansion,
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namely, the structure relaxation of the in-plane crystal lattice could increase the optical band gap [31].
Moreover, we found that the PL intensity reduces dramatically by over 30 times as the film thickness
decreases from 63 nm (marked by p1 in Figure 2b and Figure S1a,b) to single unit cell (2 nm, marked
by p6 as shown in the upper left inset in Figure 2b and Figure S1a,b), owing to more excited charge
carriers in the thicker perovskite under the laser irradiation. While for thinner perovskite, the carrier
density is much less than that of thicker one, resulting in lower PL quantum yield efficiency. To further
elucidate the relationship between the perovskite thickness and the corresponding PL intensity and
peak position, PL mapping measurements were performed on 2D perovskite platelets, as shown in
Figure 2c–f. When the perovskite thickness is larger than 100 nm, the boundary PL intensity is much
higher than that in the central part (Figure 2c). In addition, this phenomenon still can be observed
when the thickness decreases to 20 nm (inner triangular perovskite sheet in Figure 2d), although the
intensity contrast is lower than that of the thicker ones. However, as the thickness decreases to thinner
than 10 nm, the PL intensity is uniform over the whole crystal and no clear intensity contrast can
be observed (inner triangular perovskite sheet in Figure 2e). While converting PbI2 to perovskite
by inserting CH3NH3I molecules into it, the crystal boundary region of PbI2 is much easier to react
with CH3NH3I molecules due to the large exposed edges than the central part during the conversion
process, whereas, for the central part, the reaction first occurs at the surface and then towards inside
the material. For thicker PbI2, the CH3NH3I molecules cannot insert into it through the surface easily,
and consequently there are not enough CH3NH3I molecules involved into the reaction, resulting in
the lower PL intensity from the central part than that from the boundary part. As the PbI2 thickness
decreases, the insertion of CH3NH3I molecules becomes much easier though its surface, and thus the
PL intensity difference between the central part and the boundary part is gradually reduced. As the
thickness further decreases to 10 nm, sufficient number of CH3NH3I molecules can insert into PbI2

though its surface, thereby there is no obvious intensity difference between the central part and the
boundary part (Figure 2e). Figure 2f proved again that the boundary PL intensity is much higher
than the central part and the thicker perovskite have higher PL intensity as clarified in Figure 2b. To
more intuitively demonstrate the above effect, PbI2 platelet is converted to CH3NH3PbI3 perovskite
without supplying sufficient CH3NH3I molecules, and the resultant PL spectrum of the CH3NH3PbI3

perovskite is shown in Figure S2a,b, from which we can observe that the boundary exhibits higher PL
intensity, and the intensity in the central part is very low, attesting the above analysis.

Figure 3a displays the TEM image of a hexagonal 2D perovskite platelet with a thickness of 10 nm.
The corresponding high resolution TEM (HRTEM) image in Figure 3b shows clear lattice fringes with
(200) and (022) planes, further revealing the single crystalline structure of the converted perovskite
platelet [13]. In order to understand the elemental arrangement of Pb in the perovskite platelets,
scanning photoelectron microscopy (SPEM) was applied to obtain the XPS mapping image, as shown
in Figure 3c. From the Pb mapping results, we can observe that the Pb arranged uniformly in the crystal
after inserting the CH3NH3I molecules into the crystal. Moreover, single XPS spectra of Pb, I, C and N
elements in the CH3NH3PbI3 perovskite were also acquired and shown in Figure 3d–g, respectively.
The prominent C1s peak located at 285.3 eV corresponds to the carbon atoms in CH3NH3PbI3 crystal,
and a small amount of amorphous carbon located at 284.2 eV can also be seen, which may be due to
the Si substrate contamination (Figure 3f). The I4d, Pb4f and N1s peaks are located at (49.8 eV, 51.4 eV),
(138.8 eV, 144.3 eV) and (399 eV, 401.8 eV) respectively, which are in good agreement with previous
reports [32–34].
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Figure 1. (a–d) Optical microscopy images of the hexagonal and triangular 2D PbI2 platelets on Si,
mica, glass and PDMS substrates, respectively; (e–h) Optical microscopy images of the hexagonal
and triangular 2D CH3NH3PbI3 perovskite on Si, mica, glass and PDMS substrates, respectively;
(i–l) and (m–p) Optical microscopy and SEM images of 2D CH3NH3PbI3 perovskite with different
thicknesses from hundreds of nanometers to single unit cell thick (2 nm) on SiO2/Si substrate;
(q–t) AFM topography images of 2D CH3NH3PbI3 perovskite platelets with different thicknesses
from 450 nm to 60 nm, respectively. All the scale bars are 10 μm.
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Figure 2. (a) XRD patterns of PbI2 platelets and corresponding converted 2D CH3NH3PbI3 platelets.
The thickness of CH3NH3PbI3 platelets is 10 nm; (b) PL spectra of perovskite platelets with different
thicknesses. The upper left inset shows the PL spectra of 2 nm perovskite; (c–f) PL mapping images of
2D CH3NH3PbI3 platelets with different thicknesses. As shown in (c,d), when the platelet is thicker than
10 nm, the PL intensities of the central part are lower than that of the boundary part. The upright insets
in (c–f) show the corresponding optical microscopy images of 2D CH3NH3PbI3 platelets. The scale
bars are 4, 7, 1 and 10 μm, respectively.

Figure 3. (a) TEM image of a 2D CH3NH3PbI3 platelet; (b) High-resolution TEM image of the 2D
CH3NH3PbI3 platelet; (c) XPS mapping images of Pb element in 2D CH3NH3PbI3 platelets acquired
with SPEM; (d–g) XPS spectra of Pb, I, C and N elements in 2D CH3NH3PbI3 platelets, respectively.

4. Discussion

Controlled growth of 2D perovskite platelets on different substrates enables us to probe
their intrinsic optoelectrical properties. As an example, perovskite platelets were explored as the
semiconducting channel of FETs on SiO2/Si substrate with two gold electrodes as source/drain
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electrodes and Si as the back gate. Schematic and optical microscopy image of a 2D CH3NH3PbI3

platelet phototransistor are shown in Figure 4a and Figure S3a. The results in Figure 4b display a
nearly zero dark current and linear I-V curves under two different illumination powers with 405 nm
laser excitation, indicating that the device has excellent photoresponse capability. The linear I-V
curves indicate the Ohmic contact between perovskite and gold source/drain electrodes. Figure 4c
shows the device response to pulsed light at different optical pumping power, from which we can
observe that the device can be effectively switched “ON” and “OFF” while the laser source is turned
on and off. The amplitude of the electrical signal is modulated by different light powers. Also from
Figure 4c we can calculate the photocurrent to dark current ratio of our devices and the value can
reach up to three orders of magnitude. Figure 4d shows the photoresponsivity and photocurrent as
a function of the light power. It is found that both the photocurrent and photoresponsivity change
nonlinearly with increasing the laser power. The photoresponsivity of our 2D perovskite based FET can
reach up to 8.3 AW−1 under a bias voltage of 1 V, higher than the bulk perovskite film based devices
(3 AW−1) but lower than perovskite crystal (40 AW−1) based ones with channel length reducing to
100 nm [15]. The response speed of our device is characterized by a rise time and a decay time of
less than 30 and 50 ms, respectively, demonstrating a much faster response than the bulk perovskite
film based devices. In addition, time-dependent photocurrents at different source-drain voltages are
shown in Figure 4f and Figure S3b. The photocurrent can be significantly increased by increasing
the source-drain voltage. As the laser is turned on and off, the photocurrent changes periodically,
indicating a very good operation repeatability. The above results prove that our 2D perovskite platelets
show excellent photoelectric properties and hold a potential for broader optoelectronics application,
especially for applications that need low temperature processing.

Figure 4. (a) Schematic of a 2D CH3NH3PbI3 platelet phototransistor. The upright inset shows the
optical microscopy image of the 2D CH3NH3PbI3 platelet phototransistor; (b) I-V curves of the 2D
perovskite-based device in dark and under light irradiation with different power; (c) Time-dependent
photocurrent of the 2D CH3NH3PbI3 platelet with different incident power; (d) Dependence of
photocurrent and photoresponsivity on incident light power; the blue and black dots correspond
to original data; (e) Time photocurrent response excited at 405 nm laser. The rise time and the decay
time are 30 ms and 50 ms, respectively; (f) Time dependent photocurrent of the device based on the 2D
CH3NH3PbI3 platelet during the laser switching on/off process under positive source-drain voltage,
Vsd. Vsd is from 1 to 3 V.

5. Conclusions

In summary, high quality 2D CH3NH3PbI3 perovskite platelets were prepared by a two-steps
method. By utilizing this method, we can produce 2D perovskites platelets with different thicknesses
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from hundreds of nanometers to single unit cell (2 nm) on different substrates, as long as the
melting point of the substrate is higher than 100 ◦C. It was found that the PL characteristics of
perovskite depends strongly on the platelet thickness, namely, thicker perovskite platelet has higher
PL wavelength and stronger intensity, whereas, thinner perovskite exhibits opposite results. Moreover,
photoelectric measurements confirm that our 2D perovskite platelets show excellent photoelectric
properties. Phototransistors based on the 2D perovskite platelet exhibit a high photoresponsivity of
8.3 AW−1, a high on/off ratio of ~103 with a small rise and a decay time of 30 and 50 ms, respectively.
Considering the feasibility of preparing 2D perovskite platelets with different thickness on diverse
substrates, especially on transparent, flexible and lower melting point substrates, our method would
greatly extend the device applications of 2D perovskite.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/8/591/s1,
Figure S1: Optical microscopy and PL mapping images of 2D CH3NH3PbI3 perovskite, Figure S2: Optical
microscopy and PL mapping images of the converted 2D CH3NH3PbI3 perovskite without supplying sufficient
CH3NH3I molecules during the conversion process, Figure S3: supplementary photoelectrical performance of the
2D CH3NH3PbI3 platelet phototransistor.
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Abstract: In this paper, a photodetector based on arrayed CdTe microdots was fabricated on Bi coated
transparent conducting indium tin oxide (ITO)/glass substrates. Current-voltage characteristics of
these photodetectors revealed an ultrahigh sensitivity under stress (in the form of force through press)
while compared to normal condition. The devices exhibited excellent photosensing properties
with photoinduced current increasing from 20 to 76 μA cm−2 under stress. Furthermore, the
photoresponsivity of the devices also increased under stress from 3.2 × 10−4 A/W to 5.5 × 10−3 A/W
at a bias of 5 V. The observed characteristics are attributed to the piezopotential induced change
in Schottky barrier height, which actually results from the piezo-phototronic effect. The obtained
results also demonstrate the feasibility in realization of a facile and promising CdTe microdots-based
photodetector via piezo-phototronic effect.

Keywords: CdTe microdots; Schottky barrier; photodetector; piezo-phototronic effect

1. Introduction

Semiconductor nanostructures receive immense attention for their distinct physical properties and
applications in high-performance nano devices, owing to their rationally designed surface and large
surface to volume ratio [1–3]. Their unique morphological and crystalline characteristics make them
very promising for designing and developing novel nanoscaled devices. In such cases, a control over
their size and structure allowsus to tune their optical properties as well as their band gaps. Among
many semiconductors, CdTe belonging to II–VI group is an optically active material with a band gap
of 1.5 eV. This makes it a promising light-absorbing material for photovoltaics. Due to its excellent
optical properties with high absorption coefficient and high specific power, CdTe is of great interest for
application in optoelectronics devices such as photovoltaics, photodetectors, near-infrared detectors,
gamma-ray detectors for medical imaging and lasers [4–10].

Due to its attractive bandgap and optical properties, CdTe in the nanostructures form is a potential
candidate for the fabrication of a high-performance devices. Different morphologies of CdTe, such as
nanoparticles, nanowires, nanorods, and nanotubes have been synthesized via a variety of methods
including molecular beam epitaxy, chemical vapor deposition (CVD), physical vapor deposition,
electrodeposition, closed spaced sublimation (CSS) method, and radio frequency(RF) magnetron
sputtering [11–20]. CdTe solar cells on ultrathin glass substrates, yielding a high efficiency of 16.4%,
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have also been reported by Mahabaduge et al [21]. Recently, CdTe in the form of nanoribbons and
nanowires were shown to exhibit significant photoresponse with high responsivity and gain [22,23].

In spite of the several advantageous optoelectronic properties of CdTe, their piezoelectric
properties have seldomly been reported. Recently elastic and piezoelectric properties of zinc
blende and wurtzite crystalline nanowire heterostructures were also reported [24–26]. Nonlinear
piezoelectricity in CdTe was demonstrated by Corso et al by performing first principle calculation
through density-functional theory (DFT) [27]. More recently, Hou et al. reported nanogenerator
based on zinc blende CdTe micro/nanowires [28]. Inspired by these literatures, we showcase the
piezopotential distribution on arrayed CdTe microdots under the application of external stress.

In this paper, we demonstrate the controlled growth of arrayed CdTe microdots using vapor
phase epitaxy. The structural and morphology characterization are explained in detail. Additionally,
investigations were also performed on the role of precursor to substrate distance over the controlled
growth of CdTe microdots. Additionally, to showcase their potential for photoelectronic applications,
we have investigated their electrical and photoelectronic properties by fabricating a photodetector
using arrayed CdTe microdots. A strong photoelectric response was observed in the devices at room
temperature without external power supply. The performance of this photodetector was significantly
improved under the stress via piezo-phototronic effect. The photoresponsivity of the photodetector
shows enhanced performance under stress than that of normal condition. The device displayed a
detectivity of 1.68 × 1011 Jones under stress. This indicate that the performance of the arrayed CdTe
microdots-based photodetector can effectively be enhanced through utilizing piezo-phototronic effect.

2. Materials and Methods

2.1. Synthesis of CdTe Films and Microdots

Figure 1 shows the schematic experimental setup involved in the deposition of arrayed CdTe
microdots on Bi coated indium tin oxide (ITO)/glass.CdTe films and microdots were selectively grown
on Bi coated ITO/glass substrates by vapor phase epitaxy (VPE) method in a temperature controlled
three-zone furnace. Bi films were first predeposited on precleanedITO/glass substrate via e-beam
evaporator system as the specific substrate for selective growth of CdTe (20 nm). For this a grain type
Bi metal source of 99.999% purity (Alfa Aesar product, Haverhill, MA, USA) was used. The film was
deposited by using a shadow metal mask at a deposition rate of 1 Å/s at 2 × 10 −6 Torr. The prepared
substrate and CdTe bulk source (3.8 g, 99.888% purity Alfa Aesar product, Haverhill, MA, USA) was
placed in Zone 2 (growth zone) and Zone 3 (source zone) of the VPE. The source to substrate distance
was varied from 5 to 15 cm in order to obtain a clear micro dot pattern. The quartz chamber was
pumped to a pressure of 2.4 × 10−3 Torr via rotary pump and unreacted (Ar) carrier gas was flown out
at 60 sccm for 10 min before growth. The flow was maintained until the temperature had completely
lowered after the growth. The temperatures of Zone 1 and Zone 2 were kept the same (250, 350 and
450 ◦C), while the temperature of Zone 3 was held at 600 ◦C. The temperature rise rate of all the
samples was 10 degrees per minute and the growth time was 1 h. Bi was additionally coated on Al2O3

(111) and Si (100) substrates under similar growth conditions to determine their role as catalyst that
effectively promotes the selectively growth of CdTe.

2.2. Device Fabrication

We also fabricated devices using CdTe microdots to observe the current changes due to
photoreaction and physical forces. ITO/glass plates were placed on top of selectively grown CdTe
microdots/Bi/ITO/glass samples (for physical contact and as the top electrode by fixing with a tape).
The top and bottom electrode were connected to a wire and silver paste, respectively. The current
was then measured according to the voltage when light irradiation and physical force were applied.
We further studied the reproducibility of changes in current due to optical response and physical force.
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2.3. Characterization

The surface morphology/microstructure of CdTe samples were monitored through field-emission
scanning electron microscopy (FESEM, Philips, Model: XL-30, Amsterdam, The Netherland).
The microstructure of CdTe samples were inferred through X-ray diffraction (XRD, Bede scientific
instruments, Model: Bede D1, Bowburn, UK) and Micro Raman spectrometer (DawoolAttonics,
Model: Micro Raman System, Seongnam, Korea). Optical properties were obtained using a
UV/VIS spectrophotometer (K LAB, Model: Optizen POP, Daejeon, Republic of Korea). A Keithley
617 semiconductor parameter analyzer (Tektronix, Model: Keithley 617, Beaverton, OR, USA) was
employed to study the photoresponse of the device under solar simulator (Newport, AM1.5) (SERIC,
Model: XIL-01B50KP, Tokyo, Japan). A specially designed spring-type soft stick was used to give a
constant physical force to the device. The constant physical force was measured using a digital force
gauge (Amittari, Model:FG-104, Guangdong, China) and the value was found to be 6.03 N/m2. A UV
cut-off filter was employed in our experiments to exclude the influence of ITO on the photocurrent
values of our devices. Hall effect measurements for CdTe microdots were provided in the Table S1.

3. Results and Discussion

Figure 2 shows the SEM and cross-sectional images of the CdTe films grown on Bi catalyst under
different growth temperature. As seen from Figure 1, the surface topography of the film changes under
different growth temperature. The films deposited at 250 ◦C (Figure 2a) shows uniform distribution of
small grains on the substrate with many pinholes. On increasing the temperature to 350 ◦C, the grain
size increases and fills the pin holes and result in continuous film (Figure 2c). The increase in the size
of the grains might be related to the fact that the critical grain radius increases due to disappearance
of the smaller grains and enhanced growth of larger grains. For further increase in the temperature
(450 ◦C), the grain size increases substantially, and gets turned into elongated grain-like structure
(Figure 2e). Compared with films deposited at temperature of 250 ◦C and 350 ◦C, the film uniformity
has been improved for 450 ◦C.

Figure 1. Apparatus for the deposition of the CdTe microdots arrays on Bi coated indium tin oxide
(ITO)/glass.

To understand the effect of Bi film as seed layer for the formation of CdTe films, controlled
experiments were conducted with and without Bi films on ITO substrates. The corresponding scanning
electron microscopy (SEM) images of CdTe films grown under different growth temperatures are
shown in Figure S1. In the early stages when the temperature was maintained at 250 ◦C nucleation
of small grains of CdTe was observed on both with and without Bi film. When the temperature was
increased to 450 ◦C, CdTe films was formed only on the Bi film. In this case no films were formed
without Bi film, regardless of reaction condition. This indicates Bi film acts as a seed layer for the
deposition of CdTe films. Additionally, different substrates such as Bi coated Al2O3 (111) and Si (100)
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substrate, were also employed to test the effect of substrate at the same growth temperature (Figure S2).
No significant variation was observed in the results, as CdTe was formed only on the Bi coated area
rather than uncoated area.

 

Figure 2. Scanning electron microscopy (SEM) images of CdTe grown at different substrate temperature
(a) 250 ◦C (c) 350 ◦C (e) 450 ◦C along with their corresponding cross-sectional image (b,d,f).

Figure 3a displays XRD patterns of CdTe films grown under different temperatures. The diffraction
peak observed at 23◦ corresponds to (111) plane of CdTe, suggesting that the crystal structure of
CdTe films is zinc blende with a preferential orientation of the (111) plane, regardless of the growth
temperature. The XRD pattern of the films deposited in the present study is consistent with that
reported in the literature [29]. A rocking curve measurement for the 2θ = 23◦ diffraction peak was
carried out for films grown under different temperatures (Figure 3b). The width of the rocking curve
remains fairly narrow with a full width at half maximum (FWHM) of 0.356◦ for 250 ◦C and 0.321◦,
0.310◦ for 350 ◦C and 450 ◦C (Figure 3b). The decrease in full width at half maximum (FWHM) with
increasing temperature indicates that the crystallinity is improved.
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Figure 3. (a) XRD patterns of CdTe films grown under different substrate temperatures; (b) A rocking
curve measurement for the 2θ = 23◦diffraction peak.

The Raman spectrum of CdTe films under different substrate temperature is shown in Figure 4.
The spectrum fitted with Lorentzian functions exhibits six peaks at 120, 140, 160, 210, 260 and 330 cm−1.
The vibration mode at 120 cm−1 and 260 cm−1 corresponds to elemental Tellurium phases [30].
The mode observed at 140 cm−1 could be attributed to combination of both transverse optical phonon
(TO) and elemental Te [31]. The Raman modes at 162 and 330 cm−1 correspond to the longitudinal
optical phonon (LO) and 2LO phonons of CdTe [32].Similarly, a broad band located at 210 cm−1 which
we believe probably originates from the combination bands and we tentatively assign them to the
overtones of E and A1 modes in Te [32]. Interestingly, by increasing the substrate temperature to
450 ◦C, (LO) and 2LO phonons modes of CdTe improved with reduction of Te related peaks and
indicates improvement in crystallinity of CdTe.

 

Figure 4. Raman spectrum (fitted using Lorentzian functions) of the CdTe films under different
substrate temperature.
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The fabrication procedures for the CdTe microdots arrays photodetectors is illustrated in Figure 5a.
Initially, 20 nm thick Bi film was deposited onto precleaned ITO glass substrate through a metal
shadow mask using e-beam evaporation. The Bi film serves as seed layer for the growth of CdTe
microdots-arrayed pattern. The CdTe microdots were grown using VPE. Figure 5b shows the optical
microscopic image of CdTe microdots arrays. It has been shown that precursor to substrate distance (D)
plays an important role in controlling the quality of CdTe films [33,34]. Interestingly the synthesized
CdTe microdots were significantly different for substrate positions (D1 = 15 cm, D2 =10 cm, and
D3 = 5 cm) as shown in Figure 5b–d. In case of sample (D1 = 15 cm), isolated and irregular CdTe
nanoparticle were formed on the surface of Bi film (Figure 5b). When the distance (D1 = 15 cm) was
kept longer from the CdTe source the concentration of the reactant species decreased, which resulted in
slow reaction rate leading to uneven growth. Hence, the particle integration into films was incomplete.
For sample (D2 = 10 cm), the film with high quality and smooth surface was formed on the Bi film
(Figure 5c). In this case the concentration of the reactant species, gas flow, and reaction temperature
weremore suitable for nucleation, thereby resulting inthe growth of high-quality film. For sample
(D3 = 5 cm) the surface seems to be non-uniform with larger grain size (Figure 5d). Here, the distance
(D3 = 5 cm) was close enough to the CdTe source, so a large number of disordered particles was formed
due to rapid nucleation.Therefore, CdTe microdots grown at (D2 = 10 cm) possess smooth surface
with higher quality than samples D1 and D3. Based on the above results, the precursor to substrate
distances seems to have a huge influence on the formation of well-arrayed CdTe microdots.

Figure 5. (a) Schematic of the fabrication process for the CdTe microdots arrays. Optical microscopy
image of grown CdTe microdots arrays at different precursor to substrate distance (b) 15 cm, (c) 10 cm
and (d) 5 cm.

Figure 6a shows an SEM image of CdTe microdots arrays grown on Bi coated ITO substrate.
As seen from Figure 6a, microdots were assembled in a perfect array and the distance between each

214



Nanomaterials 2019, 9, 178

dot was measured to be 470 μm (Figure S3). The enlarged version of the single microdots shows the
size to be approximately 100 μm in diameter and has a smooth surface with high quality (Figure 6b).
This result demonstrates that microdots could be arranged with precise control in size and position.
Figure 6c shows the photograph of the arrayed CdTe microdots films. The corresponding transmittance
spectra of arrayed CdTe microdots film are shown in Figure 6d. Here, the ITO glass shows about 80%
transmittance across the visible range, while it drops to 72% when the CdTe micro dot film is deposited
on ITO substrate. This decrease in transmittance is due to the absorption characteristics of the CdTe
microdots film. The inset in Figure 6d shows the internal absorption around 825 nm in the case of
CdTe microdots.

 
Figure 6. (a) SEM image of CdTe microdots arrays grown on Bi coated ITO substrate; (b) Enlarged
version of the single microdots; (c) Photograph of the arrayed CdTe microdots films; (d) Transmittance
spectra of CdTe microdots arrays film.

Encouraged by the arrayed pattern and good crystallinity, we constructed a photodetector device
based on CdTe microdots arrays film to explore its potential for optoelectronic applications. For the
fabrication of photodetectors, we adopted a simple contact method using a sandwich structure of
ITO glass that serves as transparent electrode and CdTe microdots on Bi-ITO as bottom electrode (See
Experimental Section for the detailed fabrication process). Figure 7a shows schematic representation
of CdTe microdots-arrayed photodetector on Bi/ITO substrates. For photoresponse measurement,
light was illuminated to the device through the top ITO electrode (as shown in Figure 7a). A digital
photographical image of a typical device is displayed in Figure 7b. Current-voltage (I–V) curves of
the CdTe microdots-arrayed photodetector under normal conditions in dark and illumination are
shown in Figure 7c. Here, the curves display asymmetric nonlinear behavior, suggesting the formation
of a Schottky-like junction at ITO/CdTe microdots and CdTe/Bi/ITO interface. In other words, the
device corresponds to two back-to-back Schottky junctions, with possibly slightly different Schottky
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barriers [35]. In contrast, the device exhibits strong photoresponse under illumination, indicating the
contribution from photogenerated carriers. The dark current was measured to be 0.8 μA at a bias
of 5 V. However, the current reaches to 5.3 μA at same bias voltage under illumination, indicating
excellent sensitivity of the CdTe microdots. Under illumination, the absorption could mainly take
place in CdTe, therefore most of the photogenerated electron-hole pairs are created at the CdTe/ITO
junction. The photogenerated electrons-holes are quickly separated by the strong built-in electric field
and will be collected at nearby electrodes.

 
Figure 7. (a) Schematic of CdTe microdots array photodetectors; (b) Digital photographical image of
a typical device; (c) Current-voltage (I–V) curve of the CdTe microdots array photodetectors under
normal conditions in dark and illumination; (d) I–V characteristics of the device under stress (pressing
condition) in dark and illumination.

To study the influence of piezoelectric effect on the performance of CdTe microdots array
photodetectors, we applied an external stress (pressing the device from the back). We believe that, while
pressing the sample, a stress could be completely applied to the CdTe microdots. The corresponding
I–V characteristics of the device under such stress in dark and illumination is shown in Figure 7d. Here,
the current flowing through the device increased compared to normal conditions. Such enhancement
in currents under stress can be ascribed to the piezoelectric effects along CdTe microdots and ITO
interface. The induced piezopotential at the CdTe microdots and ITO interface actually results in the
change in the Schottky barrier height at CdTe/ITO interface and local electric field dominating the
dark current. To confirm piezo-phototronic effect in CdTe microdots array photodetectors, I–V curves
were measured by applying stress under illumination.Here, a notable enhancement in photocurrent
(76 μA·cm−2) under illumination was observed while compared with that of dark current (20 μA·cm−2)
under stress. It can be understood that the mechanically generated piezopotentials along the interface
play a critical role in enhancing the performance of photodetector under illumination. When a stress is
applied to the device, piezopotential is generated along the CdTe/ITO interface. The piezopotential at
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the CdTe/ITO interface, reduces the valence and conduction band energy level in CdTe. Meanwhile
when the device is illuminated, the stronger electric field enhances the extraction and separation
of photogenerated carriers, which results in enhanced photoresponse from the device (Figure 8b).
The piezopotential induced under the stress condition plays a crucial role in increasing the performance
of piezo-phototronic effect-based devices [36–39]. Similar experiments were also performed using
CdTe thin films instead of CdTe microdots. However, we did not observe such a significant variation
in the current values (Figure S4).

Figure 8. Schematic band diagrams of a CdTe microdots photodetector under (a) normal conditions
and (b) with stress under illumination to illustrate the working mechanism of Piezo-phototronic
effect-enhanced Photodetector performance.

Current–time (I–t) characteristics of the devices under normal and stress (pressing) conditions
were recorded to investigate the piezo-phototronic effect on CdTe microdots devices (when external
force wasapplied in a pulsed way to CdTe microdots device at 1 V). Figure S5 shows the current
values of the device under normal and under stress condition. Here, in normal conditions the current
values were found to be near zero and on applying stress to the device corresponding current of
the CdTe device increased from 0.02 μA to 2.5 μA. It is worth mentioning that, the current always
reached the same values at “press” state and recovered to the original current value when “no press”
was applied to the substrate. As seen from the Figure 9a, under illumination on applying stress the
photocurrent increases to 6.5 μA and then falls back to original current value. The time response of the
device remains identical under normal and stress (pressing) conditions with no obvious degradation,
indicating the excellent reproducibility and photocurrent stability of the CdTe microdots photodetector.

Responsivity (R), is a critical parameter to determine the photoresponse performance of a
photodetector. Photoresponsivity (R) is generally expressed based on the equation [40,41]

R = (Ip − Id)/Plight (1)

where Ip and Id represent the photocurrent and dark current respectively,and Plight is incident light
intensity. Figure 9b displays the responsivity of the photodetector under normal and stress upon
illumination. It can be seen that the responsivity of the photodetector increases, with increasing
bias voltage. The high photocurrent can be generated with the application of higher bias under
illumination, since more charge carriers can pass through the Schottky junction, thereby resulting in
enhanced responsivity. The value of photoresponsitivity was 3.2 × 10−4 A/W at (5 V). However, when
a stress was applied to the device the photoresponsivity of the photodetector increases to one order on
par with that of the normal condition. The value of photoresponsitivity increases to 5.5 × 10−3 A/W
at (5 V). The significantly higher photoresponsivity values of CdTe microdots-arrayed photodetectors
under stress condition is attributed to piezopolarization charges induced along interface between the
CdTe and ITO. The induced piezoelectric effects under stress results in the effective modulation of the
Schottky barrier height at CdTe/ITO interface which results in enhanced transport of photogenerated
electrons and holes with reduced recombination probability for charge carriers.
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Figure 9. (a) Repeatable switching response of the device under 200 cycles with stress and illuminations.
(b) Responsivity as a function of voltage under normal and stress condition. (c) Detectivity as a function
of voltage under normal and stress condition. (d) Linear dynamic range LDR as a function of voltage
under normal and stress condition.

Detectivity (D*) is another important parameter to determine the performance of photodetector.
The detectivity is expressed based on the following equation [42]

D* = RA0.5 /(2eId)0.5 (2)

where R, A, e and Id represents the responsivity, effective area of the photodetector, electron charge,
and dark current respectively. Figure 9c shows the D* of the CdTe microdots array photodetector
under normal and stress condition. As seen from the Figure 9c, the detectivity (D*) was estimated to
be 1.12 × 1010 Jones at (1V) for normal conditions. However, under pressing condition it increases to
1.68 × 1011 Jones, which reflects excellent sensitivity detection ability and outstanding performance in
the photodetector. The higher values of detectivity observed under stress condition are attributed to
the piezo-phototronic effect on the CdTe microdots.

Another critical parameter to determine the performance of photodetector is the linear dynamic
range (LDR). The LDR is expressed by

LDR = 20·log(Ip/Id) (3)

where Ip and Id is the photocurrent and dark current, respectively. The LDR for normal and stress
condition of the device under illumination is shown in Figure 9d. The calculated LDR for the CdTe
microdots device under normal and stress conditions are 13 dB and 36 dB, respectively.The observed
larger LDR value for stress conditions indicates that the CdTe microdots device opens up a great route
to the next generation photodetectors.
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4. Conclusions

In conclusion, we successfully fabricated controlled growth of CdTe microdots array
photodetectors on Bi coated ITO substrates. The significant enhancement in the electrical transport and
photosensing properties of CdTe microdots array under stress condition can be ascribed to the piezo
potentials induced along the CdTe/ITO interface. The induced piezopotential results in a stronger
local electric field, resulting in enhanced separation and extraction of the photoexcited carriers at
the CdTe/ITO interface. This results in the enhancement of photoresponse of the Schottky junction.
Under the application of stress, the photoresponsivities of the CdTe microdots array photodetectors are
increased from 3.2 × 10−4 A/W to 5.5 × 10−3 A/W, respectively, compared to that of normal condition.
These results demonstrate that the photoresponse performance of CdTe microdots array photodetectors
can be effectively enhanced using piezo-phototronic effect and provide a feasible approach to extend
new design concepts using CdTe with different morphologies and broaden the scope of its potential in
optoelectronics applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/178/s1,
Figure S1. SEM images of CdTe grown with and without Bi films under different substrate temperature (a) 250 ◦C;
(b) 350 ◦C and (c) 450 ◦C, Figure S2. Photograph images of CdTe grown with and without Bi films on (a) Al2O3
(b) Si and (c) ITO substrate, Figure S3. SEM image of CdTe microdots arrays grown on Bi coated ITO substrate,
Table S1: Hall effect measurements for CdTe microdots, Figure S4. Current vs. time characteristics of CdTe thin
films under with press and without press conditions, Figure S5. Current values of the device under normal and
under stress (pressing) condition.
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Abstract: Organic photomultiplication photodetectors have attracted considerable research interest
due to their extremely high external quantum efficiency and corresponding high detectivity.
Significant progress has been made in the aspects of their structural design and performance
improvement in the past few years. There are two types of organic photomultiplication
photodetectors, which are made of organic small molecular compounds and polymers. In this
paper, the research progress in each type of organic photomultiplication photodetectors based on
the trap assisted carrier tunneling effect is reviewed in detail. In addition, other mechanisms for the
photomultiplication processes in organic devices are introduced. Finally, the paper is summarized
and the prospects of future research into organic photomultiplication photodetectors are discussed.

Keywords: photodetector; organic; photomultiplication; tunneling; external quantum efficiency

1. Introduction

Photodetectors are optoelectronic devices which can absorb light energy and convert it into
electrical energy, having found applications in wide areas of image sensing, missile guidance,
environmental pollution monitoring, light communications, photometric metrology, industrial
automation, and so on [1–8]. In particular applications, it is required that the sensitivity of
photodetectors is sufficiently high to detect weak light signal, for example, bio-imaging sensing or long
range light communication [9–12]. There are two routes to improve the sensitivity of photodetectors,
one of which is to improve the external quantum efficiency (EQE) and the other is to reduce the dark
current density. Using photomultiplication (PM) effect to improve the EQE is one of the most important
approaches to achieve high-sensitivity photodetection.

Traditional photomultipliers, based on a complex vacuum system including photo induced
electron emission, secondary electron emission, and electron optics possessing components, are bulky
and of high cost, severely limiting their applications [13–16]. Avalanche photodiodes are another
commonly used high-sensitivity photodetector, which are made of inorganic semiconductor materials
such as silicon, germanium, indium gallium arsenide [13,17–19], and so on. Their working mechanism
is that photo generated carriers are accelerated under the strong electric field induced by a large reverse
bias, and then the impact ionization with the crystal lattice takes place, thereby bringing forward the
avalanche multiplication effect [20–22].
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Besides inorganic semiconductors, organic semiconductors have also been widely favored in the
field of optoelectronics due to their advantages of a simple synthesized method and adjustable
bandwidth, as well as their light weight, low cost, eco-friendliness, good flexibility, and so on.
High performance organic photodetectors have been reported successively in the past few years [23–27],
some of which also allow the excitation of PM effects, providing another route to realize high-sensitivity
photodetectors [4,28–32]. Since the exciton binding energy of organic semiconductor materials is
approximately 0.1–1.4 eV, about three orders higher than that of inorganic semiconductor materials,
impact ionization cannot occur in organic PM photodetectors like in inorganic avalanche photodiodes.
Instead, the working mechanism of organic PM photodetectors has been identified mainly due to the
trap assisted carrier tunneling effects [33–35].

After more than 20 years of development, the active layer materials of organic PM photodetectors
have transitioned from organic small molecular compounds to polymers, and their device performance
has also been optimized constantly. In this review, we will firstly introduce the typical structures and
working mechanisms of organic PM photodetectors along with their key performance parameters.
Next, we will give a detailed review of the research progress for PM photodetectors based on organic
small molecular compounds and polymers, respectively. Some important progresses in improving
the quantum efficiency, dark current, response speed, and spectral performance of both types of PM
photodetectors are presented. In addition, we will introduce some other working mechanisms of
organic PM photodetectors. Finally, we will summarize the paper and consider prospects for the future
research of organic PM photodetectors.

2. Basic Structures and Working Mechanisms of Organic PM Photodetectors

2.1. Basic Structures of Organic PM Photodetectors

The basic structures of organic PM photodetectors as shown in Figure 1 comprises of the anode,
the cathode, and the active layer with a large amount of interfacial/bulk carrier traps. They can be
mainly grouped into two types, the single junction type and the bulk heterojunction type, which are
similar to those of organic solar cells [36–38]. The early organic PM photodetectors belonged to the
single junction type with their active layers made of an N-type or P-type organic compound. In contrast,
the bulk heterojunction type organic PM photodetectors possess active layers made of donor/acceptor
(D/A) blend. Although the bilayer heterojunction type organic solar cells, in which the active layer
consists of a stack of N-type and P-type semiconductor films, have been frequently researched, there are
rare studies about applying this junction in organic PM photodetectors. In practice, extensive efforts
have been made on introducing interfacial modified layers between the electrode and the active layer
to improve the PM effects in organic photodetectors. In addition, doping other materials into the active
layer has also been carried out for improving PM performances.

Figure 1. Structural diagram of organic PM photodetectors.
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2.2. Working Mechanisms of Organic PM Photodetectors

Most of organic PM photodetectors realize EQE far exceeding 100% based on the trap assisted
carrier tunneling effect. In all, the trap assisted carrier tunneling effect contains four steps which are the
formation of the Schottky barrier, the capture of carriers by traps after light illuminations, the carrier
transport toward the Schottky junction under applied bias, and the carrier tunneling through the
narrowed Schottky barrier. Based on the type of the trapped carrier (electron or hole), the working
mechanisms of organic PM photodetectors are divided into two categories. Figure 2 shows the working
mechanism of the case of electron trap assisted carrier tunneling effect.

Figure 2. Working mechanism of organic photomultiplication (PM) photodetectors due to the electron
trap assisted hole tunneling effect. (a) Energy band bending without bias; (b) Photo-generated
electrons are captured by traps; (c) Trapped electrons transport toward the junction once the bias
is applied; (d) Trapped electrons arriving at the junction cause the hole tunneling from the circuit into
the semiconductor, producing the current multiplication effect. EFM is the Fermi level of the metal,
and ELUMO and EHOMO are the lowest unoccupied molecular orbital level and the highest occupied
molecular orbital level of the organic semiconductor, respectively.

The premise of realizing the carrier tunneling effect is the formation of Schottky junction when
the metal electrode is in contact with the semiconductor layer [39]. For the organic semiconductor
with a large number of electron traps, the proper Schottky band bending without bias is shown in
Figure 2a. It corresponds to the case when the Fermi energy level of the metal electrode (EFM) is
higher than that of the organic semiconductor material (EFS). In such a case, electrons flow from metal
into the semiconductor, yielding a built-in electric field toward the semiconductor with a downward
energy band bending, thereby hindering the diffusion of holes in the organic semiconductor to the
electrode. To achieve such a downward band bending, low work function electrodes like Ag (4.26 eV),
Al (4.28 eV), and Mg (3.66 eV), are required. After light illumination, photo-generated electrons are
captured by the electron traps as shown in Figure 2b. When a bias is applied with the electric field
pointing from electrode to the semiconductor (reverse bias if the electrode works as cathode; forward
bias if the electrode works as anode), the trapped electrons transport toward the Schottky junction as
shown in Figure 2c. In the junction region, these arrived electrons narrow the Schottky junction and
thus enhance the intensity of the built-in electric field, causing the holes to tunnel through the junction
and inject into the organic semiconductor from the external circuit, and finally resulting in the current
multiplication effect, as shown in Figure 2d.

The corresponding processes of hole trap assisted electron tunneling effect are exactly the opposite
(not shown), which requires EFM lower than EFS. Using a high work function metal such as Au (5.1 eV),
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ITO (4.7 eV), Pt (5.65 eV), and so on, can fulfill such a condition, thereby an upward band bending
is constructed in the semiconductor. In addition, the applied bias for trapped hole transportation is
the reverse, with the electric field pointing from the semiconductor to the electrode, facilitating the
holes transport toward the Schottky junction. In practice, the surface of the metal electrode is always
modified in order to adjust its work function and further regulate the band bending.

2.3. Key Performance Parameters of Organic PM Photodetectors

Key performance parameters of organic PM photodetectors include photoresponsivity, quantum
efficiency, detectivity, linear dynamic range, and response time, which are listed as follows.

2.3.1. Photoresponsivity

The photoresponsivity is defined as the ratio of photocurrent to the power intensity of
incident light, which characterizes the sensitivity of photodetectors to incident light. The greater
photoresponsivity, the better sensitivity to incident light for PM photodetectors. Photoresponsivity can
be expressed by Equation (1):

R =
Iph

Pin
=

Il − Id
Pin

(1)

where Iph is photocurrent, Il is the current under light illumination, Id is dark current, and Pin is the
incident light intensity.

2.3.2. External (Internal) Quantum Efficiency

The external quantum efficiency (EQE) is defined as the electron number detected per incident
photon, as presented by Equation (2):

EQE =
Ne

Np
=

Iph/e
Pin/hν

(2)

where Ne and Np are the number of detected electrons and incident photons, respectively, h is the
Planck’s constant, ν is the frequency of light, and e is the electronic charge. The absorption properties of
the selected materials, the structural design of the device, and the electrical properties of the materials
are all key factors affecting EQE. In traditional photodiode type photodetectors, EQE is smaller than
unity. However, if current gain exists, EQE can be greater than 1, for example, in avalanche photodiode,
photoconductor, or phototransistor type photodetectors [40,41].

In organic photomultiplication photodetectors, the presence of deep traps in the organic active
layer causes a long carrier recombination lifetime for one type of charge, resulting in a high
photocurrent amplification (gain), similar to that happens in photoconductor type photodetectors.
Gain is determined by the ratio of recombination lifetime and transit time for another type of charge to
sweep across the device, as given by Equation (3):

Gain =
χτ

T
=

χτμV
L2 (3)

where χ is the fraction of trapped electrons or holes over the total amount of the dissociated excitons,
τ is the lifetime of trapped carriers, T is the transport time of the untrapped carriers flowing across the
active layers, V is the applied bias, L is the active layer thickness, and μ is the field dependent mobility
of the untrapped carriers. As known, in photodetectors with gain mechanisms, EQE is equal to Gain in
number [42].
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The internal quantum efficiency (IQE) is defined by the ratio of the number of carriers detected in
the external circuit to the number of photons absorbed. The product of the IQE and the light absorption
efficiency of the active layer (abs) is the EQE, as determined by Equation (4):

IQE =
Ne

Npabs(λ)
=

EQE
abs(λ)

(4)

2.3.3. Detectivity

The detectivity (D*) is the figure of merit to characterize the capability of weak light detection
for a photodetector, which can be calculated from the noise density and the photoresponsivity R. It is
one of the most important physical parameter for photodetectors as given by Equation (5):

D∗ =
R
√

A f
in

(5)

where A is the active area of the detector, f is the electrical bandwidth, and in is the measured total
noise current. Considering that the noise current under dark is dominated by shot noise, the detectivity
can be calculated through Equation (6):

D∗ = R√
2eJd

(6)

2.3.4. Linear Dynamic Range

The linear dynamic range (LDR) is defined as the response range of photodetector being linear
over a wide range of light intensity. LDR can be calculated through Equation (7):

LDR = 20 log(
Pmax

Pmin
) (7)

where and Pmin are the maximum and minimum incident light intensities of the photocurrent density
versus light intensity curve which lie within the linear response range.

2.3.5. Response Time

The response time of the detector reflect the response speed of the detector to receive incident
light radiation, which includes two parts, the rise time (Tr) and the falling time (Tf). The rise (or falling)
time is defined as the time for the photocurrent to rise from 10% to 90% (fall from 90% to 10%) during
the on and off cycles of light illumination. The sum of the rise time and the falling time is counted as
the response time of the photodetector.

3. Organic PM Photodetector Based on Small Molecular Compounds

The early organic PM photodetectors were based on organic small molecular compounds such as
N-methyl-3,4,9,10-perylenetetracarboxyl-diimide (Me-PTC), naphthalene tetracarboxylic anhydride
(NTCDA), fullerenes (C60), 2,9-dimethyl quinacridone (DQ), and so on. Except for DQ, Me-PTC,
NTCDA, and C60 are all N-type semiconductor materials which support the hole trap assisted electron
tunneling effect. In this section, we will first introduce the progress of organic small molecular PM
photodetectors based on the single junction type and the bulk heterojunction type, respectively. Then,
some important progress made by researchers in improving the performance of the organic small
molecular PM photodetectors will be presented.

3.1. Single Junction Type Organic Small Molecular PM Photodetectors

In 1994, Hiramoto et al. fabricated the pioneering organic PM photodetector using the
Me-PTC (a N-type perylene pigment having methyl groups) based on a triple layer configuration of
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Au/Me-PTC/Au on a glass substrate. The fabricated device produced an IQE of 1.0 × 104 at −16 V
under 600 nm light illumination at the temperature of −50 ◦C, as shown in Figure 3a [43]. Their later
experimental work reflected that the surface of Me-PTC was very rough, leading to imperfect contact
between and the metal and Me-PTC and thereby forming structural traps of holes, as indicated in
Figure 3b [44]. As a result, a large number of holes were trapped by Me-PTC at the metal/Me-PTC
interface, making the PM phenomenon possible. However, Me-PTC based organic PM devices cannot
respond at room temperature due to too few interfacial trapped carriers. Besides Me-PTC, two other
perylene pigments of PhEt-PTC and n-Bu-PTC also exhibit the PM effect due to structural traps at the
imperfect metal/semiconductor interface [45,46]. Later, the same group realized the PM photodetection
at room temperature based on organic small molecular material of NTCDA. The NTCDA device
presented a PM effect under 400 nm light illumination and its IQE reached 1.3 × 105 at −16 V [47].
Subsequent studies indicate that introducing an interfacial layer of PhEt-PTC next to the NTCDA
layer [26] or reducing the grain boundaries of the NTCDA film [48] can improve the response speed of
the device (see the detail in Section 3.3.4).

Figure 3. Device performances of various organic small molecular PM photodetectors. (a) Internal quantum
efficiency (IQE) at different voltages for the Au/Me-PTC/Au device under 600 nm light illumination
(Reproduced with permission from [43]. AIP Publishing, 1994); (b) Schematic view of the interfacial
traps for the Au/Me-PTC/ITO device (Reproduced with permission from [44]. AIP Publishing, 1998);
(c) External quantum efficiency (EQE) spectra under different biases and the absorption spectrum of the
ITO/PEDOT:PSS/C60/BCP/Al device (Reproduced with permission from [49]. AIP Publishing, 2007);
(d) IQE at different voltages under 600 nm light illumination for the ITO/DQ/Ag and ITO/DQ/Mg
devices, respectively (Reproduced with permission from [50]. The Japan Society of Applied Physics, 1996);
(e) Transient current density curves of ITO/PhEt-PTC/NTCDA/Au and ITO/NTCDA/Au devices,
respectively (Reproduced with permission from [26]. AIP Publishing, 2000); (f) Responsivity and detectivity
spectra of the glass/ITO/TPBi/C70/SnPc:C70/BCP/Al incorporated with down-conversion material of
4P-NPB (Reproduced with permission from [28]. Royal Society of Chemistry, 2016).

The organic small molecular material C60 is also a commonly used material for achieving
PM effects. In 2007, Huang and Yang characterized the photo current response of a device with
configuration of ITO/PEDOT:PSS/C60/BCP/Al, in which ITO/PEDOT:PSS was used to form
a composite electrode [49]. Here, C60 layer formed a disordered structure, which is better than
ordered structures for producing the PM effect. With the help of the composite electrode, they realize
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an EQE of 5.0 × 103% as shown in Figure 3c based on the hole trap assisted electron tunneling effect.
By increasing the bias voltage the PM effect becomes more significant. However, inserting a 20 nm
thick BCP layer at the PEDOT:PSS/C60 interface would annihilate the PM performance, reflecting that
the PM behavior occurs at the PEDOT:PSS/C60 interface rather than within the C60 layer.

In contrast, the organic PM devices based on the electron trap assisted hole tunneling effect have
been researched not as extensively as their hole trap counterparts. In 1996, Hiramoto et al. developed
the first electron trap based PM photodetector using a P-type material Quinacridone (DQ) as the active
layer [50]. In their device, the DQ layer was sandwiched between ITO and Ag (or Mg) electrodes.
This study concluded the metal electrode plays a significant role in influencing the multiplication
performance of the photodetectors. The Ag electrode with a work function a bit higher than that of the
Mg electrode is much superior on producing a high multiplication factor. Specifically, the Ag electrode
device has an IQE of 2.5 × 103 when the bias voltage is 20 V while that of the Mg electrode device is
only 1.0 × 103 at a bias of 36 V; see in Figure 3d.

3.2. Bulk Heterojunction Type Organic Small Molecular PM Photodetectors

The organic small molecular PM photodetectors with bulk heterojunction type active layers were
proposed later than their single junction counterparts. So far, all reported bulk heterojunction type
organic small molecular PM photodetectors are made of fullerene and a P-type semiconductor material
through co-evaporation. As early as 2002, Matsunobu et al. firstly put forward the ITO/CuPc:C60/Au
device for PM photodetection [51]. They found that the rise and fall times of the bulk heterojunction
device are only 8 ms and 15 ms, respectively, while the response time of the single junction control
device is in second time scale. This is mainly because the introduction of CuPc provides a favorable path
for hole transport, therefore the accumulation time of holes at the Schottky junction can be shortened.

In 2010, Hammond et al. prepared a bulk heterojunction type PM photodetector with a structure
of ITO/NTCDA/C60/CuPc:C60/BCP/Al [52]. They found that the insertion of a composite hole
blocking layer comprising of NTCDA (2–3 nm)/C60 (10 nm) can facilitate the accumulation of holes
at the interface between the hole blocking layer and the active layer, inducing a large amount of
electrons being injected from the electrode and thereby producing a high photocurrent gain. When the
composite hole blocking layer is removed, the device EQE increases at 0 V bias, but reduces to be less
than 100% as the applied voltage increases. Such a phenomenon proves that the gain of the device
occurs at the interface between the hole blocking layer and the photoactive layer, rather than within
the photoactive layer.

Recently, bulk heterojunction organic small molecular PM photodetectors with a configuration
of ITO/TPBi (or Bmpypb, LiF)/C70/TAPC (or SnPc):C70/BCP/Al were developed [28]. Here,
the co-evaporated film of TAPC (or SnPc):C70 works as the active layer. They further elucidated
that for the composite interfacial layer of TPBi (or Bmpypb, LiF)/C70, TPBi (or Bmpypb, LiF) plays the
role of hole blocking while C70 plays the role of hole accumulation. The EQE of their TAPC:C70 PM
devices exceed 1.0 × 104% over the wavelength range from 350 nm to 650 nm and the response of the
SnPc:C70 device can be extended to infrared (IR) range.

3.3. Performance Studies on Organic Small Molecular PM Photodetectors

In this subsection, we will introduce the progress of performance studies on organic small
molecular PM photodetectors from the aspects of water/oxygen treatment, quantum efficiency, dark
current, response speed, and spectrum adjustment.

3.3.1. Water/Oxygen Treatment

Because organic materials are sensitive to water and oxygen, organic semiconductor films and
devices are usually prepared in conditions without water and oxygen. However, studies reflect that
performances of the prepared organic PM photodetectors bear dramatic changes after being exposed to
water and oxygen [53,54]. Sometimes, the water or oxygen treatment is beneficial to the improvement
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of the photo current gain. For example, Hiramoto et al. found that the adsorption of oxygen by N-type
materials of Me-PTC and NTCDA suppresses the PM effect while the same treatment toward P-type
material of DQ increases the PM gain factor. This is because there is more O2

− after the organic material
adsorbing O2 molecules. The increased O2

− act as electron traps which facilitate the carrier capture
in P-type semiconductor and thereby more holes being injected, but inhibit the carrier capture in
N-type semiconductor due to recombination with hole traps. They also found that after the adsorption
of water, devices made of N-type material Me-PTC and P-type material DQ exhibited higher PM
performance due to the increased photocarrier generation.

3.3.2. Quantum Efficiency

Devices with higher quantum efficiency have higher responsivity and the corresponding devices
are more sensitive at fixed dark current. The early study showed that the hole traps within Me-PTC
based PM devices are structural traps produced by non-uniform Me-PTC film interfaces. From this
point, research on the effect of deposition rate and deposition method of the metal electrode on the
PM performance was carried out [55]. That work concluded that, based on the thermal evaporation
method, decreasing the deposition rate of metal electrode from 0.7 nm/s to 0.008 nm/s brings forward
the increase of the quantum efficiency by 30 times. This is because the low rate of deposition of the Au
electrode can maintain the structural traps produced by the non-uniform Me-PTC film. In addition,
they found that the ion sputtering method is less effective than the thermal evaporation method for
yielding high PM performance due to the same reason. For the PM photodetector made of the N-type
perylene pigments, its quantum efficiency can also be improved through the solvent treatment [45].
It was demonstrated that the THF solvent treatment can change the PhEt-PTC film from amorphous to
poly-crystalline, therefore the PhEt-PTC becomes coarser, producing more structural traps and thus
elevating the quantum efficiency, as exhibited in Figure 3d.

3.3.3. Dark Current

The dark current determines the ability of detecting weak light for photodetectors. When the
quantum efficiency of different devices are comparable, the device with lower dark current has
lower noise equivalent power, which allows a weaker optical signal to be detected. Jinsong Huang
and his collaborators found that the dark current of PM photodetector with configuration of
ITO/PEDOT:PSS/C60/BCP/Al was as high as 2 mA/cm2 at −6 V, not suitable for the detection
of weak light. They attributed the large dark current to the possible ohmic contact between PEDOT:PSS
and C60. In order to reduce dark current, a high carrier injection barrier is required. The same group
found that by inserting a C-TPD layer between the PEDOT:PSS and C60 films, an electron injection
barrier as high as 2.8 eV was realized, thereby significantly reducing the dark current by 3–4 orders [56].
But such a design brings barrier for electron injection from PEDOT:PSS to C60, resulting in the EQE
lower than 100%. Later, they introduced a nano-composite buffer layer C-TPD:ZnO (1:1) between
PEDOT:PSS and C60, through which they not only maintained the dark current at a low level but also
realized the PM photodetection [57]. Compared with the device with a single C-TPD buffer layer,
the composite buffer layer with ZnO nanoparticles brought additional hole traps, which could capture
photo generated holes, making them recombine with the electrons in the defect state on the ZnO
surface. As a result, the energy band bending between ZnO nanoparticles can be reduced, promoting
the electron injection from PEDOT:PSS to C60, and therefore the PM effect can be realized. Due to the
reduced dark current, its LDR of PM photodetection reaches 120 dB and its detectivity at 390 nm is as
high as 3.6 × 1011 Jones.

3.3.4. Response Speed

Photodetectors with high response speed are crucial for many applications. Increasing the applied
bias can shorten the response time. Usually, a high quality active layer can withstand a high applied
voltage with respect to a poor quality one. In 2000, Nakayama et al. compared the performances of
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ITO/PhEt-PTC/NTCDA/Au and ITO/NTCDA/Au devices [26]. In their experiments, they failed
to fabricate high quality NTCDA film but succeeded in making high quality PhEt-PTC film on ITO.
With the help of high quality PhEt-PTC buffer film, the morphology of the NTCDA film can be
improved apparently. As a result, the PhEt-PTC/NTCDA based device can withstand a high voltage.
The transient measurement displays that the rise time of the PhEt-PTC/NTCDA device is only 3.7 s
at a bias voltage of −20 V while that of the control is more than 60 s at −12 V, as exhibited in
Figure 3e. It is emphasized that the insertion of a PhEt-PTC layer does not have negative effects on the
electron injection from ITO to NTCDA because the LUMO level of PhEt-PTC is lower than that of the
NTCDA. In addition, the response speed of the photodetector can be faster using a single-crystalline
semiconductor, due to good carrier transport property, with respect to the polycrystalline one [48].

3.3.5. Spectrum Adjustment

Another important indicator of photodetector performances is its working wavelength range.
Generally, a narrow band photodetector can be realized through a broadband photodetector integrated
with a color filter. Thus, a high sensitivity photodetector that can respond at wavelength ranges of
ultraviolet (UV), visible, and even IR would be quite attractive because of its wide applications.

The combination of two active materials is one approach to realize broadband response of PM
devices. For example, NTCDA based PM devices can only sense UV light due to its large band gap,
but in combination with Me-PTC, the composite device can respond to both UV light and the visible
light [47]. High multiplication rate at the visible range is produced by the photo carrier generation
taking place within the Me-PTC layer. It is noted that the triple layer device of ITO/Me-PTC/Au can
only work at temperatures below zero Celsius. However, the bilayer system of NTCDA/Me-PTC
allows the generation of holes by light absorption in Me-PTC and trapping of holes in the NTCDA
film, resulting in the accumulation of holes at the NTCDA/Au interface and further the injection of
electrons into the device.

Light transition based on down conversion materials is another effective way to broaden
the spectral range of PM devices. Recently, aiming to enhance the response at the
deep-UV range, Yang et al. applied a capping layer with the down conversion material of
4P-NPB on the illumination side of a bulk heterojunction PM device with configuration of
glass/ITO/TPBi/C70/SnPc:C70/BCP/Al [28]. Their work demonstrates that when the UV light
irradiates the 4P-NPB layer, the device will absorb the light and emit visible light, which will pass
through into SnPc:C70 layer and then produce the PM response. Under illumination by light that
can be absorbed by SnPc:C70, the 4P-NPB layer is transparent, yielding negligible influences on the
multiplication rates. Overall, the wavelength range of the PM device with detectivity exceeding 1011

Jones covers from deep-UV to near-IR (250–1000 nm) as shown in the Figure 3f, and the responsivity
and detectivity at 780 nm are 70 A/W and 4 × 1012 Jones, respectively.

4. Organic PM Photodetectors Based on Polymers

With respect to the small molecular counterparts, although polymer PM photodetectors were
developed later, they have attracted significant interests and attention of researchers attributed to
their advantages of rich materials, easy process, and good compatibility with the roll-to-roll technique.
Studies on single junction type polymer PM photodetectors are scarce. In 1999, Däubler et al.
fabricated a single junction type polymer PM photodetector based on a P-type semiconductor material
arylamino-PPV. Due to the large amount of electron accumulation at the arylamino-PPV/Al interface,
the tunneling of holes from Al into the active layer takes place, yielding the PM photodetection with
an IQE up to 2.0 × 103% [58]. In 2007, Campbell and Crone also observed PM in a device with
configuration of ITO/PEDOT:PSS/MEH-PPV/Al [59] and its gain is around 20 under 500 nm light
illumination at −20 V, but they provided an explanation that is distinct from the trapped carrier
induced carrier injection.
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In the following years, almost all related studies have focused on bulk heterojunction type polymer
PM photodetectors, which can be categorized into three groups, depending on the heterojunction
objects. The most widely studied group is the bulk heterojunction formed by organic semiconductors
(e.g., polymer and fullerene derivative), and the other two are heterojunctions with inorganic
materials and insulating polymers. In this section, we will first introduce the progress made in
these three heterojunction type polymer PM photodetectors, respectively. Next, performance studies
including reducing dark current and broad/narrow band spectrum adjustment of polymer PM
photodetectors will be disclosed.

4.1. Bulk Heterojunction Based on Organic Semiconductors

We will introduce the progress made in bulk heterojunction polymer photodetectors based on
organic semiconductors according to different donor/acceptor weight ratios.

4.1.1. Donor/Acceptor Weight Ratio of 1:1

In the early days, by reference to solar cells, bulk heterojunction type polymer PM devices were
designed with the donor/acceptor weight ratio of 1:1. Experiences suggest that 1:1 donor/acceptor
weight ratio forms a favorable interpenetrating network in solar cells which can facilitate the
transport of both electrons and holes. However, with such design, one can hardly achieve current
multiplication because of the short life time of both electrons and holes. To realize PM photodetection
in a P3HT:PC61BM (with the weight ratio of 1:1) device, one can incorporate inorganic nanoparticles
into the active layer which will be presented in Section 4.2 [65]. Other approaches of doping organic
compounds [60,66] and interface modifications [61,67,68] have been also proposed to realize the PM
phenomenon in 1:1 donor/acceptor heterojunction devices as introduced in the following.

In 2010, Chen et al. incorporated an organic dye Ir-125 into the P3HT:PC61BM (1:1) bulk
heterojunction device and discovered current multiplication as well [60]. The device without dye
does not have any gain. In contrast, the device with dye show PM from UV to near IR range as
shown in Figure 4a. The EQE reaches its maximum of 7.2 × 103% at −1.5 V under 500 nm light
illumination. The exhibited PM phenomenon is because Ir-125 dye brings forward a lot of electron
traps into the active layer. With the incorporation of another organic dye Q-switch 1, the PM response
of the P3HT:PC61BM:Ir-125 device can be extended to near IR range [66].

Besides, interface modification is an alternative effective approach to induce PM in P3HT:PC61BM
(1:1) devices. In 2014, Melancon et al. introduced a semi-continuous gold (s-Au) film between the ITO
electrode and the active layer, with its structural diagram displayed in Figure 4b. Their work indicated
that with the help of the s-Au film, PM was successfully excited with an EQE of 1.5 × 103% at −2 V
bias under 400 nm light illumination [61]. They explained this phenomenon that the s-Au film acts
as a hole blocking layer which enables the accumulation of holes at the P3HT/PCBM interface and
the further tunneling of electrons from ITO into the P3HT/PCBM region. In 2017, Wang et al. used
PFN to modify the ITO/active layer interface but the obtained EQE was only slightly higher than
100% [67]. Later, the same group proposed to utilize the transparent polyethylenimine ethoxylated
(PEIE) to modify the ITO surface [67]. Through this process, the work function of the electrode gets
lower, bringing forward the energy barrier formed between the work function of the PEIE modified
ITO and the HOMO of P3HT is 0.75 eV larger than that between the bare ITO and P3HT. The expanded
energy barrier causes the enhanced interfacial accumulation of photo carrier, which is preferred to
the increased photocurrent gain. The EQE value of the device based on PEIE modified ITO reached
3.3 × 103% at −1 V under 370 nm light illumination. The proposed PM device exhibits a rise time of
78 μs and a fall time of 87 μs.
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Figure 4. Device performances of various polymer PM photodetectors based on bulk heterojunctions
made of organic semiconductors. (a) EQE spectra of ITO/PEDOT:PSS/P3HT:PCBM (1:1)/Ca/Al with
and without Ir-125 doped in active layer (Reproduced with permission from [60]. AIP Publishing,
2010); (b) Structural diagram of ITO/s-Au/P3HT:PCBM/Al device (Reproduced with permission
from [61]. AIP Publishing, 2014); (c) EQE spectra of ITO/PEDOT:PSS/P3HT:PC71BM/LiF/Al with
different P3HT:PC71BM weight ratios (Reproduced with permission from [62]. Springer Nature, 2015);
(d) Calculated wavelength dependent distribution of photogenerated electrons in the active layers of
P3HT:PC71BM (100:1) without bias (Reproduced with permission from [63]. Royal Society of Chemistry,
2015); (e) Normalized transient photo current curves under light illumination at the wavelengths
of 400 nm, 520 nm, and 625 nm, respectively for P3HT:PC71BM (100:1) device (Reproduced with
permission from [63]. Royal Society of Chemistry, 2015); (f) EQE spectra measured under different bias
voltages after UV light treatment for ITO/ZnO/PDPP3T:PC71BM (1:2)/Al device (Reproduced with
permission from [64]. John Wiley and Sons, 2016).

4.1.2. Donor/Acceptor Weight Ratio Higher than 1:1

An easy means to realize PM in the donor/acceptor heterojunction photodetectors is by increasing
the amount of donor (or reducing the content of acceptor) in the blend of active material, in other
words, using a blend with donor/acceptor weight ration higher than 1:1. On the condition that the
ratio of acceptor in the active layer is being reduced, the acceptor forms isolated islands instead of
connected networks, which can trap the photo generated electrons and thereby making possible the
injection of holes from the external circuit. Compared with PM devices with balanced donor/acceptor
weights, the response speed of bulk heterojunction polymer PM photodetectors with less acceptor in
the active layer is significantly lower, because it takes more time for trapped carriers to accumulate at
the Schottky junction due to poorer carrier transport properties.

The pioneer research of this kind of PM devices was carried out by Fujun Zhang’s
group in 2015 [62]. They fabricated a PM photodetector with a configuration of
ITO/PEDOT:PSS/P3HT:PC71BM/LiF/Al using 100:1 P3HT/PC71BM which exhibited an EQE as
high as 1.7 × 104% under 380 nm light irradiation at −19 V bias, as shown in Figure 4c. The acceptor
islands can trap the photo generated electrons, which will transport to and accumulate at the Schottky
junction formed between the active layer and the Al electrode with applied voltage. Later, by removing
the LiF buffer layer, they lowered the hole injection barrier between the active layer and the Al electrode,
raising the EQE up to 3.8 × 104% at −19 V bias [69]. P3HT molecular arrangement with face-on is more
favorable for hole transportation. Their further study indicated that rapid annealing the active layer
after spin-coating can avoid atomic self-assembly, which is more helpful to form a face-on structure,
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bringing forward EQE rise up to 1.2 × 105% at −19 V under 610 nm light illumination due to the
improved hole transport property [70]. Subsequently, they employed a burn-in treatment to their
PM devices by applying a voltage of −25 V and −19 V for 1000 s, successively, making the device
performance more stable [63]. In order to further elucidate the working mechanism of the devices,
they examined the distributions of optical field within in the PM device at different wavelengths
together with the transient photocurrent measurements; see Figure 4d,e. The results indicated that
stronger absorption occurring closer to the Al electrode (e.g., at wavelengths of 400 nm and 625 nm)
corresponds to a faster transient response due to shorter distance of electron transport. In contrast,
at 520 nm wavelength light illumination, although with relatively high light absorption, its transient
response is quite slow due to the absorption taking place close to the PEDOT:PSS/P3HT:PC71BM
interface. Besides PCBM, they also used IC60BA to make the active layer with P3HT but the obtained
EQE was 6.9 × 102% with a 100:2 donor/acceptor weight ratio [71].

Most of the active layers in bulk heterojunction polymer PM devices comprise of polymer and
fullerene derivative of PCBM. Beyond fullerene and their derivatives, non-fullerene acceptor materials
have also attracted attention due to their strong absorption capabilities in visible and near-IR regions,
adjustable energy levels, and good stability. Through collaboration with Xiaowei Zhan’s group,
Zhang’s group prepared the PM devices by blending P3HT with non-fullerene acceptor materials
of DC-IDT2T [72] or ITIC [73], resulting in extended spectrum response and simultaneously more
stable device performances. For the DC-IDT2T based PM device, its optimal donor/acceptor weight
ratio was 100:1 as well and its EQE exceeded 1.0 × 104% over the range from 350 nm to 650 nm with
a maximum R of 131.4 A/W and D* of 1.43 × 1014 Jones. Moreover, compared with the PCBM based
device, the DC-IDT2T based device responded much better at the near-IR wavelength range due to
good absorption of DC-IDT2T. After exposing the PM devices in air for 40 h, the DC-IDT2T based
device only suffered 39% degradation on EQE while the PCBM based device bore a degradation of
57%, indicating the DC-IDT2T acceptors are promising for developing stable PM photodetectors.

The P-type polymer constituting the active layer of PM photodetectors can also be regulated.
In 2017, Esopi et al. used a P-type material F8T2 as the donor to prepare the PM devices with PCBM [74].
Their device configuration is ITO/PEDOT:PSS/F8T2:PC71BM (100:4)/LiF/Al with the F8T2/PC71BM
weight ratio of 100:4 and its EQE is 5.6 × 103% at −40 V bias under 360 nm light illumination.
Most importantly, F8T2 based PM devices have a very low dark current (only 2.7 × 10−7 mA/cm2 at
−1 V bias), much lower than that of the P3HT based device. This is due to the inhibited hole injection
from the Al electrode to the donor, produced by the increased barrier between the HOMO level of the
acceptor and Fermi level of Al (F8T2: 1.2 eV, and P3HT: 0.9 eV). But the increased barrier inevitably
brought the decrease of photodetector response under light illumination. They also compared the PM
performances before and after removing the LiF buffer layer, and concluded that the removal of LiF
made the hole injection much easier but it also deteriorated the stability of devices.

4.1.3. Donor/Acceptor Weight Ratio Lower than 1:1

It is anticipated that decreasing the donor/acceptor weight ratio would increase the amount of
hole traps in the active layer, possibly leading to PM photodetection based on the hole trap assisted
electron tunneling effect. In 2016, Dongge Ma and collaborators proposed a PM photodetector based on
a narrow bandgap polymer donor PDPDP3T with the configuration of ITO/ZnO/PDPP3T:PC71BM/Al,
which showed an EQE of 1.4 × 105% at a low bias of −0.5 V after the device was irradiated by UV
light for 30 s, as displayed in Figure 4e [64]. In their active layer, the blend of PDPP3T:PC71BM
system has a weight ratio of 1:2 (lower than 1:1), which is different from the previous two situations
in Sections 4.1.1 and 4.1.2. Here, they claimed that there are a lot of hole traps in their active layer,
which tended to form trapped holes accumulated at the ZnO/active layer interface under reverse
bias. Because large electron injection barriers were generated at both the ITO/ZnO and ZnO/active
layer interfaces, the pristine device without UV treatment behaves as a photodiode without any gain.
The electron blocking effect could be alleviated through UV treatment. After absorbing ultraviolet
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light, the ZnO nanoparticles could generate electron-hole pairs, functioning as centers to neutralize the
oxygen molecules adsorbed on the surface of the ZnO nanoparticles. As a result of the desorption of
oxygen molecules from the surface of the particles, a decrease of the LUMO energy differences at both
the ITO/ZnO and ZnO/active layer interfaces took place, and a reduction of the electron injection
barriers from ITO to PC71BM was realized. Such a phenomenon finally enabled the device to become
a photoconductor with large gain.

Differently, the investigation carried out by Nie et al. into an inverted organic PM photodetector
of ITO/lysine/PBDTT-DPP:PC71BM (1:2)/MoO3/Al also included an active layer with less donor.
In 2017, electron traps were identified rather than hole traps [75]. In this design, the ITO modified by
lysine was the cathode while the MoO3/Al acted as the anode. The device showed a large amount of
photon to electron multiplication at room temperature with an EQE up to 1.6 × 105% (936.05 A/W)
under 10 V bias. Inversely, no gain was found at negative bias. The gain behavior was attributed to the
electron trap assisted hole tunneling from Al/MoO3 composite electrode into the active layer. The low
current under dark was due to a space charge region formed between PBDTT-DPP/MoO3 interfaces,
which could be erased after being exposed to light.

4.2. Bulk Heterojunction with Inorganic Nanoparticles or Quantum Dots

Both inorganic nanoparticles and quantum dots have been employed to form heterojunctions with
polymer or polymer blend. Their incorporation provides additional carrier traps which are essential
for the followed carrier tunneling at the Schottky junction.

In 2008, Chen et al. incorporated cadmium telluride (CdTe) nanoparticles into the active layer of
P3HT:PC61BM (1:1), obtaining an EQE of 8.0 × 103% at −4.5 V bias under 350 nm light illumination [65].
In this study, their CdTe nanoparticles were capped with N-phenyl-N-methylthiocarbamate (PMDTC)
ligands which can improve the solubility of inorganic nanoparticles in the target solution of active
material. Their study implied that a solvent annealing step after film spin-coating could induce
a higher concentration of CdTe nanoparticles on the top of the annealed film. Under light exposure,
CdTe nanoparticles with trapped electrons lowered the energy barrier for hole injection from the top
electrode to the active layer.

ZnO nanoparticles are an alternative choice of carrier trap materials which have the merits of
low cost, variable synthetic strategies, and so on. In 2012, Jinsong Huang’s group incorporated
ZnO nanoparticles into P3HT or PVK film and fabricated the PM devices with configurations of
ITO/PEDOT:PSS/PVK:TPD-Si2/P3HT (or PVK):ZnO/BCP/Al as shown in Figure 5a [8], aiming to
modify the Schottky junction for smooth hole injection into the active layer. Here, the PVK:TPD-Si2
blend film behaved as the electron blocking layer and the BCP layer acted as the hole blocking layer,
through which the dark current was controlled at an extremely low level (6.8 nA at −9 V for the
PVK based device) while excellent PM performance was maintained. Specifically, the EQE of the
P3HT:ZnO device and PVK:ZnO device are up to 13.4 × 105% and 2.4 × 105% respectively, at −9 V
bias under 360 nm light illumination. Similar to the function of CdTe nanoparticles in the previous
work, ZnO nanoparticles blended with the donor polymer worked as the electron traps which could
modify the Schottky junction for smooth hole injection into the active layer. Later, Huang’s group
incorporated ZnO nanoparticles into PDTP-DFBT film which can sense light from UV to near-IR [76].
They demonstrated that the surface treatment of active layer by Ar plasma etching can effectively
enhance electron trap assisted hole injection with the gain improved by 2–3 times as displayed in
Figure 5b. A control sample of spin-coating ZnO nanoparticle layer on the top of active layer provided
a direct evidence that excess ZnO nanoparticles created more traps.

Beyond nanoparticles, inorganic quantum dots with sizes smaller than 10 nm have also been
applied in organic PM photodetectors aiming for providing carrier traps or extending the response
spectrum range. In 2014, Huang’s group doped PbS quantum dots and ZnO quantum dots together into
the active layer comprising of P3HT:PC61BM (1:1) [77]. The ternary active layer of P3HT:PC61BM:ZnO
already possesses the PM photodetection ability at wavelengths shorter than 650 nm because ZnO
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quantum dots offer plentiful electron traps and thus enable hole tunneling. With the incorporation
of PbS quantum dots, the PM performance was extended to the wavelength as long as 1000 nm, as
shown in Figure 5c. The principle is that the electrons generated due to light absorption by PbS in the
IR range can transfer to ZnO traps, triggering the hole injection into the active layer and further PM
photodetection with extended spectrum range.

Figure 5. Device performances of various polymer PM photodetectors based on bulk
heterojunctions with inorganic materials and insulating polymers. (a) Structural diagram of
ITO/PEDOT:PSS/PVK:TPD-Si2/P3HT:ZnO (PVK:ZnO)/BCP/Al device; (b) EQE spectra of the
PDTP-DFBT based PM photodetectors blended with ZnO nanoparticles treated by different
processes (Reproduced with permission from [76]. AIP Publishing 2015); (c) EQE spectra of the
ITO/PEDOT:PSS/P3HT:PCBM/Al devices with the active layer doped with or without PbS and
ZnO QDs (Reproduced with permission from [77]. John Wiley and Sons, 2014); (d) EQE spectra under
different light intensities of the bulk heterojunction polymer PM photodetector realized through doping
Y-TiOPc quantum dots into the insulating polymer PVB (Reproduced with permission from [27].
Royal Society of Chemistry, 2016).

4.3. Bulk Heterojunction with Insulating Polymers

It is an interesting finding that blending organic quantum dots into insulating polymer can also
induce PM photodetection. In 2015, Peng et al. proposed a bulk heterojunction photodetector made of
oxotitanium phthalocyanine in the crystal form of phase-Y (Y-TiOPc) quantum dots and an insulating
polycarbonate resin PCZ-300 (shorted as Y-TiOPc@PC) in contact with two parallel metal electrodes,
which had a wide spectral response from 400 nm to 940 nm and an EQE of 3.6 × 104% at 830 nm [78].
The explanation of their finding is as follows. In the device, Y-TiOPc nanoparticles were separated by
PC, forming a large amount of Y-TiOPc/PC interfaces, therefore the only allowed charge transport
mechanism in the active layer is based on charge tunneling. Because the energy barrier for the hole is
higher by 1.4 eV than that for the electron, the tunneling probability of photo generated electrons in the
conduction band is estimated to be much higher than that of photo-induced holes in the valence band
of the separated Y-TiOPc quantum dots. As a result, efficient trapping of holes is produced, so that
more electrons can flow through the device before the recombination of photo induced charge carriers
occurs. Actually, this work did not mention the tunneling of carrier at the interface between the active
layer and electrode, thus its principle should be different from that presented in Section 2.2 We will
come back to this kind of mechanism for organic PM photodetection in Section 5.
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Subsequently, Li et al. proposed a polymer PM photodetector based on Y-TiOPc quantum dots as
well [27]. In that work, the Y-TiOPc quantum dots were dispersed into a polyvinyl butyral (PVB) based
solution to make the active layer, and a blended film of polycarbonate (PC) and m-TPD were selected
as the hole transport layer. The prepared photodetector exhibited an obvious PM phenomenon with
the highest EQE of 3.5 × 105% (see in Figure 5d), an excellent photosensitivity with the maximum
responsivity of 2227 A/W, and an outstanding low-light detection with the highest normalized
detectivity of 3.1 × 1014 Jones under 780 nm light illumination. Different from the explanation in
previous work [78], they attributed the multiplication to the enhanced external hole tunneling injection
assisted by trapped electrons at the interface of active layer and ITO. They found that the hole energy
barrier was only 0.2 eV at the Y-TiOPc/m-TPD interface while the electron energy barrier reached
0.7 eV at the Y-TiOPc/ITO interface, causing an unbalanced transport of electrons and holes. Such an
unbalance further lead to the accumulation of electrons at the Y-TiOPc/ITO interface, enabling the
following narrowing of Schottky junction and thus hole tunneling. Their study also reflected that
Y-TiOPc quantum dots with smaller diameter could not only generate more photo carriers, but also
contribute to the formation of a steeper band bending, promoting the injection of a large amount
of holes.

4.4. Performance Studies of Polymer PM Photodetectors

In this subsection, we will introduce the progress of performance studies on polymer PM
photodetectors from the aspects of dark current, broadband response, and narrowband response.

4.4.1. Dark Current

Inserting an appropriate buffer layer between the active layer and electrode can greatly reduce
the dark current while maintaining the photo current [67,73]. For example, Zhang’s group systemically
compared the performances of ITIC based polymer PM photodetectors using PEDOT:PSS and PFN
as the buffer layer with their current density-voltage (J-V) characteristics under dark and light
respectively [73]. It was found that the PEDOT:PSS device can only work under reverse bias; in contrast,
the PFN device can work effectively under both reverse and forward bias. Moreover, the dark current of
the PFN device (10−6 mA/cm2) was much lower with respect to the PEDOT:PSS device (10−4 mA/cm2)
at 0 bias; the dark current of the PFN device also decreased significantly at the bias when PM was
triggered (e.g., −15 V). Such a phenomenon was explained as follows based on the energy diagrams
displayed in Figure 6a,b. Under the reverse bias, the amount of holes injected from the Al electrode to
the HOMO level of P3HT is relatively low because the difference between the LUMO level of P3HT
and the Fermi level of Al is high (about 1.2 eV), causing the dark currents in both PEDOT:PSS and PFN
devices to be low. The difference in performance between PFN and PEDOT:PSS devices is mainly due
to difference between HOMO levels of these two buffer materials (PEDOT:PSS: −5.1 eV; PFN: −5.6 eV).
Therefore, PFN behaves more effectively than PEDOT:PSS to prevent holes transit from active layer
to the ITO electrode, yielding a reduced dark current. Under forward bias, the high HOMO level
of PEDOT:PSS cannot block the hole injection from ITO to the active layer under dark, resulting in
no response difference before and after light illumination. In contrast, there is a difference of 0.9 eV
between the HOMO level of PFN and the Fermi level of ITO, which can effectively block holes being
injected from the ITO electrode, yielding a very low dark current under forward bias.

4.4.2. Broadband Response

In order to extend the response spectrum range of organic PM devices, researcher
constructed ternary bulk heterojunctions which are realized through blending two donors
with different absorption spectrum range together with the acceptor, similar as in solar
cells [79–85]. In 2015, Zhang’s group prepared an polymer PM photodetector with the structure of
ITO/PEDOT:PSS/P3HT:PTB7-Th:PC71BM/Al [79]. The photodetector with the active layer containing
only PTB7-Th possess very weak PM effect, while the ternary device shows very high multiplication
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rates over the wavelength range from 350 nm to 800 nm. The highest EQE values of the ternary
device with P3HT:PTB7-Th:PC71BM weight ratio of 50:50:1 are around 3.8 × 104% in the spectral
range from 625 nm to 750 nm under −25 V bias (as shown in Figure 6c), and the corresponding R is
229.5 A/W and D* is 1.91 × 1013 Jones. The broad spectral response range was due to the contribution
of PTB7-Th exciton dissociation on the number of trapped electrons in PC71BM near the Al cathode.
The results also showed that, with respect to P3HT/PC71BM junctions, PTB7-Th/PC71BM junction
induced shallower traps due to smaller LUMO differences between donor and acceptor, resulting in
quick filling of the electrons as turning on the incident light and thereby a faster response.

4.4.3. Narrowband Response

Traditional photodetectors obtain narrowband response utilizing color filters, which are at the
cost of light attenuation, the reduced responsivity, as well as the relatively complicated system with
the increased cost [86–90]. In 2015, the Paul L. Burn and Paul Meredith’s group firstly achieved
narrowband organic photodetector with thick active layers through adjusting the carrier collection
efficiency [88]. Later, Zhang’s group applied the exact idea into polymer PM devices and implemented
a filterless narrowband PM photodetector. The thicknesses of their active layers (100:1 P3HT:PC71BM)
were in micrometer scale and the highest EQE reached 5.3 × 104% at −60 V and the FWHM of their
detection spectrum was only 28 nm [91]. Its principle is that, with thick active layer, close to the Al
electrode, the amount of photo carriers decreases linearly from short wavelength to long wavelength,
leading to a wavelength regime with poor hole collection efficiency at the opposite electrode under
reverse bias. By using a PFN type buffer layer, the narrowband PM photodetector can work under
both forward and reverse bias [92], with the reasons being present in Section 4.4.1. The PFN based
PM device exhibited two narrowband response windows under forward bias (EQE: 7.2 × 103% or
8.2 × 103%, for 340 nm or 650 nm light illumination at 60 V) and a single narrowband response
window under reverse bias (EQE: 1.6 × 103% for 665 nm light illumination at −60 V) as displayed in
Figure 6d,e, respectively. The two narrowband response windows obtained under forward bias can be
well explained based on the photo carrier generation maps as functions of position and wavelength.
Close to the ITO/PFN electrode, the photo carriers in the wavelength range of 400–600 nm is much
larger, corresponding to poorer hole collection efficiency at the Al electrode due to long transport
length, than that outside this range. As a result, under forward bias, two wavelength regimes are left
with good hole collection efficiency, that is, the bands are shorter than 400 nm and longer than 600 nm.
In 2018, they also applied this idea into ternary PM photodetectors [93]. Thanks to the doped PTB7-Th,
the device had a narrowband response under −50 V reverse bias, corresponding to a maximum EQE
of 2.0 × 102% at 800 nm with an FWHM of 40 nm.

Similar works have also been carried out for bulk heterojunction polymer PM photodetectors
based on inorganic quantum dots. In 2016, Huang’s group developed a narrowband PM photodetector
with the structure of ITO/PVK/P3HT:PC60BM:CdTe QDs/BCP/Al with a 3.5 μm thick active layer
thickness [94]. Compared with the quantum dot free photodetector, the photodetector with CdTe
quantum dots maintained the low dark current under reverse bias as well as the narrow band response.
Besides, the EQE values of the photodetector were improved significantly with the incorporation of
the quantum dots which provide vast electron traps in the active layer, reaching nearly 2.0 × 102% at
660 nm light irradiation and the corresponding LDR is 110 dB. Through a device with configuration
of ITO/SnO2/PEIE/PDTP-DFBT:PC71BM:PbS QDs (4 μm-thick)/MoO3/Ag [95], they also obtained
a filterless narrowband photodetection response with a 50 nm FWHM at near-IR range. In their
design, PbS QDs behaved as hole traps, triggering the injection of electrons from Ag electrode to the
active layer.
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Figure 6. (a,b) Energy level diagrams of the PFN device under reverse forward biases under
dark; (c) EQE spectra under different biases of the ITO/PEDOT:PSS/P3HT:PTB7-Th:PC71BM
(50:50:1)/Al device (Reproduced with permission from [79]. Royal Society of Chemistry, 2015);
(d,e) Narrowband EQE spectra of the ITO/PFN-OX/P3HT:PC61BM (4.0 μm)/Al device under different
biases (Reproduced with permission from [92]. Royal Society of Chemistry, 2017).

5. Other Mechanisms of Organic PM Photodetectors

In addition to the explanations presented in Section 2.2, researchers have also put forward some
other mechanisms for realizing organic PM photodetection.

In 2006, Reynaert et al. used the organic small molecular F16CuPc as the active layer to prepare
an organic PM photodetector with a structure of ITO/PEDOT:PSS/F16CuPc/Al, yielding the EQE
exceeding 3.0 × 103% at 633 nm [96]. They believed that the PM effect of this device was caused
by the local charge induced exciton quenching in semiconductors. The reason is that F16CuPc is
a unipolar disordered organic small molecular that forms an ohmic contact with the metal electrode
rather than a Schottky contact. To verify the deduction, they compared the device performances
with different metal electrodes. When the Schottky contact is formed at the semiconductor/metal
interface, band bending will be different for metal electrodes with different work functions, thereby
the device performances would be altered. However, their experiments indicated that the devices with
Au electrodes and Al electrodes have exactly the same performance, reflecting that the ohmic contact
is constructed between F16CuPc and the metal electrode. This theory is distinct from the trap assisted
carrier tunneling mechanism, because the PM phenomenon of this F16CuPc based device is a bulk
effect rather than an interfacial effect.

There are also other works confirming that the gain of their organic PM detectors is not due
to interfacial effects. In 2007, Campbell and Crone prepared a series of organic PM photodetectors
using MEH-PPV as the active layer [59]. They found the device with bare MEH:PPV had similar
gain characteristics as those of devices with active layers doped with 10 wt% PbSe quantum dots or
10 wt% C60. Without mentioning any interfacial effects, they proposed that a small fraction of the
optically excited excitons dissociate producing deeply trapped electrons and free holes. The trapped
electrons can lead to photoconductive gain if the electron lifetime is longer than the hole carrier transit
time. The gain per trapped electron is determined by the number of holes passing through the device
during the lifetime of the trapped electron. This principle is similar to that of photoconductive type
photodetectors. Later in 2009, the same researchers realized PM photodetection at near-IR range
through a device with configuration of ITO/PEDOT/OSnNcCl2/BCP/Ca [97] based on the circulation
of free carriers in response to trapped photo carriers as well. Peng et al. clarified that their Y-TiOPc@PC
based PM devices were based on the same principle of carrier circulation [78].
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One can also employ inorganic quantum dots to realize PM photodetection based on the principle
of multiple exciton generation. In 2005, Qi et al. prepared an organic PM photodetector by doping PbSe
QDs in MEH-PPV with the structure of ITO/PEDOT:PSS/PbSe:MEH-PPV/Al [98]. According to their
study, when MEH-PPV was doped with PbSe quantum dots (with an absorption peak at 1900 nm) with
a diameter of 8 nm, the device’s EQE reaches 1.5 × 102% at −8 V bias under 510 nm light illumination.
In contrast, the reference device only showed an EQE of 40%. Their explanation was as follows.
When the incident photon energy was at least three times larger than the quantum dot band gap,
the PbSe QDs could absorb photons and generate multiple excitons, resulting in multiplication of
carriers. Another control study was carried out by altering the size of the PbSe quantum dots to 4.5 nm
which corresponds to an absorption peak at 1100 nm, but the device did not induce any PM effect.
The dependence of this photodetector performance on the size of quantum dots reflects that multiple
exciton generation ascribed to the strong quantum confinement effect of quantum dots is responsible
for the PM effect.

6. Summary and Outlook

In this paper, we have summarized past studies on organic PM photodetectors since 1994.
Performances of representative organic small molecular PM photodetectors and polymer PM
photodetectors are summarized in Tables 1 and 2, respectively.

Studies on organic small molecular PM photodetectors came out early. From Table 1, one sees
clearly that most of reported studies focused on N-type semiconductor materials which produced
PM performances based on the mechanisms of hole trap assisted electron tunneling. In these
devices, the carriers are captured by interfacial structural traps, which bare the limitations of low
quantity and complexity to control. In addition, single junction type PM devices suffer slow transient
response, that is in second time scale or even longer, due to poor carrier transport in the active layer.
These limitations were alleviated by constructing a bulk heterojunction active layer. C60 (or C70) was
frequently combined with P-type semiconductor materials (e.g., CuPc, TAPC, SnPc) to form bulk
heterojunction active layers, based on which the response time of PM photodetection can be reduced
to millisecond timescale. The reason of improved response speed is that the trapped hole carriers
can freely transport through the network formed by the P-type semiconductor material and thus the
accumulation of carrier at the Schottky junction can be accelerated.

Table 2 reflects that polymer PM photodetectors have become a hot research topic since 2010,
which must be closely related with the success made in the field of polymer solar cells. Compared with
the single junction counterparts which have received little attention, bulk heterojunction type
polymer PM photodetectors with diverse heterojunction formulas have been widely studied. For the
heterojunction formula of polymer/inorganic-nanoparticles, Huang et al. realized an EQE of
3.4 × 105% by blending ZnO nanoparticles into the active layer P3HT [8]. For the heterojunction
formula of polymer/insulator, Li et al. proposed to make the active layer by dispersing the Y-TiOPc
quantum dots into a PVB solution [27], yielding an EQE of 3.5 × 105%. Beyond these two heterojunction
formulas, the most popular researched one is the formula made of organic semiconductors comprising
of donor and acceptor with different weight ratios. Introducing carrier traps is the primary task to
realize current multiplication in organic bulk heterojunction type photodetectors. In 2015, Zhang et al.
for the first time put forward introducing electron traps in the donor/acceptor active layer through
reducing the weight ratio of acceptor, yielding an EQE of 1.7 × 104% [62]. To bring in carrier traps into
bulk heterojunction photodetector devices with 1:1 donor/acceptor weight ratio, approaches of doping
organic dyes or incorporation of a gold island film have been adopted, but the achieved EQEs are
far below those obtained by reducing the acceptor ratio. We also noticed that using PDPP3T:PC71BM
blend with a weight ratio of 1:2 can also induce a PM effect with an EQE as high as 1.4 × 105% after
the LUMO energy differences at both the ITO/ZnO and ZnO/active layer interfaces are reduced by
UV irradiation [64].
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By comparison with organic small molecules which can only be processed through film deposition
techniques, it is concluded that the solution processable polymers are the best candidates for developing
low cost organic PM photodetectors because the solution process technique allows introduction of
carrier traps into the bulk heterojunction active layer through blending. We also note that among
the diverse methods of introducing traps into the polymer bulk heterojunction active layer, adjusting
the weight ratio of acceptor/donor is the simplest one and researches on this topic might achieve
greet success in the future. In order to improve the multiplication rate, it was necessary to insert
a composite layer comprising of a hole blocking layer and a hole accumulation layer between the bulk
heterojunction active layer and the electrode. The selection of the inserted hole blocking layer needs
to be carried out delicately. On one hand, its HOMO level should be sufficiently lower than that of
the P-type material in bulk heterojunction for reducing dark current under dark; on the other hand,
its LUMO level should not be higher than that of N-type material in bulk heterojunction, enabling
fluent electron injection from the electrode to the active layer. In addition, organic PM devices with
broadband response, which can be sensitive to the light over wavelength ranges of ultraviolet (UV),
visible, and even IR, can be realized through assembly of two different active materials as well as
incorporation of down conversion materials, organic dyes, and so on. Especially, for polymer PM
photodetectors, Zhang et al. have constructed a series of ternary bulk heterojunctions through blending
two donors which respond at different spectrum ranges together with the acceptor [79,80] In order
to realize filterless narrowband organic PM photodetectors, active layers with thicknesses of several
micrometers were utilized to adjust the carrier collection efficiency.

Beyond the exotic achievements listed in this review for organic PM photodetectors, there are
still some problems to be solved. For example, the response speeds of most reported organic PM
photodetectors are slow, which cannot meet the needs of high speed photodetectors. In most of
the work, the stabilities of the organic PM devices are not discussed, which is crucial to solve
before putting them into practical applications. Moreover, the introduction of metal micro/nano
structures into organic PM photodetectors should be consolidated with more attention as a feasible
approach of manipulating the carrier generation and distribution like in organic solar cells [99–111].
It is emphasized that, recently, organic-inorganic hybrid perovskite photodetectors have also been
reported with extremely high quantum efficiency [112–115] of which the principles were explained
based on the trapped carrier assisted carrier tunneling or ion migration effect. And compared
with organic devices, perovskite PM photodetectors require lower bias and possess faster response
but their stability is inferior. Furthermore, it’s worth noting that, there are also plenty of original
works on organic/inorganic hybrid heterojunction photodetectors with the inorganic materials of
diverse structures including bulk films [116–118], 2D materials [119–121], nanomaterials [121,122],
etc. A combination of organic materials with perovskite or inorganic semiconductors might offer
a promising route to realize overall high performance PM photodetectors.
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Abstract: Metasurfaces are capable of tailoring the amplitude, phase, and polarization of incident light
to design various polarization devices. Here, we propose a metasurface based on the novel dielectric
material gallium nitride (GaN) to realize high-efficiency modulation for both of the orthogonal
linear polarizations simultaneously in the visible range. Both modulated transmitted phases of
the orthogonal linear polarizations can almost span the whole 2π range by tailoring geometric
sizes of the GaN nanobricks, while maintaining high values of transmission (almost all over 90%).
At the wavelength of 530 nm, we designed and realized the beam splitter and the focusing lenses
successfully. To further prove that our proposed method is suitable for arbitrary orthogonal linear
polarization, we also designed a three-dimensional (3D) metalens that can simultaneously focus the
X-, Y-, 45◦, and 135◦ linear polarizations on spatially symmetric positions, which can be applied to
the linear polarization measurement. Our work provides a possible method to achieve high-efficiency
multifunctional optical devices in visible light by extending the modulating dimensions.

Keywords: metasurfaces; orthogonal polarization; high-efficiency; polarization analyzer

1. Introduction

Optical metasurfaces, a two-dimensional planar variation of the concept of metamaterials, have
been engineered to realize exotic electromagnetic properties by control of the phase, amplitude,
and polarization of incident light, which are capable of being manipulated in a desirable manner [1,2].
A metasurface is usually composed of nano-antennas or nano-apertures because of introduced arbitrary
abrupt phase shifts by adjusting geometric sizes [3–5]. Compared to the conventional optical devices,
devices made from metasurfaces have the advantage of ultrathin, highly integrated, versatile, low-cost
characteristics [6–8]. With the development of nanotechnology, many structures have been realized
to demonstrate the broad applications of metasurfaces, including metalens [9–11], wave plates [12],
filters [13], absorbers [14], vortex beam generation [15], and holograms [16,17].

In the visible light region, much of the previous work was based on metal nanostructures,
and most of these had been proved to be low transmission as a result of Joule losses [18,19].
For semiconductor-based dielectric metasurfaces, there is no inherent loss for similar metal
nanostructures; therefore these have demonstrated superior performance for providing a high
transmission in many applications of metasurface devices to date [20–23]. At the beginning, a dielectric
material was combined with a metal back reflector to work as the reflective metasurface, and most of
these were designed on the basis of the Pancharatnam–Berry (PB) phase principle for the incidences of
circularly polarized light [24]. However, there are some limitations in optical system integration
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for practical applications of the reflective metasurfaces, which can be overcome by transmitted
dielectric metasurfaces made of high-index dielectrics, such as silicon (Si) [25–28] and titanium
oxide (TiO2) [29,30]. Si has evident absorption in the visible band, and the preparation process
of high-cost TiO2 also degrades its potential application [31]. Meanwhile, the PB phase approach
is inherently limited to circularly polarized light and is unsuitable for linear polarization or for
polarization-independent metasurfaces. Thus, it is important to design low-cost, high-efficiency
devices for linear polarization incidences in the visible range.

In this paper, we propose a high-efficiency dielectric metasurface based on gallium nitride (GaN)
nanobricks (refractive index of 2.4) for manipulating orthogonal linear polarizations simultaneously
at the wavelength of 530 nm. GaN was chosen because there is no intrinsic absorption throughout
the visible spectrum (GaN’s band gap is about 3.4 eV) [32,33]. The polarization beam splitter (PBS)
and metalens were designed successfully by tailoring the geometry of the GaN nanobricks to meet
the corresponding required phases. Meanwhile, we also designed a simple polarization analyzer for
analyzing the degree of linear polarization (DoLP) of the incidences, which can simultaneously focus
the X-, Y-, 45◦, and 135◦ linear polarizations in spatially symmetric positions. Our results would lead
to wide applications in photonic research for visible light.

2. Design and Analysis

As is schematically shown in Figure 1, the designed GaN nanobrick, with a length, width,
and height of l, w, and h, respectively, is adhered onto an Al2O3 substrate with a depth of d. In our
designs, the phase accumulation is achieved through the waveguiding effect, which is proportional
to the height (h) of the designed nanobricks; thus the aspect ratio of the designed nanobricks should
be taken into consideration. For incident light with a wavelength of 530 nm, the height of the GaN
nanobrick is set as h = 800 nm for obtaining the entire 2π modulating phase for the transmitting
light, which was optimized and confirmed by the finite-difference time-domain (FDTD) method.
For simplifying the calculation, we set the depth of the Al2O3 substrate as d = 300 nm. The concrete
modulating phases of the transmitted linear-polarized light could be realized by changing the size
of the GaN nanobricks. A square lattice with a lattice constant of p = 260 nm was chosen for the
optimized and designed simulations; this was obtained from the following two standards: (i) the lattice
constant must be less than half of the main working wavelength to avoid the diffraction effect; (ii) the
lattice constant should be large enough for the near-field strong interactions between two neighboring
nanobricks to be avoided [34]. The length and width of rectangular nanobricks affects the transmission
amplitudes and phases of X- and Y-polarization, respectively.

Figure 1. Schematic of the designed unit cell: p = 260 nm, d = 300 nm, and h = 800 nm.

Here, on the basis of double-phase modulation, we introduce the design of the metasurfaces with
the GaN nanobricks, which can expand the modulating dimensions of linear-polarized light. In the
numerical simulations, periodic boundary conditions were used in the X- and Y-directions to ensure
the accuracy of the phase spectrum in varying structural dimensions. We used the transmission phase
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of co-polarization light, because of its rectangular structure and the small polarization conversion for
the nonrotating periodic nanobricks. As shown in Figure 2a,b, with a normal incident wavelength
of 530 nm for X-polarized light, the transmittance and the modulating phase of the transmitted
X-polarized light could be expressed as functions of the length (l) and width (w) from 30 to 230 nm
of the rectangular nanobricks, respectively. It is clear that the modulating phase of the transmitted
light could almost cover the entire 2π completely, while the transmittance was close to unity. Similarly,
Figure 2c,d represents the transmittance and modulating phases of transmitted Y-polarized light,
respectively. It can be seen from Figure 2 that for any desired modulating phases of the transmitted X-
and Y-polarized light, there always existed one rectangular GaN nanobrick that could simultaneously
satisfy the needs of two orthogonally polarized modulating phases but keep the transmittance close to
unity. Therefore, the method used can obtain different phase responses for orthogonal polarization
states simultaneously by changing the length and width of the rectangular nanobricks, and the
local modulating phases for a couple of incident orthogonal polarization states can be manipulated
independently. This is the method with which we can increase the modulating dimension, which can
be called the principle of double-phase modulation.

Figure 2. Transmitted light normalization: (a) Transmittance variation for gallium nitride (GaN)
nanobricks on Al2O3 substrate, and (b) phase as a function of l and w for normal incidence of the
X-polarized light. (c,d) The normalized transmittance and phase as a function of l and w for normal
incidence of the Y-polarized light, respectively.

To prove that our proposed method can be applied to optical wavefront shaping, we first designed
a polarization beam splitter (PBS) to deflect the X- and Y-polarized light into different directions
efficiently. In order to split the orthogonal polarized light, for simplicity, we designed the device with
a couple of opposite gradient phases for X- and Y-polarized light, which meant X- and Y-polarized
light would be reflected into two opposite directions. As shown in Figure 2, both of the 2π transmitted
modulating phases could be obtained by changing the dimensions of l and w under the X- and
Y-polarized incidences, which meant that any combination of the modulating phases for the X- and
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Y-polarized incidences could be realized by a GaN nanobrick with a certain length and width. On the
basis of the generalized Snell’s law [35]:

nt sin θt − ni sin θi =
λ0

2π
dϕ

dx
(1)

reasonable choices of parameters can control the angle of refraction, where θi and θt are the incident
angle and refractive angle, respectively; ni and nt are the refractive indices in the incident and refracted
region, respectively; λ0 is the incident wavelength in vacuum; and dϕ/dx is the phase gradient. It is
worth mentioning here that dϕ and dx are the phase difference and distance difference between two
adjacent unit cells. We can utilize the last term in Equation (1) to obtain the desired angle of refraction
if the wavelength of the incident light is determined. As shown in Figure 3a, eight unit cells were
selected to construct a combination of the modulating opposite phases for the X- and Y-polarized
incidences, and the phase differences were π/4 and −π/4 between two adjacent unit cells for covering
the entire 2π, which could be determined from Figure 2. Meanwhile, the transmittance of each unit cell
was close to unity to ensure that the designed device was as efficient as possible. The inset in Figure 3a
shows a supercell composed of eight unit cells (GaN nanobricks). Theoretically, 45◦ linear-polarized
light can be decomposed into X- and Y-polarized components. Therefore, if the 45◦ linear-polarized
light is incident to the designed beam splitter, the X- and Y-polarized components will be deflected
into two different directions. As shown Figure 3b,c, the concrete simulated electric fields demonstrate
that the transmitted X- and Y-polarized light was refracted into two opposite directions because of the
designed opposite-phase modulation difference for the transmitted X- and Y-polarized light. It should
be noted that the reflected field intensity was almost zero, as depicted in Figure 3b,c, which ensured
the high-efficiency transmitted characteristics of the designed GaN metasurface.

Figure 3. (a) The normalized transmittance and the phase of transmitted light through the eight
unit cells for the X- and Y-polarized light incidences at wavelength of 530 nm. The inset in (a) is a
supercell composed of eight unit cells. (b,c) The electric field distributions for X- and Y-polarized light,
respectively; it can be clearly seen that X- and Y-polarized light is refracted into two different directions.

After calculating the results from Figure 3b,c, the refraction angle was ±14.7◦ for the X-
and Y-polarized light, which agreed well with the theoretical value of ±14.76◦ from Equation (1).
The transmitted efficiencies of the X- and Y-polarized light were 85% and 89.5%, respectively, when
the light was incident to the designed device normally, where the deflection efficiency is defined as the
ratio of transmitted power to incident power. As shown in Figure 4, when the 45◦polarized light was
incident to the designed device normally, the deflection efficiencies of the X- and Y-polarized light
were 42.5% and 44.7%, respectively. There were some slight differences in the deflection efficiencies of
the X- and Y-polarized components, which could be attributed to the non-symmetrical characteristics
of the nanobrick along the 45◦ direction.
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Figure 4. The transmittance of X- and Y-polarized light as a function of deflection angle (θ) under 45◦

polarized light incident on the bottom.

In order to demonstrate the superiority of our designs, on the basis of the principle of double-phase
modulation, a difunctional metalens was also designed at the wavelength of 530 nm. Similarly to the
PBS, the designed difunctional metalens can focus X- and Y-polarized light into two different places.
The required phase for the focusing lens can be expressed as follows:

ϕ(x, y) =
2π
λ
(

√
(x ± x0)

2 + (y ± y0)
2 + f 2 − f ) (2)

where λ is the incident wavelength in vacuum, x0 is the horizontal distance between the focus and the
center of the metalens, and f is the focal length. Here, we set y = 0 , y0 = 0, x0 = 8p = 2080 nm, and the
f = 9λ = 4770 nm. We combined ϕx and ϕy to select 56 nanobricks for the metalens in Figure 2; the
locations of the focuses of the X- and Y-polarized light were (−x0, 0, f ) and (x0, 0, f ). With the normal
incidences at the wavelength of 530 nm, Figure 5a–e demonstrates the distributions of the different
transmitted intensities of the designed difunctional metalens under 0◦ (X-polarization), 30◦, 42◦, 45◦,
60◦, and 90◦ (Y-polarization) linear-polarized states of incident light, respectively. We also extracted
the transmitted intensity distributions in the X–Y plane at the focal planes under the incidences of
different linear polarizations, as shown in the lower half of each figure in Figure 5. As shown in
Figure 5a,f, when 0◦ (X-polarization) and 90◦ (Y-polarization) linear-polarized light was incident to the
designed metalens, there was just one focusing spot each at the positions of (−2080 nm, 0, 6470 nm) and
(2080 nm, 0, 6470 nm), respectively, in the transmitted fields (the ordinates of the focuses (in Z-direction)
were larger than the setup of 4770 nm because of the height of the metasurface and an additional
600 nm air layer). Because arbitrary linear polarizations can be decomposed into two orthogonal
linear polarizations, thus we could approximately analyze the incident linear polarization state on
the basis of the focusing intensity. For example, for the 30◦ linear polarization incidence, compared to
the Y-polarized component, the X-polarized component was dominant; thus the focusing energy of
X-polarized light was stronger than that of Y-polarized light, as shown in Figure 5b. Similarly, for the
60◦ linear polarization incidence, the focusing intensity of X-polarized light was weaker than that of
Y-polarized light, as depicted in Figure 5e. Meanwhile, for the incidence of 45◦ linear polarization,
as shown in Figure 5d, the focusing intensities of X- and Y-polarized components in the transmitted
fields should be the same, but there was a small mismatch in the two focuses’ energies, which could be
attributed to the non-symmetrical characteristics of the nanobrick along the 45◦ direction and which
may have led to a very small intensity deviation for the intensity responses of X- and Y-polarized
light. After calculation, the numerical aperture (NA) of the metalens designed was 0.836 on the basis
of NA = sin[tan−1(D/2 f )], where D and f are the size and focal length of the lens. The NA can be
made larger by increasing the size of the lens when the focal length is fixed, and the focus effect will
be better.

To further confirm the versatility of the design method for analyzing arbitrary linear polarizations,
a three-dimensional (3D) metalens was designed for analyzing X-, Y-, 45◦, and 135◦ linear-polarized
light simultaneously. On the basis of Equation (2), here, we set x0 = 8p = 2080 nm, y0 = 6p = 1560 nm,
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and f = 5λ = 2650 nm, and we set the focusing points as (−x0,−y0), (x0,−y0),(−x0, y0), and (x0, y0)

for the X-, Y-, 45◦, and 135◦ linear-polarized light, respectively. The GaN nanobrick array of the
designed 3D metalens is schematically shown in Figure 6, in which 768 GaN nanobricks were selected
for satisfying the phase requirements on the basis of the phase distributions in Figure 2. The size of
the designed metalens is 8.32 μm × 6.24 μm; there are two parts of the GaN nanobrick array (the
lower part is used to focus X- and Y-linear-polarized light to the locations of (−x0,−y0) and (x0,−y0),
respectively; the upper part is obtained by rotating the GaN nanobricks in the lower part to 45◦ and
−45◦ accordingly for manipulating and focusing the 45◦ and 135◦ linear-polarized light to the locations
of (−x0, y0) and (x0, y0) respectively. The transmission intensity distributions in the focal plane are
demonstrated in Figure 7a–f under the incidences of the X-, Y-, 45◦, 135◦, 30◦, and 60◦ linear-polarized
light, respectively. We can observe that the focuses were oval, which could be attributed firstly to the
horizontal and vertical axes of the scale not being the same for the focus, as well as that the longitudinal
structural elements provided a smaller phase distribution than that in the lateral direction. As shown
in Figure 7a, under the incidence of X-polarized light, the intensity at the position of (x0,−y0) for
the Y-polarization focus was nearly zero, as there was no Y-polarized component in the incidence,
but the focusing intensities for the 45◦ and 135◦ linear-polarized components were nonzero as a
result of the decomposed components from the X-polarized incidence. This was similar for arbitrary
linear-polarized incidences. For example, in Figure 7f, under the incidence of 60◦ linear-polarized
light, there were four evident focusing points because of the nonzero decompositions of the X-, Y-, 45◦,
and 135◦ linear-polarized components.

Figure 8a,b illustrates the normalized transmitted intensity distribution in the focal plane
(y = −6p, x = −8p) in case of the 45◦ linear-polarized light incidence. As shown in Figure 8a,
the intensity was almost undifferentiated, which agreed well with Figure 7c. The X-polarized focusing
intensity was half that of the 45◦ linear-polarized light, as depicted in Figure 8b, because the 45◦

linear-polarized light could be decomposed into X- and Y-polarized components. The difference in
the full width at half maximum between the X-polarized focus and 45◦ linear-polarized focus proves
that the vertical phase profile was smaller once again, as mentioned before, which could be solved
by increasing the size of the lens. The designed 3D metalens can be used as a polarization splitter to
separate arbitrary linear polarizations into two pairs of orthogonal polarizations, and it can also be
used as a linear polarization generator under the incidence of any type of polarized light.

Figure 5. The distribution of transmitted intensities (|E|2) under the linear polarization states of
incident light are (a) 0◦, (b) 30◦, (c) 42◦, (d) 45◦, (e) 60◦, and (f) 90◦. The white solid and dashed lines
are the intensity distribution curve and the position of focal plane.
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Figure 6. Schematic of the structure array of the designed 3D metalens.

Figure 7. The distributions of transmitted intensities (|E|2) in the focusing plane (X–Y) under (a) X-,
(b) Y-, (c) 45◦, (d) 135◦, (e) 30◦and (f) 60◦ linear-polarized incidences.

Figure 8. The transmitted intensity (|E|2) profiles in focal plane at (a) y = −1560 nm and
(b) x = −2080 nm under the incidence of 45◦ linear-polarized light.

In addition, by measuring the focusing energies at each focal point of the designed 3D metalens,
we could analyze the polarization states of the arbitrary linear-polarized light. The focusing energies of
X-, Y-, 45◦, and 135◦ linear-polarized components can be expressed as Ix, Iy, I45, and I135, respectively,
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from which we could analyze the polarization direction of arbitrary linear-polarized incidences.
When the incident linear polarization angle is θ, the focusing energies of the four focal points are I′x, I′y,
I′45, and I′135, respectively. The Stokes parameters of I, Q, and U and the DoLP of the incidence can be
obtained as follows:

s1 =
I′x − aI′y
I′x + aI′y

, s2 =
I′45 − bI′135
I′45 + bI′135

, DOLP =

√
s2

1 + s2
2

Itotal

where a = Ix/Iy, b = I45/I135, and Itotal is the total intensity of transmitted light. The Stokes parameters
can be normalized to make the unit total light intensity:

Q =
s1√

s2
1 + s2

2

, U =
s2√

s2
1 + s2

2

, I =
√

Q2 + U2,

and the polarization direction can be expressed as tan 2θ = U
Q .

Here, we calculated the power value instead of energy for analyzing the polarization direction of
the incidences under simulation. When light with a polarization angle of θ was incident to the designed
polarization analyzer, the powers of the X-, Y-, 45◦, and 135◦ polarized components could be obtained
at their focuses accordingly, and then we could calculate the polarization angle of the incident light.
For example, when light with polarization angles of θ = 30◦ and θ = 60◦ was incident to the designed
polarization analyzer, the powers of the X-, Y-, 45◦, and 135◦ polarized components could be obtained
as is depicted in Table 1. We calculated the polarization angles of the incident light as 29.87◦ and 59.53◦,
respectively, which agreed well with the true values. This means that the designed 3D metalens can
be used for analyzing linear polarization states with high accuracy. If arbitrary linear-polarized light
is incident, we can calculate the Stokes parameters I, Q, and U by collecting the energy at each focal
point and then analyze the polarization direction of the incident linear-polarized light.

Table 1. The power values of X-, Y-, 45◦, and 135◦ linear-polarized components at focus.

θ Px Py P45 P135

30◦ 0.213 0.089 0.300 0.032
60◦ 0.079 0.245 0.295 0.034

3. Conclusions

In summary, we propose a metasurface based on the novel dielectric material GaN to realize
high-efficiency modulation for both of the orthogonal linear polarizations simultaneously in the visible
range. We designed a beam splitter to refract the light of orthogonal polarizations into two opposite
directions, as well as a metalens to focus the X- and Y-polarized light in two spatially symmetric
positions. We also designed a 3D metalens that can simultaneously focus X-, Y-, 45◦, and 135◦ linear
polarizations in spatially symmetric positions, which can be applied as a simple polarization analyzer
for analyzing the polarization direction of the incidences. Our presented method can be used over
the whole visible range, which gives it great potential in applications such as polarization imaging.
It is promising that the designed devices can be integrated into systems to form a highly integrated
polarization multiplexor.
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Abstract: In this paper, we propose a metamaterial structure for realizing the electromagnetically
induced transparency effect in the MIR region, which consists of a gold split-ring and a graphene
split-ring. The simulated results indicate that a single tunable transparency window can be realized
in the structure due to the hybridization between the two rings. The transparency window can be
tuned individually by the coupling distance and/or the Fermi level of the graphene split-ring via
electrostatic gating. These results could find significant applications in nanoscale light control and
functional devices operating such as sensors and modulators.

Keywords: metamaterials; mid infrared; graphene split-ring; gold split-ring; electromagnetically
induced transparency effect

1. Introduction

Electromagnetically-induced transparency (EIT) is a concept originally observed in atomic physics
and arises due to quantum interference, resulting in a narrowband transparency window for light
propagating through an originally opaque medium [1,2]. The EIT effect extended to classical optical
systems using plasmonic metamaterials leads to new opportunities for many important applications
such as slow light modulator [3–6], high sensitivity sensors [7,8], quantum information processors [9],
and plasmonic switches [10–12]. Generally speaking, the realization of the EIT effect is usually achieved
by two kinds of schemes such as the bright-bright mode coupling [7,12–16] and the bright-dark mode
coupling [17–21]. So far, many researches have obtained the EIT effect from various metamaterial
structures [11,22–27]. However, most of them only consist of metallic materials and they can only be
controlled by the geometry of structures, which limits their applications.

Graphene is a two-dimensional material which is composed of single layer of carbon atoms,
which has been widely used in optoelectronic devices, such as optical modulators [28–30] due to its
unique properties such as high electron mobility [31], high light transparency [32] and high thermal
conductivity [33]. Particularly, the surface conductivity of graphene has a wide range of tunable
characteristics by changing the Fermi level of the graphene via electrostatic gating, which makes it
a significant potential application in high-performance tunable optical devices [34,35]. Meanwhile,
graphene is widely used in metamaterial to achieve a variety of optoelectronic devices with tunable
properties [36–38].

Recently, L.S. Yan et al. have investigated that a plasmonic waveguide system based on side
coupled complementary split-ring resonators and the electromagnetic responses of CSRR can be
flexibly handled by changing the asymmetry degree of the structure and the width of the metallic
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baffles [39]. W. Yu et al. have realized a dual-band EIT effect which was composed of a split-ring
resonator (SRR) and a pair of metal strips. Most of the previous researches were based on metallic
split-ring which lacks tunability [40]. In this paper, we propose a periodic metamaterial structure
which is composed of a graphene split-ring and a gold split-ring to investigate the EIT effect in the MIR
regions. A transparency window can be observed in the transmission spectrum of the structure under
plane wave excitation. It is found that the coupling strength greatly depends on the separation between
the two rings. Besides, the EIT window can be tuned by changing the Fermi levels of the graphene
split-ring via electrostatic gating, which may offer possible applications at tunable mid-infrared
functional devices, such as optical switches and modulators.

2. Materials and Methods

As shown in Figure 1a, the metamaterial structure used to demonstrate the EIT phenomenon
consists of three layers. The top layer is composed of gold split-ring and graphene split ring while
the middle layer plays a role as a substrate and its material is Al2O3 and the graphene split-ring
is composed of 5 layers of graphene in our following simulations so as to enhance the modulation
depth [41]. The bottom layer is doped silicon (doped Si) substrate which is used for an electrode
to apply voltage to the graphene split-ring for changing its Fermi level, and another electrode is
Au1 whose material is gold as shown in Figure 1a. In the simulation of the transmission spectra,
Au1 is negligible because of the relatively small size with respect to the structure. The incident light
propagates in the z direction and its polarization is along x direction. Both the gold split-ring and
graphene split-ring are symmetric in y direction and their symmetry axis are coinciding. The (complex)
refractive index of Al2O3 is obtained from Table I, page 662 in Ref. [42] and the doping concentration
of doped Si is 1018cm−3 and its refractive index can be obtained from Ref. [43]. Both the Al2O3 and
doped Si have been considered having the dispersion and absorption effects in our simulations.

The optical properties of the gold material are obtained from Palik’s experimental data.
The surface complex conductivity of graphene σ(ω) is dominated by interband and intraband
transitions within the random-phase approximation, which can be calculated as [44,45]:

σ(ω) = σinterband + σintraband (1)

where
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Here, ω is the optical angular frequency, T is the ambient temperature (300 K in this paper), Ef is
the Fermi level of graphene, h̄ = h/2π is the reduced Plank’s constant, kB is the Boltzmann constant,
τ is the carrier relaxation time and τ = h̄/2Γ [46], where Γ is the scattering rate and it is set 0.00099
eV in this paper (corresponding to the carrier relaxation time τ ≈ 0.33 ps). It can be seen from the
above formula that the surface conductivity is greatly affected by the Fermi level and the Fermi level is
determined by the carrier concentration ng and Fermi velocity Vf. The formula Ef = h̄Vf(πng)1/2 with
the Fermi velocity of Vf = 106 m/s can be obtained from Ref. [47] and ng = ε0εdVg/eH1, where Vg is the
applied voltage and εd is the permittivity of Al2O3 and H1 is the thickness of Al2O3. In the following
simulation, graphene is modeled as a thin anisotropic material film and the in-plane permittivity is
approximated to be [44]:

εg = 1 +
iσ(ω)

ε0ωtg
(4)
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where tg is the thickness of graphene which is estimated as 1 nm [48] and ε0 is the permittivity in
vacuum. In addition, the conductivity of the N-layer graphene is Nσ [49,50].

 

Figure 1. (a) Schematic diagram of the plasmonic metamaterial unit cell consists of a graphene split-ring
and a gold split-ring. (b) Top view of metamaterial structure. The periods of the y and x direction are
Py = 0.22 μm, Px = 1.34 μm, respectively. The distance between the graphene split-ring and the gold
split-ring is d and the gaps of the gold split-ring and the graphene split-ring are g1 = 8 nm, g2 = 20 nm,
respectively. The width of the gold split-ring and the graphene split-ring are W1 = 12 nm, W2 = 43 nm.
The length of the gold split-ring in the y and x direction are Ly1 = 200 nm, Lx1 = 262 nm, respectively;
and the length of the graphene split-ring in the y and x direction are Ly2 = 106 nm, Lx2 = 104 nm,
respectively. The thickness of doped silicon, Al2O3 and Au are set as H0 = 10 nm, H1 = 40 nm and
H2 = 4 nm, respectively. Vg is the applied voltage and both the Au1 and doped silicon are served as
electrodes to apply voltages to the graphene split-ring. The thickness of the Au1 is H3 = 4 nm and its
width (Ly3) and length (Lx3) are set as 10 nm.

In this paper, we use the finite-difference time-domain (FDTD) simulations to numerically
investigate the properties of the structure. The perfectly matched layer (PML) absorbing boundary
conditions are set on the z direction while the periodic boundary conditions are set on the x and
y directions.

3. Results and Discussion

To demonstrate the EIT effect, we numerically calculate the simulated transmission spectra of the
unit cell with the graphene split-ring and the gold split-ring are shown in Figure 1a. The plasmonic
resonances of the graphene split-ring and the gold split-ring are excited at the same wavelength.
In addition, the transmission spectra of the unit cell with a graphene split-ring and a gold split-ring
under x-polarized and y-polarized incident light excitation, respectively. It is obviously that when
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using the x-polarized incident light, a transparency window is observed. For the case of y-polarized
incident light, there are two plasmon resonance peaks at 3.61 μm and 7.19 μm observed and no EIT
phenomenon can be found. Consequently, we choose x-polarized incident light in the following
simulations. In the simulations, the Ef of the graphene split-ring is set as 0.9 eV and the coupling
distance d is 20 nm. From the transmission spectra in Figure 2a, one can find that a strong plasmon
resonance at 4.09 μm of both the graphene split-ring and the gold split-ring can be excited by the
x-polarized incident light. The quality factor of graphene split-ring is higher than that of the gold
split-ring and a transparency window with 95% transmission appears at 3.95 μm when we put the
two rings together due to the interaction of them. In addition, two obvious dips can be found in the
transmission spectra (orange line in Figure 2b) at 3.83 μm and 4.35 μm, respectively.

 

Figure 2. (a) Transmission spectra of the individual graphene split-ring and the individual gold
split-ring. (b) Transmission spectra of the structure consists of graphene split-ring and gold split-ring
under x-polarized and y-polarized incident light excitation, respectively.

Then, we study the response of EIT effect resulting from the variation of the layers of graphene
split-ring (Figure 3a) and the periods in the x direction the total structure. The Fermi level is set as
0.9 eV and the distance of the two split-rings d is 20 nm. It can be observed that dip II is obviously
blue-shifted from 7.97 μm to 4.35 μm while dip I blue-shifts slightly and its transmittance increases
with the layers of the graphene split-ring N increasing from 1 to 5. In addition, it is clear shown that
the transmission peak is blue-shifted and the line width of the transmission peak becomes smaller
and narrower. This is because the hybridized of the gold split-ring and graphene split-ring become
stronger with increasing the layer number N. It is also found that 4 layers or 5 layers of the graphene
split-ring are suitable. Here we choose the graphene split-ring of 5 layers because the quality factor
of transmission peak is larger than that of the 4 layers. In Figure 3b, it is shown that the period
in the x direction of the plasmonic metamaterial unit cell can also influence the EIT phenomenon.
With the increase of the Px from 1.34 μm to 2.34 μm, both dip I and dip II blue-shift slightly and the
amplitudes of the transmittance increase. The line width of the transmission peak becomes larger and
its transmittance increase with increasing the periods (Px) in the x direction.
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Figure 3. (a) Transmission spectra of the individual graphene split-ring with different layers.
(b) Transmission spectra of the structure with different periods (Px) in the x direction.

Furthermore, we also investigate the dependence of the EIT spectra on the distance d between
the two rings. As shown in Figure 4, the EIT peak gradually becomes sharper and its transmittance
gradually decreases with the increasing of d. When d comes to 400 nm, the peak will disappear.
It reveals that the interaction of gold split-ring and graphene split-ring becomes weaker and their
interaction eventually disappears when the coupling distance is large enough. It can also find that
dip I red-shifts slightly while the dip II blue-shifts with the increase of d and both their transmittance
decrease. Therefore, the coupling strength of the metamaterial structure greatly depends on the
distance of the gold split-ring and graphene split-ring.

Figure 4. Transmission spectra of the metamaterial structure with different distances d.

To get further insight into the physics of the EIT phenomenon of our structure, the electric-field
distributions of the z-component at wavelength I (λ = 3.83 μm) and wavelength II (λ = 4.35 μm)
are shown in Figure 5a–d. The generation of dip I and dip II can be understood and predicted by
the plasmon hybridization model, similar to the case for the molecular orbital theory and plasmon
hybridization model [51–54]. Since the thicknesses of the graphene split-ring and the gold split-ring are
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different, we place two power monitors at 2 nm above the graphene split-ring and the gold split-ring,
respectively. In this simulation, the distance d is 20 nm, and the Fermi level of graphene split-ring is
0.9 eV.

Figure 5. z-component distributions of the electric field under x-polarized continue light excitation
at (a) λ = 3.83 μm (Au power monitor), (b) λ = 3.83 μm (graphene power monitor), (c) λ = 4.35 μm
(Au power monitor), (d) λ = 4.35 μm (graphene power monitor).

The placement of graphene split-ring and gold split-ring can be treated as asymmetric nanoparticle
dimer which has been investigated in Ref. [53]. When d is small enough, their local surface plasmons
will couple to each other, which is analogous to σ hybridization of p orbital electron in the atomic
outer layer. From Figure 5a,b, one can observe that the left side of the gold split-ring gathers a large
amount of negative induced charge, and a large amount of positive induced charges are accumulated
on the right side for the case of λ = 3.83 μm. In contrast, the positive and negative induced charges are
distributed on the left and right sides of the graphene split-ring. The different charge distributions
of the two rings are similar to the anti-bonding mode of the hybrid molecular system. On the other
hand, one can find that the distribution of induced change in the gold split-ring remains unchanged
at the wavelength λ = 4.35 μm, while the distribution of induced change in the graphene split-ring
is opposite to the situation at λ = 3.83 μm from Figure 5c,d, which is similar to the bonding mode of
hybrid molecular system.

As mentioned earlier, the complex surface conductivity of graphene can be changed by controlling
its Fermi level, which can be realized by applying different gate-voltages to the graphene split-ring.
Compared with the reported bright-bright mode coupling EIT structure fabricated by metallic material,
we can realize the dynamically control of the EIT window in our metamaterial structure without
reconstructing the geometries or imbedding other actively controlled materials. Figure 6a illustrates
the transmission spectra with different Fermi levels, it is apparent that the EIT window can be tuned
over a large range in the MIR regions by a small change of the Fermi level. When the Fermi level
changes from 0.6 eV to 0.9 eV, the transmission window blue-shifts from 4.82 μm to 4.02 μm, which
can be interpreted by the graphene plasmonic resonance wavelength λ~1/Ef

1/2 [55]. At the same time,
the transmittance of the dip I and dip II will decrease with increasing of the Fermi level while the
transmittance of the peak almost remains unchanged. The transmission spectra of the unit cell with
only graphene split-ring with different Fermi level are shown in Figure 6b. When the Fermi level
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changes from 0.6 eV to 0.9 eV, the resonance wavelengths blue shift from 4.99 μm to 4.12 μm and the
amplitude of the transmittance are decreasing. It is easy to find that the resonance wavelength of
individual graphene split-ring in Figure 6a is almost the same as Dip II in Figure 6b for the same Fermi
level, which shows that the dip II is greatly affected by the graphene split-ring.

 

Figure 6. (a) Transmission spectra of the two rings with different Fermi levels of the graphene split-ring.
(b) Transmission spectra of the individual graphene split-ring with different Fermi levels.

4. Conclusions

In this paper, we have successfully proposed that the EIT effect can be realized through
bright-bright modes coupling in the MIR regions. The EIT window appears due to the hybridization
between the gold split-ring and graphene split-ring and it is sensitive to the coupling distance.
Moreover, we investigate the response of EIT effect resulting from the variation of the layers of
graphene split-ring and periods in the x direction. Particularly, the EIT window can be dynamically
tuned by adjusting the Fermi level of the graphene split-ring instead of reconstructing the structure.
These properties could lead to new opportunities for many important applications, such as sensors
and slow light modulators in MIR regions.
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Abstract: A device that uses the electrowetting fluid manipulation technology to realize the reversible
and dynamical modulation of the local surface plasmon resonance is invented. By varying the
electrowetting voltage, the distribution of fluids media surrounding the grating structure get changed
accordingly, causing the modulation of the plasmonic resonance peak. The simulation results
indicated that three primary colors, that are cyan, magenta and yellow (CMY) can be respectively
reflected through selecting suitable structural parameters. More importantly, for the first time,
the invented fluid-based devices have exhibited fine-tuning characteristics for each primary color.
Finally, the device has been proved to have a large color gamut range in the Commission International
De L’E’clairage (CIE) 1931 color space.

Keywords: electrowetting; tunable absorbers; subwavelength metal grating; plasmon resonance

1. Introduction

Artificial micro-nano structures can produce various singular optical properties and phenomena
not available in natural materials [1]. Photonics devices based on the artificial micro-nano structures
have broad application prospects in many fields such as display [2], detection [3], imaging [4],
remote sensing [5] and printing [6] because of the advantages such as designable optical properties,
excellent process compatibility, and outstanding integration [7–9]. Benefits from the development of
micromachining technology, that is the emergence of nanoprocessing methods, the feasible working
band of photonic devices has extended from infrared to visible light, based on which new principles
and new methods are expected to be developed for micro-nano characterization techniques and
micro-nano photonic functional devices.

In recent decades, researchers have conducted extensive research on various types of
micro-nano-structured photonic devices and have obtained many novel and important research
results [10–13]. Color filter is one kind of common optical component that selectively reflects or
transmits a specific wavelength in the visible light band and exhibits different colors. Color filters with
red, green and blue primary colors are widely used in liquid crystal display, optical communication,
sensor detection, imaging and a wide range of other fields [14,15]. The color filters based on periodic
nanostructures have a small absorption rate of incident light, and meanwhile, the performance
parameters of which, such as the central spectral position and bandwidth can be well adjusted by
the structural parameters. Especially, the one based on the periodic grating structure can be easily
fabricated by photolithography or nanoimprint process, which has not only low processing cost but also
superior reflection and transmission properties, has attracted numerous interests [16–22]. Researchers
found that the grating-based nanophotonic devices exhibit singular optical effects such as guided mode
resonance and surface plasmon resonance. Furthermore, by adjusting the orientation, period, depth,
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etc. of the sub-wavelength grating, selective transmission (reflection/absorption) could be realized,
and therefore it has attracted widespread attention in many applications [23,24]. However, it is also
highly desired in some fields to make the working band of photonic device regulated dynamically
and reversibly. Therefore, solid-based photonic devices with invariable structural parameters exhibit
severe limitations. In recent years, researchers have made great efforts to develop adjustable plasmonic
devices. An effective method is to exploit the remarkable properties of plasmons—high sensitivity
to surrounding dielectric materials of plasmonic nanostructures [25–27]. For example, Wang and
Chumanov have demonstrated electrochemical modulation of the LSPR intensity and frequency
in Ag nanoparticles by coating with a tungsten oxide gel [28]. Zheng et al. applied a bistable,
redox-controllable rotaxane molecule to a gold nanodisk array to achieve active adjustment of plasmon
resonance by chemical conversion between its oxidized and reduced states. [29].

In this paper, we present an adjustable filter based on a grating structure by creatively adopting
an advanced electrowetting fluid-manipulation technology in a double-layer metal–fluid–dielectric
configuration. By changing the period of the grating, we have achieved the reflection of CMY (cyan,
magenta, yellow) primary colors. Furthermore, the tinge of each primary color is dynamically and
reversibly regulated for the first time by simply varying the electrowetting voltage applied to change
the distribution of the fluids. And due to the fast speed of electrowetting regulation, the response
time of the device is around 10 ms, which is more responsive and superior than many other methods.
Furthermore, the benefits also include reversible regulation, miniaturization, and so forth. This tunable
filter allows for a variety of tinge choices for each kind of colors, extends the color field of the display
device without the demand of increasing the number of components. In addition, our fluid-based
design is reusable and flexible, compared to the solid-based devices.

2. Materials and Methods

Figure 1a,b shows the principle of the adopted advanced fluid manipulation technique, which is
generally named as electrowetting. Electrowetting technique is used in our research to achieve contact
angle modulation. The contact angle of the conducting fluid on the solid surface is determined by
the force balance at the contact point. The initial equilibrium contact angle, as shown in Figure 1a, θ0,
is given by Young’s equation:

γs1 + σ12 cos θ0 = γs2 (1)

Here γs1 is the surface energy per unit area between the solid surface and conducting fluid, γs2 is
the surface energy per unit area between the solid surface and insulating fluid, and σ12 is the surface
tension at the interface between the two fluids.

In electrowetting devices, a voltage is usually applied between the conducting fluid and the
driving electrode. In many applications, a thin hydrophobic dielectric layer is deposited onto the
driving electrode, which is often referred as “electrowetting on dielectric” (EWOD). In this case,
the capacitance of the dielectric layer is superior to the electrical double layer capacitance at the
electrode-liquid interface. By increasing the voltage, the energy stored in the capacitor get increased,
and meanwhile, the effective surface energy gets reduced. Young’s equation is therefore modified
as follows:

γs1 − εV2

2d f
+ σ12 cos θew = γs2 (2)

Here ε is the permittivity of the dielectric, V is the applied voltage-difference, and df is the
dielectric thickness. Combining Equations (1) and (2) yields

cos θew = cos θ0 +
εV2

2σ12d f
(3)

Thus, electrowetting can be well used to dynamically modify the force balance at the contact
point, and thereby the contact angle gets changed accordingly, as shown in Figure 1b.

272



Nanomaterials 2019, 9, 70

Figure 1. The principle of electrowetting is shown in (a,b). (a) The initial state and (b) indicates the
situation after applying voltage. (c) The sketch of the model we created. In the figure, gray, black,
yellow, blue and transparent areas respectively represent metallic silver, silicon elemental, oil, water and
medium polymethyl methacrylate (PMMA). (d–f) The three different cases of the interface morphology
after voltage application.

Based on the principle of electrowetting introduced above, we have established a two-layer metal
grating structure model as shown in Figure 1c. In such design, silver and silicon are selected as the
metal and dielectric materials respectively, forming the core architecture of grating filter. Compared
with single-layer metal grating, the two-layer sub-wavelength metal grating has superior polarization
and filtering performance. To integrate the electrowetting features in the model, a thin, hydrophobic
polymethyl methacrylate (PMMA) layer is added onto the sidewalls of upper silver strips. Meanwhile,
the upper and lower silver strips are acting as the driving and grounding electrodes respectively.
A certain proportion of water and oil, acting as the conducting fluid and insulating fluid respectively,
are then added to the space between the upper silver strips of the adjacent gratings. The interface
curvature between the oil and water is initially determined by the force balance as predicted by
Equation (1) and can be modulated by regulating the electrowetting voltage applied between the two
electrodes as shown in Figure 1d–f.

As the surface tension of the oil is smaller than that of water, the initial state, that is, when the
voltage is 0, the contact angle of water on the sidewall surface is relatively large, and the interface
bulges in the direction of the oil, as shown in Figure 1d. During the process of increasing the applied
voltage, the contact angle is gradually reduced, and the interface gradually flattens and then bulges
toward the water, as shown in Figure 1e,f. Meanwhile, the media distribution in such device changes
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with the interface morphology, rendering the modulation of filtering function. If we reduce the
voltage again, the centre point of oil–water interface will gradually recover to the previous height.
Furthermore, the response time of electrowetting technology is particularly short, so the desired
interface morphology can be quickly realized by applying a certain voltage.

To explore the relationship between the interface morphology and applying voltage, as well as
the dynamical filtering function, COMSOL Multiphysics and the finite difference method are used in
present study. For material selection in the simulation software FDTD, we chose oil with a refractive
index of 1.7, water with a refractive index of 1.3, silicon in the material library, and silver in the
palik (0–2 μm). The boundary condition is a periodic condition, and the light source is a 400–760 nm
plane wave.

3. Results and Discussion

As can be predicted according to the electrowetting theory, the oil/water interface morphology
between the upper silver strips can be regulated as desired in our model, by selectively varying the
device parameters, e.g., the voltage applied, the spacing between strips, and the hydrophobic layer
material type and thickness. During our investigation, we firstly settled our device period as 400 nm,
with duty cycle as 0.5. We set the upper layer metal thickness as 100 nm, lower layer metal thickness
as 140 nm, and Si layer thickness as 100 nm.

In a typical EWOD configuration, the same contact angle variation usually requires a higher
applying voltage for a higher dielectric layer thickness, which is the reason why a very thin
hydrophobic PMMA layer is used in present study for minimizing energy consumption as well
as the component miniaturization. By slightly increasing the electrowetting voltage, the contact angle
in our device can reduce significantly. Meanwhile, the interface morphology is synchronously changed
from a protruding state to a concave state, as shown in Figure 2a–c. The distribution of two fluids
get changed continuously, in another word, the surrounding media of the two-layer metal grating
structure is changed during this whole process. Theoretically, the filtering function of the device will
be also changed. It is well known that the working band of the filter can be adjusted by changing
the grating period. For a specific period, changing the distribution of the liquid, that is, changing
the refractive index of the environment media around the metal, can also affect the absorption of a
specific wavelength.

Figure 2d–f is the corresponding electric field distribution diagram in this case. As can be
observed, the electric field is mainly concentrated in the region between the ridge of the grating
and the trench, that is, the transparent dielectric layer PMMA and the region where the fluid exists.
From the images we can see that as the contact angle decreases, the coverage area proportion of oil
which covers the upper metal surface is decreasing, and the electric field excited in the vicinity is also
gradually weakened. A larger coverage area proportion of oil on the metal surface implies there is a
greater dielectric constant of the surrounding environment, which will offset more free charge on the
metal surface by the polarization charge generated in the surrounding medium. Then, the restoring
force become smaller, and thereby the resonance energy of the surface plasmon becomes weakened.
Therefore, in the process of increasing the voltage, the coverage area of oil gradually decreases, and the
resonance wavelength continuously shifts blue. Figure 2g–i indicates the distribution of magnetic
field, which is mainly concentrated in the region between the upper metal and the lower metal,
that is, the transparent dielectric layer PMMA. It is noticed that the magnitude of the magnetic field
enhancement is also related to the distribution of the fluids interface. Figure 2j shows the modulation
of the resonant wavelength by different electrowetting voltages under the same structural parameters
as mentioned in previous section. As can be observed, the wavelength varies from 579 nm to 542 nm
continuously. The corresponding extinction tinge was also changed.
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Figure 2. (a–i) The electric field and magnetic field distribution of the invented device with a period
size of 400 nm working at the electrowetting voltage of 4 V, 8 V and 12 V, respectively. (j) Indicates the
reflection spectrum of the device with the mentioned period size.

For a color filter based on the solid-state grating structure, the modulation in filtering function
is usually realized by varying the periodic size. In current study, we also carried out the related
investigation in our new designed fluid-based two-layer metal grating structure. Considering the
interests of visible light, the periodic size is changed from 250 nm to 600 nm, with the increasing step of
50 nm. As can be observed in Figure 3a, the extinction spectra get adjusted significantly, to be specific,
it continuously red-shifts from 462 nm to 720 nm with the periodic size increases. In another word,
three primary colors, i.e., red, green and blue, can be obtained in our structures. More importantly,
the extinction wavelength of each structure increases with the applying voltage, which further confirms
that the invented fluid-based devices have fine-tuning characteristics for each color, including the
primary one, under the role of EWOD voltage. Similar with the situation introduced in Figure 2,
this novel phenomenon can be attributed to the continuous change in surrounding media of the
fluid-based two-layer metal grating structure by the applying voltage.
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Figure 3. (a) The relationship of extinction wavelengths with the electrowetting voltages.
(b) A schematic representation of the centre point height of the oil–water interface as a function
of voltage. (c,d) Reflection peaks at different voltages for periods of 250 nm and 550 nm, respectively.

In Figure 3b, we present a schematic diagram of the centre point height of oil–water interface
as a function of voltage for different periodic sizes. The curves are all derived from the COMSOL
software, where the device parameters are accurately settled. As can be clearly observed that the
height decreases nonlinearly with the increasing voltage and gets more significantly change for a larger
periodic size even under the same voltage variation.

The investigation results proved that the surrounding media distribution can be well controlled
by simply applying appropriate voltage and thereby the tinge of each color obtained can be regulated
and selected. On this basis, we further investigated the filtering function of two cases where the
periods are 250 nm and 550 nm. We can notice that these two periods respectively correspond to the
extinction colors of the blue band and the red band. Furthermore, as can be seen from Figure 3c,d,
they both produce a blue shift as the voltage increases. The blue color changes from 505 nm to 462 nm,
and the red color changes from 680 nm to 630 nm. The corresponding tinge changes are also indicated.

By realizing the three extinction colors of red, green and blue, we can get the reflected colors of
CMY. Figure 4a shows a schematic diagram of a simple color filter in which three different periods can
reflect three different colors. However, unlike the conventional solid-based color filters, the device
proposed here has flexible adjustability. The change of the externally applied voltage led to the changes
of oil/water interface curvature inside the device cavity and causes the shift of the spectral absorption
peak position. The tinge of the reflected light of the device is then changed. More importantly, this kind
of device can realize the correction of performance error induced by the fabrication deviation or design
defect in structural parameters, which has a significant advantage in making a device with high
requirements in tinge precision without the demand of high-level processing standards.
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Figure 4. (a) The schematic diagram of the proposed integrated filtering device based on the grating
structure. The periods of the three parts are 250 nm, 400 nm and 550 nm, respectively. (b) The range
of gamuts that the filtering device can produce in CIE 1931 xy chromaticity coordinates (dashed line).
(c) Color gradient map that can be achieved by selecting the appropriate parameters.

To provide a quantitative measure of the reflected color, we calculated the chromaticity coordinates
of the spectrally reflected light and plotted it in the CIE 1931 xy color space, as shown in Figure 4b.
Since the extinction color is blue, green and red, the light reflected from the device is its corresponding
complementary color. Since the tinge of the extinction color varies widely, the range of tinge that can
be achieved in the CIE 1931 xy color space is also quite wide. More importantly, different combinations
of tinge can be achieved by applying different voltages to the gratings with different periods in the
device. Integrating gratings of different periods in the same device results in a wider tinge range than
conventional devices, which greatly increases the applications of the device. The colors that can be
obtained are shown in Figure 4c, and each color can be realized directly or realized by mixing the
colors obtained from different periods or different voltage conditions. The principle of subtractive
color method is potentially useful to replace the ink and pigment to achieve various colors, avoiding
the usage of the harmful substances contained in traditional inks and pigments, exhausting waste
after complicated chemical processes and cumbersome processes. We can also choose different periods
of grating structure to form different devices, or change the fluid material, dielectric layer thickness,
grating duty cycle, metal layer height and other parameters to realize the desired color range, and thus
satisfy different needs of various occasions. This further increases the flexibility of device usage.
This adjustable color filter will have important application prospects in the fields of flat panel display,
photovoltaic, biomimetic, green printing and security.

4. Conclusions

In summary, we have designed a new type of color filter in combination with advanced
electrowetting fluid handling technology and double-layer grating structure. We fully consider the
compatibility of fluid self-assembly methods with traditional micromachining methods. By changing
the applied voltage between the conductive fluid and the driving electrode to change the environmental
medium around the metal in the grating, the color of the extinction color can be dynamically and
reversibly adjusted. The tunable device can be reused, the liquid parameters are easily changed,
and the response speed is extremely fast. As such, there is a wide range of important potential
applications in the fields of new flat panel display, photovoltaic, and so on.
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Abstract: Inspired by the anisotropic molecular shape and tunable alignment of liquid crystals (LCs),
investigations on hybrid nanodevices which combine LCs with plasmonic metasurfaces have received
great attention recently. Since LCs possess unique electro-optical properties, developing novel
dynamic optical components by incorporating nematic LCs with nanostructures offers a variety of
practical applications. Owing to the large birefringence of LCs, the optical properties of metamaterials
can be electrically or optically modulated over a wide range. In this review article, we show different
elegant designs of metasurface based nanodevices integrated into LCs and explore the tuning factors
of transmittance/extinction/scattering spectra. Moreover, we review and classify substantial tunable
devices enabled by LC-plasmonic interactions. These dynamically tunable optoelectronic nanodevices
and components are of extreme importance, since they can enable a significant range of applications,
including ultra-fast switching, modulating, sensing, imaging, and waveguiding. By integrating LCs
with two dimensional metasurfaces, one can manipulate electromagnetic waves at the nanoscale
with dramatically reduced sizes. Owing to their special electro-optical properties, recent efforts
have demonstrated that more accurate manipulation of LC-displays can be engineered by precisely
controlling the alignment of LCs inside small channels. In particular, device performance can be
significantly improved by optimizing geometries and the surrounding environmental parameters.

Keywords: liquid crystals; metasurfaces; plasmonics; actively tunable nanodevices

1. Introduction

A surface plasmon resonance (SPR) [1–7] is formed when the incident electrons resonate
with the vibration on the surface of metallic nanostructures, which has caused broad interest
regarding novel applications [8–19]. Researchers have shown that plasmonic crystals [20,21] are
essential for superlenses [22,23], negative refraction applications [24,25], and ultra-large nonlinearity
devices [26,27]. Plasmonic metasurface-based devices [28–34] have demonstrated increasing potential
practical applications citing their unique optical characteristics, which can be chosen to be more favorable
than natural materials [35–37]. Since the experimental demonstration of exotic negative refraction,
the concept of metamaterials has been widely favored in the scientific community, especially for enhancing
polarization control [38–42], absorption [43–45], asymmetric transmission [46–48], cloaking [49–51], slow
light generation [52,53], and novel sources of coherent radiation [54,55]. Similarly, metasurfaces can
be easily fabricated using either a top-down or bottom-up approach, and their optical properties can
be externally controlled via hybridization with a naturally available functional material, significantly
expanding the range of potential practical applications [56,57].
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So far, several different tuning principles [58–62] based on various types of liquid crystal (LC)
molecules, such as chiral [63], nematic [64], and smectic [65] characteristics have been experimentally
demonstrated to realize dynamically controllable nanodevices. Since LC-based modulation mechanism
can offer an additional advantage because the LC-molecules exhibit a large optical anisotropy [66–83],
investigations on LCs combined with nanostructures [84–86] or two-dimensional materials [87]
have recently drawn significant attention and interest. Developing tunable optical metamaterials
by incorporating nematic LCs as an electro-optic or nonlinear optical constituent has become a
popular research topic [88–93]. Given the large birefringence of LCs, the optical properties of
these metamaterials can be electrically or optically manipulated through a wide frequency range.
Shrekenhamer and coworkers [90] have demonstrated electronically tunable metamaterial absorbers
in the terahertz (THz) regime. By incorporating the active LCs into the metamaterial unit cell,
the absorption was modified by 30 percent at 2.62 THz, and the resonant absorption could be tuned over
4 percent in bandwidth. A spatial modulator was achieved by Savo et al., using isothiocyanate-based
LCs in the THz range [91]. Moreover, by adopting an external voltage, electro-optic switching devices
have been achieved via reflection and refraction of LC-cells [92,93]. In addition, LCs are also capable of
enhancing the angle reliance of a localized plasmon resonance, enabling ultra-sensitive detection of the
resonance shift in the visible and near-infrared regimes [94]. Here, we summarize recent achievements
of dynamically tunable nanodevices based on LCs. Given their fantastic optical properties, LCs
have found extensive applications, most commonly in display techniques (high display quality, low
electromagnetic radiation, large visible area, and low power consumption). On the other hand,
metasurfaces offer the advantage of a significant reduction in sizes and physical dimensions and can
achieve complex functionalities with simple, elegant designs. Therefore, hybrid optoelectronic devices
may be enabled to realize more varied functionalities and a wider range of practical applications by
combining LCs and metasurfaces.

2. Manipulating LCs and Interaction of LCs with Metasurfaces

2.1. Transmission of LCs Covered Metasurfaces

Metasurfaces have become a ubiquitous instrument for low-loss operation of phase, intensity,
and polarization of light. Since they can effectively control the flow of light, many applications have
been explored from microwave to visible frequencies, including lenses, beam deflectors, and hologram
devices. Recent research [95] has presented dynamic manipulation on the optical response of
Mie-resonant metasurfaces by controlling the alignment of LCs with an electric field.

As shown in Figure 1a,b, silicon nanodisks can be finely integrated into the LCs. The height and
diameter of the nanodisks were 220 nm and 606 nm with a lattice constant of 909 nm. Note that the
extraordinary and ordinary indices of nematic cells used were 1.7 and 1.51, respectively. In addition,
the internal thickness of the LC-layer was fixed at 5 μm using a suitable spacer material, whilst the
substrate was used as an electrode. The preferred orientation of the LC cells was induced by brushed
Nylon-6. For further verification, when the voltage was “OFF”, the LC alignment was parallel with the
metasurface. To achieve the switching effect, the LC molecules can be redirected perpendicular to the
metasurface when the voltage was turned “ON”.
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Figure 1. (a) Schematic drawing of hybrid structures of nanodisk metasurfaces covered with liquid
crystals (LCs). (b) Scanning electron microscopy (SEM) image of silicon nanodisks. (c) Schematic
diagram showing the working mechanism. Reproduced with permission from [95]. Copyright American
Institute of Physics, 2017.

Thus far, most investigations have been focused on the active control of metasurfaces immersed
in nematic LCs. It has been found that one can manipulate the alignment of LC-cells by applying
an external electric field, which results in a significant exponential variation in a series of plasmonic
devices [96–98]. Decker and coworkers have shown active control on transmission spectrum of
LC-coated metasurfaces [99]. With an x-polarized incident beam, the transmittance spectrum was
measured. There is only electric resonance at the wavelength of 900 nm without a bias voltage
(V = 0 V), as shown in Figure 2a. After applying a 6 V external voltage, the device shows two magnetic
resonances at wavelengths of 600 nm and 800 nm, respectively. Furthermore, the color change from
yellow to almost transparent between “OFF” and “ON” states can be observed, as shown in the inset
of Figure 2a. Due to the reorientation of LC-cells driven by the external electric field, the incident light
had to rotate 90◦ to form a helical distribution when passing through the hybrid device. When the bias
voltage was switched on, the LC molecules between the two electrodes were redirected (parallel with
the electric field), disrupting the helical distribution. Figure 2b plots the threshold characteristic of
the working principle of this active device. One can see that the normalized transmittance increases
dramatically between 2 and 3 V, producing the switching effect. Once the voltage reaches 5 V, the light
transmittance is saturated and the spectrum remains unchanged.
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Figure 2. (a) Measured transmission of LC-covered metasurfaces when the external electric field is
on and off. The insets demonstrate captured charge-coupled device (CCD) images showing the color
difference from yellow to almost transparent. (b) Normalized transmittance as a function of bias voltage.
The threshold behavior can be clearly observed for the switching process. Insets show schematic of
LC-cells alignment without (left) and with (right) electric field. Reproduced with permission from [99].
Copyright Optical Society of America, 2013.

2.2. Transmission of PDLCs Controlled by Surface Acoustic Waves

For the past few years, polymer-dispersed liquid crystals (PDLCs) have found wide applications
in a variety of fields. The orientation of LC-cells can be realigned by applying an external electric
field, and therefore, the refractive index difference can be precisely modulated between cells and the
polymer matrix, which means PDLCs can be shifted between transparent and opaque phases. Using
surface acoustic waves (SAWs), Liu and coworkers [86] have demonstrated that one can match the
refractive index between LC-cells and the polymer matrix, and therefore, achieve a switching effect.
Accurate active control can be realized to drive the LC-cells to a specific orientation. Figure 3a plots the
transmission of the PDLC film as a function of time with varying acoustic intensities, and the switching
effect is observed clearly from the inset. Unperturbed, the PDLC film was opaque. After applying
a SAW, the PDLC film became transparent and letters of “PDLC” were revealed. Note that a low
SAW intensity may result in a long switch-on time with a correspondingly small optical contrast ratio.
Alternatively, the switch-off time can be significantly increased by reducing the size of the droplets.
For example, a PDLC-film with a uniform micron level droplet (1–3 μm) may lead to a switch-off
time in the milliseconds scale. Furthermore, the driving power can be effectively decreased by adding
a surfactant to PDLCs, which can act as a lubricating reagent. From Figure 3b, a clear switching
effect is shown where a double exponential function is employed to fit the experimental curves, as in
Reference [86]:

I(t) = Imin + I0 sin2
{

1
2

δ1[1 − exp(−t/τ1)] +
1
2

δ2[1 − exp(−t/τ2)]

}
(1)

where δi and τi (i = 1, 2) denote the fitting parameters. It is clear that Figure 3b shows the dynamic
switching behavior which can be well-fitted by the double exponential function.
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Figure 3. (a) Transmission as a function of time showing the switching process with varying power of
surface acoustic waves (SAWs). The insets illustrate that the polymer-dispersed liquid crystal (PDLC)
film is opaque without SAW and becomes transparent with SAW. (b) The enlarged view with time
from 0 S to 450 S showing the switch-on process with theoretical fitting. Reproduced with permission
from [86]. Copyright John Wiley & Sons, 2011.

2.3. Transmission of Coaxial Color Filters Covered with Photoresponsive LCs

Recently, plasmonic color filters based on annular aperture arrays (AAAs) were experimentally
demonstrated by manipulating their geometric parameters [100,101]. However, the transmitted
intensity was low because of large propagation losses, resulting in weak coupling between neighboring
annular apertures. Most structural color filters are passive, which means the output is constant
once the design is defined. Therefore, developing active color filtering devices with small pixels
and high efficiency is crucial for new display techniques. By combining plasmonic nanopixels with
photoresponsive LCs, all-optical color filters have been demonstrated with enhanced transmission [80].
Plasmon resonance peaks can be tuned across the whole visible band, allowing individual color outputs
to be filtered out from a white light source. As shown in Figure 4a, two different resonance peaks
are contained in the wavelength range of 500–800 nm, which are known as planar surface plasmons
(PSPs) and cylindrical surface plasmons (CSPs), respectively. For small aperture widths (20, 40, 60,
and 80 nm), one can see that CSPs are dominant. When the aperture size is 100 nm, CSPs and PSPs
show similar intensity (around 7.5%). With further increased aperture widths, PSPs contribute more
and grow faster than CSPs peaks. Calculations in Figure 4a, also indicate the trend of the redshift of
PSPs with increasing aperture widths. Experimentally measured spectra in Figure 4b, show similar
intensity change and resonance positions for PSPs peaks. However, CSPs show random positions due
to fabrication imperfections. The transmission intensity of the short wavelength range is very different.
Moreover, it can be seen from Figure 4c that the intensity of CSP is higher than PSP for smaller aperture
sizes. Note that PSP-induced propagation gradually plays a leading role with increasing aperture sizes,
and their full width at half maximum (FWHM) grows and finally reaches saturation. Figure 4c shows
the peak position of the transmittance as a function of aperture size. In addition, the transmission peak
induced by PSPs linearly redshifts. The transmission peak induced by CSPs linearly blueshifts with
larger aperture sizes. Figure 4d illustrates CCD captured images and color changes from blue to red as
aperture size grows, except for the 20 nm apertures, which show carmine because they are dominated
by CSPs. Relatively high color crosstalk in measured results is because the peaks induced by PSPs
and CSPs do not completely overlap with each other. Nevertheless, device performance can be further
improved by carefully designing structural parameters.
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Figure 4. (a) Simulated and (b) experimental results of transmission for annular aperture arrays (AAAs)
designed in a gold film. Aperture size increases from 20 nm to 160 nm in step of 20 nm. (c) Peak
position as function of aperture size showing both cylindrical surface plasmons (CSPs) and planar
surface plasmons (PSPs) peaks with linear fit. (d) CCD images captured by using an optical microscope.
Reproduced with permission from [80]. Copyright John Wiley & Sons, 2012.

2.4. Transmission of LC Coated High Aspect Ratio Nanorods

One main obstacle to achieve high-efficiency hybrid devices using LCs and functional nanodevices
is the question of how to combine them. Geometry may affect the orientation of LC cells significantly.
High aspect ratio nanorods can align well with LC molecules. Using silver nanorods with large heights,
it has been shown that it is possible to achieve homeotropic status [102]. In general, the transmission
changes are based primarily on the excitation of the plasmonic nanorods. The transmission
characteristics of the incident angle on the hybrid system have been thoroughly investigated.
Experimental results demonstrate clear power dependence via transmission measurements. Figure 5
shows the effect of pumping power on transmittance at a 20◦ angle of incidence. As plotted in Figure 5a,
one can see that the transmitted intensity is enhanced dramatically with growing pumping power
until it saturates at around 10 mW. From the wavelength range of 400–500 nm, spectra show negligible
changes with pumping light due to low transmitted intensities. It should be noted that more energy
can pass through the hybrid system at longer wavelengths, resulting in a peak at ~650 nm. Figure 5b
plots the magnified view of Figure 5a in the range of 350–450 nm, and another transmission peak
between 380 nm and 390 nm can be seen as the pumping power is increased. Without pumping,
the original resonance locates at around 420 nm and then shifts to 390 nm after switching on the
pumping light. With further increase to pumping power, transmittance grows significantly from 6%
(1 mW) to 15% (15 mW) with slight blueshift of resonance wavelength.
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Figure 5. (a) Measured transmittance of silver nanorods covered by LCs as a function of wavelength for
varying pumping power at 20◦ incidence angle and (b) enlarged view of 350 nm to 450 nm wavelengths
showing more details of resonances located at 380–390 nm. Reproduced with permission from [102].
Copyright Royal Society of Chemistry, 2015.

2.5. Reflective Metasurface Lenses

Reflective metasurfaces [103–107] have recently attracted great interest due to their ability
of manipulating electromagnetic waves at the nanoscale. Since these nanodevices demand
sub-wavelength characteristics, components operating in visible frequencies are normally difficult
to fabricate. Kobashi et al., [108] have shown that chiral LCs with a self-organized helical structure
can lead to non-specular reflection at optical frequencies. Figure 6 shows the working principle of
reflective lenses with patterned cholesteric liquid crystals (ChLCs). Figure 6a plots a reflective Fresnel
lens with a parabolic phase profile wrapped to π. A functional area with circular shape was fabricated
with 1 mm diameter for different phases of π and 3π, as demonstrated in Figure 6b–d. Light reflection
can be produced at two different interfaces. Thus, the phase profile can be reversed in accordance
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with different observation direction, enabling converging or diverging effect according to the angle
of incidence. As shown in Figure 6e, the laser spot shows different profiles at varying reflected
surfaces compared with a mirror. Concave and convex profiles have been recorded for m = −1 and
m = 1, respectively. Note that the reflective lens using ChLCs is completely reconfigurable because
the convergence or divergence status can be switched freely by simply flipping the sample. The focal
length is determined by Fresnel’s approximation, which is related to aperture radius and phase
difference. In this case, calculated focal length is 20.3 cm, which agrees well with the experimental
results. This means extensive useful planar reflective optical components are enabled by using similar
optoelectronic designs with ChLCs.

Figure 6. (a) Sketch of the working mechanism of metasurface based reflective lenses combined
with patterned cholesteric liquid crystals (ChLCs) and the corresponding phase profile. (b–d) Device
performance for different phases of π and 3π. Scale bar denotes 200 μm. (e) Recorded laser spot
reflected from different interfaces compared with a mirror. Concave and convex profiles have been
recorded for m = −1 and m = 1, respectively. Scale bar denotes 2 mm. Reproduced with permission
from [108]. Copyright Springer Nature, 2016.

3. LC-Based Plasmonic Tunable Applications

In this Section, we review recent interesting tunable devices enabled by LC-plasmonic
interactions, which have demonstrated practical applications ranging from resonance tuning to
dynamic color switching.

3.1. Localized Surface Plasmon Resonance (LSPR) Tuning with Holographic Polymer-Dispersed Liquid
Crystals (HPDLCs)

Until now, investigations on manipulating plasmon resonance have been performed and most
of the achievements take advantage of tuning structural parameters and dielectric environment,
with different complex designs. One main problem is that these devices normally show poor
reproducibility and very limited tunable range. To further improve device performance and achieve
highly reproducible results, azo-dye based holographic polymer-dispersed liquid crystals (HPDLCs)
can be employed [109]. The hybrid system combines gold nanodisks with HPDLCs, which can
be switched between nematic and isotropic with pumping light off and on. Figure 7a shows
the principle diagram of the experimental device, which contains gold nanodisks covered with a
HPDLC-layer where its orientation is controlled by an external optical field. Under light irradiation,
the grating structure may suffer from thermal expansion due to localized heating of the functional
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area. The LC-droplets can be further squeezed, producing a shape change from oval to spherical.
Scanning electron microscopy (SEM) topography of the HPDLCs transmission grating is shown in
Figure 7b, with around 600 nm pitch. The nanodisk array was fabricated on a glass substrate using
nanolithography, followed by reactive ion etching with ~150 nm diameter and ~320 nm periodicity.

 
Figure 7. (a) Working principle of holographic polymer-dispersed liquid crystals (HPDLCs)
transmission grating covered gold nanodisks. Modulation of resonance is realized by using a pumping
light. The right part shows magnified view which demonstrates HPDLCs can be shifted between
nematic and isotropic with pumping light off and on. (b) SEM topography of the HPDLCs transmission
grating and (c) top-view SEM image of gold nanodisks fabricated by nanolithography followed by
reactive ion etching with ~150 nm diameter and ~320 nm periodicity. Reproduced with permission
from [109]. Copyright American Chemical Society, 2011.

As for the device shown in Figure 7, the measured extinction spectra at different pumping
intensities are shown in Figure 8a for an incident probe angle of 42 degrees. Note that the extinction
can be enhanced by decreasing pumping power with a slight redshift of resonance from around 800 nm
(60 mW) to 830 nm (0 mW). However, the peak located at 580 nm remains unchanged with varying
pumping power. For comparison, a control experiment was carried out which performed extinction
measurement of nanodisks separated from the HPDLCs transmission gratings, as plotted in Figure 8b.
It can be observed that the extinction peak significantly blueshifts to about 700 nm, compared with the
hybrid system of nanodisks with the HPDLCs transmission gratings. The resonance peaks are also
narrower. A lower intensity of resonance peaks compared with the coupled hybrid system is observed.
However, the trend of intensity changes for peaks at longer wavelengths (~700 nm), shows similar
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behavior of increment extinction with smaller pumping power. For the resonance located at shorter
wavelengths (~580 nm), extinction reaches saturation after the pumping power is larger than 20 mW.
The coupled hybrid system also shows a periodic modulation in the absorption spectrum, forming
an absorption grating, and therefore, resulting in diffraction of more light near the localized surface
plasmon resonance (LSPR) peaks.
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Figure 8. Measured extinction spectra as a function of wavelength with varying pumping power for
(a) coupled system (nanodisks with HPDLCs transmission gratings), and (b) uncoupled nanodisks
(separated from HPDLCs transmission gratings). Reproduced with permission from [109]. Copyright
American Chemical Society, 2011.

To further investigate the underlying physics, nanodisks covered with dual-frequency liquid
crystals (DFLCs) have been measured compared with bare gold disks, as shown in Figure 9. Note that
this measurement was performed under normal incidence. The solid black and dashed red curves
show different intensities and peak positions. Increased intensity with redshifted (~80 nm) resonance
after combining gold nanodisks with DFLCs can be seen.
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Figure 9. Comparison of measured extinction of nanodisks at normal incidence with and without
dual-frequency liquid crystals (DFLCs). Reproduced with permission from [110]. Copyright American
Institute of Physics, 2010.

3.2. Temperature-Dependent Tuning with Thermotropic LCs

Using thermotropic LCs, Abass and coworkers have shown an active tuning function which
is temperature dependent [111]. Figure 10 shows the sketch of the experimental setup at different
temperatures. It represents the diverse states of LCs. First, quantum dots (QDs) were synthesized by
means of chemical processes of a consecutive ion layer absorption and reaction procedure. Beginning
with an average QDs diameter of 6.5 nm, a 120 nm thick QD layer was obtained after coating on a
glass substrate. A 15 nm thick silicon nitride layer was subsequently deposited on the QD layer for
protecting the waveguide and smoothing the surface. Then aluminum nanoantennas were fabricated
using nanoimprint lithography. Finally, thermotropic LCs were coated and a nylon alignment material
was introduced to ensure that the orientation was in the direction of its lattice vectors.

 
Figure 10. Schematic diagram of the temperature-dependent hybrid system using thermotropic
LCs. (a) LC molecules are ordered at room temperature. (b) LC molecules are disordered at higher
temperatures (>58 ◦C). Reproduced with permission from [111]. Copyright American Chemical
Society, 2014.

Figure 11a shows the measured extinction spectra at various temperatures of the device shown in
Figure 10. A halogen lamp was used as a broadband light source to illuminate the sample, thereafter
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the zeroth order transmittance T0 was measured by a fiber-coupled spectrometer. There are two peaks
observed in Figure 11a, which are in accordance with the hybrid plasmonic-photonic resonances.
The wide resonance at long wavelengths results from the LSPRs. On the other hand, the narrow
resonance at short wavelengths derives from the quasi-guided modes. Figure 11b illustrates the
temperature-dependent normalized values of two modes. Interestingly, it can be seen the tendencies
vary distinctly from the LSPRs to quasi-guided modes. As the transition happens, the anisotropic
refractive index takes the place of the birefringent index. Figure 11c shows the 1−Ttotal spectra in
the state of ordered and disordered LCs, respectively. The peak resonance wavelengths shown in the
simulated curves are found to be in good agreement with the experimental results.

 
Figure 11. (a) Measured extinction as a function of wavelength at different temperatures.
(b) Temperature-dependent normalization of resonance wavelength to its corresponding wavelength
at 60 ◦C for localized surface plasmon resonance (LSPR) and quasi-guided modes. (c) The simulation
spectra of two states, where the temperatures of the LCs are set to 24 ◦C and 60 ◦C, respectively.
Reproduced with permission from [111]. Copyright American Chemical Society, 2014.

3.3. Active Tuning of the Fano Resonance

The collective oscillation of electrons at the interface of metal and dielectric is called surface
plasmon. When neighboring nanoparticles are strongly coupled with each other, they can exhibit
unique line shapes and interference, such as the famed Fano resonance. The Fano resonance is highly
dependent on environmental parameters, which can be used to significantly increase the figure of merit
for LSPR sensing [112–118]. Figure 12 demonstrates the working principle of a dynamic device which
can control the Fano resonance using LCs [117]. In this experiment, an unpolarized white light source
passed through a dark-field condenser and then focused on the sample surface. An oil-immersion
objective lens was used to collect the light scattered by the nanostructures. Scattering spectra in
Figure 12b were obtained at 0◦ polarization direction. The solid blue curve represents a Fano-like
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spectrum without external electric field (Voff). After applying a voltage to the LCs device, the Fano
resonance is switched off. Similar switching behavior can be obtained at 90◦ polarization direction as
well, as shown in Figure 12c. However, one can see that there is no Fano resonance at the Voff state.
After switching on the voltage, a Fano-shaped profile is revealed, as shown by the red dashed line.

(a) (b)

(c)

 
Figure 12. Dynamic manipulation of the Fano resonance using LCs. (a) Schematic diagram of the
experimental setup of dark field microspectroscopy. (b,c) Measured scattering spectra as a function
of wavelength for an individual octamer nanostructure at different polarization of (b) 0◦ and (c) 90◦.
Reproduced with permission from [117]. Copyright American Chemical Society, 2012.

3.4. Dynamic Color Tuning

Compared to traditional display technologies, there are many benefits of structural color filtering
devices, including higher resolution and smaller pixels. However, their potential applications are limited
because their optical characteristics remain static. By combining elaborately designed metasurfaces
with highly birefringent LCs, an active reflection-type color filter has been demonstrated [119],
which is not dependent on polarization. Combining the nanoimprinted structures with different
geometric parameters with LCs, one can realize dynamic color tuning over the entire visible regime.
As shown in Figure 13, the combination of LCs with metasurfaces can produce different color
outputs [119]. Moreover, 10 μm × 10 μm pixels in the accompanying SEM images can be considered as
two-dimensional gratings with different structural parameters. Such LC-plasmonic hybrid systems can
be simply integrated with other display techniques. To prove this capability, the traditional transparent
LCs display panel is applied, and the hybrid system can be integrated with a commercially-available
thin-film-transistor (TFT) array. The aluminum metasurface was fabricated on the TFT glass plate with
an 8.5 μm spacer layer, and then filled with high birefringence LCs [120].
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Figure 13. Dynamic color tuning using LCs. (a–d) Microscope images of captured portrait at varying
applied voltages. (e) Magnified image at 10 Vμm−1 showing more details. (f–h) SEM images of
fabricated structural pixels. Scale bars, (e) 20 μm, (f) 10 μm, (g) 5 μm, (h) 150 nm. Reproduced with
permission from [119]. Copyright Macmillan Publishers Limited, 2015.

Figure 14a exhibits the device, and the electrical components of TFT are seen. Light can pass
through the polarizer, LCs, and indium tin oxide (ITO) window to reflect the surface. Figure 14b shows
color change with an applied voltage. Figure 14c illustrates an arbitrary shaped object captured with
a 4× objective lens. The nanostructured surface is macroscopically patterned using UV lithography,
followed by aluminum cladding. For this surface, the top ITO glass was patterned to control each
letter of “UCF” individually. Moreover, a UV photo alignment was used to show how the Voff colors
could be manipulated. Under a linearly polarized source, the azobenzene material can make the LCs
uniform and perpendicular to the polarization direction.

 
Figure 14. (a) Microscopic image of metasurfaces integrated with thin-film-transistor (TFT), and (b) shows
that each row is opened every third and fourth rows in the case of parallel and vertical incident light
for the top LCs orientation layer. (c) Arbitrary image displayed using a device photographed with a
4× objective. (d) Passive addressing devices with defined letters of “UCF” as a function of different
parameters. Reproduced with permission from [120]. Copyright Macmillan Publishers Limited, 2017.
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3.5. Narrowband Reflection Filter Controlled by LCs

Nowadays, with the development of powerful computer simulations, the design of LC-based
devices can be applied even at the molecular level. More novel tunable devices can be created by
combining optical components with LCs. Figure 15 shows the working principle of a narrowband
resonant reflection filter which can be controlled by nematic LCs [121,122]. In this case, the coherence
region was mainly probed by the evanescent field when LC cells were placed on a waveguiding
layer. Transmitted and reflected spectra at varying bias voltages are plotted in Figure 15b. Owing
to the strong anchoring, the resonance wavelength as a function of voltage shows S-shaped profiles
(see Figure 15c for more details), which means the nanoscale coherence region cannot switch with a
very fast speed.

Figure 15. (a) Sketch of the hybrid device of reflection filter which can be controlled by nematic LCs.
(b) Transmitted and reflected spectra at varying voltages. (c) Tunability curve of resonance wavelength
as a function of voltage. S-shaped profiles can be observed, which means the nanoscale coherence
region cannot switch with a fast speed. Reproduced with permission from [121]. Copyright Society of
Photographic Instrumentation Engineers (SPIE) and Chinese Optics Letters (COL), 2012.

4. Conclusions and Outlooks

To conclude, we have reviewed the recent development of tuneable devices based on LC-plasmonic
metasurfaces and their potential applications. Citing recent development of metasurfaces, as well as the
exploration of new LCs functions, actively tuneable metamaterial-based devices and more practical
achievements have been developed which can pave the way for new plasmonic display technologies.
Nevertheless, we still need to ameliorate the sometimes less-than-ideal optical performance of
these hybrid devices to achieve more varied and useful applications via consistent and reliable
components. Additionally, high speed dynamic devices are of great importance for future development
of multiple-functional optoelectronic nanodevices. These active nanodevices may enable more
innovations due to their capability of manipulating electromagnetic waves freely at the nanoscale.
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Abstract: Hydroiodic acid (HI)-treated reduced graphene oxide (rGO) ink/conductive polymeric
composites are considered as promising cold cathodes in terms of high geometrical aspect ratio and
low field emission (FE) threshold devices. In this study, four simple, cost-effective, solution-processed
approaches for rGO-based field effect emitters were developed, optimized, and compared; rGO
layers were coated on (a) n+ doped Si substrate, (b) n+-Si/P3HT:rGO, (c) n+-Si/PCDTBT:rGO, and (d)
n+-Si/PCDTBT:PC71BM:rGO composites, respectively. The fabricated emitters were optimized by
tailoring the concentration ratios of their preparation and field emission characteristics. In a critical
composite ratio, FE performance was remarkably improved compared to the pristine Si, as well
as n+-Si/rGO field emitter. In this context, the impact of various materials, such as polymers,
fullerene derivatives, as well as different solvents on rGO function reinforcement and consequently
on FE performance upon rGO-based composites preparation was investigated. The field emitter
consisted of n+-Si/PCDTBT:PC71BM(80%):rGO(20%)/rGO displayed a field enhancement factor
of ~2850, with remarkable stability over 20 h and low turn-on field in 0.6 V/μm. High-efficiency
graphene-based FE devices realization paves the way towards low-cost, large-scale electron sources
development. Finally, the contribution of this hierarchical, composite film morphology was evaluated
and discussed.

Keywords: field emission; graphene; reduced graphene oxide; polymer composites; graphene ink;
cold cathode; Fowler–Nordheim

1. Introduction

Upon the existence of a strong electric field that passes through a barrier, electrons are emitted
by a sharpened cathode tip. This quantum mechanical tunneling phenomenon is well known as field
emission (FE) or “cold cathode” emission. Since higher aspect ratios (height/tip radius) are pursued
for the generation of higher FE currents at lower applied electric fields; material properties and cathode
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configuration are essential for FE characteristics [1]. The wide expansion of FE in various applications
including electron guns [2], microwave power amplifiers [3], X-ray tubes [4], neutralizers used in space
propulsion devices [5], electron beam lithography [6], and large area field emission sources like flat
panel field emission displays (FEDs) [7] stipulates intensive research efforts towards the design and
production of electron emitting cold cathodes with improved performance (Figure 1). Aside from that,
due to the high-performance requirements of FE materials such as high FE current as well as electrical
and mechanical durability in highly distorted geometries, recent FE potential for the realization of
integrated flexible devices still constitutes an additional engineering and research challenge. The field
enhancement factor β is considered as crucial parameter for the performance of a FE cathode, which can
be boosted by increasing the aspect ratio, corresponding to the emitter height over its tip radius. In this
context, nanotubes and nanosheets have been considered as emerging materials for FE applications
due to their unique 1D and 2D nanostructured geometry, respectively [8,9]. Indeed, the fact that the
aspect ratio becomes increasingly high is attributed to their nanoscale tip curvatures and relatively
long microscale lengths. Therefore, such nanostructures promote the efficient electron emission at
weak applied fields through the generation of a large electric field enhancement.

Figure 1. Schematic representation of a field emitter cathode based on hydroiodic acid (HI)-treated
reduced graphene oxide (rGO)-charge transfer materials composites.

Although various 1D nanostructures have been placed under the research scope, especially carbon
nanotubes (CNTs) have attracted industry’s early interest as emerging FE [8–10] for CNT-based FEDs
commercialization [11] yet with questionable survival in market. One of the prime concerns is the
absence of long lasting FE stability [12] by virtue of the rapid degradation witnessed in CNTs-based
emitters, although their electron emission density is tremendous [13]. In addition, in oxygen-rich
conditions, CNTs display a perpetual decrease in the FE current density while on the contrary, Vth
increases [14]. Due to this fact a bottleneck occurs for CNT-based applications, especially in FEDs,
under low vacuum or gas purged conditions.

The research rush for graphene and 2D single layer semiconducting materials as inorganic
analogues of graphene that demonstrate exceptional physical, optical, and electrical properties has
to do mainly with its 2D atomic layer structure [15,16]. However, a low number of studies on the FE
properties from such materials, like MoS2 sheets, have been undertaken [17]. Moreover, WS2 nanotubes
also exhibit good FE performance and stability comparable to carbon nanostructure-based field emitters
by virtue of their relatively small bandgap, limited number of dangling bonds, mechanical stability,
and nontoxicity. Therefore, they pose a promise for a spectrum of technological applications [18].
Yet, WS2 nanotubes have to be complemented with a semiconductive polymer, normally P3HT [19],
in order to prevent aggregation of the NTs thus enhancing performance of cathodes without polymer.
What is more, a polymer matrix is often needed in order to observe protruding nanotubes onto
microstructured substrates. This may be ascribed to the low surface tension of NTs/P3HT solution
and the large substrate roughness [18]. Alternatively, since the conducting polymer composite serves
as an intermediate layer between the WS2 nanotube or CNT emitters and a conducting substrate,
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the electrical contact is improved through the reduction of contact resistance, thereby enhancing overall
FE performance [20]. Also, the low electron affinity, wide bandgap excellent transport properties,
and flexibility of such polymer-based cathodes have rendered composites of semiconductive polymers
with 1D or 2D nanomaterials vital to final related FE optimization [21]. Furthermore, recently, the way
to exploit transition metal dichalcogenide (TMD) in FE was cleared with geometrically modulated,
CVD-grown MoS2, and MoSe2 monolayer semiconductors that were suspended with 1D nanoarrays of
ZnO was demonstrated, thereby enabling the geometrical modulation and tuning charge transfer [22].

An extended use of graphene nanosheets [15,23] for FE cathodes development is present, thanks
to their extraordinary physical, mechanical and chemical properties [18,19,23]. Moreover, the planar
2D structure of graphene renders it to an ideal material for large-area FE devices realization. Since
graphene consists of flakes with high aspect ratio as well as sub-nanometer edges, turning graphene
into a superior FE is easy, hence allowing the electrons’ extraction at low threshold electric fields with
high geometric field enhancement. Although CVD is one of the most successful methods to produce
a graphene-based FE, since edge states dominantly contribute to emitting electrons, controlling the
orientation of edges perpendicular to substrates is indispensable. In the CVD case, the resulting
graphene must go through complex processes such as laser writing [1], plasma treatment [24],
or substrate modification [25] so as to create vertical edges, thereby engaging expensive fabrication
equipment and long-term procedures.

Other graphene-based FE cathode fabrication routes include liquid phase exfoliation from
graphite or exfoliation of graphene from a carbon cloth’s fibers followed by coating graphene
solution on a conductive substrate (e.g., Cu) [26,27], electrophoretic deposition (EPD) [27,28], screen
printing accompanied with selective photoetching techniques [29], or even blade and ultrasonic spray
coating [30] to name just few of them.

Apart from the previous techniques, chemical oxidation of bulk graphite by Hummers is a strong
candidate for resulting to the high yield production of graphene oxide (GO). For instance, a low-cost
and successful chemical method to synthesize FE-applicable reduced GO, the annual-ring graphene
(ARG) method [31], which demonstrates the advantage of facile synthesis and yields abundant vertical
edges on the cross-section of ARG, hence equaling or even surpassing FE performances of CNT [13],
cannon-structured graphene film [32] and rGO/MnO2 composite [33], not to mention the ultralight
weight and flexible nature of the cathode. In general, albeit GO has a similar atomic single layer
structure to graphene, the existence of oxygen functional groups attached onto sp3 hybridized carbon
atoms impacts on its conductivity loss, mainly due to the presence of epoxy and hydroxide groups
on its basal plane [34], as illustrated in Figure 2. In order to come up against this side effect and to
partially recover the conductivity, various reduction methods have been developed to reduce GO in
the form of rGO towards the realization of efficient electronic functionalities.

 
Figure 2. Depictions of GO and rGO structures.

Chemical reduction can in general be achieved in both liquid and gas phases [35]. Chemical
reducing methods include agents that range from hydrazine [36–39] and Hydrogen Iodide gas [40]
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until even ascorbic acid [41], KOH, or NaOH [42]. Aside from chemical, thermal reduction at high
temperature under inert atmosphere [34,43], and application of either electric [44], or electromagnetic
field [45] are also successful reduction routes.

Before moving into plain comparison of FE parameters, considering the way of GO reduction
is essential to deeper understanding the correlation between FE and GO, while taking into account
only the geometric aspect ratio is insufficient on its own. The oxygen/carbon atomic ratio of the rGO
lattice, determined by X-ray photoelectron spectroscopy (XPS), indicates that GO lattice parameters
vary depending on the applied reduction technique. In the meanwhile, the Work Function (WF)
among different rGO samples, validated by UPS measurements, gave similar trends and thus resulted
in different FE characteristics. In general, lower content of oxygen-containing groups exhibits an
enhanced FE performance mainly thanks to the WF increase [46]. Besides, the electron transfer at the
interfaces between the substrate and the cathode material is expected to be highly promoted, since
the states’ density in the cases of oxygen elimination (e.g., HI-assisted rGOs) is also anticipated to
be higher.

The role of GO concentration, namely flake density, impacts on the degree of reduction and
morphology. Proper partial reduction leaves acidic groups on rGO surface and the polar nature of
GO remains and accounts for stable, homogeneous dispersions in solvents, more notably in DMF and
NMP [47]. In the case of low rGO-flake density films, the number of emitters is diminished, and the
geometrical characteristics of the emitters are resultingly of minor importance are diminished, thus
leading to a sharp decline in their performance as cold cathodes. On the one hand, the enhanced
roughness at low rGO concentration suggests random sheets orientation onto the planar substrate,
while on the other hand, screening effects are observed in the case of high-density films [48,49] followed
by an understated emission performance.

On the other hand, polymer concentration affects morphology in a significant manner, while a
polymer:rGO concentration ratio exists for optimized FE performance. For high polymer contents
fewer rGO sheets are exposed to vacuum, while the thermal conductivity may be four times higher
than ambient air for the case of P3HT:rGO, hence easing heat dissipation and achieving higher stability
contrary to bare rGO [21]. For low polymer content, rGO flakes may become more preferentially
oriented parallel to the substrate [36] and fewer emitting edges may be exposed to vacuum; as a result,
the emission performance would be decreased again.

Edge density was also increased upon the deposition of an additional rGO layer onto the
composite films, thanks to the smoother surface of the top rGO layer in the case of higher rGO content.
In other cases, where the polymer concentration was higher, rGO arrays protruded from the polymer
bulk, favoring the synergy of two conduction systems: conduction between rGO flakes of the same
array, as well as between rGO flakes and the polymer [50]. The relevant charge transfer mechanisms
are illustrated in Figure 3. Upon the additional rGO layer deposition onto the polymer:rGO composite
layer, the DMF solvent of the rGO dispersion (or any other suitable solvent that might be applied)
may dilute some polymer of the underlying layer, thereby a part of the rGO flakes and/or arrays
penetrate the polymer. Therefore, since the polymer:rGO ratio increases together with the polymer
content, rGO flake density into the polymeric scaffold gets consequently minimized, thus leading to a
relevant deterioration in the edge density of rGO exposed to vacuum.
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Figure 3. Comprehensive depiction of current conduction routes encountered in the studied
composite cases.

Laser processing plays a crucial role in fabricating 2D-based field emitters. To begin with,
structuring Si substrate to create conical, well-separated spikes that are perpendicular to substrate is
crucial to good GO deposition and edge protrusion. The microspike arrays are reportedly fabricated
by femtosecond (fs) laser texturing of n-type Si, usually followed by consequent removal of grown
oxides by HF on spikes’ surface [36]. Secondly, direct laser writing (DLW) is an additional promising
technique for the rapid and facile fabrication of graphene for various applications [1,51]. Proper
laser treatment gives rise to preferential protrusion of rGO sheets from the substrate and in series
to FE characteristics superior to those of pristine rGO. rGO bundles align themselves perpendicular
to the substrate, while at the same time sharp graphene edges are protruding out of the bundles.
Epidermal treatment of rGO prevents thermal damaging of substrate. As a side advantage, DLW
retains the performance of the developed flexible cathodes upon extensive bending conditions, thereby
having good potential for graphene-flexible FE cathodes. Finally, selective laser reduction of GO has
received attention due to its high potential [52,53] in a diversified field of applications, including FE
among them.

This study aims to offer a deeper insight on how three optimized FE enhancement routes
contribute to rGO-based FE enhancement. Section 2 discusses the realization of HI-assisted reduction of
GO and subsequent rGO ink formation, as well as the optimization process of P3HT:rGO, PCDTBT:rGO
and rGO-PCDTBT:PC71BM composites by diversifying rGO relative concentrations, whereas final FE
cathode fabrication steps are presented. Results are presented in Section 3, and compared between each
other in Section 4, while subjecting to discussion concerning FE enhancement in terms of morphology,
solvent, reduction agent, or material type (plain rGO ink, polymer:rGO, and polymer:fullerene
blend:rGO composite ink). Introducing a PCDTBT:PC71BM blend to FE cathodes has to the best of our
knowledge never been suggested before. For the first time a HI-assisted rGO has been introduced into
FE cathodes in synergy with charge transfer materials’ blends; fullerene-based materials with high
electron affinity and polymers are studied. The obtained results are superior to those of previous studies
with rGO and polymers. [21] Moreover, the different impacts of fullerene and polymer constituents
according to their relative concentrations, physical and chemical contribution are interesting subjects
for further investigation.

2. Materials and Methods

2.1. Preparation of Starting GO Powder

GO was prepared from purified natural graphite powder (Alfa Aesar, ~200 mesh) according to
Hummers’ method [54,55]. H2SO4 (40 mL) was added to 500 mg graphite and stirred for several
minutes, followed by the addition of NaNO3 (375 mg). Further stirring took place inside a cooled
beaker for 2 h, during which 3 g of KMnO4 was added. Further stirring step lasted for other 4 h
when the reaction mixture was left to reach room temperature before being heated at 35 ◦C for 30 min.

307



Nanomaterials 2019, 9, 137

It was then poured into a flask containing deionized water (50 mL) and the stirring temperature was
further raised to 70 ◦C for 15 min. The mixture was then decanted into 250 mL of deionized water;
the unreacted KMnO4 was removed by subsequent addition of 3% H2O2 (2 mL). The obtained graphite
oxide was purified by repeated centrifugation, which initially yielded a sediment of acidic nature; thus,
deionized water and HCl were added to capture sulfate ions so that sediment reaches pH 7. The final
product was oven-dried and sieved.

2.2. Production of rGO Ink

A highly efficient HI/AcOH assisted reduction route was chosen to be implemented, as it is
described in our previous publication [56]. In a similar manner, our GO was reduced using a mixture
of hydriodic acid (HI, 55%)/acetic acid (AcOH). More specifically, the as-prepared GO powder (0.1 g)
was sonicated in AcOH (37 mL) for 2 h. Then HI (2 mL) was added and the mixture was stirred at
40 ◦C for 40 h. Afterwards, the product was isolated by filtration and purified through a three-step
washing procedure: (1) aqueous solution of saturated sodium bicarbonate (NaHCO3, 3 × 2.5 mL);
(2) DI water (3 × 2.5 mL); and (3) acetone (2 × 2.5 mL). Finally, the resulting rGO was dried at 60 ◦C
in a vacuum oven overnight. In the aftermath, the reduced GO powder underwent pulverization
procedure with mortar and pestle. Next, rGO powder (20 mg) was added in three vials containing
THF (20 mL), DCB (4 mL), and DCB:CB (3:1 v/v, 20 mL), respectively, in order to predetermine the
initial concentration to 1 mg/mL. Then, they were sonicated using an ultrasonic probe (Hielscher
UP200Ht) for 1 h and centrifuged at 4000 rpm for 45 min (Allegra X-22) to remove the large aggregates.
Afterwards, the supernatants were carefully collected with a pipette and surfactant-free viscous
rGO inks were formed (~0.5 mg/mL in THF, ~0.8 mg/mL in DCB, and ~0.85 mg/mL in DCB:CB).
The resulting rGO inks are depicted in Figure 4a.

Figure 4. (a) Unmixed rGO ink, (b) P3HT:rGO, and (c) PCDTBT:rGO blends in controlled volume ratios.

2.3. Preparation of rGO-Polymers Composite Inks

P3HT (10 mg) and PCDTBT (4 mg) were dissolved in THF (1 mL) and DCB (1 mL), respectively.
Polymers:rGO composite inks were prepared by adding rGO ink to the P3HT and PCDTBT solutions,
respectively into different combinations of relative volume ratios (0:100%, 20:80%, 40:60%, 60:40%,
and 80:20%). In order to prepare homogeneous polymers:rGO composite inks, the mixtures were
further sonicated in an ultrasonic bath (Elmasonic S30H) for another 1.5 h and finally were left
undisturbed for 15 min, in order to settle down any agglomerates. Polymers:rGO composite inks are
depicted in Figure 4b,c, respectively.

2.4. Preparation of rGO-PCDTBT:PC71BM Composite Ink

On the other hand, the polymer–fullerene powder was unable to dissolve adequately 4 mg/mL
PCDTBT:PC71BM solution in THF; therefore, a mixture of DCB:CB (3:1 in volume ratio) was
finally applied to dissolve successfully the solid components with sufficient magnetic stirring.
PCDTBT:PC71BM were dissolved in DCB:CB (3:1 v/v, 1 mL) with 1:4 (4 mg:16 mg) ratio and
stirred overnight at 70 ◦C. At next, PCDTBT:PC71BM:rGO composites were realized by adding rGO
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ink, prepared in DCB:CB, to the PCDTBT:PC71BM blend in different combinations with relative
volume ratios (0:100%, 20:80%, 40:60%, 60:40%, and 80:20%). In order to prepare homogeneous
PCDTBT:PC71BM:rGO composite inks, the above described procedure was also followed.

2.5. FE Cathodes Realization

Silicon wafers (n+ Si) were subsequently rinsed with acetone and isopropyl alcohol. Composite
inks were then realized and coated on top of substrate surface with the drop casting method.
Subsequent rGO layer was later on coated in the same manner. All films were placed in an oven for
an adequate time until the full removal of the solvents. Final FE cathode structure is illustrated in
Figure 1.

2.6. Fowler–Nordheim Theory

The FE properties of graphene can be determined using the Fowler–Nordheim law [26]. In brief,
the relationship of FE current density (J) with the applied electric field E is demonstrated below as
Equation (1):

J = η α
(βE)2

ϕ
e−b ϕ3/2

βE (1)

where constants alpha (α) and b correspond to α = 1.54 × 10−6A eV V−2 and b = 6.83 ×
103 eV−3/2V−1, ϕ represents the work function of the material, g is related with the emitters’
geometrical efficiency, beta (β) is the field enhancement factor, and E corresponds to the macroscopic
electrical field in V/μm. E is calculated from E = V/d, in which V denotes the applied potential and d
the interelectrode distance. According to Fowler–Nordheim equation, the part of the ln(J/E2) − (1/E)
plot that is linear gives proof of electron movement through the tunneling barrier of the emitter in the
specific area.

The slope of the previous equation (kFN) derives the field enhancement factor β according to
Equation (2):

β = b
ϕ3/2

kFN
(2)

Additional parameters for assessing FE quality include the Eto (turn-on electric field), Eth
(threshold of electric field), the intensity of luminescence, and the stability of emission. What is
sought is minimum values of Eto and Eth, maximum values of the field enhancement factor and
emission current density, as well as maximum stability so as to yield an ideal field emitter.

3. Results

3.1. Field Emission Measurements

FE measurements were executed under vacuum of less than 10−6 Torr. Samples were used as
cold cathodes in a short circuit-protected planar diode system, as depicted in Figure 1. More details
regarding the experimental FE setup can be found elsewhere [48]. Current density−voltage (J−V)
curves were obtained while the interelectrode distance, d = 200 μm in our case, was controlled by a
stepper motor. It is pointed out that FE characteristics remained unaffected by the anode location.
In order to confirm the stability of the devices, as well as J–V reproducibility, continuous emission
cycles were performed. A high voltage (HV) source (PS350-SRS) supplied a voltage with variable sweep
step between electrodes. A digital picoammeter (Keithley 485) was used for the sake of measuring FE
current. The emission current stability versus time was investigated by monitoring the emitted current
density rate over a long time period of consecutive operation.

309



Nanomaterials 2019, 9, 137

3.1.1. First Case: HI-Reduced GO Emitter

A set of FE cathodes with different rGO ink ratios was realized and subsequently characterized.
Figures 5a,b and 6 display the FE response of the best FE cathodes per each rGO ink ratio. Indeed,
the beta factor stated at a value of 660, while the Eth value was 1.6 V/μm. Numerical results are shown
in Table 1.

 
Figure 5. (a) Logarithmic plot of the current density, measured as a function of the electric field E (J–E),
obtained by different concentration ratios of rGO ink in composite n+-Si/P3HT:rGO field emitters.
Lowest electrical field threshold appears for the P3HT:rGO(20%) case. (b) Fowler–Nordheim curves of
the J–E plots of FE with different concentration ratios of rGO ink in composites n+-Si/PCDTBT:rGO.

 

Figure 6. Variation of the turn on field (black line) and the enhancement factor (blue line) in different
concentrations of PCDTBT:PC71BM:rGO and P3HT:rGO composite inks.

Table 1. Field enhancement factor and turn-on field figures classified per composite type (columns)
and for HI/AcOH-reduced rGO ink with diversified ratios.

rGO Ratio
(%)

n+-Si/P3HT:rGO n+-Si/PCDTBT:rGO n+-Si/PCDTBT:PC71BM:rGO

Field
Enhancement

β

Turn-on
Field Eto
(V/μm)

Field
Enhancement

β

Turn-on
Field Eto
(V/μm)

Field
Enhancement

β

Turn-on
Field Eto
(V/μm)

100% 660 ± 10 1.60 ± 0.1 660 ± 10 1.60 ± 0.1 660 ± 10 1.60 ± 0.1
80% 300 ± 10 2.23 ± 0.1 170 ± 10 2.80 ± 0.1 80 ± 10 2.43 ± 0.1
60% 420 ± 10 2.05 ± 0.1 625 ± 10 2.40 ± 0.1 360 ± 10 2.16 ± 0.1
40% 915 ± 10 1.53 ± 0.1 1090 ± 10 1.58 ± 0.1 950 ± 10 1.53 ± 0.1
20% 2500 ± 10 1.03 ± 0.1 2050 ± 10 0.80 ± 0.1 2850 ± 10 0.60 ± 0.1

The ± values denote the standard deviation of each measured or estimated quantity.
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3.1.2. Second Case: Polymer:rGO Composite Emitter

Among all different volume ratio variants, that of 80% polymer (P3HT or PCDTBT):20% rGO
gave the best results. Here, a set of five different ratio batches have been fabricated and tested, while
each case includes five fabricated cathode samples. Accordingly, Figure 5a depicts a comparative
chart of the best samples per each one of all five ratios. Also, as demonstrated in Table 1, huge
deviation in FE values for certain concentration scenarios indicates inability in perfectly controlling
process parameters. Yet, repeatability of bad results for these concentration ratios implies that only the
optimized parameters of the ratio 80:20% are of practical importance.

In the J–E plots, three different functions of an emitter can be observed: (1) current density
saturation; (2) field emission; and (3) no emission. FE performance was enhanced in the case
that graphene flakes were vertically oriented with respect to the substrate, when the emission was
weakened, due to screening effects, over a critical rGO proportion.

Besides, FE performance can be further improved, in terms of low turn on field and high
enhancement factor, by adopting three different approaches, according to the Fowler–Nordheim
theory: (1) by shaping organized emission arrays, thus increasing the emitting area; (2) by selecting low
work function ϕ materials, such as graphene-based materials; and (3) by increasing the geometrical
aspect ratio of the emitter and therefore to improve the enhancement factor. On the one hand, as the
polymer concentration in the composite emitter is increased, the relative concentration of graphene
flakes in the polymeric matrix is decreased. Consequently, the density of the graphene flakes in the
vacuum is also diminished. On the other hand, when the polymer content is very low, rGO flakes
exhibit random protrusions, with reference to the substrate due to the Van der Waals forces, also
resulting in limited emitting potential.

3.1.3. Third Case: PCDTBT:PC71BM:rGO Composite Emitter

In a similar manner to the polymer:rGO case, a batch with 80% blend:20% rGO ink volume ratio
gave the best results. Again, per each case, a set of five different ratio batches has been fabricated and
tested, while each batch includes five fabricated cathode samples and only the best cathode results
per batch are presented in Figure 5b. Accordingly, Figures 6 and 7 depict a comparative chart of the
best batches per each ratio with respect to the Fowler–Nordheim characterization and the overall FE
performance parameters, respectively. All FE values per volume ratio set are included in Table 1.

 
Figure 7. The evolution of the emission current density at a constant bias voltage of 1500 volts over a
long period of continuous operation for the best rGO cathodes measured.

3.1.4. Field Emitter Stability

The evolution of the emission current density at a constant bias voltage of 1500 volts was tracked
over a long period of over 25 h continuous operation for the best rGO-containing cathode that had
been chosen among all samples. Figure 7 demonstrates the respectable stability of the emitter’s current

311



Nanomaterials 2019, 9, 137

density over time, resulting in a final drop of approximately 16% with regard to the initial current.
These results explain why PCDTBT:PC71BM:rGO composite emitter has a higher level of long-term
stability under the field emission experimental conditions related other rGO composite emitters that
have been tested in the literature [34].

3.2. Morphological Characterization

Figures 8 and 9 demonstrate scanning electron microscopy ((FESEM JEOL-JSM7000F) images
which were extracted in order to verify the creation and morphology of extruding edges both prior
and after FE.

(a) (b) 

Figure 8. Top views of FE cathode surface with clearly visible edges in higher (a) and lower
magnification scale (b). Distance among neighboring edges is remarkably close in the order of few
microns or less.

  
(a) (b) 

Figure 9. SEM images of a FE cathode edges in the cases of rGO bundles alone (a) and P3HT(80%
v/v):rGO blend(20% v/v) (b). Thickness inhomogeneity due to the applied drop casting method has to
be taken into account together with the formation of protruding edges. Impact of rGO sheets is clearly
visible especially in (a).

4. Discussion

In general, HI/AcOH is by far more efficient by other reducing agents like hydrazine: optimum
reduction dictates the compromise of yielding a partially reduced rGO. Although being of low
occurrence, acid groups are present on rGO surface and result to a remaining polar nature of rGO,
hence enabling rGO to form stable and homogeneous dispersions in THF [21].

As already mentioned in Section 2.4, the polymer–fullerene powder (PCDTBT:PC71BM) was
unable to dissolve adequately in THF, therefore a mixture of DCB:CB was finally applied to dissolve
successfully the solid components with the assistance of magnetic stirring. A possible explanation
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to this fact is that blend residues which are insoluble may probably contain the highest molecular
weight fraction which could not be solubilized [57]. It can be said that high MW values adversely affect
polymer solubility. Low solubility of polymers may direct to a strong interchain bonding or even chain
aggregation. Seemingly, orthodichlorobenzene did not result to any further aggregation of PCDTBT
chain, while it could simultaneously decelerate drying of the wet film [58]. Furthermore, the effect of
THF additive in polymer and blend morphology mostly has to do with the solvent’s higher affinity for
polymers than for PCBM. Diversifying the dipole moment by employing solvents similar to THF may
control this affinity. Moreover, it has to be mentioned that THF, which has low boiling point, dissolves
P3HT very easily, while such an easy dissolution for PCBM appears for the higher boiling point o-DCB,
let alone the good solubility of PCDTBT [59].

With respect to the case of P3HT:rGO composite-based FE cathodes, among all different
concentration variants, the volume ratio of 80% polymer:20% rGO ink gave the best results. FE
trends are in accordance with relevant previous literature [21]. Indeed, component concentration
significantly affects composite morphology and the dependent FE performance; Lower rGO flakes’
concentration inside the composite blend, reportedly, may favor the orientation of sheets at angles
different to the planar substrate, hence inducing higher roughnesses [21]. As the P3HT:rGO ratio
decreases, i.e., the polymer content increases, the rGO density into the polymer matrix decreases,
giving rise to a corresponding decrease in the density of the rGO edges exposed to vacuum. On much
higher rGO flakes’ concentration; however, screening of coated surface takes presumably place that
deteriorates FE according to various studies [21,48,49]. Higher polymer content means fewer rGO
sheets that are exposed to vacuum, while it has been demonstrated that thermal conductivity favors
heat dissipation thus prolonging stability, in contrast with the case of bare rGO. On the other hand,
lower polymer content allows rGO sheets to orientate themselves parallel to the substrate, hence
resulting to fewer emitting edges and decreased FE performance. In general, at higher rGO ink
concentrations, the base of the protruding bundles is a part of the rGO layer, whereas in the case of
samples with high polymer content, bundles are sticking out of a polymer bulk. This observation
suggests that there are two conduction processes present, conduction between rGO within flakes of a
bundle and between polymer and sheets [50]. A final remark is that lower emitter edge density has
been observed in high and low concentrations [21]. We conclude presuming that 80:20% analogy of
P3HT:rGO better approaches the trade-off between screening and the density of protruding rGO edges,
thus leading to better FE characteristics witnessed in Table 1, Figures 5 and 6.

The differences observed in field enhancement factor and in turn-on field between the composite
emitters with different polymers (P3HT and PCDTBT) are directly related to their morphology
instability and their different ionization state [60,61]. In this work, the highest field enhancement factor
observed on semicrystalline p-type polymer P3HT and the lowest electrical threshold for amorphous
p-type polymer of PCDTBT.

Besides, considering the third FE case of PCDTBT:PC71BM blends complementing rGO, it is
already known that for blend containing OSCs a low temperature annealing at approximately 70 ◦C
suffices for optimizing PCE, thus also blend morphology and phase separation [62,63]. The same
logic is valid in the FE case as well, since charge carrier transfer is thereby optimized. It has been
observed that the upper part of PCDTBT:PC71BM films is relatively enriched in PC71BM with negative
gradient of fullerene concentration when examining deeper inside the annealed layer, yet in no case
exceeds upper surface concentration of PC71BM the one of PCDTBT. Of course, PC71BM tends to
reach the upper interface with air demonstrating a mild trend for phase separation, but PC71BM
accumulation on the upper surface does not at all increase roughness due to PC71BM crystallites.
Furthermore, a mild annealing at 70 ◦C neither impacts on PC71BM distribution towards depth, nor
does it significantly affect blend crystallization, but enables the PCDTBT:PC71BM blend to self-organize
into an optimal morphology for charge generation and extraction and, most importantly, eases the
removal of trapped blend solvent [64]. Similar to the previous case of HI-reduced GO, the 20% rGO
ink:80% polymer–fullerene blend ratio appears to yield optimized FE characteristics. The fact that
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rGO contributes best with the same concentration as in polymer:rGO, may indicate a nonsignificant
impact of fullerene on final FE contrary to rGO. Yet, in accordance with not directly FE-relevant studies
that include PC71BM [65] or PC61BM [56], the fullerene–rGO interaction is highlighted in terms of
further improving charge transfer from the blend to emitting edges and a significant contact resistance
reduction. Finally, it has to be noticed that in all cases research excluded rGO-free implementation
of FE cathodes, since this research, tries to explain the electron emission from composites emitters
with rGO flakes and polymer or charge transfer materials; such research would be out of the scope of
current study.

5. Conclusions

In this study, four rGO-based field effect emitters were developed, optimized, and compared.
rGO layers prepared by HI/AcOH reduction method and were coated on (a) n+ doped Si substrate,
(b) n+-Si/P3HT:rGO, (c) n+-Si/PCDTBT:rGO, and (d) n+-Si/PCDTBT:PC71BM:rGO composites,
respectively. We investigated the FE properties of different concentrations of polymer composite
solutions to control the structural end electrical properties of the substrate. It is found that the cathodes
based on PCDTBT:PC71BM:rGO displayed a field enhancement factor of ~2850, with remarkable
stability over 25 h and low turn-on field in 0.6 V/μm.

The threshold field, enhancement factor and the remarkable stability of FE current were
remarkably improved compared to the pristine Si demonstrating that is a promising FE cathode
with potential applications in vacuum microelectronics and FEDs.

Finally, taking into account the high potential of PCDTBT:PC71BM as successful blend candidate
in conventional OSC devices, its optimized coating on a TCO or TCO/HTL substrate, either rigid
or flexible, might result in significant number of photogenerated electrons and a further decrease in
contact resistance that might further boost FE figures of merit in future, therefore possibly promising a
new alternative type of photodetectors.
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Abstract: An erbium-doped silicon transistor prepared by ion implantation and co-doped with
oxygen is investigated by photocurrent generation in the telecommunication range. The photocurrent
is explored at room temperature as a function of the wavelength by using a supercontinuum laser
source working in the μW range. The 1-μm2 transistor is tuned to involve in the transport only
those electrons lying in the Er-O states. The spectrally resolved photocurrent is characterized by
the typical absorption line of erbium and the linear dependence of the signal over the impinging
power demonstrates that the Er-doped transistor is operating far from saturation. The relatively small
number of estimated photoexcited atoms (≈4 × 104) makes Er-dpoed silicon potentially suitable for
designing resonance-based frequency selective single photon detectors at 1550 nm.

Keywords: erbium; silicon transistor; photocurrent

1. Introduction

Er implanted in silicon has received a renewed interest after the advent of single-photon-based
quantum communications, because of its capability to transmit [1,2] and receive [3] photons at a
wavelength compatible with commercial optical fibers, and because of its compatibility with silicon
photonics [4–6]. Er-doped silicon junctions [7,8] and transistors [3,9] have been explored in the past.
The photocurrent effect observed by an individual Er atom has been reported at 4 K, therefore, far
from practical operation temperatures [3]. There, the 4I13/2 → 4I15/2 transition of the Er3+ ion in the
silicon transistor is stimulated by a laser tuned at the resonance wavelength. We already explored
single atom and impurity band effects in single ion implanted transistors [10–13] by including As [14],
P [15] and Ge [16] atoms in view of nanoelectronic application, and the individual photon emission
regime by photoluminescence of ErOx dots in silicon [6]. Several near-infrared detectors have been
demonstrated in the past starting from Reference [17], including some based on CMOS technology
with high sensitivity [18,19], but they are not frequency-selective, which would be relevant to reduce
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dark counts without the use of filters when detection of single monochromatic photons is targeted in an
integrated device. In this article, the photocurrent of an ErOx doped transistor is modulated by telecom
wavelength irradiation as a function of both irradiation power and frequency. We investigate the
room temperature photocurrent regime, where applications can be designed, by exploiting a relatively
small number of Er atoms, of the order of 4 × 104, fed by a laser operated in the μW regime. In the
following, the process to co-implant Er and O in back-gated transistors is outlined, and the photocurrent
characterization is described at telecom wavelengths around 1550 nm. The photocurrent is proportional
to the power of the laser and it reveals an absorption frequency dependence at coincidence with the Er
absorption line. ErOx co-doped transistor can operate at room temperature as a frequency selective
light sensor, tuned at the same wavelength range of Er emission, towards nearby room temperature
single photon emitter [20] and receiver [21] resonators based on few Er atoms.

2. Materials and Methods

2.1. Device Fabrication and Transport Characterization

Back-gated transistors were fabricated on a silicon-on-insulator (SOI) wafer by conventional
complementary metal-oxide-silicon (CMOS) processes. The n+ source and drain regions were doped
with phosphorous at a concentration of 1021 cm−3, and the n− channel region was left undoped
with 1015 cm−3, thus, the transistors operate in the accumulation mode. Each transistor consists of
150 nm-buried oxide layer and 90 nm-SOI layer capped with 15 nm-silicon dioxide layer. The transistor
size ranges between W = 1–10 μm, with L = 1 μm. The photocurrent effects reported in this work refer
to the minimum size of W = 1 μm. The channel was doped with erbium at a dose of 3 × 1013 cm−2

at 20 keV. Oxygen was then implanted at a dose of 2.5 × 1013 cm−2 at 25 keV with a sacrificial layer
deposited on the wafer to adjust the implantation depth of the two dopants. After removing the
sacrificial layer, the wafer was thermally annealed at 900 ◦C for 30 min to promote the association of
erbium and oxygen. Because of the out-diffusion of Er from the surface consequent to the annealing
process, which reduces the Er of a factor of ≈7 [6,22], we estimate that the Er atoms in the channel of
the transistor are of the order of 4 × 104. According to the literature, the annealing of Si:ErOx at 900 ◦C
determines the formation of a defect which lies at EC ≈ −150 meV where EC is the conduction band
edge, and it is partially ionized by thermal excitations at 300 K [8]. Such defect is dominant at high
annealing temperature with respect to other Er-O related defects, while other Er defects disappear
when O is present [23]. Such defects are not electrically explored in diode structures, while they can be
explored by a transistor device, thanks to the control by the back gate voltage (Figure 1a). The formation
of such defects is observed by the sub-threshold transport of the devices. Compared to the transfer
characteristics curves of a control transistor not implanted with Er (Figure 1b), the Er-related defects
at −150 meV determine a negative shift of the threshold voltage (data refer to L = 1 μm, W = 2 μm
devices at VDS = 100 mV). During a voltage sweep from negative to positive values the first accessed
energy levels are those provided by the ErO defects, and only at about 150 meV higher in energy the
conduction band is directly accessed.

2.2. Optical Setup for Photocurrent Characterization

The setup employed for the optical and photocurrent characterization is the modified commercial
confocal microscope (WITec GmbH, Ulm, Germany) sketched in Figure 2a. The photoluminescence
(PL) of the sample is excited by a continuous wave (CW) fiber-coupled laser diode at 782 nm
wavelength. Light from such laser source, collimated and reflected by a beam splitter cube (Thorlabs
Inc., Newton, NJ, USA), is focused by a 0.85 NA objective (Nikon Instruments Europe BV, Amsterdam,
The Netherlands) to a diffraction-limited spot of about 1 μm in diameter on the sample. The emission
from Er ions is collected through the same objective in epireflection geometry, and it is sent to a set of
long-pass filters (1300 and 1350 nm cut-off wavelengths, Thorlabs Inc.) to reject any residual reflected
pump light for the PL detection. The filtered emission is then imaged with an InP/InGaAs single
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photon avalanche diode (SPAD). To excite the photocurrent in the device, instead, we switch our light
source to a CW fiber-coupled laser diode with a wavelength of 1550 nm.

Figure 1. (a) Schematic of a transistor fabricated in an n-type (100) silicon on insulator (SOI) wafer.
The transistor is based on a phosphorous-doped (1 × 1021 cm−3) n+ source and drain regions and a
phosphorous-doped (1 × 1015 cm−3) n− channel region (size of L = 1 μm, W = 1 μm) and operates in the
accumulation mode. The red dashed line encloses the optically investigated area. (b) I-V curve of two
transistors differing only by the Er implantation measured at room temperature with VDS = 100 mV.
The shift of the threshold voltage is caused by the defect formation in the silicon band gap after
900 ◦C annealing .
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Figure 2. (a) Schematic of the setup used for the optical and electrical characterization of our sample.
BS: beam splitter cube, DAC: data acquisition card. (b) Reflectivity and (c) photoluminescence (PL)
maps of the whole transistor recorded at the telecom band while exciting it with the continuous
wave (CW) laser at 782 nm. (d,e) Zooms of the maps shown in (b,c), respectively (see dashed lines),
which correspond to the active region of the transistor. The PL is mostly coming from the area of the
Er-implanted channel.
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3. Results and Discussion

3.1. Photoluminescence Characterization

We now turn to the photonic characterization of the device. First, we performed PL and
photocurrent measurements with the modified commercial confocal microscope introduced in the
previous section and sketched in Figure 2a. We record emission PL and reflectivity maps form areas up
to 80× 80 μm2 from the sample, by raster scanning it through the excitation and collection process with
a piezoelectric stage. Figure 2b,c shows the reflectivity and emission maps respectively recorded from
our Er-doped transistor. From a comparison of the sample topography and PL maps, we can confirm
that the majority of the emission takes place in the channel area (highlighted region in Figure 2c
and its zoom in Figure 2e), thus, verifying that the Er ions implantation is confined to this region.
The lower intensity signal coming from the adjacent regions is attributed to a small PL contribution
from the transistor contacts, while emission from the substrate in the spectral region is considered to
be negligible.

3.2. Photocurrent Characterization

To perform the photocurrent characterization, we switch to a laser source with a wavelength of
1550 nm, and we couple it to the sample through the same setup described above. The drain-source
current of the ErOx doped transistor is converted into a voltage signal using a custom transimpedance
amplifier with a conversion factor of 10 nA/V and a bandwidth of 16 Hz. The output voltage of the
amplifier is connected to the input channel of the microscope and converted to the digital domain with
a resolution of 3 pA simultaneously to the optical signal (see Figure 2a). In this way, optical reflectivity
and photocurrent maps are simultaneously recorded, as exemplified in Figure 3a,b respectively.
By comparing the sample topography and the photocurrent maps, the main current contribution
originates when the Er-implanted channel region is optically excited (red dot in Figure 3b, ON state),
while some background electrical current is generated from the other areas of the sample (green dot
in Figure 3b, OFF state). By subtracting this background current signal recorded on the substrate
to the current coming from the optical excitation of the transistor channel, we can extract the pure
photocurrent generated with a VDS = 5 mV by telecom wavelength irradiation, as plotted in Figure 3c
(blue diamonds). Here, the two previously mentioned regimes, namely the photogenerated current
and the conduction band transport respectively, are distinguishable. In particular, the photocurrent
generated for VG � −2 V is the one related to the presence of the defects.

It is worth mentioning here that by performing measurements with a non-zero gate voltage
applied and zero bias between source and drain, we could observe a spurious current signal with two
opposite signs at coincidence with the electrode edges, as shown in Figure 3b. Moreover, we observe
that when the channel is almost completely depleted at gate voltages VG below −6 V, a presumably
different effect induces a photocurrent of the order of pA with reversed sign at the source and the
drain sides respectively. This artifact has been already reported in the literature [24] and it is attributed
to trapped photo-generated electrons that are effective in the suppression of the electric field near
the electrodes. Although the rejection of such spurious signal is rather challenging, we were able to
avoid such an artifact by collecting the signal in the middle of the channel (see red spot in Figure
3b), where the signal level for the photocurrent induced by the trapped electrons at the electrodes
is negligible. A more detailed characterization of such effect is reported in the Figure S1 in the
Supplementary Material.

We then performed wavelength dependent photocurrent measurements using the same
acquisition setup mentioned above, by switching to a supercontinuum light source. In order to
observe effects related to the defects only, the gate voltage is set to −4 V (see dashed red line in
Figure 3c), at which value the defects are partially filled while the conduction band is almost empty
at room temperature. To separate the different excitation wavelengths within the wide band of the
exciting supercontinuum source, the light was chromatically dispersed by a Pellin-Broca prism and then

322



Nanomaterials 2019, 9, 416

selected by a slit before being coupled to a single mode fiber. In this way we could attain a relatively
broadband monochromator, which allowed us to vary the wavelength of the excitation between
1400 nm and 1700 nm in steps of 20 nm with an input power level of about 1 mW for each spectral
window. This experimental arrangement is the exact reciprocal of that described in detail elsewhere [25].
We also determined the optical throughput of our system by measuring the laser power impinging
on the sample at each operating wavelength, as a normalization reference for the photocurrent
measurement. The pure photocurrent generated by the Er-doped transistor is extrapolated from the
maps recorded for each exciting wavelength, as described above. The photocurrent spectrum thus,
obtained is then normalized by the power spectrum of the supercontinuum source through the optical
setup to account for the achromatism of the setup. The result of this operation is shown in Figure 4a.
The normalized photocurrent spectrum thus, obtained shows a main peak around 1526 nm, with a
shoulder around 1448 nm. Such spectral features are in excellent agreement with the wavelength
dependent absorption cross-section of commercial Er-doped optical fibers. Additionally, as shown by
the linearity of the photocurrent dependence on the optical pump power at λ = 1550 nm (see the inset
of Figure 4), the Er-doped transistor is operating far from its electrical saturation regime.

Figure 3. (a) Overall photocurrent map recorded on the transistor when exciting the sample at 1550 nm
while applying VG = −4 V and VDS = 5 mV . (b) Photocurrent recorded when no net VDS is applied.
(c) Pure photocurrent map obtained by subtracting the overall photocurrent in (a) by the background
photocurrent in (b). (d) Vertical line profiles drawn on (a–c). (e) Drain photocurrent in ohmic regime
(VDS = 5 mV) as a function of the gate voltage in dark condition (no light, green squares) and the peak
photocurrent recorded on maps such as (B) while illuminating the device with an optical power of about
1 mW (red circles). The photocurrent (blue diamonds) calculated by taking the difference between the
current in ON (signal) and OFF (back-ground) conditions, i.e. the spots where the photocurrent was
recorded while photoexciting on the substrate and on the Er-doped channel, respectively.
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Figure 4. Frequency dependent photoconductivity measurements observed from the photocurrent,
realized by exciting the Er-doped transistor with a supercontinuum light source, normalized by the
optical power throughput of the source through our setup (empty diamonds). Double peak Gaussian fit
to highlight the position of the spectral features of the photoconductivity measurement (dashed lines),
which reproduce the wavelength dependent absorption cross-section of Erbium [26]. Inset: linear
dependence of the photoconductivity on the input optical power, measured at λ = 1550 nm.

4. Conclusions

To conclude, we demonstrated that an ErOx co-doped silicon transistor exhibits a tunable response
at room temperature according to a linewidth profile typical of erbium absorption. Electrons are
pumped from the ErOx complex activated by the annealing at 900 ◦C. The linear dependence of
the signal over the impinging power demonstrates that the Er-doped transistor is operating far
from electrical saturation. The relatively small number of photoexcited atoms estimated (≈4 × 104),
combined with a frequency-selective response, points towards a viable employment of ErOx defects in
resonator-based single photon detectors at telecom wavelength at room temperature.

Supplementary Materials: The Supplementary Materials are available online at www.mdpi.com/2079-4991/9/
3/416/s1.

Author Contributions: Conceptualization, E.P. and G.F.; methodology, Y.C., A.A., M.Y., T.T. and T.S.; validation,
M.C., L.G., E.P. and G.F.; formal analysis, M.C. and E.P.; investigation, M.C., L.G., E.P. and G.F.; data curation,
M.C.; writing—original draft preparation, M.C. and E.P.; writing—review and editing, L.G. and E.P.; supervision,
M.F., E.P. and T.T.

Funding: This work was supported by a Grant-in-Aid for Basic Research (B) and Young Scientists (A) from MEXT.

Acknowledgments: E.P. acknowledges JSPS Fellowship 2014, and the CNR Short-Term Mobility Programs 2015
and 2016.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Simon, C.; Afzelius, M.; Appel, J.; Boyer de la Giroday, A.; Dewhurst, S.J.; Gisin, N.; Hu, C.Y.; Jelezko, F.;
Kröll, S. Quantum memories—A review based on the European integrated project “Qubit Applications
(QAP)”. Eur. Phys. J. B 2010, 58, 1–22.

324



Nanomaterials 2019, 9, 416

2. Dibos, A.M.; Raha, M.; Phenicie, C.M.; Thompson, J.D. Atomic Source of Single Photons in the Telecom Band.
Phys. Rev. Lett. 2018, 120, 243601. [CrossRef] [PubMed]

3. Yin, C.; Rancic, M.; de Boo, G.G.; Stavrias, N.; McCallum, J.C.; Sellars, M.J.; Rogge, S. Optical addressing of
an individual erbium ion in silicon. Nature 2013, 497, 91–94. [CrossRef] [PubMed]

4. Priolo, F.; Gregorkiewicz, T.; Galli, M.; Krauss, T.F. Silicon nanostructures for photonics and photovoltaics.
Nat. Nanotechnol. 2014, 9, 19–32. [CrossRef] [PubMed]

5. Prati, E.; Celebrano, M.; Ghirardini, L.; Biagioni, P.; Finazzi, M.; Shimizu, Y.; Tu, Y.; Inoue, K.; Nagai, Y.;
Shinada, T.; et al. Revisiting room-temperature 1.54 μm photoluminescence of ErOx centers in silicon at
extremely low concentration. In Proceedings of the 2017 Silicon Nanoelectronics Workshop, Kyoto, Japan,
4–5 June 2017.

6. Celebrano, M.; Ghirardini, L.; Finazzi, M.; Shimizu, Y.; Tu, Y.; Inoue, K.; Nagai, Y.; Shinada, T.; Chiba, Y.;
Abdelghafar, A.; et al. 1.54 μm photoluminescence from Er:Ox centers at extremely low concentration in
silicon at 300 K. Opt. Lett. 2017, 42, 3311–3314. [CrossRef] [PubMed]

7. Franzò, G.; Coffa, S.; Priolo, F.; Spinella, C. Mechanism and performance of forward and reverse bias
electroluminescence at 1.54 μm from Er-doped Si diodes. J. Appl. Phys. 1997, 81, 2784–2793. [CrossRef]

8. Priolo, F.; Franzò, G.; Coffa, S.; Polman, A.; Libertino, S.; Barklie, R.; Carey, D. The erbium-impurity
interaction and its effects on the 1.54 μm luminescence of Er3+ in crystalline silicon. J. Appl. Phys.
1995, 78, 3874–3882. [CrossRef]

9. Zhang, Q.; Hu, G.; de Boo, G.G.; Rancic, M.; Johnson, B.C.; McCallum, J.C.; Du, J.; Sellars, M.; Yin, C.; Rogge, S.
Single rare-earth ions as atomic-scale probes in ultra-scaled transistors. arXiv 2018, arXiv:1803.01573.

10. Shinada, T.; Okamoto, S.; Kobayashi, T.; Ohdomari, I. Enhancing semiconductor device performance using
ordered dopant arrays. Nature 2005, 437, 1128–1131. [CrossRef] [PubMed]

11. Prati, E.; Shinada, T. Atomic scale devices: Advancements and directions. In Proceedings of the 2014 IEEE
International Electron Devices Meeting, San Francisco, CA, USA, 15–17 December 2014; pp. 1.2.1–1.2.4.

12. Prati, E.; Shinada, T. (Eds.) Single-Atom Nanoelectronics; Pan Stanford Publishing: Singapore, 2013.
13. Shinada, T.; Prati, E.; Tamura, S.; Tanii, T.; Teraji, T.; Onoda, S.; Ohshima, T.; McGuinness, L.P.; Rogers, L.;

Naydenov, B.; et al. Opportunity of single atom control for quantum processing in silicon and diamond.
In Proceedings of the 2014 Silicon Nanoelectronics Workshop, Honolulu, HI, USA, 8–9 June 2014.

14. Prati, E.; Hori, M.; Guagliardo, F.; Ferrari, G.; Shinada, T. Anderson–Mott transition in arrays of a few dopant
atoms in a silicon transistor. Nat. Nanotechnol. 2012, 7, 443—447. [CrossRef] [PubMed]

15. Prati, E.; Kumagai, K.; Hori, M.; Shinada, T. Band transport across a chain of dopant sites in silicon over
micron distances and high temperatures. Sci. Rep. 2016, 6, 19704. [CrossRef] [PubMed]

16. Prati, E.; Chiba, Y.; Yano, M.; Kumagai, K.; Hori, M.; Ferrari, G.; Shinada, T.; Tanii, T. Single ion implantation
of Ge donor impurity in silicon transistors. In Proceedings of the 2015 Silicon Nanoelectronics Workshop,
Kyoto, Japan, 14–15 June 2015.

17. Fan, H.Y.; Ramdas, A.K. Infrared Absorption and Photoconductivity in Irradiated Silicon. J. Appl. Phys.
1959, 30, 1127–1134. [CrossRef]

18. Geis, M.W.; Spector, S.J.; Grein, M.E.; Schulein, R.T.; Yoon, J.U.; Lennon, D.M.; Deneault, S.; Gan, F.;
Kaertner, F.X.; Lyszczarz, T.M. CMOS-Compatible All-Si High-Speed Waveguide Photodiodes with High
Responsivity in Near-Infrared Communication Band. IEEE Photonics Technol. Lett. 2007, 19, 152–154.
[CrossRef]

19. Bradley, J.D.B.; Jessop, P.E.; Knights, A.P. Silicon waveguide-integrated optical power monitor with enhanced
sensitivity at 1550 nm. Appl. Phys. Lett. 2005, 86, 241103. [CrossRef]

20. McKeever, J.; Boca, A.; Boozer, A.D.; Miller, R.; Buck, J.R.; Kuzmich, A.; Kimble, H.J. Deterministic Generation
of Single Photons from One Atom Trapped in a Cavity. Science 2004, 303, 1992–1994. [CrossRef] [PubMed]

21. Ritter, S.; Nölleke, C.; Hahn, C.; Reiserer, A.; Neuzner, A.; Uphoff, M.; Mücke, M.; Figueroa, E.; Bochmann, J.;
Rempe, G. An elementary quantum network of single atoms in optical cavities. Nature 2012, 484, 195–200.
[CrossRef] [PubMed]

22. Shimizu, Y.; Tu, Y.; Abdelghafar, A.; Yano, M.; Suzuki, Y.; Tanii, T.; Shinada, T.; Prati, E.; Celebrano, M.;
Finazzi, M.; et al. Atom probe study of erbium and oxygen co-implanted silicon. In Proceedings of the 2017
Silicon Nanoelectronics Workshop, Kyoto, Japan, 4–5 June 2017.

23. Kenyon, A.J. Erbium in silicon. Semicond. Sci. Technol. 2005, 20, R65–R84. [CrossRef]

325



Nanomaterials 2019, 9, 416

24. Agostinelli, T.; Caironi, M.; Natali, D.; Sampietro, M.; Biagioni, P.; Finazzi, M.; Duò, L. Space charge effects
on the active region of a planar organic photodetector. J. Appl. Phys. 2007, 101, 114504. [CrossRef]

25. Celebrano, M.; Baselli, M.; Bollani, M.; Frigerio, J.; Bahgat Shehata, A.; Della Frera, A.; Tosi, A.; Farina, A.;
Pezzoli, F.; Osmond, J.; et al. Emission Engineering in Germanium Nanoresonators. ACS Photonics
2015, 2, 53–59. [CrossRef]

26. Miniscalco, W.J.; Quimby, R.S. General procedure for the analysis of Er3+ cross sections. Opt. Lett.
1991, 16, 258–260. [CrossRef] [PubMed]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

326



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Nanomaterials Editorial Office
E-mail: nanomaterials@mdpi.com

www.mdpi.com/journal/nanomaterials





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03928-697-3 


	Blank Page

