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Editorial

Special Issue “Recent Advances in Thermoelectric Materials for
High Efficiency Energy Conversion and Refrigeration”

Paolo Mele 1,2

1 College of Engineering, Innovative Global Program, Shibaura Institute of Technology, 307 Fukasaku,
Minuma-ku, Saitama 337-8570, Japan; pmele@shibaura-it.ac.jp

2 International Center for Green Electronics, Shibaura Institute of Technology, 3-7-5 Toyosu, Koto-ku,
Tokyo 135-8548, Japan

It has been almost three years since I enthusiastically accepted to be guest editor for
this Special Issue of Materials, entitled “Recent Advances in Thermoelectric Materials for
High Efficiency Energy Conversion and Refrigeration”.

Thermoelectricity is a well-known phenomenon enabling the conversion of heat into
electric energy without moving parts. Its exploitation has been widely considered to con-
tribute to the increasing need for energy along with the concerns about the environmental
impact of traditional fossil energy sources. In the last few years, significant improvements in
the performance of thermoelectric materials have been achieved through chemical doping,
solid solution formation, and nanoengineering approaches. Furthermore, the feasibility of
flexible, stretchable, and conformable thermoelectric harvesters has been demonstrated and
has attracted the interest of a wide audience. However, the path for practical applications
of thermoelectrics still appears long.

This Special Issue of Materials was intended as an effort to bridge the gap between
materials science and applications of thermoelectric materials.

Originally, many topics were welcome: new thermoelectric compounds; correlation
between material structure and thermoelectric properties; bulk thermoelectric ceramics,
oxides, and chalcogenides; bulk thermoelectric alloys and intermetallics; organic and
polymeric thermoelectrics; thermoelectric thin films, multilayers, and nanocomposites;
theory and modeling; thermal transport and thermal conductivity; applications and devices
based on thermoelectric materials; standardization and metrology; and more.

The five published papers reflect the original spirit of the Special Issue, going from
skutterudite materials to sulfides and oxides and covering various aspects of materials
preparation and characterization.

With the great hope that it will contribute to pave the way for wide diffusion of
thermoelectric materials in society and daily life, I declare this Special Issue closed thanking
all the colleagues and all the editorial staff of Materials for their great contributions and
everlasting support.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Redox-Promoted Tailoring of the High-Temperature
Electrical Performance in Ca3Co4O9 Thermoelectric
Materials by Metallic Cobalt Addition

Gabriel Constantinescu *, Artur R. Sarabando, Shahed Rasekh, Diogo Lopes, Sergii Sergiienko,

Parisa Amirkhizi, Jorge R. Frade and Andrei V. Kovalevsky

Department of Materials and Ceramic Engineering, CICECO–Aveiro Institute of Materials, University of Aveiro,
3810-193 Aveiro, Portugal; artursarabando@ua.pt (A.R.S.); shahedvrm@ua.pt (S.R.); djlopes@ua.pt (D.L.);
sergiienko@ua.pt (S.S.); parisa.amirkhizi@ua.pt (P.A.); jfrade@ua.pt (J.R.F.); akavaleuski@ua.pt (A.V.K.)
* Correspondence: gabriel.constantinescu@ua.pt

Received: 27 January 2020; Accepted: 25 February 2020; Published: 27 February 2020

Abstract: This paper reports a novel composite-based processing route for improving the electrical
performance of Ca3Co4O9 thermoelectric (TE) ceramics. The approach involves the addition of
metallic Co, acting as a pore filler on oxidation, and considers two simple sintering schemes. The
(1-x)Ca3Co4O9/xCo composites (x = 0%, 3%, 6% and 9% vol.) have been prepared through a modified
Pechini method, followed by one- and two-stage sintering, to produce low-density (one-stage, 1ST)
and high-density (two-stage, 2ST) ceramic samples. Their high-temperature TE properties, namely
the electrical conductivity (σ), Seebeck coefficient (α) and power factor (PF), were investigated
between 475 and 975 K, in air flow, and related to their respective phase composition, morphology
and microstructure. For the 1ST case, the porous samples (56%–61% of ρth) reached maximum PF
values of around 210 and 140 μWm−1·K−2 for the 3% and 6% vol. Co-added samples, respectively,
being around two and 1.3 times higher than those of the pure Ca3Co4O9 matrix. Although 2ST
sintering resulted in rather dense samples (80% of ρth), the efficiency of the proposed approach, in
this case, was limited by the complex phase composition of the corresponding ceramics, impeding the
electronic transport and resulting in an electrical performance below that measured for the Ca3Co4O9

matrix (224 μWm−1·K−2 at 975K).

Keywords: calcium cobaltite; TE performance; electrical properties; composite; redox tuning

1. Introduction

Thermoelectric (TE) materials can directly convert an applied temperature gradient into electrical
voltage due to the Seebeck effect and are regarded as a promising solution for producing electrical
power from waste-heat sources [1–3]. They are employed in self-sufficient, robust TE devices (modules
and generators), which are very reliable, sustainable and scalable, allowing mainly for mobile or
remote applications [4,5]. The range of possible applications for TE materials is mostly limited by their
relatively low conversion efficiencies [6], but with the recent aid of machine learning and artificial
intelligence tools, new horizons in TE materials are envisaged [7]. The performance of a TE material is
limited by the Carnot efficiency and is quantified through the dimensionless figure of merit ZT:

ZT =
α2σ
κ

T (1)

combining the absolute Seebeck coefficient (α), electrical conductivity (σ), total thermal conductivity
(κ) and prospective working temperature (T). The electrical part of ZT (α2σ) is called the power factor
(PF) and depends entirely on the material’s intrinsic electrical properties. It becomes obvious from the

Materials 2020, 13, 1060; doi:10.3390/ma13051060 www.mdpi.com/journal/materials3
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expression of ZT that good TE materials must simultaneously possess large α and σ and small κ. These
TE coefficients, however, are not independent of each other and cannot be treated separately, without
affecting the others. For example, the Wiedemann–Franz law addresses the intimate fundamental
relationship between the electrical conductivity and the electronic contribution to κ. Therefore, the
usual approaches in improving ZT [8] are the decrease of phonon contribution to κ and/or the increase
in PF. As most established TE materials are semiconductors, the PF presents a maximum value within
a narrow range of charge carrier concentration. The optimization of carrier concentration is usually
performed through various electronic band-structure engineering techniques [9–11].

Established TE materials like Bi2Te3, Bi2Se3, PbTe, half-Heusler alloys, intermetallic Zintl
phases, skutterudite and some Si-based alloys have already demonstrated feasible power generation
performances (ZT ≈ 1) at low and intermediate temperature ranges [12,13]. At temperatures above
~800–900 K in air, however, they do not possess the necessary thermal and/or chemical stability
needed for power generation applications, and they degrade or decompose. Furthermore, they contain
expensive, toxic and/or scarce elements which impose important limitations. For these reasons, the
established TE materials are usually employed in niche situations where their advantages outweigh
their disadvantages [14].

With the discovery of attractive TE properties in NaxCoO2 ceramics in 1997 [15], a lot of effort
has been put in the research and development of CoO-based materials, as well as other transition
metal oxides [16], which have important ‘default’ advantages (abundance, low-cost, environmental
‘friendliness’, low reactivity and high thermochemical stability) over established TE materials, enabling
them to be considered for power generation applications at high temperatures and in oxidizing
conditions [17–21]. While the best performing n-type TE oxides were found in the family of
perovskite-type titanates [22–25], manganites [26–29] and ZnO-based materials [30–32], one of the most
promising p-type TE materials (considered as the best choice for a p-type leg in a high-temperature TE
module) continues to be the so-called Ca3Co4O9 compound, belonging to the family of misfit-layered
cobaltites [26]. However, its main practical drawbacks, namely the strong anisotropic electrical
properties induced by the particular misfit crystal structure (which promotes the growth of elongated,
randomly oriented plate-like grains of different shapes and sizes, resulting in space-inefficient packing in
the bulk ceramics and poor electrical contacts between the grains, under classical sintering/consolidation
methods/conditions) and the low bulk density and weak mechanical strength (due to the big difference
between the maximum stability temperature of the Ca3Co4O9 phase and the temperature of its liquid
phase), represent some of the major challenges in the development of TE modules using Ca3Co4O9 as
a p-type leg.

The Ca3Co4O9 compound is an intrinsically nanostructured material that has a monoclinic crystal
structure (P2(3) space group) consisting of two different alternating layers, stacked in the c-axis direction,
namely a distorted triple rock-salt (RS) type Ca2CoO3 insulating layer, where the cobalt valence is (2+),
which is sandwiched between two hexagonal (H) CdI2-type CoO2 conductive layers (consisting of
edge-shared CoO6 octahedra), where the mean cobalt valence is between (3+) and (4+). A complex
misfit structure is built along the b-axis direction [33,34], since the b cell parameters are incommensurate
(the a- and c-axes and β angles are common). It is worth mentioning that the CoO2 crystallographic
planes from Ca3Co4O9 are isostructural to those found in the superconductor Na0.35CoO2 × 1.3H2O,
with Tc = ~5 K [35]. Based on its crystal structure, Ca3Co4O9 is more technically written with
the chemical formula [Ca2CoO3][CoO2]1.62, where ‘1.62’ is the so-called incommensurability ratio
(bRS/bH), found to be responsible for the high Seebeck coefficient values [36], which are susceptible to
modifications using chemical substitutions.

Some of the best-known individual or combined approaches for enhancing the TE performances
of Ca3Co4O9 include cation substitutions in both calcium and cobalt sites, microstructural engineering
techniques and some composite approaches [37–45]. The density and grain connectivity may be
improved by using specific processing methods, like SPS and LFZ [46–48], and high-quality, ultrafine
precursor powders [49–51].
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Two-step sintering schemes also produce quite dense ceramics, but they require long
processing/annealing times to stabilize the TE phase [48] and to avoid the formation of unwanted
additional secondary phases. According to the equilibrium phase diagram of the Ca-Co-O system in
air [52,53], the Ca3Co4O9 phase is stable up to 1199 K, after this limit decomposing to Ca3Co2O6 and
CoO, which are both stable up to 1299 K, following the decomposition reactions from the following
equations:

Ca3Co4O9 → Ca3Co2O6 + 2 CoO + O2 ↑ (2)

Ca3Co2O6 → 3 CaO (ss) + 2 CoO (ss) + O2 ↑ (3)

Following the stoichiometry line further, the first liquid phase appears at 1623 K, a fact which is
very important when considering problems related to the bulk density of this phase.

This work aims to study a redox-promoted approach for improving the electrical performance
of the bulk Ca3Co4O9 compound, implying an addition of a dispersed metallic phase which further
oxidizes on sintering and provides a pore-filling effect. The efficacy of the proposed approach is
assessed by measuring the high-temperature TE properties of the resulting composite materials, which
are further related to their compositions, morphologies and microstructures.

2. Materials and Methods

The Ca3Co4O9 ceramic matrix materials were prepared from ultrafine Ca3Co4O9 precursor
powders (batches of ~10 g), obtained through a modified Pechini method. Micrometric metallic Co
powder (Alfa Aesar, 1.6 μm, 99.8%, metals basis) was weighed in the stoichiometric amount and
dissolved in a minimum amount of medium concentrated nitric acid (HNO3, LabKem 65% AGR ISO,
ACS) and distilled water. The mixture was slowly heated and magnetically stirred (on a hotplate,
with a magnetic stirrer), to evaporate the excess water and to produce the cobalt nitrate, until a
relatively viscous pink/violet gel formed. Distilled water and the stoichiometric amount of citric
acid monohydrate (Sigma-Aldrich, ACS reagent, ≥99.0%) was added afterward to the mixture, while
slowly stirring and heating it continuously to around 423 K, for a minimum of 2 h, and adding
distilled water from time to time, to maintain a minimum volume of liquid in the beaker. After
this step, the stoichiometric amount of CaCO3 powder (Sigma-Aldrich, ACS reagent, chelometric
standard, 99.95–100.05% dry basis) was added and left together to mix in the same conditions for
~30 min. Finally, the necessary measured volume of ethylene glycol (Fluka Analytical, puriss. p.a.,
Reag. Ph. Eur., ≥99.5%) was added to the pink/violet liquid, which started the polymerization reaction,
signaled by the appearance of bubbles which later turned to foam, aided by controlling the optimal
temperature and stirring values. The liquid mixture from this last part of the modified Pechini chemical
synthesis process (which lasted from 3 to 5 h) was subjected to temperatures between 473 and 573 K,
on the hotplate; this contributed to the chemical reactions to occur, changing in the last part, after
the evaporation of distilled water excess, to a very viscous pink/violet gel or paste, which eventually
solidified completely. At this step, the stirring was stopped completely, and the burning of the organic
components began, using temperatures between 573 and 673 K, and times between 2 and 4 h. The
resulted black powder was finely ground in an agate mortar (aided by high-purity ethanol, which was
evaporated afterward) and subjected to a 3-step thermal treatment cycle in air (room temperature (RT)
to 573 K (5 K/min), to 873 K (1 K/min, dwell 6 h), to 1073 K (1 K/min, dwell 6 h), and to RT (5 K/min)),
in order to decompose the carbonates and burn-out the organic phases excess (controlled combustion),
promoting the formation of the desired TE Ca3Co4O9 phase.

The calcined precursor powders were finely ground one last time, in the same way as before, and
the various compositions have been produced/prepared, by adding 3%, 6% and 9% vol. of metallic
Co and mixing them together, thoroughly. Pure matrix compositions were kept for comparison, as
references. The final compositions were uniaxially pressed at 200 MPa (15.7 kN) for around one minute.
The green ceramic pellets were subsequently sintered in air, following 2 different sintering schemes
inspired from References [49] and [54], to produce low-density and high-density samples, respectively:
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One-stage, 1ST: RT to 1173 K (2 K/min, dwell 24 h), to RT (2 K/min).
Two-stage, 2ST: RT to 773 K (8 K/min), to 1473 K (2 K/min, dwell 6 h), to 1173 K (10 K/min, dwell

72 h), to RT (2 K/min).
After sintering, the pellets were carefully polished, finely ground or cut in the adequate shapes

and sizes, for the relevant characterization to be performed onward. The experimental densities (ρexp)
of Ca3Co4O9-based ceramic samples were determined by geometrical measurements and weighing.
The estimated errors in all cases were found to be <3%.

Phase identification was performed through powder X-Ray Diffraction (XRD) analyses, for various
Ca3Co4O9-based samples (ground into powder) and for precursors (after the organic phases burn-out
and after the 3-step thermal treatment), at RT, using a PHILIPS X’PERT system with CuKα radiation
(Cuα = 1.54060 Å), with 2θ angles ranging between 5 and 90 degrees and a step and exposure time of
0.02◦2θ and 3 s, respectively.

Morphological characterization of fractured samples coated with carbon was performed using
scanning electron microscopy (SEM, Hitachi SU-70 instrument, Aveiro, Portugal), complemented by
energy-dispersive spectrometry (EDS, Bruker Quantax 400 detector).

Electrical conductivity and Seebeck coefficient measurements were simultaneously performed on
bar-shaped samples (~10 × 2 × 2 mm), in constant air flow, using a custom setup described in detail
elsewhere [55], from 475 to 975 K, with a step of 50 K, using a steady-state technique. Freshly cut
samples of each composition were fixed inside a specially designed alumina sample holder, placed in
turn inside a high-temperature furnace, one horizontally (σ, electrically connected with fine Pt wire,
following a four-point probe DC technique arrangement, using an applied electric current) and the
other vertically (α, subjected to a local constant temperature difference of ~14 K). The measurement
part of the custom setup was similar to that described in Reference [56]. From the measured σ and α

values, the PF values were calculated in each case, at each temperature step.
The XRD and TE coefficient plots were constructed using the OrginPro software (2019b (9.65)).

3. Results and Discussions

3.1. Structural Characterization

The approach proposed in the present work involves the redox-promoted tailoring of the
microstructural features, which are known to be of particular importance for the TE performance
of Ca3Co4O9. To avoid the formation of excessively porous material with inhomogeneous cations
distribution, a chemical synthesis route based on combustion (modified Pechini) was chosen, which
provides the necessary high-quality precursor powder, possessing high reactivity, homogeneity and
low particle size, leading to desired, single-phase compositions in the case of reference samples [49].

From the XRD pattern for dried precursor powder sample, taken immediately after the organic
phases combustion/decomposition/burn-out (’dried precursor’, Figure 1A), one can clearly see that the
present phases are mainly calcium carbonate and cobalt oxides, in agreement with previously reported
results for a similar case [49]. The burn-out temperature (~623 K) from this instance is not high enough
to form the desired TE phase.

6
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Figure 1. Normalized XRD patterns of the modified Pechini precursor powder: (A) after drying at
~623 K for ~3 h (organic phases burn-out) and (B) after the three-step thermal treatment at 573 K, 873 K
(6 h) and 1023 K (6 h), showing the phase composition and estimated amount in each case. The (hkl)
crystallographic planes belonging to the Ca3Co4O9 phase are also shown in (B).

7
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In agreement with the corresponding equilibrium phase diagram [52,53], the formation of the
Ca3Co4O9 phase starts taking place after the application of the three-step annealing cycle, which
promotes the following reactions to occur:

6CoO + O2 → 2Co3O4 (4)

9CaCO3 + 4Co3O4 + O2 → 3Ca3Co4O9 + 9 CO2 ↑ (5)

resulting in nearly single-phase, high-quality precursor powder. The respective XRD pattern can be
seen in Figure 1B (‘calcined precursor’), where the corresponding peaks and (hkl) crystallographic
planes belong to the Ca3Co4O9 phase, as shown by the PDF cards #00-058-0661 [33] and #00-062-0692.

Going forward to the 1ST and 2ST sintered samples obtained from the modified Pechini precursor
powder, the XRD results (Figure 2A–F) clearly show the presence of additional factors affecting the
final phase composition in all cases, being more simple in the 1ST case and more complex in the
2ST case, as compared to the pure matrix samples. From now on, the 0%, 3%, 6% and 9% vol. Co
containing Ca3Co4O9 samples sintered in one and two stages will be denoted as 0, 3, 6 or 9Co_1ST or
2ST, for simplicity, as shown in Table 1. Table 1 also shows the fractions of Ca3Co4O9 phase and phase
impurities in wt.%, as estimated by the RIR method.

Table 1. Denominations, phase composition and density of the prepared ceramic samples.

Composition
Processing
Conditions

Denomination
Phase

Composition,
wt.%*

Density ρexp, g/cm3 ρexp/ρth**

Ca3Co4O9 one-stage 0Co_1ST Ca3Co4O9(100) 2.62 0.56
Ca3Co4O9 +3%

vol. Co one-stage 3Co_1ST Ca3Co4O9(94);
Co3O4(6) 2.90 0.61

Ca3Co4O9 + 6%
vol. Co one-stage 6Co_1ST Ca3Co4O9(85);

Co3O4(15) 2.85 0.59

Ca3Co4O9 + 9%
vol. Co one-stage 9Co_1ST Ca3Co4O9(80);

Co3O4(20) 2.81 0.57

Ca3Co4O9 two-stage 0Co_2ST Ca3Co4O9(100) 3.74 0.80

Ca3Co4O9 + 3%
vol. Co two-stage 3Co_2ST

Ca3Co4O9(94);
Ca3Co2O6(4);

Co3O4(2)
4.12 -

Ca3Co4O9 + 6%
vol. Co two-stage 6Co_2ST

Ca3Co4O9(70);
Ca3Co2O6(23);

Co3O4(7)
4.35 -

Ca3Co4O9 + 9%
vol. Co two-stage 9Co_2ST

Ca3Co4O9(40);
Ca3Co2O6(40);

Co3O4(20)
4.49 -

*—Estimated using the RIR method; **—Theoretical density.

Firstly, the XRD patterns corresponding to both pure matrix compositions 0Co_1ST and 0Co_2ST
(Figure 2A,B) indicate the presence of single-phase Ca3Co4O9, as marked by the corresponding (hkl)
crystal planes, in agreement with the work of Masset et al. [33] and other literature references [52,53].
Thus, in terms of the phase composition, there is no significant difference between the two sintering
schemes applied to the pure matrix samples; these samples are further used as references to follow
the effects imposed by the cobalt additions. The XRD data for the Co-containing samples (3, 6 and
9Co_1ST and 2ST) suggest the presence of new phases, different for each sintering scheme, as shown in
Figure 2C–F. Those secondary phases correspond to Co3O4 for the 1ST case, and Co3O4 and Ca3Co2O6

for the 2ST sintered samples, respectively. Their concentration, estimated using the RIR method,
increases with the addition of metallic Co (Table 1).
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Figure 2. Cont.
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Figure 2. Cont.
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Figure 2. Normalized XRD patterns of the 1ST and 2ST sintered samples: (A) 0Co_1ST, (B) 0Co_2ST,
(C) 3Co_1ST, (D) 3Co_2ST, (E) 9Co_1ST and (F) 9Co_2ST, showing the phase composition in each case.
In (A,B), the (hkl) crystallographic planes belonging to the Ca3Co4O9 phase are shown.

Metallic cobalt readily oxidizes in the air, at temperatures above 900 K, forming a CoO and Co3O4

mixture [57]. Hence, the observed phase composition is in good agreement with that predicted by

11
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the phase diagrams [52,53]. Shifting from the nominal 3CaO–2Co2O3 ratio to the Co-rich region
mainly promotes the formation of Ca3Co4O9 + Co3O4 at temperatures below 1060–1200 K (1ST case),
while the formation of Ca3Co2O6 and Co(Ca)O takes place at higher temperatures (2ST case). The
re-equilibration of the Ca3Co2O6 and Co(Ca)O mixture at 1173 K during the second step from the 2ST
sintering is only partial, explaining why the resulting composites from this case still retain a significant
fraction of Ca3Co2O6 phase.

3.2. Microstructural Evolution

Some additional insights on the observed difference in phase composition between the 1ST and
2ST sintered samples can be obtained by analyzing the densities of the prepared ceramic materials
(Table 1). The relative density of the 1ST samples was calculated by assuming a simple mixing rule and
the theoretical densities of 4.69 and 6.06 g/cm3 for Ca3Co4O9 and Co3O4, correspondingly [58]. The
density shows a noticeable improvement for the 3Co_1ST samples, as compared to the pure matrix;
the values for 6Co_1ST and 9Co_1ST are also slightly higher than for the reference, but slightly lower
than for 3Co_1ST. Together with the electron microscopy results discussed below, these results suggest
that the addition of metallic cobalt particles contributes by filling the undue porosity during oxidation.
This porosity is formed by the plate-like grains of different shapes and sizes and by the low packing
density resulting from the 1ST sintering scheme. At high cobalt contents, this effect vanishes, probably
due to the excessive expansion provided by the cobalt oxide formation and corresponding detachment
of the particles/grains. It should be noticed that the 9Co_1ST samples also show a relatively poor
mechanical strength, as compared to the other 1ST samples. In any case, the apparently low-density
values of the 1ST sintered samples are typical for this material, obtained in this manner [59].

On the other hand, rather dense samples were obtained in the 2ST sintering case. The relative
density was not assessed for these samples due to possible errors originating from a more complex phase
composition. Nevertheless, the tendency for a general density increase as compared to the pure matrix
composition is evident, the corresponding ρexp being comparable with those found in the literature,
e.g., for microwave processed samples [40]. Although simultaneously resulting in a more complex
phase composition, the relatively high processing temperature actually facilitates the densification of
the samples. At the same time, the first temperature step at 1473 K significantly suppresses the oxygen
exchange/diffusion in the samples and delays the phase composition equilibration during the second
step, 1173 K, in the window where the TE Ca3Co4O9 phase is formed. Thus, the final composition of
the 2ST sintered samples correspond to a kinetically frozen state, representing a significant fraction of
high-temperature Ca3Co2O6 phase. Similar observations have been reported elsewhere [48].

The significant porosity of the 1ST sintered samples, known to be detrimental for the electrical
performance, actually facilitates the thermal equilibration, due to a faster oxygen diffusion, which
results in the formation of a higher amount of Ca3Co4O9 phase for the same nominal composition, as
compared to the equivalent 2ST case.

The above discussion is in good agreement with the following microstructural results (Figures 3
and 4). For the 1ST case, the representative SEM images from fractured samples shown in Figure 3A,C,E
apparently suggest an improvement in densification from 0Co_1ST to 3Co_1ST, while the morphology
of the grains remains essentially unchanged. The high porosity found for the 9Co_1ST sample is also
visible in the micrograph E (Figure 3). The small grain sizes and low particle-size dispersion, typical for
the Pechini precursor powders, can also be seen in these selected SEM pictures from the 1ST sintered
samples, where the mean grain sizes are estimated to be ~1 μm.

For the 2ST case, however, the morphologies and microstructures of the samples change substantially,
especially for the Co-containing ones (Figure 3B,D,F). First of all, the porosity is much lower than in the 1ST
case, promoted by the additional high-temperature sintering step, which, together with the long annealing
time, also led to a twofold or threefold increase in grain size (Figure 3B) and a better consolidation during
sintering. Furthermore, when Co is added to the Ca3Co4O9 matrix, the plate-like grains associated to
the Ca3Co4O9 phase become increasingly harder to identify in the micrographs of the corresponding
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samples, due to the increase in secondary phases amount (especially Ca3Co2O6), in agreement with the
corresponding XRD results shown previously.

 
Figure 3. Representative SEM micrographs of fractured 1ST and 2ST sintered samples: (A) 0Co_1ST,
(B) 0Co_2ST, (C) 3Co_1ST, (D) 3Co_2ST, (E) 9Co_1ST and (F) 9Co_2ST.

The respective representative EDS maps from Figure 4 show more details on the phase evolution
and explain the different morphologies and microstructures found for the two sintering schemes
employed. Firstly, the EDS maps from Figure 4A,B suggest a uniform Ca and Co distribution in
the 0Co_1ST and 0CO_2ST samples, in agreement with their pure phase composition (Figure 2A,B
and Table 1), showing 100% Ca3Co4O9. The microstructural arrangements observed for 3Co_1ST
and, especially, 9Co_1ST (Figure 4C,E) indicate that Co3O4, which forms on oxidation of Co particles
simultaneously with the formation of Ca3Co4O9, may actually connect highly asymmetric Ca3Co4O9

grains between themselves, acting as a pore filler in the 1ST samples with low-density grain packing.
These connections are fewer and more homogeneously distributed for 3Co_1ST, while their number
increases and their homogeneity decreases (agglomerates start to form gradually) on increasing the
amount of added cobalt. The large agglomerates of Co3O4 from 9Co_1ST may explain the higher
porosity and subsequent lower density of these samples.
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Figure 4. Representative EDS maps of fractured 1ST and 2ST sintered samples: (A) 0Co_1ST, (B) 0Co_2ST,
(C) 3Co_1ST, (D) 6Co_2ST, (E) 9Co_1ST and (F) 9Co_2ST.

The effect of improved grain connection vanishes in the 2ST sintered samples, where high density
is inherent due to processing at a higher temperature. In this case, the excess of cobalt leads to rather
complex morphologies and microstructural features, determined by an interplay between distinct
formation kinetics of Ca3Co4O9, Ca3Co2O6 and Co3O4, affecting their spatial distribution. In fact, the
grain morphology of these phases becomes essentially similar for 9Co_2ST (Figure 4F), in contrast
to 9Co_1ST (Figure 4E), where elongated Ca3Co4O9 grains are preserved and interconnected by
Co3O4 inclusions.

The results presented up to this point are in agreement with the following high-temperature
electrical performances’ results.

3.3. Electrical Performance

The evolution of the electrical conductivity (σ) with temperature for the 1ST sintered samples
is shown in Figure 5A. All σ values increased almost linearly with temperature, showing a typical
semiconducting behavior (dσ/dT≥ 0), also found elsewhere in literature, for similar cases [45,50,54,60,61].
The high-temperature electrical conduction mechanism characteristic for Ca3Co4O9 is thermally
activated hole hoping [62]. The electrical conductivity of Ca3Co4O9 is highly anisotropic [13] and is
mainly governed by the holes from the ab plane [33], i.e., by the conductive hexagonal [CoO2] layers.
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The formation of elongated grains (with mostly random orientation) during conventional solid-state
processing results in high porosity and poor grain interconnectivity.
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Figure 5. Cont.
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Figure 5. Electrical conductivity (A), Seebeck coefficient (B) and power factor (C) for 1ST
sintered samples.

The obtained results unambiguously suggest that the proposed redox tailoring approach indeed
results in a significant improvement of the charge carrier transport in the 1ST sintered materials. The
electrical conductivity for the sample with the lowest amount of added cobalt, 3Co_1ST, is 1.6–1.9 times
higher than for the pure matrix reference. It should also be noted that the highest σ value of 68 Scm−1,
observed for 3Co_1ST at 975 K, is higher than some of the best-reported values in the literature [54,63].
This enhancement is believed to result from the improved grains interconnectivity, provided by the
oxidation of added cobalt particles and filling of the pores with cobalt oxide. An oxidation-promoted
filling by Co3O4 expansion in the pores is essential in this case, while direct sintering of Ca3Co4O9 and
Co3O4 mixture produces only a marginal improvement of the electrical conductivity in SPS processed
samples, as found by F. Delorme [45]. It should be noticed that the electrical conductivity of 3Co_1ST
with 61% of relative density (Table 1) is only slightly (~10% to 15%) lower than for 98% dense Ca3Co4O9

prepared by SPS [45]. Even though Co3O4 intrinsically possesses notably lower total conductivity than
Ca3Co4O9 [45,64] and, thus, cannot provide a decisive enhancement of the charge carrier concentration,
it contributes, however, by improving the charge carrier mobility, by connecting neighboring Ca3Co4O9

grains, following the following basic equation [12]:

σ = neμ (6)

where n, e and μ are the charge carrier concentration, the electron charge and the carrier mobility,
respectively. This hypothesis is also confirmed by comparable values of the Seebeck coefficient for
0Co_1ST, 3Co_1ST and 6Co_1ST; for the latter two composites, the thermopower is even slightly higher
than for the pure matrix reference. This difference also agrees with the fact that the Seebeck coefficient of
Co3O4 is noticeably higher compared to Ca3Co4O9 [65], but appears counterintuitive when considering
the significant drop in α observed for the 9Co_1ST sample (Figure 5B). A similar decrease was actually
observed by F. Delorme [45] and attributed to the presence of the compressive strain originating from
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the mismatch of the thermal expansion coefficients of Ca3Co4O9 and Co3O4, which is more likely
to contribute at relatively higher Co3O4 contents, as those assessed in Reference [45]. The highest α
values were measured for both 3 and 6Co_1ST, reaching the maximum value of 175 μVK−1 at 975 K for
3Co_1ST, which is comparable to some of the best values reported in the literature [45,46].

The resulting PF values for the 1ST case are shown in Figure 5C. All samples demonstrate
similar behavior: the PF values increase proportionally with temperature, in the whole measured
temperature range. The PF values systematically decreased from 3Co_1ST to 9Co_1ST, following the
corresponding trends observed for electrical conductivity and Seebeck coefficient. The highest PF
value of 210 μWm−1·K−2, belonging to 3Co_1ST at 975 K, is among the best values reported in the
literature, for highly textured, high-density samples [45,46].

Essentially opposite effects of the cobalt addition on the electrical transport properties can be
observed for the denser 2ST sintered samples (Figure 6). In this case, all σ values also increased linearly
with temperature, in the whole measured temperature range, with the highest conductivity values
measured for the reference 0Co_2ST sample. The lower σ values measured for the cobalt-added samples
can most probably be explained by the presence of the additional secondary phase, Ca3Co2O6, besides
Co3O4, known to possess σ values of at least one order of magnitude lower than for Ca3Co4O9 [66,67].
The lowest σ values (between 13 and 28 Scm−1) measured for 6 and 9Co_2ST are in agreement with
the largest 23 and 40 wt.% fraction of Ca3Co2O6, respectively, found in these samples. The reference
sample 0Co_2ST has the largest σ values (between 70 and 80 Scm−1) measured in this work, due to its
higher density (80% of ρth); this conductivity range is, again, comparable to some of the best-reported
values from the literature [54,63]. In 3Co_2ST and 6Co_2ST, the cobalt addition also surprisingly
resulted in a general decrease of the Seebeck coefficient (Figure 6B), which might be a result of various
mechanical strains imposed by the complex phase composition. The combination of these factors
resulted in a general decrease of the power factor measured for all cobalt-added 2ST sintered samples,
as shown in Figure 6C.
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Figure 6. Cont.
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Figure 6. Electrical conductivity (A), Seebeck coefficient (B) and power factor (C) for 2ST sintered samples.

Finally, Figure 7 illustrates the compositional dependence of electrical performance at a
fixed temperature.
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Figure 7. Compositional dependence of the power factor at 925 K, for the 1ST and 2ST sintered samples.

The highest PF values (around 200 μWm−1·K−2) from this work were achieved for 0Co_2ST and
3Co_1ST, due to the high density and grains interconnectivity improvement effect provided by the
oxidation of cobalt, respectively. Higher cobalt additions promoted the formation of a larger amount
of resistive secondary phases, which lead to lower PF values in the corresponding samples. Since a
significant improvement of the electrical performance was found for a relatively low Co concentration,
additional studies in the range of 1–5% vol. of cobalt addition might be necessary to further evaluate
the potential of the proposed approach. The kinetics of pore-filling effects can be also adjusted by
the size of the cobalt particles and the heating/dwell conditions. Thus, the scope of the present work
includes the first demonstration of the redox-tailoring effects provided by the metal powder addition
on the electrical counterpart of the TE performance of Ca3Co4O9-based materials. Further assessment
of the impact of the redox-induced interface on the thermal transport properties in such composite
materials is also essential and needs to be addressed.

4. Conclusions

This work demonstrates a new processing route for tailoring the high-temperature electrical
performance of Ca3Co4O9-based materials, based on redox-promoted pore-filling effect on oxidation
of metallic cobalt particles added to the Ca3Co4O9 matrix. The efficacy of the proposed approach was
shown to be strongly dependent on the processing conditions, resulting in a significant enhancement
of the thermoelectric performance for relatively porous materials, where the effect of pore filling
was more pronounced. This was provided by the presence of Co3O4 phase, which promoted an
improvement in densification and better interconnectivity between Ca3Co4O9 grains, simultaneously
resulting in enhanced electrical transport. An alternative two-stage sintering route led to much denser
Ca3Co4O9/Ca3Co2O6/Co3O4 ceramic samples, possessing, however, lower electrical performances
due complex phase composition. The highest PF value of 210 μWm−1·K−2 at 975 K was observed
for the Ca3Co4O9-based ceramics containing 3% vol. of metallic cobalt addition, which is among the
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best-reported values in the literature for textured, high-density p-type layered cobaltites. The results
highlight the importance of a proper grain boundaries design in Ca3Co4O9-based thermoelectrics,
where inherently poor densification during normal sintering can be compensated by introducing a
suitable grain-connecting phase.
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Abstract: CoSb3-based skutterudite alloy is one of the most promising thermoelectric materials
in the middle temperature range (room temperature—550 ◦C). However, the realization of an
appropriate metallization layer directly on the sintered skutterudite pellet is indispensable for the
real thermoelectric generation application. Here, we report an approach to prepare the metallization
layer and the subsequent diffusion bonding method for the high-performance multi-filled n-type
skutterudite alloys. Using the electroplating followed by low-temperature annealing approaches,
we successfully fabricated a Co-Mo metallization layer on the surface of the skutterudite alloy.
The coefficient of thermal expansion of the electroplated layer was optimized by changing its chemical
composition, which can be controlled by the electroplating temperature, current and the concentration
of the Mo ions in the solution. We then joined the metallized skutterudite leg to the Cu-Mo electrode
using a diffusion bonding method performed at 600 ◦C and 1 MPa for 10 min. The Co-Mo/skutterudite
interfaces exhibit extremely low specific contact resistivity of 1.41 μΩ cm2. The metallization layer
inhibited the elemental inter-diffusion to less than 11 μm after annealing at 550 ◦C for 60 h, indicating a
good thermal stability. The current results pave the way for the large-scale fabrication of CoSb3-based
thermoelectric modules.

Keywords: thermoelectric materials; joining; skutterudite alloy; Co-Mo metallization layer

1. Introduction

Thermoelectric materials have attracted great attention for centuries because they can directly
convert heat to electricity, and vice versa [1]. Nowadays, thermoelectric generation is also an important
green energy technology for solving the energy crisis [2]. Among many thermoelectric materials, the
skutterudite (SKU) compound is one of the most promising thermoelectric materials for the middle
temperature range of thermoelectric generation. The skutterudite compound not only possesses
high thermoelectric performance, but also good mechanical properties and excellent economic and
environmental friendliness [3–8].

In the fabrication of a thermoelectric device, both p-type and n-type thermoelectric materials are
required to be connected with the metal electrodes [9]. However, due to problems such as the large
contact resistance, elemental diffusion and coefficient of thermal expansion (CTE) mismatch, how to
connect the skutterudites to the electrodes reliably is still a major challenge [10]. Copper and nickel are
the common electrode materials for the thermoelectric devices. However, when the electrode connects
to the skutterudite compounds directly, they react violently. This reaction results in a great degradation
of the thermoelectric performance of the skutterudite compounds [11,12]. Therefore, it is indispensable
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to prepare a diffusion barrier layer on the surface of the skutterudite compound. At present, most of
the diffusion barrier layers of thermoelectric materials are fabricated by the sintering method [13–15].
The connection is achieved using the brazing method [16]. For example, Guo et al. used Fe-Co-Ni
alloys as the diffusion barriers suitable for their p- and n-type skutterudite compounds [16]. Co, Fe, Ni
and some minor elements were arc melted into buttons. Round disks were then sliced from the buttons
and sintered on the top and bottom sides of the n- and p-type pellets to serve as diffusion barriers.
After that, the metallized pellets were brazed to the Cu electrodes using the Ag-Cu-Zn solders [16–18].
Gu et al. used the Ti-Al mixed powders as the diffusion barrier. The Ti-Al mixed powders were put on
the top of the Yb0.3Co4Sb12 fine powders during the bonding process of the spark plasma sintering
(SPS); the Ti powders reacted with Sb and Co to form a thin layer of intermetallic compound, which
provided necessary bonding strength [19]. However, when the diffusion barrier layers were sintered
with the thermoelectric powders, both the sintering temperature and pressure were limited by the
physical properties of the thermoelectric materials; the barrier layer was often porous, resulting in the
large contact resistivity of the thermoelectric leg. Furthermore, the preparation of the barrier layer by
the sintering method often resulted in the difficulty of controlling the size of the thermoelectric leg
accurately. The size of the sintered pellets was also limited by the thermal stresses caused by the CTE
mismatch. Thus, these features were inconvenient for the large-scale device fabrication.

Electroplating metallic layers on thermoelectric materials followed by annealing is widely used
in the thermoelectric community [20]. It has been reported that a cobalt barrier layer was prepared
on the surface of a skutterudite leg by the electroplating method. However, since the CTE of cobalt
is larger than that of the skutterudite alloy, the joint was easy to crack [21]. It was also reported that
a Ti barrier layer on the surface of the skutterudite alloy was prepared by the magnetron sputtering
approach [22]. The CTE of Ti was similar to that of the skutterudite alloy; but the diffusion ability
of Ti in the skutterudite alloy was very weak, resulting in low bonding strength between them [23].
Zhao et al. prepared a Ti barrier layer by the SPS method and systematically studied the diffusion
kinetics of the Ti/CoSb3 interface at high temperatures. Using the interfacial shearing strength as the
criteria, Zhao et al. also predicted a service life of over 20 years for the Ti/CoSb3 joints at 500 ◦C [24,25].

It is clear that the realization of an appropriate diffusion barrier layer directly on the sintered
skutterudite pellet is critical for the real thermoelectric generation application. Here, we first synthesized
multifilled n-type skutterudite pellets. Then, the Co-Mo nanograined layers were fabricated on the
surface of the pellets by the traditional electroplating and subsequent low-temperature annealing
approaches. Both the CTE and the elemental diffusion behaviors were controlled by tuning the Mo
content in the layer. Finally, a reliable joint between the skutterudite alloy and the Cu-Mo electrode
was achieved using the diffusion bonding method.

2. Materials and Methods

2.1. Fabrication of the Skutterudite Alloys

Yb ingot (99.9%, Alfa Aesar), Al ingot (99.9%, Alfa Aesar), Ga ingot (99.99%, Alfa Aesar), In ingot
(99.9%, Alfa Aesar), Co ingot (99.95%, Alfa Aesar), Ca granules (99.5%, Alfa Aesar), Fe granules
(99.98%, Alfa Aesar) and Sb balls (99.999%, Alfa Aesar, Ward Hill, US) were weighted according to the
chemical composition of Yb0.3Ca0.1Al0.1Ga0.1In0.1Co4Sb12. The weighted elements were loaded into a
carbon crucible and then were sealed in the quartz tubes under vacuum below 10−3 Pa. The quartz
tubes were slowly heated to 1150 ◦C, held at this temperature for 5 h and then quenched in cold water.
The quenched ingots were annealed at 700 ◦C for 150 h. The annealed samples were ground into
fine powders in sizes of < 75 μm in a glovebox filled with high-purity Ar. Finally, the powders were
sintered using SPS (Dr. Sinter Lab, Tsurugashima, Japan) at 700 ◦C for 15 min under a pressure of
60 MPa.
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2.2. The Electroplating Process

The bulk skutterudite pellets were cut into cubes in the size of 5 mm × 5 mm × 5 mm using a
diamond wire saw (STX-202A, Shenyang, China). The surfaces of the cubes were then polished. Before
electroplating, the cubes were first placed in acetone for ultrasonic cleaning for 10 min to remove
the oil stain on the surface of the material. During the plating of Co-Mo alloy on the surface of the
skutterudite cubes, the temperature of the plating solution was set to 30–60 ◦C; the pH of the plating
solution was controlled at 5.0–7.0 and the current was set to 0.07–0.16 A. It took about 30 min for
the electroplating process. The plated skutterudite cubes were then sealed in the quartz tubes under
vacuum below 10−3 Pa. Thereafter, the quartz tubes were placed in a box furnace for annealing at
450 ◦C for 2 h. Finally, the metallized skutterudite cubes were diffusion bonded to the Cu-Mo electrode.
The applied pressure was about 1 MPa, and the joints were kept at 600 ◦C for 10 min to complete the
diffusion bonding. To study the thermal stability of the metallization layer, we further annealed the
joint at 550 ◦C in vacuum for 2 h, 5 h, 50 h, and 60 h, respectively.

2.3. Characterizations

Electrical transport properties of the obtained skutterudite alloys, including electrical conductivity
and the Seebeck coefficient, were measured using the CTA-3 (Cryoall Co. Ltd, Beijing, China) apparatus.
The maximum ZT of the n-type skutterudite compound was about 1.35@773K. The details of the
thermoelectric properties of the compound will be reported in our future manuscripts. The interfacial
microstructure of the joints was investigated by a scanning electron microscope (Quanta 200FEG
and Merlin Compact, Thermo Fisher Scientific, Waltham, US), and the chemical composition of the
interfacial diffusion layers was analyzed using an energy dispersive spectrometer (EDS). The specific
contact resistivity of the joints was measured on homemade four-probe equipment. The uncertainty of
the homemade equipment is 5%.

3. Results and Discussion

3.1. Metallization of Skutterudite Alloys

Since the skutterudite-based thermoelectric generators usually work between 50 ◦C and 600 ◦C,
it is necessary to prepare a barrier layer on the surface of the skutterudite. Otherwise, the Cu-based
electrodes will react violently with the skutterudite leg, leading to the lower joint strength and
thermoelectric performance of the generator. Generally speaking, the choice of the barrier layer needs
to meet the following criteria: (i) The barrier layer can simultaneously form a finite reaction layer with
the skutterudite compound and the electrode to form a high-strength joint. (ii) The barrier layer should
possess a similar CTE to that of the skutterudite compound and the metal electrode. (iii) The interfacial
electrical and thermal resistances caused by the introduction of the barrier layer should be as low as
possible. According to the above criteria, the Co-Mo alloy was chosen as the barrier layer between the
skutterudite compound and the Cu-Mo electrodes.

Figure 1a shows the cross-section of the electroplated layer. It is clear that the electroplated
layer was just mechanically bonded to the surface of the skutterudite compound. Some parts of the
electroplated barrier layer were separated from the skutterudite just after the electroplating process.
The bonding strength between the barrier layer and the skutterudite alloy was far from the requirement
of an ideal connection. To ensure the bonding strength, subsequent annealing under vacuum was
carried out. As shown in Figure 1b, after annealing at 450 ◦C for 2 h, a metallurgical bonding between
the barrier layer and the skutterudite compound was achieved. Figure 1c shows the high-magnification
backscattered electron (BSE) cross-section image of the interface between the skutterudite alloy and
the electroplated layer. A thin reaction layer in a thickness of 1 μm formed just on the top of the
skutterudite compound. Some nanograined columnar crystals inside the barrier layer can also be
observed clearly. The nanostructures in the electroplated layer introduced a vast amount of highly
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defective grain boundaries, which greatly reduced the diffusion energy barrier in the electroplated
layer. Thus, a metallurgical bonding could be achieved at the low annealing temperature of 450 ◦C.

 

(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 1. The backscattered electron (BSE) micrograph of Co-Mo/skutterudite (SKU) couple: (a)
Before annealing, some parts of the electroplated barrier layer were separated from the skutterudite.
(b) Annealed at 450 ◦C for 2 h, a metallurgical bonding between the barrier layer and the skutterudite
compound was achieved. (c) The columnar crystals of the Co-Mo barrier layer. (d) The Co-Mo/SKU
couple reacted at 500 ◦C for 5h. CoSb2 of 3 μm was formed between the electroplated layer and
skutterudite compound.

To gain insight into the reaction mechanism of the interfacial layer after annealing, we further
increased the annealing temperature and time to obtain a thicker reaction layer. Figure 1d shows the
cross-section microstructure and the EDS line-scanning results of the interface between the skutterudite
compound and the electroplated layer after annealing at 500 ◦C for 5 h. According to the EDS results
listed in Table 1, the Sb atoms diffused into the electroplated layer and CoSb2 was formed between the
electroplated layer and the skutterudite compound. The thickness of the reaction layer increased to
about 3 μm.
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Table 1. Analysis of interface components (at %).

Co Sb Mo Possible Phase

A 26.10 73.87 0.03 CoSb3
B 33.01 66.93 0.06 CoSb2
C 74.90 0.25 24.85 Co-Mo intermetallic phases

3.2. Tuning the CTE of the Barrier Layer

To reduce the thermal stresses between the thermoelectric materials and the electrode, the diffusion
barrier should possess CTE close to those of the skutterudite compounds from room temperature
to 600 ◦C. Guo et al. pointed out that the mismatch ratio of their CTEs should be limited to less
than 10% [16]. The CTE of skutterudite is difficult to change, but the CTEs of Co-Mo alloys can be
easily controlled by adjusting the chemical composition, as shown in Figure 2a. In fact, Song et al.
demonstrated that the Co0.6Mo0.4 powder-mixed composite can serve well as a diffusion barrier for
their n-type skutterudite compounds [26].

(a) 

(c) 

(b) 

(d) 

Figure 2. (a) The temperature-dependent coefficient of thermal expansion (CTE) of Co, skutterudite
compound and Mo. (b) The effects of temperature on the Mo content of the electroplated layer. (c) The
effects of the Na2MoO4 concentration on the Mo content of the electroplated layer. (d) The effects of the
current on the Mo content of the electroplated layer.
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Our results indicate that the Mo content in the Co-Mo barrier layer can be adjusted by changing
the conditions of plating such as the temperature, current and composition of the plating solution.
Figure 2b shows that when the current is 0.08 A and the content of Na2MoO4 in the plating solution is
8 g/L, the Mo concentration decreases slightly with the increasing temperature. On the contrary, when
the current is 0.08A and the temperature is 65 ◦C, the content of Mo in the electroplated layer increases
remarkably as the concentration of Na2MoO4 in the plating solution increases (Figure 2c). As for the
current, the Mo content in the electroplated layer increases slightly with the increasing current when
the temperature is about 65 ◦C and the content of Na2MoO4 in the plating solution is 8 g/L (as shown
in Figure 2d).

The current can affect not only the composition of the electroplated layer, but also the surface
morphology of the electroplated layer. As shown in Figure 3, the surface of the Co-Mo electroplated
layer contains many nanosized particles. As the current increases, some cracks appear in the surface,
and the particle size gradually increases. The large particles will reduce the number of highly-defective
grain boundaries and decrease the activity of the electroplated layer. The reason is that the metal
deposition rate increases with the increasing current. When the current is less than 0.09 A, the deposition
process of Co and Mo keeps stable. According to the above results, the most efficient method to adjust
the composition and the CTE of the Co-Mo electroplated layer is to change the content of Na2MoO4 in
the plating solution.

 

(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 3. The BSE micrographs of the as-electroplated Co-Mo barrier layers with current of: (a) 0.09 A,
(b) 0.11 A, (c) 0.13 A and (d) 0.15 A. The grain size of the electroplated layer increases gradually with
the increasing current.
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Figure 4 shows the electroplated layers after annealing at 450 ◦C for 2 h. For the layers with Mo
content greater than 40 wt %, cracks appear in the annealed layer (Figure 4a,b), indicating that the CTE
of the layer is less than that of the skutterudite compound. On the other hand, for the layers with Mo
content less than 30 wt %, cracks appear in the skutterudite compound (Figure 4d), indicating that the
CTE of the layer is greater than that of the skutterudite compound. Figure 4c shows the layer with Mo
content of 30 wt %–40 wt %. No cracks are found either in the annealed layer or in the skutterudite
compound. We have extended the current method to the p-type skutterudite. The preliminary results
show that a metallurgical bonding of Co-Mo to the skutterudite compound can also be achieved. Since
the CTE of p-type skutterudite is larger than that of n-type skutterudite, the chemical composition of
the Co-Mo layer should be further optimized. The details will be reported in our future manuscripts.

(a) 

(c) 

(b) 

(d) 

Figure 4. The cross-sectional BSE micrograph of the Co-x wt % Mo/SKU interface: (a) x = 50, (b) x = 40,
(c) x = 35, (d) x = 25. No cracks were found either in the annealed layer or the skutterudite compound
when x = 35.

3.3. Diffusion Bonding between the Skutterudite Compound and the Cu-Mo Electrode

To join the skutterudite compound to the Cu-Mo electrode, we first prepared a thick Co-Mo
electroplated layer on the surface of the skutterudite compound. As shown in Figure 5, the thickness
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of the layer increases with the increasing electroplating time. The growth rate of the Co-Mo barrier
layer is about 2 μm/h.

 

Figure 5. The effects of plating time on the thickness of the electroplated layer.

Figure 6a shows a typical joint of the skutterudite compound metallized by Co-Mo and the Cu-Mo
electrode. The joint is fabricated by the diffusion bonding method at 600 ◦C and 1 MPa for 10 min.
A reaction layer, CoSb2 of 2–3 μm, formed between the skutterudite compound and the Co-Mo layer
(as shown in Figure 6b). On the contrary, there is no obvious reaction layer between the Co-Mo layer
and the Cu-Mo electrode.

(a) (b) 

Figure 6. (a) The diffusion bonded joint between the skutterudite compound and the Cu-Mo electrode.
(b) The BSE image of the cross-section of the joint. A reaction layer (CoSb2) of 2–3 μm forms between
the skutterudite compound and the Co-Mo layer after the diffusion bonding process.

To investigate the specific contact resistivity (SCR) of the joint, we also fabricate a
skutterudite–electrode–skutterudite sandwich structure (as shown in Figure 7a) using the same
technology as described above. The SCR is, thus, measured on this sandwich structure using our
homemade instrument. The room-temperature electrical resistivity of the skutterudite alloy is measured
by the homemade instrument, too. The value of 2.85 × 10−6 Ω m is consistent with the CTA-3 result,
indicating the reliability of our homemade equipment.
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(a) 

 

(b) 

Figure 7. (a) The skutterudite–electrode–skutterudite sandwich structure fabricated by the diffusion
bonding method. (b) The measured specific contact resistivity of the Co-Mo/skutterudite interface.

The Co-Mo/SKU interfaces fabricated by the current work exhibit extremely low SCR of 1.41μΩ·cm2

(as shown in Figure 7b). This value is among one of the lowest SCRs to date reported for the
thermoelectric modules as shown in Table 2.

Table 2. The specific contact resistivity for various classes of thermoelectric materials.

Thermoelectric Materials Metallization Layer
Specific Contact Resistivity

(μΩ·cm2)

Yb0.3Co4Sb12 [14] Mo-Ti 9
Bi2Te3 [27] Au 2.73
Mg2Si [28] Ni 210

Hf0.5Zr0.5CoSn0.2Sb0.8 [29] Ag 38
(Mm,Sm)yCo4Sb12 [26] Fe-Ni 2
n-type skutterudite [30] CoSi2 0.4

This work Co-Mo 1.41

Figure 8a shows the microstructure of the CuMo/CoMo/SKU interface after annealing at 550 ◦C
for 60 h. According to the EDS line-scan results (as shown in Figure 8c), the reaction layer mainly
contains three parts: the Co-Sb-Mo layer, the CoSb layer and the CoSb2 layer. Compared with the
joint before annealing (as shown in Figure 6b), a CoSb layer (~6 μm in thickness) appears between
the CoMo and CoSb2 layers. The thickness of the CoSb2 layer increases to about 5 μm. The atomic
concentration of Mo increases remarkably in the Co-Sb-Mo layer. Therefore, it can be expected that
the enrichment of Mo will suppress the diffusion of Sb by blocking the diffusion path [29]. In fact,
Figure 8b shows the evolution of the thickness of the reaction layer of the CoMo/SKU interface as a
function of annealing time. It can be seen that the thickness of the diffusion layer is only about 11 μm
after annealing at 550 ◦C for 60 h. As the growth thickness (L) of the diffusion layer is linear with the
square root of the annealing time (t), it is expressed by the following equation [26]:

L = a + b
√

t (1)

where a and b are fitting parameters. The best fitting shows that a = 3.7 μm, b = 0.92 μm/h1/2. According
to the fitting results, the thickness of the diffusion layer after one-year annealing is predicted to be
about 90 μm.
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Figure 8d shows the measured SCR of the CuMo/CoMo/SKU joint after annealing at 550 ◦C for
60 h. The SCR of 6.13 μΩ·cm2 is slightly higher than that of the as-bonded one. This value is still
among the lowest ones according to Table 2. Since the contact resistivity is somehow proportional to
the diffusion layer thickness, we can roughly estimate the contact resistivity after one-year annealing is
about 50 μΩ·cm2. Both the EDS line-scan and the SCR results demonstrate that the metallization layer
fabricated in the current work is thermally stable.

(a) 

(c) 

(b) 

(d) 

Figure 8. (a) The SEM image of the CuMo/CoMo/SKU diffusion bonded joint after annealing at 550 ◦C
for 60 h. About 11 μm reaction layer of Co-Mo-Sb/CoSb/CoSb2 is formed. (b) The diffusion layer
thickness vs. annealing time for the CuMo/CoMo/SKU joint. (c) The EDS line-scan profiles of the
CuMo/CoMo/SKU diffusion bonded joint after annealing at 550 ◦C for 60 h. (d) The specific contact
resistivity (SCR) of 6.13 μΩ.cm2 of the CuMo/CoMo/SKU joint after annealing at 550 ◦C for 60 h.

We have tried to measure the shear strength of the joint before and after the long-term annealing.
The fractures always appear inside the skutterudite leg instead of the joint itself. This result indicates
that the diffusion layer will not weaken the mechanical strength of the joint.

4. Conclusions

We introduce an approach to prepare the metallization layer and the subsequent diffusion
bonding method for the high-performance multifilled n-type skutterudite compounds. Using the
electroplating followed by the low-temperature annealing approaches, we successfully fabricated a
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Co-Mo metallization layer on the surface of the skutterudite compound. The CTE of the electroplated
layer can be optimized by changing the weight ratio between Co and Mo, which is controlled by the
electroplating temperature, current and the concentration of the Mo ions in the solution. We also
find that the most efficient method to adjust the composition of the Co-Mo layer is to change the
concentration of Na2MoO4 in the plating solution. We then joined the metallized skutterudite leg
to the Cu-Mo electrode using a diffusion bonding method performed at 600 ◦C and 1 MPa for
10 min. The Co-Mo/SKU interfaces exhibit extremely low specific contact resistivity of 1.41 μΩ·cm2.
The metallization layer fabricated in the current work is thermally stable after annealing at 550 ◦C for
60 h.
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Abstract: The structural and thermoelectric properties of the filled skutterudite (Sm,Gd)y(FexNi1-x)4

Sb12 were investigated and critically compared to the ones in the Sm-containing system with the aim
of unravelling the effect of double filling on filling fraction and thermal conductivity. Several samples
(x = 0.50–0.90 and y = 0.15–0.48) were prepared by melting-sintering, and two of them were densified
by spark plasma sintering in order to study their thermoelectric features. The crystallographic study
enables the recognition of the role of the filler size in ruling the filling fraction and the compositional
location of the p/n crossover: It has been found that the former lowers and the latter moves toward
lower x values with the reduction of the filler ionic size, as a consequence of the progressively weaker
interaction of the filler with the Sb12 cavity. The analysis of thermoelectric properties indicates that,
despite the Sm3+/Gd3+ small mass difference, the contemporary presence of these ions in the 2a site
significantly affects the thermal conductivity of both p- and n-compositions. This occurs by reducing
its value with respect to the Sm-filled compound at each temperature considered, and making the
overall thermoelectric performance of the system comparable to several multi-filled (Fe, Ni)-based
skutterudites described in the literature.

Keywords: thermoelectricity; skutterudites; crystal structure; powder x-ray diffraction;
thermal conductivity

1. Introduction

In the field of modern solid state chemistry and physics, thermoelectricity occupies a central role
due to its relevance in the framework of energy conversion, in particular, refrigeration and electric
power generation. Moreover, energy harvesting to power myriad sensors and devices for the Internet
of Things (IoT) society is also a promising application [1,2]. The development of thermoelectric
technology exploitable for large-scale employments implies in the first instance the search for materials
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fulfilling several requirements, such as high electrical conductivity and low thermal conductivity.
The dimensionless thermoelectric figure of merit ZT can be in fact expressed as follows:

ZT =
σS2

λe + λph + λbp
(1)

where T is the absolute temperature, σ the electrical conductivity, S the Seebeck coefficient, λel, λph
and λbp the electron, phonon and bipolar [3,4] contributions to thermal conductivity, with λph being
the prevailing one in semiconductors, and λbp appearing only above a certain temperature threshold
which depends on the system considered. Electrical conductivity and electron thermal conductivity
are correlated through the Wiedemann-Franz law, and for this reason they cannot be separately
manipulated. The need for decoupling thermal and electrical conductivity suggests that a two-fold
strategy is pursued, consisting of mainly acting on the reduction of λph and the increase of σ. This
goal can be achieved by addressing the search for valid thermoelectric materials for semiconductors.
In semiconductors, in fact, at variance with metals, σ increases with increasing temperature, and the
quantity σS2 (also called the power factor) presents a maximum within their carrier density range.
Moreover, λph prevails over λe, making it possible to separately act on the two terms.

While the improvement of the power factor needs efforts in band structure engineering in order
to optimize the carrier concentration [5,6], the manipulation of λph has been of the focus researchers for
a long time, since this parameter is considered the easiest one to be addressed by a phenomenological
approach. λph can be described by the following Equation:

λph =
1
3

Cvl (2)

where Cv is the specific heat at a constant volume, l is the mean free path of phonons, and v is the
sound velocity. The reduction of l, leading to the reduction of λph, can be achieved through the
introduction of scattering centers into the lattice which are able to interfere with phonon transmission,
such as the point and volume defects (by alloying) [7,8], grain boundaries (by nanostructuring) [9],
nanoinclusions [10,11] secondary phases [12,13], vacancies causing mass fluctuations [14], nano- and
micro-sized pores [15,16], or loosely bound atoms.

The last mentioned issue, mainly ruled by the phonon glass electron crystal (PGEC) theory [17],
opened the way to a widespread investigation of intermetallic compounds characterized by a high
electrical conductivity coupled to a crystal structure provided with large voids, and able to host
foreign atoms of proper size. According to the basic concept of the aforementioned theory, in fact,
such materials are expected to exhibit a dramatic decrease of phonon thermal conductivity due to the
rattling movement of host ions within the cage, without affecting the mobility of charge carriers. These
features are actually displayed by members of several classes of intermetallic compounds, such as
skutterudites [18], clathrates [19,20], and half-Heusler phases [21]. Skutterudites MX3 [18,22] (where
M is a transition metal, such as Co, Fe, Rh or Ir and X a pnicogen atom), in particular, exhibit a
body-centered cubic cell (Pearson symbol cI32, Im3 space group, isotypic crystal: CoAs3) presenting
two distinct atomic sites: the 8c ( 1

4 , 1
4 , 1

4 ) and the 24g (0, y, z), occupied by M and X, respectively.
Consequently, M forms with X a strongly tilted corner-sharing octahedra, and a X12 icosahedral cage
with its center in the 2a site located in (0, 0, 0) appears. The occurrence of the cited cavity is of primary
importance for the thermoelectric performance of the material [23]. The skutterudite itself, in fact,
is characterized by an excessively high value of thermal conductivity to be reasonably employed for
thermoelectric applications [24]. On the contrary, when an atom of proper size is placed into the void,
λph—and hence thermal conductivity—is strongly lowered due to the vibrational modes of the rattling
guest atom, which disturb the propagation of heat-carrying phonons, as experimentally observed [25].
Clearly, the size of the guest atom must fit the cavity, namely it has to be large enough to be retained
within the void, but at the same time small enough to properly vibrate around its equilibrium position.
Ideally, in order to maximize the effect of the λph reduction, even constraints on the atomic mass of the
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filler should be obeyed. Generally speaking, a large atomic mass is preferable in order to favor low
frequency vibrational modes. Considering both the size and the mass requirements, the most suitable
atoms are lanthanides and alkaline-earth elements [18,22,26].

It is noteworthy that, in addition to the λph reduction, the introduction of the filler ion also exerts
a significant effect on the electronic properties of the material. While in fact the skutterudite CoSb3 is a
compensated semiconductor, the substitution of Co by the mixture Fe/Ni causes an electronic imbalance,
which is only partly restored by the insertion into the structure of the filler ion. It is generally accepted
that a larger or smaller filler amount than the one corresponding to the structural and electronic
stability of the resulting compound can be hardly forced into the cavity [18]. The dependence of the Yb
solubility in CoSb3 on the thermal treatment temperature, for instance, has been recently discussed [27].
However, a large number of studies demonstrated that the filling fraction of the voids depends in
the first instance on the oxidation state of the filler, and secondly, on its ionic size, and therefore,
it cannot be ad libitum varied. In the REy(FexNi1-x)4Sb12 systems (RE ≡ rare earth ion), for example,
the filling fraction by trivalent lanthanide ions follows a linear trend as a function of x, with different
fillers presenting at least roughly comparable amounts at a given Fe/Ni content, and small differences
attributable to their different ionic sizes [28–35].

An even more effective approach aimed at the depression of λph consists of the introduction of a
structural disorder through the substitution of Co by Fe/Co [36–39], Co/Ni [40,41] Fe/Ni [29,34,38,42,43]
or Fe/Co/Ni [30,31], the substitution of Sb by Sb/Sn or Sb/Ge [36], or multiple filling of the cavity by
DD (didymium) [36,38,41], Mm (mischmetal) [31,41], Ce/Yb [30], Ce/Nd [44], Ce/Yb/In [45] or by a
mixture of alkaline-earths [46] with the possible addition of lanthanide elements [41,42] and elements
of the IIIB group [47]. Multiple filling, in particular, was thoroughly studied [48], since it ensures a
broadening of the range of phonon frequencies which can be perturbed by the rattling movement of
doping ions. For this reason, when designing a multiple doping, a significant difference in the mass of
the different fillers is generally recommended.

In recent years, the synthetic procedure [49], the room [34] and high temperature [35] structural
properties, as well as the thermoelectric [50,51], thermal [52] and mechanical [53] features, and the
corrosion behavior [54] of the Smy(FexNi1-x)4Sb12 system, were extensively studied by the present
research group. In this work, the addition of a second filler element has been attempted in order to
lower thermal conductivity and hence to improve ZT. Gd was chosen taking into account its larger mass
and slightly smaller size with respect to Sm. The structural properties of the obtained double-filled
skutterudite are analyzed relying on powder x-ray diffraction data mainly in comparison to the only
Sm-doped compound. The thermoelectric performance is discussed in the light of literature data
collected on multiple-doped (Fe,Ni)-based skutterudites.

2. Materials and Methods

2.1. Synthesis

Five compositions belonging to the (Sm,Gd)y(FexNi1-x)4Sb12 system, with nominal x = 0.90, 0.80,
0.70, 0.63 and 0.50, were synthesized by the direct reaction of pure elements Fe (Alfa-Aesar, 99.99 wt %),
Ni, Sm, Gd (NewMet, 99.9 wt %) and Sb (Mateck, 99.999 wt %). The compositions were chosen in
order to have p- (x = 0.90, 0.80, 0.70) and n-type (x = 0.50) samples, as well as a composition located
in the p/n crossover region (x = 0.63). As aforementioned, the filler content is strictly related to the
electronic count of the compound, and hence to the Fe/Ni ratio. For this reason, the total rare earth
amount to be used (y) was determined relying on the results of a previous study performed on the
Smy(FexNi1-x)4Sb12 system [34]. Moreover, considering the larger size of Sm3+ with respect to Gd3+,
which is expected to allow a better accommodation of the former within the cavity, the 2:1 ratio for the
Sm:Gd amount was chosen. A slight Sb excess with respect to the stoichiometric amount was used due
to its non-negligible vapor pressure (10−3 mm Hg at 873 K [55]). The elements mixture was placed into
an Ar-filled quartz ampoule, which was then sealed under an Ar flow, thermally treated at 1223 K for
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3 h, and subsequently rapidly cooled in an iced water bath. The obtained samples were then annealed
at 873 K for 4 days.

Afterwards, a p- and an n- composition, namely samples with nominal x = 0.80 and 0.50, were
densified in order to obtain suitable specimens to be submitted to the evaluation of the thermoelectric
performance. To this purpose, both specimens were first ball milled at a rotation speed of 150 rpm for
1 h employing a steel jar and steel balls. Subsequently, they were submitted to spark plasma sintering
(SPS) by applying in vacuum (P = 5 × 10−2 atm) a pressure of 50 MPa at 773 K for 20 min. The discs
having 10 mm diameter and 2 mm thickness were obtained. The density of the obtained samples was
calculated from their mass and dimension.

The samples were named Fe50_bulk, Fe50_SPS, and so on, according to the % Fe amount with
respect to the total (Fe +Ni) content, and to the treatment they were submitted to (annealing: _bulk;
annealing followed by SPS: _SPS).

2.2. Optical and Electronic Microscopy

The morphology, microstructure, porosity and composition were evaluated by analyzing
micrographically polished surfaces of all the samples through optical and electron microscopy.
In particular, the specimens were observed by an optical microscope (OM, Leica MEF4M, Leica,
Wetzlar, Germany) equipped with a computerized image capture and processing software (Zeiss
Axiovision 4, Zeiss, Oberkochen, Germany). A Zeiss SUPRA 40 VP-30-51 scanning electron microscope
(Zeiss, Oberkochen, Germany) with a field emission gun (FE-SEM), equipped with a high sensitivity
‘InLens’ secondary electron detector and with an EDS microanalysis INCA Suite Version 4.09 (Oxford
Instruments, Abingdon-on-Thames, UK), was employed to study the morphology and evaluate the
composition of each phase. The EDS data were optimized using Co as a standard. The microphotographs
were taken on each sample both by backscattered and secondary electrons, and the EDS analyses were
performed on at least five points (acquisition time: 60 s; working distance: 8.5 mm). The porosity
of the bulk and SPS samples was evaluated by image analysis applied both to optical and electron
microscopy microphotographs using the Fiji-ImageJ, version 1.49b [56,57].

2.3. X-ray Diffraction

All the bulk and SPS samples were powdered, sieved through a 44 μm sieve, placed on a Si
zero-background sample holder, and subsequently analyzed by a Bragg-Brentano powder diffractometer
(Philips PW1050/81, Fe-filtered Co Kα radiation) (Philips, Amsterdam, Netherlands). The diffraction
patterns were collected in the angular range 15◦–120◦, with angular step 0.02◦, and counting time 17 s.
The structural model of all the occurring phases was refined by the Rietveld method using the FullProf
software [58]. The accurate lattice parameters of the skutterudite were obtained from diffractograms
collected making use of Ge as an internal standard.

2.4. Microhardness

The microhardness of the samples Fe50_bulk, Fe50_SPS, Fe80_bulk and Fe80_SPS was evaluated
by a Leica VMHT30A microhardness tester (Leica, Wetzlar, Germany) provided with Vickers indenter.
The indentations were done on polished and unetched samples at random positions. Further, 20 tests
were performed on each sample applying a test load of 50 g for 15 s. The errors associated with the
microhardness average values corresponded to the standard deviation.

2.5. Measurements of Transport Properties

The thermal diffusivity (α) and specific heat (Cp) were measured by a laser flash method using a
Netzsch Hyperflash 467 under flowing N2 gas (Netzsch, Selb, Germany). A pyroceram standard was
used as the specific heat reference. Prior to the measurements, the samples and standard were evenly
coated with a thin layer of graphite. For each temperature, 5 data points were obtained and averaged.
The SPS samples, with diameter of ~10 mm and thickness of ~2 mm were used directly, while bulk
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samples were cut into ~6 × 6 × 2 mm3 square plates for the measurement. Thermal conductivity (λ) was
calculated from the measured thermal diffusivity, specific heat, and density (d) using the relationship:

λ = αCpd (3)

The cuboids with dimensions of ~2 × 2 × 8 mm3 were cut from both SPS and bulk samples and
used for the Seebeck and electrical resistivity measurements. The simultaneous measurements of
Seebeck and the electrical resistivity were performed on a ZEM-2 apparatus (ULVAC-Riko, Chigasaki,
Japan) under a low pressure of He atmosphere. The average relative uncertainties of the measurements
were 6%, 8%, 11% and 19% for the Seebeck coefficient, electrical resistivity, thermal conductivity, and
ZT, respectively [59].

3. Results and Discussion

3.1. Compositional and Morphological Characterization

According to SEM microphotographs, the EDS analyses and X-ray diffraction, the filled skutterudite
results were by far the main phase for each formulation, even if small amounts of extra phases could
be revealed in all the samples.

In Table 1, the experimental composition of each specimen, as obtained from Rietveld refinements,
is reported. Due to the similarity in the X-ray scattering factor of Fe and Ni, the Fe/Ni ratio of
skutterudite was not refined, but fixed to the value provided by the EDS measurements. The Sm
and Gd amounts derive from the refinement of the occupancy factor of the 2a site, and they are in
good agreement with the EDS results. It can be observed that in all the samples, the experimental
Fe and Ni content were very close to the nominal values. The third column of the Table collects a
list of the additional phases identified for each composition. An estimate of the weight percent is
reported only when the extra phase could be refined and their amount evaluated by the Rietveld
method. When, on the contrary, the presence of the phase could only be revealed by the EDS, but not by
X-ray diffraction, its amount is defined as traces. It can be noticed that the most commonly occurring
additional phases were Sb and the binary compound (Fe,Ni)Sb2, and to a minor extent (Gd,Sm)Sb3 and
the ternary compound (Ni,Fe)(Gd,Sm)Sb3. Among the agreement factors of the Rietveld refinements,
RB of skutterudite was quite low, so confirming the accuracy of the structural model. The relatively
high values of χ2 for samples Fe70_bulk and Fe50_bulk are attributable to the very low amount of the
secondary phase (Fe,Ni)Sb2, which does not allow to correctly refine the model, in particular the Fe/Ni
ratio. Regarding Fe80_SPS, the significant decrease of Sb with respect to Fe80_bulk, accompanied by
the increase in (Fe,Ni)Sb2 and occurrence of traces of (Sm,Gd)2Sb5 (see Table 1), could result from the
effect of vacuum environment during SPS process. The considerably high vapor pressure of Sb at the
sintering temperature, coupled to the vacuum condition, could have promoted the reaction of the
free Sb present in Fe80_bulk with Fe and Ni deriving from skutterudite. The albeit limited presence
of (Gd,Sm)-containing extra phases allows the conclusion that the rare earth content of the filled
skutterudite is an intrinsic property of each composition, which is independent of the availability of
the filler ions. Figure 1 shows, as a representative example, a microphotograph taken by backscattered
electrons on the sample Fe90_bulk, where the presence of the skutterudite-based matrix and small
amounts of extra phases can be clearly identified. The figure, moreover, allows the recognition that the
average skutterudite crystal size ranges between 5 and 10 μm.
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Table 1. The refined compositions, list of additional phases, and agreement factors of the Rietveld
refinements (χ2 and skutterudite RB).

Sample Refined Composition Additional Phases χ2 RB

Fe90_bulk Sm0.39(1)Gd0.08(1)(Fe0.87(1)Ni0.13(1))4Sb12
Sb (1 wt.%), (Fe,Ni)Sb2 (14 wt.%),

(Fe,Ni)(Gd,Sm)Sb3 * 6.4 5.8

Fe80_ bulk Sm0.31(1)Gd0.11(1)(Fe0.78(1)Ni0.22(1))4Sb12 Sb (11 wt.%), (Fe,Ni)Sb2*, (Sm,Gd)2Sb5 * 4.0 4.0

Fe80_SPS Sm0.34(1)Gd0.08(1)(Fe0.76(1)Ni0.24(1))4Sb12
Sb (2 wt.%), (Fe,Ni)Sb2 (7 wt.%),

(Sm,Gd)2Sb5 * 4.2 3.0

Fe70_ bulk Sm0.23(1)Gd0.08(1)(Fe0.68(1)Ni0.32(1))4Sb12 Sb (11 wt.%), (Fe,Ni)Sb2*, Sb5(Gd,Sm)2 * 14.8 6.9
Fe63_ bulk Sm0.19(1)Gd0.08(1)(Fe0.63(1)Ni0.37(1))4Sb12 Sb *, (Fe,Ni)SmSb3 * 5.8 4.8
Fe50_ bulk Sm0.09(1)Gd0.05(1)(Fe0.51(1)Ni0.49(2))4Sb12 (Fe,Ni)Sb2 (1 wt.%), (Ni,Fe)(Gd,Sm)Sb3 * 12.2 4.7

Fe50_SPS Sm0.08(1)Gd0.07(1)(Fe0.51(1)Ni0.49(2))4Sb12
(Fe,Ni)Sb2 (2 wt.%), (Ni,Fe)(Gd,Sm)Sb3 *,

Ni0.4Sb2(Sm,Gd) * 6.5 5.8

* traces.

 
Figure 1. SEM microphotograph taken by backscattered electrons on the polished surface of sample
Fe90_bulk.

3.2. Structural Features

Each X-ray powder diffraction pattern was treated by refining the structural model of the
skutterudite. To this purpose, the previously described cubic cell crystallizing in the Im3 space group
was considered. When possible, even the structural models of the additional phases Sb and (Fe,Ni)Sb2

were optimized. For every diffractogram, ~70 experimental points chosen from the collected pattern
were fitted in order to model the background, while the peak profiles were optimized by means of
the pseudo-Voigt function. In the last refinement cycles, the structural parameters of the skutterudite
(i.e. the cell parameter, the x and y atomic coordinates of Sm, and the Sm and Sb occupation in the 2a
and 24g positions, respectively), as well as its scale factor, nine peak parameters, and the background
points, were refined at the same time. The individual isotropic displacement parameters Biso were
optimized for each atom while keeping the fixed atomic occupancy factors. As aforementioned, Fe and
Ni occupancy factors were fixed to the value deriving from the EDS analysis and were not allowed to
vary. Figure 2 represents the Rietveld refinement plot of sample Fe63_bulk. The agreement factors are
collected in Table 1.

The trend of the lattice parameter as a function of the Fe content (x in (Sm,Gd)y(FexNi1-x)4Sb12)
is reported in Figure 3. The presence in the same graph of the experimental values obtained from
Smy(FexNi1-x)4Sb12 [34] allows for an immediate comparison between the two systems and a direct
analysis of the effect of Gd addition. Firstly, it can be observed that the lattice parameter grows
with increasing the Fe value, owing to the larger size of the latter with respect to Ni, and also to the
increasing amount of the filler ion hosted within the Sb12 cage with increasing x. Moreover, similarly
to what revealed in the Sm-containing skutterudite, even if in the presence of a limited number of
compositions, the trend of the experimental data suggests the existence of a slope change occurring
close to the p/n crossover, possibly attributable to the Fe2+ high- to low-spin transition occurring
with increasing x, as widely discussed in [34]. On the whole, it can be concluded that no significant
differences in the lattice parameter can be appreciated between the samples belonging to both series.

42



Materials 2019, 12, 2451

Nevertheless, the non negligible difference in the ionic size of Sm3+ and Gd3+ (rSm3+ [CN12] = 1.24 Å;
rGd3+ [CN9] = 1.107 Å) [60] allows the hypothesis that the Gd filler ion could be less strongly retained
within the Sb12 cage than Sm, with what is in principle expected to be responsible for a lower filling
degree of the void in (Sm,Gd) double-filled samples.

Figure 2. The Rietveld refinement plot of the sample Fe63_bulk. The red and black lines are the
experimental and the calculated diffractogram, respectively; the lower line is the difference curve;
the blue vertical bars indicate the calculated positions of Bragg peaks of the filled skutterudite;
the asterisk (*) indicates the position of the main peak of Sb.

Figure 3. The trend of the lattice parameter of the bulk and SPS samples belonging to the
(Sm,Gd)y(FexNi1-x)4Sb12 as a function of the Fe amount, compared to the values obtained from the
Smy(FexNi1-x)4Sb12 system (taken from [34]). The dashed lines are regression lines fitting experimental
data deriving from [34]. The error bars are hidden by data markers.

With this in mind, the diagram appearing in Figure 4 has been built, showing the refined values
of the total lanthanide content as a function of the Fe content [y vs. x in (Sm,Gd)y(FexNi1-x)4Sb12].
The refined values of the 2a site occupancy factor obtained from the only Sm- [34] and Ce-containing
system [29,30,61] are reported too as terms for comparison. It has to be underlined that the cited
representation is of primary importance for the investigation of the skutterudite properties, since it is
able to act as a bridge between the structural and electronic features of the material. As aforementioned,
in fact, the filler ion provides a certain number of electrons—according to its oxidation state and
amount—which determines the filling fraction of the cavity, expressed in Figure 4 as the occupancy factor
of the 2a site. The black line also appearing in the figure represents for each x value the filling fraction of
the cavity which would ensure the electronic count of a compensated semiconductor. The crossing point
between the regression line fitting experimental data and the aforementioned black line, represents the
p/n crossover: At x higher than the one corresponding to the crossover, the experimental points lie below
the black line, meaning that—at least relying on structural data—a p-type conduction regime occurs.
The opposite happens at x lower than the crossing point. The measurements of the room temperature
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Seebeck coefficient nicely confirm the accuracy of this determination for Smy(FexNi1-x)4Sb12 [34] and
Cey(FexNi1-x)4Sb12 [29].

Figure 4. The rare earth content as a function of the Fe amount in different (Fe-Ni)-based skutterudites.
The black thick line represents the theoretical amount of trivalent rare earth necessary to reproduce the
electronic count of the compensated semiconductor CoSb3; experimental values (deriving from this
work and from references [29,30,34,61] are fitted by regression lines. The dotted vertical lines pinpoint
the position of the p/n crossover for the different systems.

Having said that, the analysis of Figure 4 indicates that the (Sm,Gd)-based system presents for
each x a rare earth amount significantly lower than the Sm- and the Ce-containing one, leading to
roughly parallel regression lines for the three series. The reciprocal position of the regression line with
respect to the one of the compensated semiconductor suggests that in the doubly filled system, the p/n
crossover takes place at the lowest Fe amount, namely at x~0.59, being x~0.63 and x~0.70 the crossover
points for Smy(FexNi1-x)4Sb12 and Cey(FexNi1-x)4Sb12, respectively. These informations are indeed
of practical relevance, since they have to be taken into account when designing the thermoelectric
device. However, they are even more interesting when considering the viewpoint of basic science,
in particular when the question to be answered is: Which contributions drive the filling degree of a
filled skutterudite?

As aforementioned in the Introduction, it is difficult to force into the structure more filler ions
than needed to provide the electronic stability to the resulting skutterudite. Therefore, in different
REy(FexNi1-x)4Sb12 systems, a rough similarity among the content of fillers in the same oxidation
state can be observed at a given x value, particularly in the compositional region close to the p/n
crossover [28–34]. On the contrary, significantly different values are observed when alkaline earth ions
are inserted, since the 2+ oxidation state results into a higher filler amount allowed into the structure [28].
Nonetheless, even if the main driving force ruling the filling fraction is the filler oxidation state, the size
effect cannot be neglected. The data reported in Figure 4 clearly show that the filling fraction decreases
at each x value following the sequence Ce→Sm→(Sm,Gd), i.e. with decreasing the filler ionic size.
According to Shannon [60], in fact, ionic radii are 1.34 Å (CN12), 1.24 Å (CN12) and 1.107 Å (CN9) for
Ce3+, Sm3+ and Gd3+, respectively. The described evidence thus suggests that the larger the ions, the
stronger their interaction with the cavity, and consequently the higher their content. Moreover, this
effect forces the p/n crossover to shift toward higher x values with increasing the ionic size of the filler.
In view of the above, the low filler content observed at each x value in the (Sm,Gd)-based system can
be attributed to the small size of Gd, which makes the (Sm,Gd) mixture on the whole the least retained
within the void among the systems considered. This hypothesis can be also discussed in the light of
the trend of the Sm/(Sm + Gd) amount ratio as a function of x, reported in Figure 5. The almost regular
increase in the aforementioned amount ratio with increasing the Fe content, and hence the cavity
size [34], is due to the progressive growth of the Sm content, accompanied by the substantially constant
amount of Gd, as can be inferred from the refined compositions reported in Table 1. In particular,
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considering that during synthesis Sm and Gd were added in the 2:1 ratio, the analysis of Figure 5
suggests that the experimental rare earths ratio starts deviating from the nominal value already for
x = 0.63, where it results equal to 0.7, and it reaches 0.83 for x = 0.90. The contribution of the filler ion
size to the filling fraction and to the position of the p/n crossover is therefore further confirmed.

Figure 5. The trend of the refined Sm/(Sm + Gd) amount ratio as a function of the Fe content.

Relying on the present results, it can be thus concluded that multi-filling involving the addition
of a small rare earth filler (i.e., a filler which significantly lowers the filling fraction) is expected
to exert a two-fold effect. On one hand, it leads to a more effective phonon scattering due to its
large atomic mass and small ionic radius, which bring about low frequency modes well interacting
with phonons responsible for heat flow in solids. On the other hand, such small ions are weakly
bound to the Sb12 cage, so that their filling degree is lower than expected for larger, isovalent ions.
The latter factor is in principle detrimental, as a large filling degree is desirable, being a regular decrease
in the phonon contribution to thermal conductivity generally observed with increasing the filling
fraction [62]. Therefore, the choice of filler ions and their proportion is a crucial point in designing
multi-filled skutterudites, and it needs to be carefully operated, in order to finely tune the contribution
to phonon scattering of fillers with different sizes, keeping in mind the final goal of minimizing
thermal conductivity.

3.3. Densification of Samples

The effect of SPS on the samples Fe80 and Fe50 was evaluated by considering porosity,
microhardness and density of the samples before and after the treatment. In Figures 6 and 7,
the microphotographs taken by the secondary electrons prior to and after SPS on the polished surface
of the samples Fe80 and Fe50, respectively, are shown. A substantial reduction of porosity can be
clearly observed, as also confirmed by the results of the image analysis reported in Table 2, together
with a significant density increase. Even the results of the Vickers microhardness measurements point
at a hardness increase due to the SPS treatment, as a consequence of the porosity reduction, which
limits the probability of including holes within indentations.

Table 2. The porosity, Vickers microhardness, the absolute and relative density of the samples Fe50 and
Fe80 before and after the SPS treatment.

Sample Porosity [%] Vickers Microhardness Density [g/cm3] Density [%]

Fe80_bulk 19 328(70) 6.40 82
Fe80_SPS 10 433(50) 6.87 88
Fe50_bulk 16 460(49) 6.62 87
Fe50_SPS 4 475(55) 7.33 97
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(a) (b) 

Figure 6. SEM microphotograph taken by secondary electrons on the polished surface of sample (a)
Fe80_bulk and (b) Fe80_SPS.

  

(a) (b) 

Figure 7. SEM microphotograph taken by secondary electrons on the polished surface of sample (a)
Fe50_bulk and (b) Fe50_SPS.

The application of an external pressure is possibly expected to reflect also on the structural,
microstructural and compositional features of a material. Focusing on skutterudites, different
densification methods resulted to affect the lattice parameter [42,63], filling fraction [64], peak width [42],
and the amount of additional phases [51]. The diffraction data collected on both as-sintered Fe80 and
Fe50 samples, indicate that, in addition to the non-negligible variation in the amount of extra phases in
sample Fe80 upon densification (see Table 1), the main change caused by SPS consists of a significant
reduction of the lattice parameter as a consequence of the treatment ( Δa

a = − 1.5 × 10−4 for Fe80 and
Δa
a = − 2.2 × 10−4 for Fe50, where a is the lattice parameter), as can be derived from Figure 3. This

result is not obvious. While in fact the diffraction patterns collected under the pressure account for a
reduction of the cell volume which depends on the bulk modulus of the material [65], the same does
not necessarily apply when the acquisition takes place after the pressure relief. An increase in the lattice
parameter versus the applied pressure was for instance reported for (Ba,DD,Yb)y(Fe1-xNix)4Sb12 [42],
Pry(Fe1-xNi/Cox)4Sb12 and BayCo4Sb12 [33]. Considering that, according to the results of the Rietveld
refinements, the filling fraction does not change upon densification, neither does the global composition
of the skutterudite (see Table 1), and the observed decrease in the lattice parameter can be ascribed
to a memory effect of the material. However, the analysis of the peak width before and after SPS,
showing no significant peak broadening, allows the exclusion of any sign of the grain size reduction,
at least as far as the technique can reveal. Therefore, relying on the described results, the densification
results were mainly responsible for a porosity reduction and for an enhancement of grain connection,
which should favor electrical conductivity. No reduction of thermal conductivity due to scattering
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of phonons on the defects is expected to occur as a consequence of densification. On the contrary,
an increase in the lattice thermal conductivity cannot be excluded as a consequence of the reduction in
the amount of pores, which constitute an alternative way of phonon scattering.

3.4. Thermoelectric Properties

The behavior of the Seebeck coefficient as a function of temperature is reported in Figure 8 for both
samples. It can be immediately recognized that the sign of S confirms the p- and n- nature of Fe80 and
Fe50, respectively. Moreover, |S| of the SPS and of the bulk sample are quite close to each other for both
compositions as generally expected from samples only differing by their microstructure. The slight
enhancement of |S| for SPS with respect to the bulk samples has most probably been attributed to the
change in the type and the amount of secondary phases occurring during densification.

Figure 8. The trend of the Seebeck coefficient as a function of temperature for samples Fe80 and Fe50.
The curves fitting the experimental points are second order polynomial functions.

The role of the filler on S can be discussed considering that data obtained in this work are
essentially comparable to the ones derived from similar systems, such as Smy(FexNi1-x)4Sb12 [50]
and (Ba,Sr,DD,Yb)y(Fe1-xNix)4Sb12 [42]. Moreover, the room temperature data are in good agreement
with the results derived from (Ce,Yb)y(FexNi1-x)4Sb12, (Ce,Yb)y(FexCo1-x)4Sb12, Cey(FexCo1-x)4Sb12,
Cey(FexNi1-x)4Sb12, Yby(FexCo1-x)4Sb12 and Yby(FexNi1-x)4Sb12 systems described in [30], thus
suggesting that the Seebeck coefficient is ruled by the charge carriers concentration, rather than
by the identity of the filler.

A general feature of semiconductors consists in the occurrence of two different regions in the
trend of the absolute value of the Seebeck coefficient versus the temperature, namely an increasing and
a decreasing trend at low and high temperatures, respectively, separated by a maximum [42]. This
evidence, which is generally accompanied by a similar behavior in the electrical resistivity, can be
revealed if the measurement of S extends over a sufficiently broad temperature range, as is the case
for our samples. The identification of the maximum value of S (Smax), as well as of the corresponding
temperature (Tmax), is of primary importance, since it allows an estimation of the value of the energy
gap (Eg), according to the following Equation, developed by Goldsmid and Sharp [66]:

Smax =
Eg

2eTmax
(4)

being e the electron charge. The data of Tmax, Smax and Eg for each sample are collected in Table 3; Tmax

and Smax were calculated by fitting experimental data to a second order polynomial function.
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Table 3. The maximum value of the Seebeck coefficient (Smax), the temperature corresponding to Smax

(Tmax), and the value of the energy gap (Eg) estimated through Equation (4) for samples Fe80 and Fe50.

Sample Smax [μV/K] Tmax [K] Eg [meV]

Fe80_bulk 128 642 164
Fe80_SPS 133 600 160
Fe50_bulk −97 409 79
Fe50_SPS −106 413 88

The trend of the electrical resistivity of samples Fe80 and Fe50 is reported in Figure 9. As a general
remark, it can be observed that both compositions exhibited a weak dependence on temperature.
Further, despite the weak temperature dependence and the comparatively quite large error bar,
a difference can be at a first glance noticed between the two analyzed samples. However, Fe50 shows a
semiconducting behavior over the whole temperature range (323 K–723 K), and in Fe80, a plateau-like
maximum occurs at a temperature slightly lower than 600 K, meaning that the sample behaves
like a bad metal below this temperature, and like a semiconductor above. This is a phenomenon
observed at comparable temperatures even in other Fe/Ni-based p-type skutterudites [36,42], which
can be explained considering that at lower temperatures the conduction electrons are scattered into
unoccupied states. When the conduction band becomes fully occupied, the temperature has to be
further increased in order to promote charge carriers across the energy gap, which results in the
observed semiconducting behavior at higher temperatures. However, a closer inspection of Figure 9b
reveals that in Fe50, the resistivity trend versus the temperature presents two different decreasing rates,
being the slope steeper at T< ~400 K than above. This evidence suggests an analogy with the behavior
of other n-type (Fe/Ni)-based skutterudites, such as (Ba,Sr,DD,Yb)y(Fe1-xNix)4Sb12 (x = 2.1 and 2.2) [42]
and DD0.08Fe2Ni2Sb12 [38], which exhibit a similar slope change between 450 K and 550 K, and a
maximum in the 300 K–400 K range. A change in the conduction regime can be thus inferred even
for these compositions, not differently from what happens for the corresponding p-type compounds.
The temperature at which the maximum in resistivity occurs derives from a subtle interplay among
different factors dealing with the density of states at the Fermi level at each temperature, and with
the width of the energy gap. The latter contribution can be estimated exploiting the aforementioned
dependence of the energy gap (Eg) on the maximum value of the Seebeck coefficient versus the
temperature (Smax), i.e., through Equation (4). The calculated values of Eg are 160 meV and 88 meV for
samples Fe80_SPS and Fe50_SPS, respectively, as reported in Table 3. The rather smaller value of the
calculated Eg for the n-type compound justifies the possible existence of a maximum in the resistivity
behavior at a significantly lower temperature than the p-type one.

 
(a) (b) 

Figure 9. The trend of the electrical resistivity as a function of temperature for sample (a) Fe80 and (b)
Fe50. The curves fitting experimental points are splines.

Further, regarding electrical resistivity, it is also worth mentioning that, while in sample Fe50 a
higher value occurs for the bulk sample than for the SPS one, the opposite happens for Fe80. This
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evidence, also noticed for the Smy(Fe1-xNix)4Sb12 system [51], is most probably due to the competition
between two opposing effects taking place as a consequence of densification, namely an improvement
of grain connection, and an increase in the defects amount. While the former promotes a resistivity
decrease, the opposite happens for the latter. The behavior observed for Fe80, namely lower resistivity
values for the bulk sample, can be ascribed to a couple of different factors. First of all, a possible reason
is the relatively scarce density degree reached (88%, significantly lower than 97% obtained for Fe50_SPS,
see Table 2), which may favor the predominance of the defect creation over the improvement of the
grain connection. Nonethless, a positive effect of porosity on ZT of Co1-xNixSb3 was already observed
by He et al. [67]. Secondarily, since the Fe80 sample contains a non negligible amount of a secondary
phase, the electrical resistivity of this sample could be also influenced by the properties of the dispersed
secondary phase. Prior to SPS, the sample Fe80_bulk contains a certain amount of antimony (11 wt %),
which possesses a relatively low value of electrical resistivity (ρ295.5K = 34.9 μΩ cm [68]). SPS caused
the removal of the majority of antimony, and (Fe,Ni)Sb2, namely a semiconductor with a higher value
of electrical resistivity compared to Sb [69] emerged as the dominant secondary phase. The reduced
amount of metallic Sb together with the increased amount of semiconducting (Fe,Ni)Sb2 is a further
possible reason why the electrical resistivity is higher in Fe80_SPS than in Fe80_bulk.

Combining electrical conductivity and the Seebeck coefficient allows the calculation of the power
factor (PF) at each temperature considered. In Figure 10, the PF values of the samples Fe80 and Fe50 are
reported. For both compositions, the temperature at which the maximum power factor occurs is slightly
higher than the one corresponding to the maximum value of the Seebeck coefficient. The obtained
trends of PF versus the temperature can be compared to the data deriving from similar Sb-based filled
skutterudites, such as (Ba,Sr,DD,Yb)y(Fe1-xNix)4Sb12 [42]. It can be observed that values reported for
the aforementioned system both at x = 0.50 and 0.80 are higher than the ones claimed in this work.

Figure 10. The trend of the power factor as a function of the temperature for samples Fe80 and Fe50.
The curves fitting the experimental points are second order polynomial functions.

This evidence can be most probably be ascribed to the lower values of electrical resistivity of the
multi-filled compounds, rather than to the Seebeck coefficient. As previously described, in fact, S values
of the systems containing even different fillers are quite close to each other, pointing at a dependence
of the Seebeck coefficient mainly on electronic issues. This interpretation is confirmed by the analysis
of the data collected at 350 K on (Sm,Gd)0.15(Fe0.5Ni0.5)4Sb12 (this work) and Yby(Fe0.5Ni0.5)4Sb12 [43].
At this temperature, the former system is characterized by a higher power factor when compared
to each composition of the latter. Again, the electrical resistivity seems to be responsible for this
dissimilarity, being significantly lower in (Sm,Gd)0.15(Fe0.5Ni0.5)4Sb12 than in Yby(Fe0.5Ni0.5)4Sb12.
It can be thus concluded that the improvement of the power factor is mainly related to the improvement
of electrical conductivity, which can be accomplished by optimizing the material processing.

The trends of overall (λov), and phonon and bipolar (λph + λbp) thermal conductivity of Fe80
and Fe50 are reported in Figure 11. While (λph + λbp) of Fe50 does not significantly change with
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densification, it increases for Fe80. The latter behavior is generally expected, since pores can offer a
further way for phonon scattering.

Figure 11. The trend of overall (λov), and lattice and bipolar (λph + λbp ) thermal conductivity of the
samples Fe80_SPS and Fe50_SPS as a function of the temperature.

It can be observed that λov increases with increasing temperature for both samples, but more
steeply for Fe50_SPS, with 1.6 W/m·K and 4.2 W/m·K the minimum and maximum value in the
323 K–723 K temperature range. As already revealed for DDy(FexNi1-x)4Sb12 [38], even in the
(Sm,Gd)y(FexNi1-x)4Sb12 system, thermal conductivity is lower at x = 0.8 than at x = 0.5. This result can
be understood considering that the thermal conductivity reduction arises from the two-fold effect of a)
the rattling motion of the filler, which is responsible for the λ reduction at low temperatures, and b) the
disorder brought about by the contemporary presence of two different atoms at the 8c position (Fe and
Ni in the present study) [70]. By relying on the data reported in [70], this combined effect causes the
minimum lattice thermal conductivity to be located at x ~1.5 in CeyFe4-xCoxSb12, which corresponds to
x = 0.80 in (Sm,Gd)y(FexNi1-x)4Sb12, if Fe is taken as a bivalent and Ni as a tetravalent ion, as suggested
in [18].

The effect of the sole filler on thermal conductivity can be studied by comparing antimonides having
the same (Fe/Ni) amount ratio. For instance, the comparison between λov of (Sm,Gd)y(FexNi1-x)4Sb12

and Smy(FexNi1-x)4Sb12 [50] with x= 0.8, points at a lower value for the former system, as a consequence
of double filling. An analogous comparative approach applied to λov of (Sm,Gd)y(FexNi1-x)4Sb12 with x
= 0.5 and Yby(Fe0.5Ni0.5)4Sb12 [43] reveals similar values in the two systems, at least in the 350 K–650 K
temperature range. This evidence, which at a first glance could seem contradictory, finds an explanation
when the valence state of Yb is taken into account. According to X-ray absorption spectroscopy
measurements performed on (Ce-Yb)yFe4-xCoxSb12 and (Ce-Yb)yFe4-xNixSb12 [30], Yb occurs in a
+2/+3 mixed valence state, evolving toward +3 with decreasing the filling degree. This intermediate
valence state leads a Yb-containing skutterudite to mimic a double-filled system, as a consequence
of the different size of Yb2+ and Yb3+, which can justify the observed very similar values of thermal
conductivity of the Yb- and the (Sm,Gd)-filled skutterudite.

Assuming the validity of the Wiedemann-Franz law:

λel =
L0T
ρ

(5)

where L0 is the Lorenz number (calculated using the Seebeck coefficient, according to [71]), it is
possible to give an estimation of the sum of lattice and bipolar thermal conductivity (λph + λbp) by
subtracting λel from λov. The values reported in Figure 11 were obtained this way. It is noteworthy that
(λph +λbp) increases with increasing temperature similarly toλov, but the increasing rate is much weaker,
particularly in the high temperature region. This result suggests that with increasing temperature
λel becomes the main contribution to thermal conductivity. If λph of the (Ba,DD,Yb)y(Fe1-xNix)4Sb12
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system with x = 0.78 [42] is considered, it can be noticed that the values are very close to the ones of
Fe80_bulk, in what can be deemed as a very promising result, since it is reached making use of just
two fillers.

A closer inspection of the (λph + λbp) trend versus the temperature allows a deeper insight into
the role of the bipolar contribution to thermal conductivity of the present system. The cited factor is
determined by the electron-hole pairs, which together with electrons and phonons are responsible for
the heat transfer in semiconductors. The electron-hole coupling occurs at sufficiently high temperatures
depending on the band gap, so that, as aforementioned, λbp becomes relevant only above a certain
threshold, which is strictly bound to the system under examination. A useful way to reveal the
signature of the electron-hole coupling is to plot (λov − λel) as a function of T−1. At low temperatures,
a decreasing linear trend with increasing temperature is generally observed due to Umklapp scattering,
and the temperature where data start deviating from linearity can be taken as the threshold temperature
above which the bipolar contribution becomes significant. The data deriving from Yb-filled Co4Sb12

follow this model [72].
Figure 12a reports the described plot for samples Fe80_SPS and Fe50_SPS. It can be seen that

(λph + λbp) of both samples tends to increase with increasing temperature, instead of decreasing with
the usual T−1 temperature dependence, as previously described. Further, above ~570 K for Fe80_SPS
and ~470 K for Fe50_SPS, the values start growing more steeply with increasing temperature, in good
agreement with the larger Eg calculated for the former composition (160 meV) with respect to the
latter (88 meV). However, the increasing trend along the whole temperature range suggests that the
bipolar contribution near room temperature is already significant and able to mask the contribution
of Umklapp scattering. This is particularly relevant for the Fe50_SPS sample, since the extracted
thermal band gap is only 88 meV, which is just a few kT at room temperature. In order to quantify the
contribution of both processes, a least square fit of the experimental data was performed using the
relation for bipolar thermal conductivity

λbp = cTnexp
(
− Eg

2kT

)
(6)

where c and n are adjustable parameters [4], together with the aforementioned T−1 dependency for the
high temperature Umklapp scattering. A reasonably good agreement was observed for the Fe50_SPS
sample, as shown in Figure 12b. As expected, the contribution of bipolar conductivity amounts to
approximately 10% near room temperature and increases significantly at higher temperature. The same
approach does not work satisfactorily on Fe80_SPS, presumably due to the presence of secondary
phases, that are not accounted for by the described model.

The trend of ZT as a function of the temperature for both Fe80 and Fe50 is shown in Figure 13.
First, it can be noticed that Fe80 is characterized by higher ZT values than Fe50 at each temperature,
as a consequence of the higher power factor and the lower total thermal conductivity, as previously
described. Moreover, the maximum ZT occurs at ~615 K for Fe80, and at ~500 K for Fe50. Interestingly,
Fe80_bulk shows higher values of ZT than Fe80_SPS, due to the lower thermal conductivity and to
the higher values of the power factor, which are in turn caused by the previously described lower
resistivity of the porous sample with respect to the dense one. The comparison between ZT data of
Fe80 and the ones of the corresponding Sm-filled sample [50] indicates that the single-filled system
presents the maximum at a slightly higher temperature (~615 K), and a lower value of the figure of
merit, as a consequence of the higher thermal conductivity. Analogously, a slightly lower value of the
figure of merit is shown by Yby(Fe0.5Ni0.5)4Sb12 at each y value [43] with respect to Fe50, as could be
expected from the aforementioned very similar values of thermal conductivity for the two systems.
Finally, the higher value of the maximum ZT occurring for the (Ba,DD,Yb)y(Fe1-xNix)4Sb12 system
with x = 0.78 [42], can be considered as a direct consequence of the previously discussed higher power
factor value.
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(a) (b) 

Figure 12. (a) The trend of (λov − λel) vs. 1/T for samples Fe80_SPS and Fe50_SPS. The dashed lines
are a guide for the eye. The temperatures reported within the diagram roughly indicate the threshold
above which the bipolar contribution starts growing steeply; (b) fit of (λph + λbp ) data (continuous
line) performed according to Equation 6) (dashed-dotted line) and to Umklapp scattering (dashed line).

Figure 13. The trend of ZT as a function of the temperature for the samples Fe80 and Fe50. The curves
fitting experimental points are second order polynomial functions.

The closeness between the studied system and the described multi-filled (Fe,Ni)-based
skutterudites in terms of thermoelectric performance, and in particular of thermal conductivity,
allows the conclusion that the selection of the (Sm,Gd) mixture as a filler is a good compromise between
the limited Sm3+/Gd3+ mass difference and the relatively low filling fraction.

4. Conclusions

The structural and thermoelectric properties of both p- and n- compositions belonging to the
skutterudite system (Sm,Gd)y(FexNi1-x)4Sb12 were studied with the aim of evaluating the effect of
double filling by Sm and Gd on composition, crystallographic parameters and transport properties of
the material.

The results of the structural investigation suggest that the employment of the (Sm,Gd) mixture as
a filler causes the filling fraction to be always lower when using Ce or Sm. Moreover, with increasing
the Fe amount, the Sm/(Sm + Gd) ratio increases too, suggesting that Sm is preferred when the cage
size grows. Both evidences point at a role of the filler size in ruling the filling fraction, in addition to
the filler oxidation state.

Despite the Sm3+/Gd3+ small mass difference, the outcome of the thermoelectric study shows that
the contemporary presence of these ions within the void located in the 2a site significantly reduces at
each temperature considered by the total thermal conductivity of both p- and n-compositions below
the values of the only Sm-filled compound. Moreover, both the phonon thermal conductivity and
the overall thermoelectric performance are comparable to those of several multi-filled (Fe,Ni)-based
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skutterudite antimonides described in the literature. The choice of the (Sm,Gd) mixture as a filler thus
results to be a good compromise between the limitations imposed by the reduced Gd3+ size and the
Sm3+/Gd3+ mass closeness.
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Abstract: The thermoelectric behavior and stability of Cu2SnS3 (CTS) has been investigated in
relation to different preparations and sintering conditions, leading to different microstructures and
porosities. The studied system is CTS in its cubic polymorph, produced in powder form via a
bottom-up approach based on high-energy reactive milling. The as-milled powder was sintered in
two batches with different synthesis conditions to produce bulk CTS samples: manual cold pressing
followed by traditional sintering (TS), or open die pressing (ODP). Despite the significant differences
in densities, ~75% and ~90% of the theoretical density for TS and ODP, respectively, we observed no
significant difference in electrical transport. The stable, best performing TS samples reached zT ~0.45,
above 700 K, whereas zT reached ~0.34 for the best performing ODP in the same conditions. The
higher zT of the TS sintered sample is due to the ultra-low thermal conductivity (κ ~0.3–0.2 W/mK),
three-fold lower than ODP in the entire measured temperature range. The effect of porosity and
production conditions on the transport properties is highlighted, which could pave the way to
produce high-performing TE materials.

Keywords: copper tin sulfide; Cu2SnS3; CTS; thermal stability; chalcogenide; material production;
porosity; porous thermoelectric materials

1. Introduction

Thermoelectric (TE) materials are a class of functional materials employed in solid-state
energy generators and coolers, without the use of fossil fuels and combustion processes,
and with no moving parts, exploiting only the temperature gradients. For this reason, TE
materials were first successfully utilized in deep-space probes in the second half of the last
century [1]. In recent years, TE materials have drawn attention as efficient, eco-friendly,
durable, noise-free, and scalable solutions for the recovery of waste heat, like in exhaust
systems (automotive TE generators) [2]. Current research on TE materials seeks greater
efficiency, as well as non-toxic and cost-effective solutions [3]. The performance of a TE
material can be assessed by means of the figure of merit, zT = (S2/ρκ)T, where S, ρ, κ,
and T are the Seebeck coefficient, electrical resistivity, thermal conductivity, and absolute
temperature, respectively. Thus, a high zT TE material requires a high power factor (S2/ρ)
and low κ, which consists of lattice (κl) and electronic (κe) contributions. That being said, it
is not the only important parameter as the stability and durability of TE materials are also
vital for producing reliable TE devices.

Cu-Sn-S-based systems are studied as both p-type and n-type semiconductors [4,5].
CTS is a tetrahedrally bonded direct bandgap semiconductor, showing a bandgap ~1.0 eV,
which is higher or lower depending on whether the CTS polymorph is ordered or dis-
ordered [6]. The unfilled Cu-3d orbitals introduce holes in the CTS system, making it
a p-type semiconductor. CTS components are earth-abundant, eco-friendly, non-toxic,
non-hazardous, and have low formation energies; therefore, they are explored for various
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applications, such as TE [7], photovoltaic [8], optoelectronics [9], photoelectrochemical [10],
and supercapacitors [11], just to name a few. CTS has attracted the TE community for its re-
markable crystallographic structures with different degrees of cation-disorder, which helps
in the suppression of thermal conductivity to an ultra-low level, without much hindrance to
the electronic transport, also known as the so-called “phonon-glass-electron-crystal (PGEC)”
behavior. The well-known ordered or monoclinic CTS polymorph arranges its atoms in
the Cc space group (SG). In the past, we reported the production of a pure disordered
or cubic CTS polymorph (SG: F-43m) via high-energy reactive ball-milling [4]. Recently,
Wei et al. [12] reported the production of another disordered CTS polymorph, i.e., pure
tetragonal (SG: I-42m) CTS by the colloidal method.

Interestingly, both the disordered CTS polymorphs (cubic and tetragonal) present
κl <0.5 W/m-K, above 700 K, approaching its theoretical minimum (κl ~0.3 W/m-K).
In a recent report, Li et al. [13] showed the introduction of dislocations as an effective
way to suppress the lattice thermal conductivity in Ni-doped CTS (Cu2Ni0.1Sn0.9S3), re-
porting κl = 0.41 W/m-K at 723 K. Wei et al. [12] demonstrated that the abundance of
twin-boundaries in pristine and In-doped CTS (Cu2Sn0.95In0.05S3) contributes to a low
κl = 1.02 W/m-K at room temperature (RT), which further reduces to κl < 0.50 W/m-K
around 700 K. It is important to notice that most materials presenting a high zT in the
medium temperature range (500 K < T < 800 K) are either scarce or toxic, e.g., PbTe and
SnSe. In this temperature range, sulphides of copper and tin or copper and iron can be
viable alternatives. Gu et al. [14] discussed 3D modulation doping of CuCo2S4 in CTS and
reported a zT ~0.82 at 773 K. Zhao et al. [15] reported simultaneous Co and Sb substitution
in the CTS system resulting in a zT of ~0.88 at 773 K. Furthermore, Deng et al. [16] re-
ported a zT of ~1 in a similar Cu7Sn3S10 system through Br-doping. A zT of ~0.4–0.8 above
700 K is regularly reported for CTS by In [17], Zn [7], Mn [18], Ni [19], Fe [20], Co [21],
and Cu [22] substitution at the Sn site, aiming to enhance the carrier concentration and
reduce the thermal conductivity. Other similar systems, such as Cu5Sn2S7 [23], CuFeS2 [24],
Cu4Sn7S16 [25], and Cu2SnSe3 [26] also show a moderate zT ranging from 0.2–0.5, above
700 K.

Manipulation of porosity in materials is a less-explored subject for TE applications.
Many articles have put forward a crucial need to investigate porous TE materials [3,27–29].
Porous materials are lightweight and require lower quantities of materials, therefore, they
are suitable for portable and wearable TE devices [27]. Xu et al. [30] showed zT > 1, and
2–4 fold lower κl in hollow nanostructured Be2Te2.5Se0.5 than in the existing literature.
Hong et al. [31] showed improved PF in mesoporous ZnO thin films. Tiwari et al. [32]
investigated porous CTS for photovoltaics using a solid-state reaction at 200 ◦C, but they
only reported the Seebeck coefficient near RT and temperature-dependent conductivity
measurement. Thermal cycling during the TE power generation process could promote the
annealing of defects, reduction of grain boundaries, increased density, and transformation
of crystal structures, driving these materials towards instability. The authors discussed
surface oxidation, the role of secondary phases, and the loss of a nano and microstructure
after thermal cycling above a certain temperature, which alters the TE properties of a
material [33]. This makes the technological advancement and scientific understanding of
these materials challenging [34]. In particular for large-scale production and durable use, a
mechanically and thermodynamically stable material is required.

Herein, we stabilized the disordered CTS polymorph using different production con-
ditions and sintering techniques. CTS samples from two batches (three samples each) were
produced, and their TE properties and thermal stability were systematically investigated
by repeated Seebeck and resistivity measurements (heating and cooling) in the temperature
range of 323–723 K. Pellets of samples were produced using manual cold pressing followed
by sintering in a traditional tubular furnace (TS batch), or via open die pressing (ODP
batch) [35]. Information on the crystallographic structures and phase purity was obtained
by Rietveld refinement of X-ray diffraction (XRD) patterns, before and after the repeated
TE measurements. Surface topology, porosity, and chemical variations were investigated
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by morphological images and energy dispersive X-ray (EDX) spectroscopy, using both
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). This
work provides a general overview and highlights the cautions to produce stable CTS and
similar chalcogenides. The effect of porosity on TE properties is highlighted.

2. Materials and Methods

CTS samples were produced from the elemental powders using a high-energy reactive
ball-mill (Fritsch, Idar-Oberstein, Germany), according to a well-assessed procedure with
details discussed elsewhere [4]. Three different samples were prepared using the manual
cold press (load 15 tons for 3 min) and sintered at 500 ◦C for 2 h with a heating rate of
3 ◦C/min. Sample TS1 was processed in an open environment, whereas samples TS2 and
TS3 were produced in a highly controlled environment (O2 and H2O < 10 ppm). All the
samples were sintered in Ar flux. Additionally, sample TS3 was sintered in the presence of
sulfur powder (1 g).

The other three samples (ODP1, ODP2, and ODP3) were produced in a controlled
environment with the above-mentioned preconditions. Differently, the sintering was
performed via ODP using an iron die. To prevent possible reactions between the die and
the powders, a boron nitride layer was used to cover the internal surface of the die. Such a
layer also prevents sticking phenomena, allowing for an easier extraction of the sintered
bulk. Sample ODP1 was sintered at 400 ◦C for 30 min, whereas samples ODP2 and ODP3
were sintered at 500 ◦C for 10 and 30 min, respectively. During all the sintering processes, a
~100 MPa axial pressure was applied.

It should be emphasized that ODP was performed on a large quantity of the as-milled
powder, namely ~30–40 g. The as-sintered samples from ODP are usually large bulk
samples, which are cut into the required sample sizes for various measurements (large
as-sintered ODP samples are shown in Figure S1). The densities of the TS (TS1, TS2, and
TS3) and ODP (ODP1, ODP2, and ODP3) sintered samples were ~75% and ~90% of the
theoretical density (see Table 1), respectively.

The structural characterization of TS samples was performed in Bragg–Brentano ge-
ometry using a Rigaku PMG (Rigaku PMG, Tokyo, Japan) powder diffractometer, equipped
with a Cu Kα (λ = 1.5406 Å) source and a scintillation counter detector. XRD data on
the ODP samples were collected in Bragg–Brentano geometry using a Bruker D8 (Bruker,
Billerica, MA, USA) diffractometer equipped with a Co Kα (λ = 1.7889 Å) source and area
linear (1D) detector. After the phase identification, Rietveld refinement [36] was performed
using Whole Powder Pattern Modelling (WPPM) macros [37], as implemented in Topas
7 [38] software (Coelho Software, Brisbane, Australia).

Simultaneous Seebeck coefficient and resistivity measurements were performed in four
contact set-up using LSR-3 (Linseis Messgeraete GmbH, Selb, Germany), at a temperature
ranging from 323–723 K. Thermal diffusivity (D) was measured using a LFA-500 (Linseis
Messgeraete GmbH, Selb, Germany), equipped with a xenon-flash lamp over a temperature
range of 323–723 K. Seebeck and resistivity measurements were performed under an He
atmosphere (0.1 bar). However, the diffusivity was measured under a vacuum (~10−3 bar).

After the TE measurements, morphological images of the selected area electron diffrac-
tion (SAED) were collected on powder produced by crushing the sample pellets, and EDX
spectroscopy was performed using transmission electron microscopy (TEM; HR-S/TEM
ThermoFischer TALOS 200 s, Thermo Fischer Scientific, Waltham, MA, USA). Moreover,
morphological images and EDX data were collected on pellet samples to investigate the
microstructure and bulk chemistry using a Jeol IT300 scanning electron microscope (SEM)
equipped with a tungsten source (Jeol, Ltd., Tokyo, Japan).
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Table 1. Quantitative phase and average crystallite size before and after TE measurements, measured
densities, and relative densities.

Sample
Weight (±1%) Average Domain

Size (±10 nm)

Measured Density
(±0.1 g/cm3)

Relative Density
(%)CTS WC SnO2 SnO SnS

TS1 before TE
measurements 96 2 2 - - 40

3.52 74.7
TS1 after TE
measurements 88 2 8 - 2 75

TS2 before TE
measurements 98 2 - - - 75

3.48 73.8
TS2 after TE
measurements 89 2 8 1 - 75

TS3 before TE
measurements 98 2 - - - 70

3.68 78.1
TS3 after TE
measurements 87 2 10 1 - 70

ODP1 before TE
measurements 100 - - - - 42

4.26 90.4
ODP1 after TE
measurements 100 - - - - 42

ODP2 before TE
measurements 100 - - - - 54

4.36 92.5
ODP2 after TE
measurements 99 1 - - - 54

ODP3 before TE
measurements 98 1 1 - - 68

4.43 94.0
ODP3 after TE
measurements 91 1 8 - - 68

3. Results and Discussions

XRD measurements were performed on all of the polycrystalline samples (Figure 1).
The diffraction patterns showed fingerprint peaks at 2θ~28.5◦, 47.3◦, and 56.0◦, and
2θ ~33.2◦, 55.5◦, and 66.3◦ using Cu Kα and Co Kα X-ray sources, respectively. These
Bragg peaks represent planes (1 1 1), (2 2 0), and (3 1 1), respectively, confirming the disor-
dered cubic CTS structure, which is derived from the zinc-blende structure (SG: F-43m). A
small amount of WC (SG: P-6m2) is present in all of the samples due to the use of WC vials
for milling. Additionally, a weak peak (2θ ~27◦) of SnO2 (SG: P42mnm) was observed in the
pattern of sample TS1 (see Figure S2). XRD patterns of all the ODP sintered samples also
showed Bragg peaks representing the disordered cubic CTS phase. Nevertheless, small
amounts of WC and SnO/SnO2 phases were also observed in some ODP sintered samples.

Different crystallographic phases were identified, and their respective weight fractions
were obtained by the Rietveld method [36,39]. Information provided by powder pattern
refinements, including the average crystallite size, is reported in Table 1. The lattice param-
eters for all the samples are a = 5.43 ± 0.01 Å and α = β = γ = 90◦. The average crystallite
size for samples TS1, TS2, and TS3 is 40 ± 10, 75 ± 10, and 70 ± 10 nm, respectively. All
the samples have a ~1–2% weight of WC. Additionally, sample TS1 has a small quantity
(~2% weight) of SnO2, which is possibly formed due to open environment processing.
We did not observe the formation of secondary phase oxides in samples TS2 and TS3,
produced in a strictly controlled environment. ODP, like spark plasma sintering (SPS), is a
fast-sintering technique needing a short sintering time and applying external pressure. The
applied pressure during ODP decreases the sintering temperature and time, simultaneously
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improving the densification kinetics. Thus, the crystalline domains show limited growth,
while reaching full densification. The average domain sizes for the ODP1, ODP2, and ODP3
samples are 42 ± 10, 54 ± 10, and 64 ± 10 nm, respectively. In our recent work, we showed
that SPS on as-milled CTS powder can constrain the grain growth below 50 nm [40].

Figure 1. XRD data before and after repeated TE measurements on TS and ODP sintered samples.
The difference in diffuse background and shifts in Bragg peaks between TS and ODP samples is due
to the use of different diffractometers equipped with Cu Kα (λ = 1.5406 Å) and Co Kα (λ = 1.7889 Å)
sources, respectively. Rietveld refinement on the XRD data with marked phases is shown in Figure S2.

After the repeated TE measurements (discussed in the next section), the XRD data were
collected for the second time. All TS samples showed an increase in the weight fraction of
SnO2. Samples TS2 and TS3 showed the formation of a new secondary phase, SnO (SG:
Pnm21), possibly due to an oxygen-deficient production environment. We also observed
the presence of SnS (SG: Pbmn) in sample TS1, confirming the chemical instability of the
sample prepared in an open environment. Samples sintered using ODP were less prone
to growth in the secondary phases. We did not observe any grain growth or increase in
the weight fraction of secondary phases for ODP1 and ODP2. The applied pressure during
sintering seems to better stabilize the samples than traditional sintering. Nevertheless, an
increased amount of SnO2 was observed for ODP3, due to its extended sintering time in
comparison to ODP2. The densities of ODP3 and ODP2 samples are similar, in spite of the
different sintering times of 30 and 10 min, respectively. Therefore, the densification was
complete within ~10 min of sintering. Furthermore, extended sintering mainly promotes
phase degradation, leading to the formation of SnO2.

61



Materials 2022, 15, 712

As discussed in the Introduction, the loss of nanostructure has adverse effects on
the TE properties of the material, which could drive it towards instability. The average
crystalline size for the TS1 sample increased from 40 ± 10 to 75 ± 10 nm after repeated TE
measurements, whereas samples TS2 and TS3 did not lose their nanostructure, maintaining
their average crystallite size of 75 ± 10 and 70 ± 10 nm, respectively. Similarly, the ODP
sintered samples maintained their average domain size of 42 ± 10, 54 ± 10, and 68 ± 10 nm
for ODP1, ODP2, and ODP3 samples, respectively, after repeated TE measurements.

SEM micrographs at different magnifications collected on TS and ODP sintered sample
surfaces are shown in Figure 2. The difference between the two samples is noticeable.
Morphological images of the bulk TS samples (Figure 2a,b) reveal an uneven topology and
the presence of microscopic pores. As expected, the ODP sintered samples (Figure 2c,d)
had a lower porosity compared to TS, with intact grains. It is also evident through the
density measurements that the ODP sintered samples were ~20% denser than TS. Here, it
is worth mentioning that similar samples sintered via SPS showed almost no porosity and
the density was slightly (~2–4%) higher than the ODP sintered samples (morphological
images of SPS sintered samples are shown in Figure S3) [40].

The morphological image and SAED using TEM on TS1, shown in Figure S4 (right
bottom inset), reveals many small (d~10 nm) grains surrounding the bigger (CTS) grains.
EDX was performed, focusing on the surrounding small dark grains. Strong peaks of
oxygen and tin can be observed in the EDX spectra of TS1, and the atomic fraction was
found to be oxygen and tin-rich (see Table 2), suggesting that these are SnO2 grains, as we
observed from the XRD. The evolution of SnO2 grains makes the sample unstable during TE
measurements by unbalancing the stoichiometry. For samples TS2 and TS3, no SnO2/SnO
grains appeared in the micrographs, although a weak peak for oxygen could be observed
by EDX. The chemical composition for the TS2 sample was copper-rich, whereas, for the
sulfurized sample (TS3), the stoichiometry was close to the theoretical (see Table 2).

Table 2. Atomic fraction for samples TS1, TS2, and TS3 estimated from the TEM-EDX analysis
(corresponding EDX spectra are shown in Figure S4).

Sample Name
Atomic Fraction (±1%)

Cu Sn S O

TS1 15.11 26.40 14.92 43.55
TS2 40.09 16.64 41.55 1.7
TS3 30.31 15.43 45.96 3.2

SEM-EDX analysis was performed on the ODP sintered samples, including chemical
maps on large ODP samples to investigate the overall chemical homogeneity. As discussed
in the Experimental Methods, ODP was performed on a large quantity (30–40 g) of ball-
milled powder, producing large samples (see Figure S1). The SEM chemical maps (shown
in Figure 3) revealed non-homogeneous chemistry on the surfaces of the ODP sintered
samples. As ODP is a fast-sintering technique and was performed on a large quantity of
materials, variations in chemical composition are likely. However, the overall chemistry of
the samples was close to theoretical (shown in Table 3). On the contrary, the SPS sintered
samples produced in our past work showed a homogeneous chemical distribution and
comparatively lower crystalline domain size [40].
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Figure 2. SEM micrographs collected on the surfaces of bulk TS (a,b) and ODP (c,d) sintered samples
showing highly intact grains with a lower porosity in comparison with the TS sintered samples at
different magnifications.

Figure 3. Cont.
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Figure 3. SEM micrographs collected on ODP samples and chemical maps for individual elements
Cu (a), S (b), and Sn (c), and simultaneously for all elements (d) (corresponding EDX spectra are
shown in Figure S5).

Table 3. Atomic fraction of samples ODP1, ODP2, and ODP3 samples, estimated using SEM-EDX
analysis (corresponding EDX spectra are shown in Figure S6).

Sample Name
Atomic Fraction (±1%)

Cu Sn S O

ODP1 16.90 32.03 46.92 4.05
ODP2 15.46 30.13 45.11 9.27
ODP3 16.82 31.68 49.21 2.29

Repeated Seebeck and resistivity measurements are shown in Figure 4. All the sam-
ples, and TS and ODP batches, showed positive values for the absolute Seebeck coeffi-
cient, indicating holes as majority charge carriers, thus confirming a p-type semiconduct-
ing nature. The trend of resistivity for sample TS1 is increasing with the temperature,
whereas it is decreasing for all other samples, typical of degenerate and non-degenerate
semiconductors, respectively.

The first measurement on the TS1 sample shows the lowest values of S (40–100 μV/K)
and ρ (0.01–0.03 mΩ-m). However, these measurements are not reproducible during
the second and third measurement cycles. The low Seebeck and resistivity with a non-
degenerate semiconducting trend suggest the presence of a higher carrier concentration in
sample TS1. This could be due to the alteration in chemical composition, as we observed
a large amount of SnO2 using TEM-EDX and XRD. The XRD on the same sample after
repeated TE measurement cycles revealed the segregation of SnS (see Table 1), making
the sample copper-rich or possibly leading to the formation of CuS. In a recent work on
non-stoichiometric (copper-rich) CTS [18], lower Seebeck (~50 μV/K at 300 K) and high
electrical conductivity were reported. Other than the formation of SnS and SnO2, the non-
repeatability of S and ρ during the thermal cycles also confirms the instability of sample TS1.
Noticeably, after the three measurements cycles, significant grain growth was observed for
TS1, with the average domain size increasing from 40 ± 10 to 75 ± 10 nm.

For samples TS2 (S ~250–400 μV/K, ρ ~1.5–1.1 mΩ-m) and TS3 (S ~325–425 μV/K,
ρ ~3.5–1.5 mΩ-m), the TE measurements were repeatable during the measurement cycles,
and the values of S and ρ were in agreement with the literature [7,15]. Although we
observed an increased amount of SnO2 and the formation of a new SnO phase, segregation
of SnS was not observed. Similar values of S and ρ during several measurement cycles
confirmed that the CTS samples prepared in a strictly controlled environment were stable.
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It is known that sulfurization leads to the formation of stoichiometric CTS [41], which could
be the case for sample TS3, leading to a higher Seebeck and resistivity.

The repeated TE measurements on ODP sintered samples were reproducible, especially
after the first measurement cycle, and for the second and third measurements cycles, the S
and ρ measurements were coherent. The ODP1 sample sintered at 400 ◦C for 30 min showed
the lowest values of S (180–310 μV/K) and ρ (0.55–0.50 mΩ-m). ODP2 and ODP3 samples
sintered at 500 ◦C for 10 min and 30 min showed increasing values of S and ρ. The Seebeck
coefficients and resistivities for the ODP2 and ODP3 samples were S ~400–550 μV/K and
ρ ~2.2–1.0 mΩ-mm, and S ~550–650 μV/K and ρ ~4.0–1.7 mΩ-m, respectively. The increase
in S and ρ have a clear relation with the increased average domain size of the samples.
These results are in agreement with our recent work showing the effects of grain growth on
SPS sintered CTS samples, owing to the conduction based on the metallic nature of surfaces
due to dangling bonds [40]. Moreover, Ming et al. [42] showed a similar effect in Cu2SnSe3.

Figure 4. Cont.
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Figure 4. Repeated absolute Seebeck coefficient (S) and resistivity (ρ) measurements in temperature
for the TS and ODP sintered samples. In the figure, markers 1 (red squares), 2 (green circles), and
3 (blue triangles) represent first, second, and third measurements cycles, respectively.

However, it is important to notice here that two different sintering were used for the
sample preparation, resulting in significantly different densities, even if we did not observe
a significant difference in the resistivity of the same samples. Thus, we put forward that
electrical transport is less likely affected by porosity in these systems. However, we noticed
that the TS sintered samples had a lower S in comparison with the ODP samples. This
could be related to the overall chemical composition of the TS samples, where we noticed a
large chemical fluctuation in TEM-EDX. Some chemical fluctuations were also present in
the ODP samples, but the overall chemistry of ODP samples was close to the theoretical, as
observed by means of the chemical maps.

Thermal diffusivity (D) was measured using a xenon flash instrument, and the thermal
conductivity (κ) was calculated as, κ = D × d × Cp, where, d and Cp are the density of
the sample and specific heat capacity, respectively. The density was measured using the
Archimedes method (see Table 1), and Cp obtained on TS samples is discussed elsewhere [4],
whereas Cp measurements on ODP sintered samples are shown in Figure S7.

All the samples showed a decreasing trend of thermal conductivity with temperature,
implying that the phonon–phonon (Umkalpp process) is dominating the phonon trans-
port (see Figure 5). Here, it is worth mentioning that all the samples of this work have a
disordered cubic structure with partial occupancies of cations (Cu and Sn), which results
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in a comparatively lower thermal conductivity than the ordered or monoclinic CTS poly-
morph [6]. The thermal conductivity of sample TS1 ranges from 0.70 W/mK to 0.45 W/mK,
whereas it is ultra-low for samples TS2 and TS3, with values of 0.40–0.30 W/mK and
0.30–0.20 W/mK, respectively, in the entire measured temperature range of 323–723 K.
Samples TS2 and TS3 have a similar κ as we recently reported for CTS [4]. However, the
unstable sample TS1 has the highest κ in the TS batch. The higher thermal conductivity
of sample TS1 is due to its higher electrical conductivity, as observed by the degenerate
semiconductor trend of resistivity, probably resulting from the formation of Cu-rich CTS or
CuS. The thermal conductivity of ODP sintered samples is in the range of other CTS and
Cu-Sn-S-based systems [7,18]. A clear correlation between densities and κ can be noticed
in the ODP samples as well. The densities of ODP samples are similar to the literature for
CTS polymorphs [7,12,18]. The difference in κ between TS2 and TS3 is also likely to be due
to their lower and higher densities, respectively. It is noteworthy that the κ of TS samples is
~3-fold lower in the entire temperature range than for the ODP sintered samples. However,
we observed a more or less same behavior for the electrical transport, e.g., samples TS2 and
ODP2 have ρ~1.5–1.0 mΩ-m and ~2.0–1.2 mΩ-m, respectively, but TS2 has a ~3-fold lower
κ (0.3–0.2 W/mK) than ODP2 (0.8–0.6 W/mK).

Figure 5. Thermal conductivity (κ) for TS and ODP sintered samples.

The power factor was calculated as PF = S2/ρ, and is shown in Figure 6. The first
measurement on Sample TS1 has the highest PF ~3.5 μW/K2 cm, above 700 K, which is
continuously decreasing with successive measurements. Samples TS2 and TS3 showed
PF ~1.25 μW/K2 cm and ~1 μW/K2 cm, respectively, above 700 K, but they are stable
over repeated measurements. Due to the reproducibility of S and ρ, ODP sintered samples
showed reproducible PF. Among all the ODP sintered samples, ODP2 has the highest
PF ~2.75 μW/K2 cm, above 700 K, because of moderate S and ρ. However, lower S and
very high ρ for samples ODP1 and ODP3, respectively, have an adverse effect on each other,
resulting in a comparatively lower PF ~1.75 μW/K2 cm and ~2.25 μW/K2 cm, respectively.
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Figure 6. Repeated power factor (PF) for TS and ODP sintered samples. In the figure, markers 1 (red
squares), 2 (green circles), and 3 (blue triangles) represent the power factors during the first, second,
and third measurements cycles, respectively.

Concerning the figure of merit, samples TS1, TS2, and TS3 show zT ~0.50, 0.45, and
0.27, respectively, above 700 K (Figure 7). Although TS1 has the highest zT, it is not stable
and zT decreases with subsequent measurements. Among the stable TS samples, TS2 has
the highest zT of ~0.45. The competitively high zT of TS2 is supported by its lower κ and
ρ. ODP sintered samples present zT ranging from 0.25–0.34, around 700 K. The ODP2
sample has the highest zT of ~0.34, around 700 K, thanks to the low thermal conductivity
throughout the measured temperature span. It is evident from the discussions above that
the comparatively higher zT of the TS samples is supported by their lower density (high
porosity), which blocked the thermal transport effectively. Impotently, the many folds
reduction of κ due to the pores does not show a significant increase in the resistivity of
the TS samples. Furthermore, the porous CTS samples also showed reproducible results
during many measurements cycles. Total elimination of secondary phase oxides is not easy
due to the low partial pressure of their formations, but a small amount of tin oxides does
not seem to affect the TE properties during repeated TE measurements.
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Figure 7. The repeated figure of merit (zT) for TS and ODP samples. In the figure, markers 1 (red
star), 2 (green circles), and 3 (blue triangles) represent the first, second, and third measurement
cycles, respectively.

4. Conclusions

The present work shows that porosity leads to a significant suppression of thermal
conductivity, and CTS pellets can be stabilized with different fractions of porosity. The low
density or TS samples (κ ~0.3–0.2 W/mK) showed ~3 times lower thermal conductivity
than the high density or ODP sintered samples (κ ~0.8–0.6 W/mK). However, we did not
observe any significant difference in electrical transport properties between the TS and
ODP samples. The best performing stable TS samples present zT~0.45, whereas the best
performing ODP sample showed zT of ~0.34, around 700 K, a result clearly due to the
ultra-low thermal conductivity of the traditionally sintered, porous samples.

Due to the low partial pressure of tin oxides formation, it is difficult to produce pure
CTS and similar chalcogenides. However, the continuous evolution of secondary phase
oxides can be eliminated by using a highly controlled environment, and a small fraction
of secondary phase oxides seem to have little effect on the TE properties and stability of
the samples. The results presented in this work give a general overview of the effects of
different experimental conditions and porosity on the stability and TE performance of
CTS samples. Similar considerations should hold for other Cu-Sn/Fe-S/Se-based systems,
chalcogenides, colusites, and chalcopyrite, etc., used for various applications, ranging from
photovoltaics to thermoelectricity and LED production.
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Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ma15030712/s1. Figure S1: Images of as-sintered ODP
samples. Figure S2: Rietveld refinement data before and after many Seebeck and resistivity mea-
surements cycles for all the samples. Figure S3: Morphological images of SPS sintered samples.
Figure S4: TEM-EDX, morphological images, and SAED on TE samples. Figure S5: SEM-EDX data
for chemical maps collected on ODP samples. Figure S6: Various SEM-EDX data collected on ODP
samples. Figure S7: Specific heat capacity (CP) measurements on ODP samples.
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Abstract: The effect of SnO2 addition (0, 1, 2, 4 wt.%) on thermoelectric properties of c-axis oriented
Al-doped ZnO thin films (AZO) fabricated by pulsed laser deposition on silica and Al2O3 substrates
was investigated. The best thermoelectric performance was obtained on the AZO + 2% SnO2 thin
film grown on silica, with a power factor (PF) of 211.8 μW/m·K2 at 573 K and a room-temperature
(300 K) thermal conductivity of 8.56 W/m·K. PF was of the same order of magnitude as the value
reported for typical AZO bulk material at the same measurement conditions (340 μW/m·K2) while
thermal conductivity κ was reduced about four times.

Keywords: thermoelectricity; Seebeck coefficient; thermal conductivity; thin film; oxides

1. Introduction

The increasing worldwide demand for energy and the resultant depletion of fossil
fuels have brought new challenges for the scientific community [1]. One of the major issues
is to develop high-efficiency devices for capturing energy from abundant natural sources
such as solar, wind and geothermal energy. Another surplus, but mostly unused, source of
energy is wasted heat. There are huge waste heat sources in our environments covering
a wide range of temperatures (300~1200 K): industrial processes, domestic stoves and
radiators, electrical lighting, pipelines, electrical substations, subway networks, automotive
exhaust tubes, but also geothermal heat, body heat, and so on: about 66% of the annual
world energy consumption is lost as waste heat, and the loss corresponds to the stellar
amount of 3·1020 J per year, just considering the past 10 years [2,3]. A highly promising
method for energy recovery from such heat sources is the utilization of thermoelectric (TE)
materials that can convert various types of waste heat flow into electricity. The possibility
of conversion of heat in electricity was discovered in 1821 by Thomas Seebeck [4]: a junction
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of two metals generates the thermoelectric voltage ΔV when a temperature gradient ΔT is
created across it. In mathematical form it can be expressed as:

ΔV = S · ΔT (1)

where S is the material-dependent Seebeck coefficient. The performance of any TE material
is quantified by the figure of merit (ZT):

ZT =
σS2(

κel + κph

)T (2)

where σ is the electrical conductivity, S the Seebeck coefficient, T the absolute temperature,
κel the electrical thermal conductivity and κph the phononic thermal conductivity being
κ = κel + κph the total thermal conductivity.

ZT is related to the efficiency η of heat/electrical energy conversion by the relation:

η =
ΔT
TH

( √
1 + ZTave − 1√

1 + ZTave +
TC
TH

)
(3)

State-of-the-art TE materials for heat conversion can operate at T = 300~1200 K, with
ZT = 0.1~2.6, corresponding to η = 1~20%. Therefore, after two centuries, TE devices are
seldom utilized in daily life. TE modules have obtained brilliant success, however, in niche
applications, for example for powering the space probe Cassini [5], while high-conversion
modules to harvest waste heat of car engines remained at the state of prototypes [6]. ZT and
η must be strongly improved to make TE power competitive with the common thermody-
namic cycles based on fossil fuel burning, solar conversion and nuclear power plants. The
improvement of ZT can be obtained by enhancing σ and/or S, or the product σS2 which is
called “power factor” (PF), and/or by decreasing the total thermal conductivity. However,
κel = LTσ, with L = 2.44 × 10−8 W·Ω·K−2 is the Lorentz number while κph = 1/3 CvЛ where
C is the heat capacity, v is the speed of phonons, Л is the phonon mean free path. It is thus
necessary to decouple σ and κel and work on the depression of κph.

Since the discovery of the Seebeck effect, the benefit of TE harvesting has been under-
stood and a wealth of TE materials has been discovered. After the discovery of BiTe with
ZT = 0.5 [7] in 1954, the ZT of TE materials did not improve for a very long time. In 1993,
a seminal paper [8] theoretically predicted the drastic depression of κph due to reduction
of the mean free path of phonons (Л) to a few nanometers, which resulted in substantial
improvement of ZT. This concept was firstly validated in Bi2Te3/Sb2Te3 multilayer thin
films incorporating natural nano-sized precipitates, showing the extremely small κ value
(0.22 W·m−1 K−1) and a huge value of ZT = 2.5 at T = 300 K [9].

These results were due to the scattering of phonons by nano-defects spontaneously
formed inside the thin films. However, TE harvesters based on BiTe and related materials
cannot be produced on a large scale because they contain rare (Te) and poisonous (Sb, Bi, Pb)
elements, and require high-cost processing. Though the last ten years a great progress has
been made with ZT = 2.6 for SnSe single crystals [10] and 3.1 for polycrystalline SnSe [11],
there is still room for finding even more efficient TE materials in a wide T region.

In particular, the attention of researchers has been focused on the development of
stable, environmentally benign, abundant, and cost-effective TE materials based on oxides.
In the 1990s, extensive research in the area of bulk oxides focused on the enhancement of
the TE performance using atomic substitutions and improved grain connection [12–15].
To date, the best TE performance of the currently available oxide materials is ZT = 0.64
for n-type Zn0.96Al0.02Ga0.02O [13] and 0.74 for p-type Ca2.5Tb0.5Co4O9 [14] at 1000 K. The
ZT of oxides is not yet up to the level of the best conventional TE materials and needs to
be drastically improved to be acceptable for practical applications. The bulk oxides also
have the main disadvantages of requiring a long time for sintering and fabrication of the
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n- and p- elements and their assembly in modular shape, and mechanical fragility. All
these drawbacks can be overcome by using oxide thin films. Thin-films have significant
advantages, such as low dimensionality, rapid fabrication, control of strain at the interface
with substrates, and the possibility to insert artificial nano-defects to improve the phonon
scattering. Thermoelectric thin films are also attractive for their applicative potential for
energy harvesting to power Internet of Things (IoT) sensors [15,16].

Recently, our group studied oxide-thin TE films and obtained encouraging prelim-
inary results. First, epitaxial thin films of 2% Al-doped ZnO (AZO) were fabricated by
pulsed laser deposition (PLD) on several single crystal (SrTiO3, Al2O3) and amorphous
(silica) substrates. Regardless of a particular substrate, the films always showed higher
values of ZT in comparison with the corresponding bulk AZO: for example, at T = 600 K,
ZTAZO-on-STO = 0.03 while ZTbulk = 0.014 [17,18]. The superior performance of films is
due to their lower thermal conductivity: κAZO-on-STO (300 K) = 6.5 W/m·K [16,17] while
κbulk (300 K) = 34 W/m·K. In these series, the grain boundaries can be considered as
natural nanodefects for an enhanced scattering of phonons and consequent decrease
of κ. As a demonstration of this effect, the film on fused silica, showing additional
grain boundaries at the seed layer on the substrate, had even lower thermal conductivity:
κsilica (300 K) = 4.89 W/m·K and larger ZT: ZTsilica (600 K) = 0.045 [18].

The insertion of artificial nanodefects has been subsequently considered with the pur-
pose of further reduction of κ and enhancing ZT. Several approaches have been tried by
our group: insertion of hydroquinone nanolayers in AZO films prepared by atomic layer
deposition (ALD): κALD (300 K) = 3.56 W/m·K [19]; addition of polymethylmethacrylate
(PMMA) particles to AZO films prepared by multi-beam multi-target matrix-assisted PLD
(MBMT/MAPLE-PLD): κMAPLE (300 K) = 5.9 W/m·K and ZTMAPLE (600 K) = 0.0061 [20];
formation of nanopores in AZO films prepared by mist-chemical vapor deposition
(mist-CVD): κporous (300 K) = 0.60 W/m·K and ZTporous (300 K) = 0.057 [21]; disper-
sion of Al2O3 nanoparticulate in AZO films prepared by surface-modified target PLD:
κnanoAl2O3 (300 K) = 3.98 W/m·K and ZTnanoAl2O3 (600 K) = 0.0007 [22]. Several groups
worldwide have recently obtained excellent results with different kinds of dopant, like
the κ (300 K) = 1.19 W/m·K and ZT (300 K) = 0.1 of magnetron sputtered AZO films by
Loureiro et al. [23], κ (323 K) = 3.37 W/m·K and ZT (423 K) = 0.052 of CNT-added evapo-
rated porous AZO films by Liu et al. [24], the κ (300 K) = 1.1 W/m·K and ZT (300 K) = 0.042
of amorphous ZnOxNy PLD films by Hirose et al. [25], the κ (300 K) = 1.8 W/m·K and ZT
(383 K) = 0.019 of dual-doped AlGaZnO PLD films by Nguyen, et al. [26], just to cite the
most impressive. All these successful examples highlight the promise of nanostructured
doped ZnO films for future energy-harvesting applications.

In this work, we have focused on enhancing the thermoelectric performance of Al-
doped ZnO films by the addition of a controlled amount of SnO2 as a secondary dopant.
AZO has the same structure of hexagonal ZnO: wurtzite, hexagonal, space group P63mc,
cell parameters a = b = 0.3289 nm and c = 0.5307 nm, while SnO2 is cassiterite, tetragonal,
space group P42/mnm with cell parameters a = b = 0.4832 nm and c = 0.3243 nm. Since
the mismatch between the a-axis of AZO and the c-axis of SnO2 is 1.4%, we forecasted
the growth of quasi-epitaxial nanostructures (nanoparticles) of SnO2 with cSnO2//aAZO,
dispersed in the AZO matrix.

The motivation of this work is to prove the presence of SnO2 nanoparticulates in
the AZO matrix and verify the optimal content of SnO2 for the TE properties of the
nanocomposite Al- and SnO2-doped (AZO + SnO2) thin films.

2. Materials and Methods

Two sets of four thin films were prepared using various compositions and substrate
materials. All samples were deposited both on amorphous silica and c-axis oriented
alumina by pulsed laser deposition (PLD) technique focusing a Nd:YAG (266 nm, 10 Hz)
laser on dense pellets. Four commercial targets (Kurt Lesker Ltd., Jefferson Hills, PA,
USA) used for film making had different contents of SnO2 (0, 1, 2 and 4 wt.%) dispersed
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in the Al-ZnO (AZO) main phase where the Al content was kept as 2 wt.%. Prior to the
deposition, the substrates were cleaned at 773 K for 2 h, then glued by conductive silver
glue to a rectangular Inconel plate, which was put in direct thermal contact with a cartridge
heater and finally inserted into the vacuum chamber. All films were grown with an energy
density of about 4.2 J/cm2 for 60 min at 573 K, in the atmosphere of 20 mtorr of oxygen.
The samples deposited on silica are named AZO_xS and the ones deposited on alumina
AZO_xA, with x = 0, 1, 2 and 4 referring to the concentration (wt.%) of the SnO2 in the
respective targets.

Electrical conductivity (σ) and Seebeck coefficient (S) were measured by means of the
four-probe method using a ZEM-3 (ULVAC Advance-Riko, Yokohama, Kanagawa, Japan)
apparatus under partial He pressure to assure thermal transport between the heater and
the sample. Measurements with ZEM-3 were conducted performing three cycles between
353 and 573 K and measuring both heating and cooling processes. The σ and S curves
reported in Section 3.2 for each sample were those obtained from the last cooling cycle,
considered as the most stable and reliable. The uncertainties of the ZEM-3 measurements
were ±4% for the electrical conductivity and ±3% for the Seebeck coefficient.

For comparison and validation of data, some selected samples were also characterized
by a custom-made apparatus whose working principle and measurement protocol are
reported elsewhere [27,28]. The error in the thermoelectric coefficients measurements is
±5% in the case of σ, and ±7% for S.

The thickness of the thin films (in the range 295–585 nm, as summarized in Table 1) was
measured using a Dektak 6M Stylus Profiler (Bruker, Billerica, MA, USA) and a Filmetrics
Profilm 3D (KLA, Milpitas, CA, USA).

The X-ray diffraction analysis was conducted using a Bragg-Brentano powder diffrac-
tometer (Smart Lab 3, Rigaku Corporation, Tokyo, Japan) using the Cu Kα radiation in the
10–100◦ angular range with an angular step of 0.02◦ (power settings: 40 mA, 40 kV).

The TEM images and EDS analysis were conducted using a JEM-2100F (JEOL, Ak-
ishima, Tokyo, Japan) with EDS spectroscopy. The STEM beam size was set to 0.5 nm.

The picosecond time-domain thermo-reflectance (TD-TR) technique using a cus-
tomized system PicoTR (PicoTherm, Netzsch Japan KK, Tsukuba, Japan) was utilized
to measure the thermal conductivity of the samples at room temperature (T = 300 K) in the
cross-plane direction.

Measurement of Hall coefficient at room temperature was performed using a standard
four-terminal method with a commercial PPMS instrument (Quantum Design, San Diego,
CA, USA) at an AC current of 5 mA.

3. Results and Discussion

3.1. Structural and Morphological Characterization

The XRD spectra of the thin films fabricated on amorphous silica and single-crystal
c-axis oriented Al2O3 are presented in Figure 1a,b, respectively.

On both substrates, the preferred orientation of AZO films was along the c-axis
since only (00l) reflection appeared. The presence of SnO2 in the films of both series was
undetectable by X-rays even for the highest amount (x = 4).
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Figure 1. X-ray diffraction (XRD) spectra of Al-doped ZnO (AZO) films deposited (a) on silica (series AZO_xS); (b) on
Al2O3 (series AZO_xA). (hkl) reflections of AZO [18] are indicated, while ♦ labels the peaks of Al2O3 substrate and asterisks
* the unattributed peaks.

The cross-sectional TEM images (magnification 150,000, Figures 2a and 3a of two
representative samples deposited on fused silica without (AZO_0S) and with the addition
of SnO2 (2 wt.%, AZO_2S) reveal a typical columnar growth along the c-axis of the films
as often reported in the literature for AZO PLD thin films [16,17,19,21]. The addition of
SnO2 (AZO_2S) did not affect the morphology of the films. The higher magnification
images (300,000×, Figures 2b and 3b for AZO_0S and AZO_2S, respectively) show that the
columns were well connected without the presence of pores or misoriented grains so that
the density of the films could be considered close to the theoretical value.

Figure 2. (a) Cross-sectional transmission electron microscope (TEM) image (magnification 150,000)
of the AZO/silica thin film AZO_0S; (b) double magnification (300,000×) taken in the central zone of
Figure 2a.
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Figure 3. (a) Cross-sectional TEM image (magnification 150,000) of the AZO/silica thin film AZO_2S;
(b) double magnification (300,000×) taken in the central zone of Figure 3a.

The TEM-EDS mapping performed on the sample AZO_2S (Figure 4) reveals a uni-
form distribution not only of the elements Al, Zn, O, but also of Sn. Contrary to the
predictions based on the 1.4% lattice mismatch, Sn did not form nanoscale aggregates in
the AZO matrix, but presumably entered as substitutional or interstitial atoms in the AZO
elementary cell. According with TEM-EDS analysis, the atomic percentage of Sn in the film
prepared with 2 wt.% SnO2-added AZO target is 0.49%. The atom % of oxygen is 33.91%.
Since it is not possible to separate the contribution of oxygen from SnO2 and from ZnO,
we can only compare the percentage of Sn in the target and in the film. The percentage of
Sn in SnO2 is 78.77%, which in 2 wt.% SnO2 corresponds to 1.58%. This means that in the
film the amount of Sn is about 1/3 than in the target. Si is not considered in the discussion
being part of the substrate only.

Figure 4. TEM-EDS (energy-dispersive spectroscopy) elemental maps of the AZO + SnO2 2 wt.% silica thin film (AZO_2S)
for the atoms Sn, Zn, Al, O and Si.
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3.2. Transport and Thermoelectric Characterization

Room temperature Hall measurement was taken to find the carriers’ concentration nH
and mobility μH values for the AZO_xS and AZO_xA films. The results are in Figure 5,
together with room temperature resistivity values from the ZEM-3 analysis.

The resistivity at room temperature has a clear ascending trend with the increase of
the content of SnO2 for both substrates. The films on Al2O3 had half the resistivity of those
on silica. The range of nH was almost the same for two substrates, and of the order of
1020 cm−3, as expected for a typical semiconductor such as AZO. The maximum number
of carriers occurred at x = 1 on silica and at x = 2 on Al2O3. The carrier mobility had the
maximum at x = 2 on both substrates but was about 20 times larger for AZO_2A than
for AZO_2S. AZO_0S had greater mobility than AZO_0A and this could be explained by
the larger misfit dislocations generated on Al2O3, due to a lattice misfit of 15% [18,29].
Surprisingly, by increasing the content of SnO2 doping, there was a reversal trend and the
films grown on Al2O3 presented higher mobility, with the maximum value for AZO_2A-20
times larger than for AZO_0S.

Figure 5. Hall effect measurements of the number of carriers and their mobility for films deposited
(a) on silica (series AZO_xS) and (b) Al2O3 (series AZO_xA) plotted versus the % content of SnO2 (x).
Note that reported is the absolute value of nH with the aim of simplifying the reading. The resistivity
of both series was measured at the lowest temperature (348 K) using the ZEM-3 apparatus.
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The electrical conductivity (σ) for the AZO films is presented in Figure 6 as a function
of temperature in the range 300–600 K. Figure 6 shows that σ increases with rising tempera-
ture, confirming the semiconductor behaviour of the samples. On both substrates, the film
grown without additional SnO2 had the largest σ followed by the film with x = 2.

Figure 6. Electrical conductivity plotted vs. temperature of thin films deposited on (a) silica (series AZO_xS); (b) on Al2O3

(series AZO_xA).

The temperature dependence (300–600 K) of Seebeck coefficient (S) of the AZO films
is plotted in Figure 7. S had a negative sign, confirming the n-type conductivity of AZO.
Figure 7 shows that S decreases with the rising temperature, a reversal trend with respect
to σ as commonly expected for semiconductor materials. On both substrates, the pure AZO
film had the lowest S while the sample fabricated with a target containing 4% of SnO2
presents the largest one.

Figure 7. Seebeck coefficient (S) plotted vs. temperature of thin films deposited on (a) silica (series AZO_xS); (b) on Al2O3

(series AZO_xA).

The Seebeck coefficient can be expressed as [30]:

S =

(
8π2k2

B
3eh2

)
m∗T

(
3n

)2/3
(4)
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where kB is Boltzmann’s constant, h is Planck’s constant, T is the absolute temperature, m*
is the effective mass and n is the carrier concentration. The effective mass is also expressed
as m* = α me, where me is the mass of the electron and α is a positive rational number.

The room temperature (300 K) “Pisarenko plots” (S versus nH) for both series of films
are presented in Figure 8. According to the graphs, m* was (0.3–0.6) me and (0.2–0.7) me
for the films grown on silica and alumina, respectively. The fractional me was consistent
with the parabolic band approximation and relatively simple band structure reported for
ZnO [31].

Figure 8. Pisarenko plot at 300 K for thin films deposited on (a) silica (series AZO_xS) and (b) on Al2O3 (series AZO_xA).

The calculated power factor (PF) as a function of temperature is shown in Figure 9. The
maximum power factor value was found for sample AZO_2S at 573K as 211.78 mW/m·K2.
This value was of the same order of magnitude as that measured for bulk AZO at the same
conditions (−340 mW/m·K2) [32] and was also comparable with the values reported for
AZO thin films [17,18,23–26].

Figure 9. Power factor PF = σS2 plotted vs. temperature for thin films deposited on (a) silica (series AZO_xS) and (b) on
Al2O3 (series AZO_xA).

The PFs of all films at 353 K and 573 K are summarized in Figure 10, making clear that
on both substrates, 2% of SnO2 represents the optimal dopant concentration.
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Figure 10. The trend of power factor with the content of SnO2 for the two series of films on silica
and alumina.

For the films AZO_0S and AZO_2S deposited on silica the measurements were re-
peated using two different apparatuses to verify the accuracy of the reproducibility of data.
The comparison between the pair sets of data for σ, S and PF is reported in Appendix C.

The transport and thermoelectric properties of the films are summarized in Table 1.

Table 1. Thickness, electrical and thermoelectric properties of the AZO films deposited on silica (series AZO_xS) and on
Al2O3 (series AZO_xA) for different concentrations x (%) of SnO2 dopant.

Sample
Thickness

[nm]
nH

[cm−3]
μH

[cm2/V·s]
σ

[S/cm]
S

[μV/K]
PF

[μW/m·K2]
k

[W/m·K]

(300 K) (300 K) (353 K) (573K) (353 K) (573K) (353 K) (573K) (300 K)
AZO_0S 595 −7.812·1019 3.571 394.7 405.3 −40.41 −58.66 64.47 139.5 8.88
AZO_1S 505 −1.671·1020 4.503 231.2 245.0 −48.07 −68.02 53.43 113.4 -
AZO_2S 300 −1.061·1020 7.119 369.2 385.0 −48.13 −74.17 85.54 211.8 8.56
AZO_4S 295 −5.865·1019 0.8606 59.63 80.23 −68.57 −95.73 28.03 70.70 -
AZO_0A 535 −6.832·1019 2.576 547.8 561.4 −23.38 −29.61 29.94 49.21 -
AZO_1A 498 −1.124·1020 6.345 229.8 247.7 −47.66 −71.72 52.19 127.4 -
AZO_2A 535 −1.986·1020 125.1 301.4 307.6 −49.00 −71.87 72.38 158.9 -
AZO_4A 480 −1.394·1020 2.143 123.7 155.4 −44.06 −67.45 24.01 70.70 -

The room temperature (300 K) thermal conductivity (κ) of the sample with the highest
PF (AZO_2S) and of a reference sample from the same batch (AZO_0S) was evaluated by
the TD-TR method [32–35] according to the details described in Appendix A. The value of
κ was 8.88 and 8.56 W/m·K for samples AZO_0S and AZO_2S, respectively. These values
were in the same range as those reported for pure AZO films deposited by PLD [16,17,21].
Therefore, the four-fold decrease of κ with respect to bulk [32] must be attributed to the
phonon scattering of grain boundaries, and not to the addition of SnO2. The calculation of
ZT (T = 353 K) using Equation (2) gave the following result: ZT (AZO_0S) = 0.003 and ZT
(AZO_2S) = 0.004, of the same order as for AZO thin film deposited by PLD on different
substrates. Conservative estimates of ZT′ (T′ = 573 K) were ZT′ (AZO_0S) = 0.009 and ZT′
(AZO_2S) = 0.014. Since for oxide thin films κ is expected to decrease with T [33], ZT was
calculated using a conservative approach from the PF values at 353 K or 573 K, κ at 300 K,
and T = 353 K or 573 K.

These values of ZT did not surpass the reported performance of bulk AZO at the same
conditions and were also of the same or lower level as for other AZO films prepared by
PLD. This indicated that SnO2 could not be considered as an optimal dopant for AZO thin
films for thermoelectric applications. On the other hand, it could be that the fine dispersion
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of SnO2 into AZO matrix enhanced the photoelectric response of AZO, as reported for
SnO2/ZnO hierarchical nanostructures prepared by the electrospinning method [34], or
could be used to fabricate compact gas sensors, as reported for ZnO–SnO2 nanofibers [35].

4. Summary

In summary, we fabricated using pulsed laser deposition (PLD) two series of thermo-
electric thin films of Al-doped ZnO (AZO) doped with various concentrations of SnO2
(x = 0, 1, 2, 4 wt.%) on the substrates made of fused silica and Al2O3 (001) single crystals.
The goal was to enhance the thermoelectric performance. All the films were c-axis oriented.
The films deposited on silica showed the highest values of Seebeck coefficient (S) and
power factor (PF) in comparison with the films on Al2O3 with the same content of SnO2.
The AZO film on silica with x = 2 showed the best performance, with σ = 385.0 S/cm,
S = –74.17 mV/K, and PF = 211.8 μW/m·K2 at the maximum operating temperature
(573 K). The room temperature (300 K) thermal conductivity of this sample was evaluated
as κ = 8.56 W/m·K, with a calculated figure of merit ZT (353 K) = 0.003 and a projected
value of ZT (573 K) = 0.014, comparable with ZT of the nanostructured PLD AZO films
grown on several substrates.
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Appendix A

The picosecond time-domain thermo-reflectance (TD-TR) was utilized to measure the
thermal conductivity of two samples in the cross-plane direction using the front-heat front-
detect (FF) configuration. Prior to the measurements, a 100 nm layer of Pt was sputtered on
the surfaces of the thin films (see Figure A1). As a reference sample, we used 100 nm-thick
Pt film deposited on a silica substrate. Rear-heat front-detect (RF) configuration was used
for the reference sample (see Figure A1b). Figure A3 shows the thermo-reflectance signal
obtained from the reference sample. We determined 1946 [J/(s0.5 m2 K)] as the thermal
effusivity of the silica substrate by curve fitting. (see Figure A1b).
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Figure A1. Diagram of thermo-reflectance measurement with (a) front-detect (FF) configuration and (b) rear-heat front-
detect (RF) configuration.

After depositing the Pt layer on the surface, samples consisted of three layers (see
Figure A2).

Figure A2. Diagram of the applied model.

The thermal conductivities of the thin films were determined by the picosecond
time-domain thermo-reflectance (TD-TR) technique, using the original focused beam
system [36–38].

For the analysis, the mirror image method was used [39]. In the mirror image method,
the temperature history of FF configuration could be described as:

Tf (t) =
1

bf
√

ßt

(
1 + 2

∞

∑
n=1

flnexp
(
−n2 øf

t

))
(A1)

øf =
df

2

fff
=

(
Cf

bf

)2

(A2)

fl =
bf − bs

bf + bs
(A3)

where øf is the heat diffusion time (in Pt layer), fl is the dimensionless parameter, bf is
the thermal effusivity of the Pt layer, bs is the thermal effusivity of the sample, df is the
thickness of the Pt layer and fff is the thermal diffusivity of the Pt layer.

We already knew the value of Cf , thus we could determine the thermal effusivity of
the sample bs. We could also determine the thermal conductivity of the samples κs using
the following equation:

κs =
bs

2

csæs
(A4)

where cS and ρS are the specific heat capacity and density of the AZO layer, respectively.
The aforementioned model assumed that the sample consisted of two layers and the

second layer (AZO) was semi-infinite. This model could be derived from the relationship
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between the temperature and heat density of the sample layers using quadrupole matrix
expression [39]: [

q̃2(ξ)

T̃2(ξ)

]
=

[
cosh

√
τ1ξ −b f

√
ξsinh

√
τ1ξ

− 1
b1
√

ξ
sinh

√
τ1ξ cosh

√
τ1ξ

]
[

q̃1(ξ)

T̃1(ξ)

]
T̃2(ξ) =

1
b2
√

ξ
q̃2(ξ)

(A5)

However, we found that the effect of the third layer (silica substrate) was significant,
so we modified the model in order to account for the substrate. In the three-layered sample,
quadrupole matrices were expressed as:[

q̃3(ξ)

T̃3(ξ)

]
=

[
cosh

√
τ2ξ −b2

√
ξsinh

√
τ2ξ

− 1
b2
√

ξ
sinh

√
τ2ξ cosh

√
τ2ξ

][
cosh

√
τ1ξ −b1

√
ξsinh

√
τ1ξ

− 1
b1
√

ξ
sinh

√
τ1ξ cosh

√
τ1ξ

][
q̃1(ξ)

T̃1(ξ)

]
T̃3(ξ) =

1
b3
√

ξ
q̃3

(ξ)τ2 =
(

C2
b2

)2

(A6)

where C2 is the heat capacity of the AZO layer, b3 is the thermal effusivity of the silica
substrate. We could derive the temperature response of the three-layered sample by solving
this equation. This time we used the thermal diffusivity of the silica substrate determined
using the reference sample (b3 = 1946 J/(s0.5 m2 K).

Figure A3 shows the thermo-reflectance signal obtained from the samples. Table A1
shows the values determined by curve fitting.

Figure A3. Thermo-reflectance signals of the silica reference and AZO samples.

Table A1. Thermal properties of samples AZO_0S and AZO_2S.

Sample
Heat Diffusion Time

øf[s]
fl Thermal Effusivity

bs [J/(s0.5·m2·K)]
Thermal Conductivity

κs [W/(m·K)]

AZO_0S 5.19·10−10 0.541 3738 8.88
AZO_2S 5.24·10−10 0.529 3854 8.56

Appendix B

The electrical conductivity σ is plotted versus the SnO2 concentration x in Figure B1.
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The undoped sample had the highest σ, and x = 2 was the optimal dopant concentration.

Figure B1. Electrical conductivity plotted versus the concentration of SnO2 for the two series of films
on silica and alumina.

The Seebeck coefficient S is plotted versus the concentration x of SnO2 in Figure B2.
The undoped sample had the lowest S while the sample with x = 4 had the largest S.

Figure B2. Seebeck coefficient plotted versus the concentration of SnO2 for the two series of films on
silica and alumina.

Appendix C

The comparison of σ, S and PF curves obtained for the samples AZO_0S and AZO_2S
is reported in the Figures C1–C3, respectively. Except for the case of s, the pair of curves
are comparable within the experimental errors.
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Figure C1. Electrical conductivity plotted vs. temperature of AZO_0S and AZO_2S obtained with
two different setups. Filled symbols are the same as those reported in the plots in the main text, while
the open symbols “chk” were obtained with another device.

Figure C2. Seebeck coefficient plotted vs. temperature of AZO_0S and AZO_2S obtained with two
different setups. Filled symbols are the same as those reported in the plots in the main text, while the
open symbols “chk” were obtained with another device.
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Figure C3. Power factor plotted vs. temperature of AZO_0S and AZO_2S calculated from experi-
mental data obtained with two different setups. Filled symbols are the same as those reported in the
plots in the main text, while the open symbols “chk” were obtained with another device.
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