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A 0.35-μm CMOS-MEMS Oscillator for High-Resolution Distributed Mass Detection
Reprinted from: Micromachines 2018, 9, 484, doi:10.3390/mi9100484 . . . . . . . . . . . . . . . . . 74

Laurent Duraffourg, Ludovic Laurent, Jean-Sébastien Moulet, Julien Arcamone and
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Micro and nanoelectromechanical system (M/NEMS) devices constitute key technological
building blocks to enable increased additional functionalities within integrated circuits (ICs) in
the More-Than-Moore era, as described in the International Technology Roadmap for Semiconductors.
The CMOS ICs and M/NEMS dies can be combined in the same package (SiP) or integrated within a
single chip (SoC). In the SoC approach, the M/NEMS devices are monolithically integrated together
with CMOS circuitry, allowing the development of compact and low-cost CMOS-M/NEMS devices
for multiple applications (physical sensors, chemical sensors, biosensors, actuators, energy actuators,
filters, mechanical relays, and others). On-chip CMOS electronics integration can overcome limitations
related to the extremely low-level signals in sub-micrometer and nanometer scale electromechanical
transducers, enabling novel breakthrough applications. In addition, nanoelectromechanical relays
have been recently proposed for mechanical logic processing and other applications in CMOS–NEM
hybrid circuits spreading the More-Than-Moore approach.

This Special Issue includes 11 papers dealing with the use of CMOS-M/NEMS devices not only in
the field of sensing applications (infrared sensors, accelerometers, pressure sensors, magnetic field
sensors, mass sensors) but also as clock references and integrated mechanical relays. The issue covers
a wide range of topics inherent to these multidisciplinary devices related to fabrication technology,
mechanical and functional characterization and interfacing with CMOS electronics design.

In particular, Göktas [1] analyzes theoretically and via FEM simulations the potential of using
micromachined beam structures as ultra-sensitive CMOS-MEMS temperature sensors for infrared (IR)
sensing applications. In the same topic, from a more experimental perspective, Duraffourg et al. [2]
report on the fabrication and characterization of a dense array of nanoresonators, with a cross-section
of 250 nm × 30 nm, whose resonant frequency changes with the incident IR-radiation, allowing
temperature sensitivities down to 20 mK. The work by Miguel et al. [3] outlines a novel characterization
method to determine the maximum deflection of the flexible top plate of a capacitive MEMS pressure
sensor based on using an atomic force microscope in contact mode. The work by Lin and Dai [4]
proposes a micromagnetic field sensor based on a magnetotransistor and four hall elements with the
advantage of not requiring post-CMOS processing. The work by Liu et al. [5] reviews the sensing
mechanisms, design, and operation of miniaturized MEMS gas sensors focusing on the monolithic
CMOS–MEMS approaches. The work by Li et al. [6] proposes a high-precision miniaturized three-axis
digital tunneling magnetic resistance-type sensor with a background noise of 150 pT/Hz1/2 at a
modulation frequency of 5 kHz using an interface circuitry designed on a standard CMOS 0.35 μm
technology. In the work of Perelló-Roig et al. [7], the design, fabrication, and electrical characterization
of an electrostatically actuated and capacitive sensed 2-MHz plate resonator structure that exhibits a
predicted mass sensitivity of ~250 pg·cm−2·Hz−1 is presented. The work of Riverola et al. [8] presents a
tungsten seesaw torsional relay monolithically integrated in a standard 0.35 μm CMOS technology
capable of a double hysteretic switching cycle, providing compactness for mechanical logic processing.
Chan Jo and Young Choi [9] present a novel encapsulation method of NEM memory switches based on
alumina passivation layers being fully compatible with the CMOS baseline process that allows locating
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NEM memory switches in any place, making circuit design more volume-efficient. Li et al. [10], reports
on a high-order ΣΔ modulator circuit fabricated in a standard 0.35 μm CMOS process acting as a
low-noise digital interface circuit for high-Q MEMS accelerometers. Finally, the work of Islam et al. [11]
reports a real-time temperature compensation technique to improve the long-term stability of a
~26.8 kHz self-sustained MEMS oscillator that integrates a single-crystal silicon-on-insulator (SOI)
resonator with a programmable and reconfigurable single-chip CMOS sustaining amplifier.

We would like to warmly thank all the authors for publishing their works in this SI and specially to
all the reviewers for dedicating their time and for helping to improve the quality of the submitted papers.
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Abstract: Microbolometers and photon detectors are two main technologies to address the needs
in Infrared Sensing applications. While the microbolometers in both complementary metal-oxide
semiconductor (CMOS) and Micro-Electro-Mechanical Systems (MEMS) technology offer many
advantages over photon detectors, they still suffer from nonlinearity and relatively low temperature
sensitivity. This paper not only offers a reliable solution to solve the nonlinearity problem
but also demonstrate a noticeable potential to build ultra-sensitive CMOS–MEMS temperature
sensor for infrared (IR) sensing applications. The possibility of a 31× improvement in the total
absolute frequency shift with respect to ambient temperature change is verified via both COMSOL
(multiphysics solver) and theory. Nonlinearity problem is resolved by an operating temperature
sensor around the beam bending point. The effect of both pull-in force and dimensional change
is analyzed in depth, and a drastic increase in performance is achieved when the applied pull-in
force between adjacent beams is kept as small as possible. The optimum structure is derived with
a length of 57 μm and a thickness of 1 μm while avoiding critical temperature and, consequently,
device failure. Moreover, a good match between theory and COMSOL is demonstrated, and this can
be used as a guidance to build state-of-the-art designs.

Keywords: CMOS; MEMS; microresonators; microelectromechanical systems; thermal detector;
temperature sensor; infrared sensor; microbolometer

1. Introduction

Microbolometers offer many advantages with their compact size, low power, capability of
working at room temperature, small cost, reliable and simpler fabrication technique over bulky
or relatively expensive detectors (liquid-nitrogen cooled HgCdTe (MCT), [1] etc.) in Infrared (IR)
Sensing application. Ideal microbolometers should consist of high sensitivity temperature sensors and
an IR absorbing layer. The IR absorbing layer converts the incident radiation into heat, and that heat is
converted into the electrical signal via a temperature sensor (non-resonant [2,3], resonant-sensing [4–9]).
The resonant-sensing type sensor has many advantages over the non-resonant type, such as smaller
dimension and relatively low noise, due to a high-quality factor of 2.4 × 106 [9] and 1 million [10]. That
is why resonant-sensing type sensors are also popular in mass sensing [11–13], but are mostly fabricated
in Micro-Electro-Mechanical Systems (MEMS) technology (MEMS resonators) [5–9] rather than in
complementary metal-oxide semiconductor (CMOS) technology (CMOS-MEMS resonators [4,14]).

A high-density focal plane array (FPAs) are very demanding for high-quality thermal imaging,
and this requires a high-density integrated circuit (IC). It can be achieved by either building thermal
detectors and IC on the same chip (CMOS–MEMS) [15,16] or bonding a separate IC and MEMS chip
together [17]; however, the one that requires bonding brings extra fabrication costs and complexity.
That is why CMOS–MEMS resonant-sensing type uncooled IR detectors are becoming more attractive,

Micromachines 2019, 10, 108; doi:10.3390/mi10020108 www.mdpi.com/journal/micromachines3
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as they offer all-in-one (IC + MEMS), cost-effective and high sensitivity solution together. The main
performance parameter for resonant-sensing type temperature sensors (cantilever, tuning fork, free–free
beam, and fixed–fixed beam) is the temperature coefficient of frequency (TCF) that represents
the magnitude of frequency shift (FS) with respect to the temperature change. The wide range
frequency tuning capability of a fixed–fixed beam in comparison to other resonant-sensing types was
demonstrated for the first time in [14] and later used in [4] to build a high sensitivity temperature
sensor in CMOS technology. Moreover, fixed–fixed beam type CMOS–MEMS resonator [4] has the
potential to offer high performance with their relatively high TCF (4537 ppm/K (Table 1)), while
enabling a more reliable and simpler fabrication process. Despite their relatively large TCF, fixed–fixed
beam type CMOS–MEMS resonators suffer from a nonlinearity problem and still need to have larger
TCF for ultra-sensitive uncooled IR detection application.

In this work, the nonlinearity problem of fixed–fixed type CMOS–MEMS resonator is resolved by
operating the resonator around the beam bending point. In addition, at least 31× (343 kHz/11 kHz)
improvement in total absolute FS with an absolute |TCF| > 589,698 ppm/K are achieved according to
COMSOL and theory for 57 μm long CMOS–MEMS resonator. |TCF| increases from 589,698 ppm/K
to 2178,946 ppm/K when applied Joule-heating (Vth) changes from 3.3252 V to 3.3476 V according to
COMSOL. Here both Joule-heating and the change in the ambient temperature are applied together
in contrast to [4], where only the ambient temperature change was used to derive |TCF|. Moreover,
the effect of the pull-in force between two adjacent beams is studied in detail to find the optimum
resonator working parameters for the sake of larger |TCF|. The |TCF| drastically decreases from
2,333,771 ppm/K to 16,185 ppm/K when pull-in force increases from 7 MPa to 10,000 MPa according
to COMSOL for 120 μm long CMOS–MEMS resonator due to decreases in thermal stress on both
fixed ends. In addition, in contrast to [4], there is no thickness effect on FS while a shorter beam
results in larger FS where the beam just starts to bend. The maximum temperature around beam
bending point for 57 μm long beam is calculated as 530 K via COMSOL, and that does not exceed
the maximum allowable temperature in CMOS–MEMS technology [18]. According to COMSOL and
theory, a significant improvement in |TCF| for 57 μm long CMOS–MEMS resonator over previous
works can be achieved (Table 1)

Table 1. Performance comparison between this work and literature. TCF–temperature coefficient
of frequency, CMOS–complementary metal-oxide semiconductor, MEMS–Micro-Electro-Mechanical
Systems, NEMS–Nano Electromechanical Systems.

Design
Resonance
Frequency

Absolute |TCF|
(ppm/K)

Technology

This work (57 μm long CMOS–MEMS Resonator) 1.92 MHz 2,178,946 CMOS–MEMS
120 μm long CMOS–MEMS Resonator [4] 640 kHz 4537 CMOS–MEMS

AIN Piezoelectric Nanomechanical Resonator [5] 161.4 MHz 30 NEMS
Nanomechanical Torsional Resonator [6] 842 kHz 548 NEMS
Silicon Micromechanical Resonator [7] 101 MHz 29.7 MEMS

2. Fabrication

The CMOS–MEMS resonators can be fabricated via a post-process followed after a CMOS 0.6 μm
process that includes a CHF3/O2 process for SiO2 etching between adjacent beams and XeF2 process
for Silicon etching underneath the beams [14].

In this study, the device structures (Figure 1) are slightly changed for the sake of better
performance. However, the distance between devices and the silicon etching ratio is kept the same.
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Figure 1. The cross section for Device 1 (W = 2 μm) and for Device 2 (W = 1 μm), where W is
the thickness.

3. Theory Modeling and Optimization

The working principle of the CMOS–MEMS resonator (Figure 1) is based on pull-in force (via
DC bending voltage (Vdc) applied between two adjacent beams), and the Joule-heating voltage (Vth)
applied on the embedded heater (polysilicon layer) through the resonant beam. Pull-in force enables
the softening effect on the resonant beam and, consequently, starts the resonance operation while
Joule-heating increases the temperature throughout the resonant beam and resultes in relatively high
thermal stress on the fixed ends. This Joule-heating effect causes a wide range of frequency tuning and
this was first time demonstrated in [14]. The resonance frequency with respect to axial load [19] is:

f =
4.732

2πL2

(
1 +

PL2

EIπ2

) 1
2
(

EI
m

) 1
2
(1) (1)

where I is the moment of inertia, L (m) is the length, m (kg/m) is the mass per unit length, and P is the
total compressive axial load on fixed ends [20]. More detail is given in [18]. In addition to Equation (1),
COMSOL was used to build the CMOS–MEMS resonators (Figure 1) and calculate their resonance
frequency responses with respect to temperature. The simulation environment was selected as a
vacuum, and ambient temperature (Tamb) was set to 273 K. Solid mechanics, heat transfer, and electric
currents tools were combined together in multiphysics to couple heat transfer with solid mechanics
and electric currents. Mesh study was conducted to find the optimum mesh set up for the simulation.
Both the “extremely fine mesh” and “fine mesh” were compared to decrease time budget, where
tetrahedral meshing was used throughout the structure. There was only a slight change observed
between the results. Polysilicon conductance was set as 1.16 × 105 S/m as it was already measured
and verified [18]. Electric current was used to heat the beams via Joule-heating while the heat transfer
module was used to model temperature distribution throughout the beam and solid mechanics was
used to model deformation and mode shapes.

The resonance frequency tuning range with the application of Joule-heating was around 761 kHz
when the pull-in force was 7 MPa, and it was around 276.5 kHz when it was 10,000 MPa (Figure 2a).
This is attributed to the fact that both the pull-in force and Joule-heating results in beam bending.
Pull-in force, however, created an ignorable stress on the fixed ends in comparison to Joule-heating
and consequently results in a very small frequency tuning range [21]. In another words, the bending
should be resulted mainly because of thermal stresses (Joule-heating) while keeping the pull-in force
as minimum as possible to get the maximum frequency tuning range.

The slope of the resonance frequency with respect to the applied Joule-heating voltage (Vth)
was not constant but kept on increasing (α4 > α3 > α2 > α1) (Figure 2a) with an increase in
temperature. This nonlinear effect was first observed in [14], and allows better FS at higher
temperatures (Figure 2b) and consequently enables higher sensitivity temperature sensor design.
This effect was analyzed partially in [4], and the temperature sensitivity was found as 2.98 kHz/C
without any Joule-heating application.
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Figure 2. The effect of pull-in force (F) on the (a) Frequency tuning and (b) frequency shift (FS) in
COMSOL simulation for Device 1 for a length of 120 μm long fixed–fixed beam, where Fr1 and Fr2 are
the resonance frequency responses with ambient temperature of Tamb and Tamb + 1 K respectively.

In contrast to [4,14], here we studied the FS in detail by combining both ambient temperature
(Tamb) change and Joule-heating for highly sensitivity temperature sensors in microbolometer
application. This required the full analysis of the frequency response (Figure 2a) where the resonance
frequency decreases until it reaches the bending point and then starts to increase. Two different
resonance frequency (Fr1, Fr2) responses with respect to applied Joule-heating voltage were calculated
via COMSOL at two different environment temperature (Tamb1 = 273 K and Tamb2 = 274 K) in
Figures 2–4. Hence, FS for 1 Kelvin change can be derived by subtracting resonance frequency
responses (Fs = Fr1−Fr2) for every applied Vth (Figures 2b, 3 and 4). The optimum device operation
point (larger FS, consequently better sensitivity) was found around the bending point (Figure 2a)
where the beam was just starting to have a 0.38 μm bending and gives maximum FS values (X and
Y). The FS was 5 kHz when Vth = 0 V and reaches up to 60.6 kHz when Vth = 3.196 V and −92 kHz
when Vth was 3.216 V. If Vth is switched from 3.196 V and 3.216 V, then total absolute FS will be
X+|Y| = 152.6 kHz (Figure 2b). Moreover, the pull-in force should be as small as possible to create as
sharp a bending curve as possible (Figure 2a). This, in turn, would result in a larger X and |Y| value
and consequently larger FS and much better sensitivity. The total absolute FS was around 152.6 kHz
(|TCF| = 2,333,771 ppm/K at Vth = 3.216 V) when pull-in force was 7 MPa whereas it was around
16.8 kHz (|TCF| = 16,185 ppm/K at Vth = 3.425 V) when pull-in force was 10,000 MPa.

Further optimization was conducted by analyzing the dimensional effect to find the optimum
structure for the sake of larger FS. The Joule-heating is studied in Figure 3b for Device 1 to study
the effect of thickness on FS and in Figure 4b for Device 2 to study the effect of length on FS by
using COMSOL. In the same way, uniform heating was applied to the beams to calculate the FS via
Equation (1) in Figures 3a and 4a. That is why max temperature is used to plot FS in Figures 3b and 4b
in contrast to the uniform temperature profile in Figures 3a and 4a. The minimum pull-in force was
applied to every beam in Figures 3 and 4 to get the largest FS. A good match between COMSOL and
Equation (1) is achieved for the total absolute FS.

The CMOS–MEMS resonator’s width can go up to 6 μm with a metal-3 layer and can go up
to 5.1 μm [14] after post-processing. That is why the thickness should not exceed 4 μm. Otherwise,
devices cannot resonate. In this study, we set the width as 4.5 μm (Figure 1) and, hence, only three
different thickness profiles were used. The thinner the beam, the larger the FS at relatively low
temperature (T < 285 K) as was demonstrated in [4]. However, this behavior changed with the increase
in temperature (Figure 3). The thickness has almost no effect on the FS at the bending point according
to Equation (1) and COMSOL. The total absolute FS was 146.5 kHz when the beam thickness is 1 μm,
and it was around 142.7 kHz when the thickness was 3 μm according to COMSOL. In the same way, it
is 168.4 kHz when the thickness is 1 μm, and 164.8 mkHz when the thickness is 3 μm according to (1).
Although there was no noticeable change in the FS, the thinner beam was preferable due to requiring
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less temperature for bending (Tbending point = 312 K, Figure 3b) and, consequently, has smaller thermal
stresses [18]. That is why the length study is conducted for 1 μm thick beam (Device 2) in Figure 4.

 
Figure 3. Frequency Shift (FS) with respect to 1 Kelvin (K) change by (a) Equation (1), and (b) COMSOL,
when thickness (W) changes from 1 μm to 3 μm for Device 1 with a device length of 120 μm.

Figure 4. Frequency Shift (FS) with respect to 1 Kelvin (K) change by (a) Equation (1), and (b) COMSOL,
when length (L) changes from 50 μm to 110 μm for Device 2 with a device thickness of 1 μm.

The minimum length was set as 50 μm and the maximum one was set as 110 μm for the following
reasons; 50 μm beam already exceeded the temperature limit (Figure 4b, Tbending point = 650 K) that the
CMOS layers could tolerate and 110 μm beam was at the limit of stiction risk in post fab process due to
sacrificing low stiffness constant. FS increased with the increase in length at relatively low temperatures
(Figure 4), and this is attributed to the fact that the longer beam has higher TCF values [4,14]; however,
this is only valid before the bending point. Once the beam reaches the bending point, the shorter beam
results in larger FS and consequently better sensitivity. The total absolute FS increased from 169.9 kHz
to 382 kHz according to COMSOL and it is increased from 184.4 kHz to 419 kHz according to (1) when
the length decreased from L = 110 μm to L = 50 μm

There is no study conducted on the effect of width on temperature sensitivity because CMOS is
not a custom process and the number of layers and their thicknesses are well defined. In addition,
highly sensitivity temperature sensors require material with high thermal expansion constant, such as
aluminum layers, and this eliminates the possibility of changing the width.

The optimum structure is shaped according to the results obtained from Figures 3 and 4
with a length of 57 μm and a thickness of 1 μm (Device 2). The total absolute FS is 343 kHz
(|TCF| = 589,698 ppm/K at Vth = 3.3252 V, |TCF| = 2,178,946 ppm/K at Vth = 3.3476 V) where
the maximum temperature around bending point is 530 K with a 0.14 μm bending. The optimum
structure’s working temperature is limited to 530 K in this work because the maximum allowable

7
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temperature for the similar structure in CMOS process was found to be around 530 K when 5.7 V
and 17.4 mW was applied on embedded polysilicon layer [18]. The final structure’s mesh was set to
“extremely fine mesh” with a very high-density sweep of Vth (0.0004 V resolution) to get the maximum
accuracy in the results. The good match is achieved between COMSOL and (1); total absolute FS is
343 kHz according to COMSOL, and it is 356 kHz according to (1).

The 0.14 μm thermal bending offers the potential for a high-density thermal detector array in
CMOS. The total improvement of resonator’s sensitivity with respect to temperature can be derived
from the ratio of the total absolute FS with Joule-heating application (X + |Y| (Figure 2b)) over the FS
without any Joule-heating application (at Vth = 0 V). FS at Vth = 0 V is 11.2 kHz, and total absolute
FS is 343 kHz (Figure 4b) for 57 μm long beam, and this brings around a 31× improvement in the
overall sensitivity.

4. Conclusions

Fixed–Fixed beam type CMOS–MEMS resonator was studied in detail and optimized to build
the state-of-the-art temperature sensors for high-performance uncooled microbolometers. The best
performance was achieved with 57 μm long and 1 μm thick fixed–fixed beam with a maximum
temperature of around 530 K, that is close but still under the critical temperature in CMOS
technology [18]. The total frequency shift increased from 11 kHz to 343 kHz (31×) for 57 μm beam
with much larger |TCF| (2,178,946 ppm/K) while keeping the pull-in force application as small as
possible. Furthermore, the nonlinearity problem of fixed–fixed beam type CMOS–MEMS resonator
was addressed by operating the device around the beam bending point. A good match between
COMSOL and theory was demonstrated and can be used as guidance in future researches to build an
ultra-sensitive temperature sensor for microbolometers in CMOS technology. This in return, can enable
a less expensive, compact, and wider range of application compatibility such as internet of things.
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14. Göktaş, H.; Zaghloul, M.E. Tuning In-Plane Fixed–Fixed Beam Resonators with Embedded Heater in CMOS
Technology. IEEE Electron Dev. Lett. 2015, 36, 189–191. [CrossRef]

15. Escorcia, I.; Grant, J.P.; Gough, J.; Cumming, D. Terahertz Metamaterial Absorbers Implemented in CMOS
Technology for Imaging Applications: Scaling to Large Format Focal Plane Arrays. IEEE J. Sel. Top.
Quantum Electron. 2017, 23, 4700508. [CrossRef]

16. Eminoglu, S.; Tanrikulu, M.Y.; Akin, T. A Low-Cost 128 × 128 Uncooled Infrared Detector Array in CMOS
Process. IEEE J. Microelectromech. Syst. 2008, 17, 20–30. [CrossRef]

17. Forsberg, F. CMOS-Integrated Si/SiGe Quantum-Well Infrared Microbolometer Focal Plane Arrays
Manufactured with Very Large-Scale Heterogeneous 3-D Integration. IEEE J. Sel. Top. Quantum Electron.
2015, 21, 2700111. [CrossRef]
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Abstract: Micro-electromechanical system (MEMS) accelerometers are widely used in the inertial
navigation and nanosatellites field. A high-performance digital interface circuit for a high-Q MEMS
micro-accelerometer is presented in this work. The mechanical noise of the MEMS accelerometer is
decreased by the application of a vacuum-packaged sensitive element. The quantization noise in
the baseband of the interface circuit is greatly suppressed by a 4th-order loop shaping. The digital
output is attained by the interface circuit based on a low-noise front-end charge-amplifier and a
4th-order Sigma-Delta (ΣΔ) modulator. The stability of high-order ΣΔ was studied by the root
locus method. The gain of the integrators was reduced by using the proportional scaling technique.
The low-noise front-end detection circuit was proposed with the correlated double sampling (CDS)
technique to eliminate the 1/f noise and offset. The digital interface circuit was implemented by
0.35 μm complementary metal-oxide-semiconductor (CMOS) technology. The high-performance
digital accelerometer system was implemented by double chip integration and the active interface
circuit area was about 3.3 mm × 3.5 mm. The high-Q MEMS accelerometer system consumed 10 mW
from a single 5 V supply at a sampling frequency of 250 kHz. The micro-accelerometer system could
achieve a third harmonic distortion of −98 dB and an average noise floor in low-frequency range of
less than −140 dBV; a resolution of 0.48 μg/Hz1/2 (@300 Hz); a bias stability of 18 μg by the Allen
variance program in MATLAB.

Keywords: MEMS; interface circuit; high-Q capacitive accelerometer; Sigma-Delta

1. Introduction

Capacitive accelerometers are widely used in the military and civilian fields because of their low
power consumption, simple structure, good stability and easy integration with the complementary
metal-oxide-semiconductor (CMOS) process [1]. In recent years, high-performance capacitive
accelerometers with an accuracy of sub-μg level occupy a large market share in inertial navigation,
space microgravity measurement, platform stability control and other fields. The micro-accelerometers
with an open-loop output have a simple structure, but the signal bandwidth is limited by the sensitive
structure and the input range of the signal is greatly reduced [2–4]. Therefore, the micro-accelerometers
usually work in a closed-loop feedback state to obtain better linearity, dynamic range and signal
bandwidth. The closed-loop working mode can also increase the electrical damping of the mechanical
structure and improve effectively its electrical response [5,6]. High over sampling rate (OSR), high-order
topology and multi-bit quantization are used to improve the noise shaping ability of Sigma-Delta
(ΣΔ) micro-accelerometers.
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A large OSR requires high sampling frequency, which leads to coupling between different noise
sources and increasing power consumption in ΣΔ micro-accelerometers. The high-Q sensitive structure
introduces a large phase shift at the resonance frequency, and the stability of the whole high order
system will be greatly reduced. If a high-Q sensitive structure is used to reduce mechanical noise and a
high-order structure is used to reduce quantization noise, the problem of system stability will become a
major problem. It is necessary that cascading a phase compensator after the front-end charge amplifier
to provide additional phase compensation, which is equivalent to providing electrical damping to
the under-damped mechanical structure to stabilize the loop. In other literature, phase compensators
are placed in the feedback loop, which can improve the feedforward path gain, but this can also
reduce the gain in the feedback path and reduce the input dynamic range. It is difficult to design
a linear micro-accelerometer with a multi-bit quantization structure because the signal conversion
process of the sensitive structure is nonlinear. At present, the main research on the interface circuit of
micro-accelerometers is still based on a low-Q sensitive structure, low-order ΣΔ system and a one-bit
feedback structure [7,8]. The micro-accelerometers with analog output can achieve a high precision
output of less than 1 μg/Hz1/2, but the performance of digital closed-loop micro-accelerometers
reported is difficult to achieve a precision at the sub-μg level [9]. The digital micro-accelerometers
with sub-μg precision output has a lot of application requirements in the field of geophone, national
defense and military. Therefore, the noise theory, system stability analysis and key technology of
high-precision closed-loop micro-accelerometers are mainly studied in this paper, which is aimed at
realizing a high-performance interface circuit chip with sub-μg accuracy.

The high-Q accelerometer sensitive element, front-end charge sensing circuit, sample and hold
circuit, phase compensation circuit and high-order Sigma-Delta modulator circuit are introduced and
designed in Section 2. In Section 3, we show a detailed analysis based on the noise characteristics
and stability of micro-accelerometers with an application specific integrated circuit (ASIC) interface.
The performance can be improved by a correlated double sampling (CDS) technique and a
proportional scaling technique. The performance parameters of micro-accelerometers were tested
by the experiments. Finally, Section 4 concludes the study of a high-Q MEMS accelerometer with
a high-precision integrated circuit and testing results, which show that the performance level of
micro-accelerometers in this work has great advantages in the application of inertial navigation and
the nano-satellites field by comparison.

2. Materials and Methods

2.1. Materials

The high-Q sensitive structure which is encapsulated in vacuum is from Colibrys Company
(Neuchatel, Switzerland). The interface circuit based on micro-accelerometers was fabricated by a
0.35 μm CMOS process and cooperated with Shanghai Huahong Integrated Circuit (Shanghai, China).

2.2. High-Q Accelerometer Sensitive Element

The equivalent bridge model of the vacuum packaged silicon micro-accelerometers is shown
in Figure 1. The upper and lower capacitance plates in Figure 1 are fixed plates and the equivalent
variable capacitors CS1 and CS2 are formed between the mass and the plates. CP1 and CP2 are parasitic
capacitors. When the external acceleration acts on the sensitive element, the displacement of the
mass will change, which is relative to the plates. This can result in the corresponding change of
the variable capacitance. The change of the two equivalent sensitive capacitances will be perceived
by the post-detection circuit. The accelerometer sensitive element with vacuum packaged silicon
structure used for design, simulation and test in this paper was obtained from Colibrys Company
(SF1500). The sensitive element could achieve an open-loop resonant frequency of 1 kHz, a high-quality
factor of more than 30 and a Brownian noise corresponding of an equivalent acceleration of less than
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60 ng/Hz1/2. The corresponding static capacitance and the sensitivity of the sensor element were
180 pF and 10 pF/g. Major parameter indicators are shown as in Table 1.

Figure 1. Vacuum-packaged bulk micro-accelerometer and equivalent bridge model.

Table 1. Parameters of the high-Q sensor.

Parameters Value

Sensitivity 10 pF/g
Proof Mass (m) 6.2 × 10−7 kg

Rest Capacitance (C0) 180 pF
Damping Coefficient (b) 0.01 N/(m·s)
Sensing Gap Distance (d) 2 μm

Resonance Frequency (ω0) 1000 Hz
Quality Factor (Q) >30

Brownian Noise Floor <60 ng/Hz1/2

Figure 2 shows the differential capacitance model of the sensitive structure, in which d was the
distance between the upper and lower plates. When the mass is in equilibrium and the two differential
capacitance values are equal, the static capacitance is shown as follows:

C0 =
εε0 A

d
(1)

ε0—the vacuum dielectric constant
ε—the relative dielectric constant between the sensitive capacitor plates
A—the positive area of the sensitive capacitor plates
x—the displacement of the sensitive mass block under the external acceleration
When the displacement of the sensitive mass causes changes in differential capacitance pairs, the

variable capacitance CS1 and CS2 in Figure 2 can be expressed respectively:

CS1 =
εε0 A
d − x

=
C0

1 − x
d

(2)

CS2 =
εε0 A
d + x

=
C0

1 + x
d

(3)

In the closed-loop system, the displacement of the sensitive mass was very small relative to the
plate spacing. The relative variation of the capacitance (ΔC) can be written as follows:

ΔC = CS1 − CS2 =
εε0 A
d − x

− εε0 A
d + x

≈ 2C0
x
d

(4)
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It can be seen that the relative displacement of the mass and the input acceleration signal are
approximately linear in the input signal band, which was much smaller than the resonant frequency of
the mechanical structure. That is x ≈ a

ω2
0
, where a denotes the acceleration signal and ω0 denotes the

mechanical resonance frequency. The Equation (4) can be expressed as:

a =
ΔCdω0

2

2C0
(5)

Figure 2. Differential capacitance model of the sensitive element.

2.3. High-Order Interface Circuit Based on Micro-Accelerometers

The closed-loop micro-accelerometers use the feedback principle of electrostatic force to confine
the sensitive mass to the balance position, which greatly reduces the sensitive mass’s displacement in
order to reduce the nonlinear error in charge conversion and improve the overall linearity, bandwidth
and amplitude range of the input acceleration signal. In this paper we propose a high-precision
digital micro-accelerometer with sub-μg noise level with a high-Q sensitive structure encapsulated in
a vacuum, which was used to reduce the mechanical noise. The high-order noise shaping ability was
realized by combining the high-order topological structure. Due to underdamping, slow corresponding
output in response and poor seismic performance of high vacuum mechanical structures, there will be
stability problems after constituting a high-order system with the ΣΔ modulator. Therefore, when the
system of micro-accelerometers can achieve sub-μg noise level, the stability of the system should be
fully considered in the digital interface circuit design of micro-accelerometers [10–13]. Aiming at the
stability problem of high-precision digital micro-accelerometer interface circuit, a phase compensator
circuit can be designed to provide phase compensation, enhance electrical damping and improve the
system response. In addition, in order to overcome the influence of process error on the stability of
high-order interface circuit, reasonable circuit design and parameter optimization are needed.

Figure 3 shows a diagram of the front-stage charge-sensitive circuit. In this paper, we propose a
fully differential switched-capacitor detection circuit, in which CR is the reference capacitor and Cf is
the integral capacitor. The front-stage sensing circuit consists of an equivalent mechanical structure,
a reference capacitor pair, a charge-sensitive and a correlated double-sampling and holding module.
The output voltage of the charge sensitive circuit can be expressed as:

Vout =
2VrΔC

Cf
=

4C0Vr

Cf dω2
0

a( f ) (6)

The input acceleration signal is converted into the voltage signal of the front-stage sensitive circuit.
In Equation (6), Vr is the reference voltage. The sensitivity of the detection was limited by the initial
capacitance of the sensitive structure, the distance between the plates and the resonant frequency of
the mechanical structure. In this paper the static capacitance value of the sensitive structure and the
reference capacitance were 180 pF respectively. An additional capacitor can be connected in parallel
with the sensitive structure to increase the equivalent static capacitance value. But the static capacitance
can’t be increased indefinitely, which will affect the loop stability and the accuracy of charge conversion.
The timing diagram of the front-end circuit is as shown in Figure 3b. There are five phases in operation
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of the circuit, which is the reset phase, charge sensing phase A, charge sensing phase B, sampling
phase and electrostatic force feedback phase. The switch S4_inv and S5_inv were the reverse clock of
S4 and S5, respectively. Electrostatic force feedback and charge sensitivity operate at different times
of a cycle to eliminate noise coupling between them. In the reset phase, the input electrode voltage
of the interface was reset to ensure a correct bias point and the capacitor was discharged to erase the
memory from the previous cycle. A small size of switch S6 was designed to reduce charge injection.
In the charge sensing phase A, the reference voltages +Vs and −Vs were applied to the sensor mass
and common electrode of the reference capacitors, respectively. The capacitor stores the amplified
voltage and the error signal including the offset and noise of the operational amplifier. The output of
the charge sensing is given by:

ΔVout1 = Verror − VS
CS1 − CS2

Cf
(7)

where Cf is the integration capacitance (10 pF). During the charge sensing phase B, the voltages of
sensor mass and common electrode of the reference capacitors were kept at +Vs and −Vs, respectively.
The output of the charge sensing is expressed as:

ΔVout2 = Verror + VS
CS1 − CS2

Cf
(8)

The differential output of the sample and hold circuit is represented by:

ΔVout = ΔVout2 − ΔVout1 = 2VS
CS1 − CS2

Cf
(9)

The values of the nominal capacitance of the sensor element and the reference capacitance
were 180 pF. The integration capacitance was set to 10 pF, which was a trade-off between the noise
performance and system stability. We set a pre-stage gain of 30 V/g and an accelerometer system
sensitivity of 1.866 V/g. In this paper the bandwidth of the accelerometer was 300 Hz, which was
defined by an increasing low-frequency noise spectral density of 3 dB.

(a) 

Figure 3. Cont.
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(b) 

Figure 3. Front-end charge sensing circuit and timing diagram. (a) Front-end charge sensing circuit for
micro-accelerometers; (b) Timing diagram for front-end charge sensing circuit.

The high-Q sensitive structure can introduce a pair of complex poles near the imaginary axis
to the closed-loop filter. The high-frequency parasitic resonant modes and the complex poles can
destabilize the high-Q system easily. In this paper we propose a phase compensator circuit which
can introduce an extra zero to compensate for loop filters. The low-frequency loop gain control was
considered based on a good noise shaping ability. In this lead compensator circuit, C1 and C3 had the
same capacitance value. The ratio between C2 and C3 determined the compensation degree. For a
high-Q sensitive structure, a heavy compensation was chosen. The sampling frequency of the phase
compensator circuit was 250 kHz. The lead compensator with a transfer function in discrete-time
z-domain can be expressed as:

Hcmp(z) =
C1

C3
− C2

C3
z−1 (10)

C1 and C3 have the same capacitance value and at the case of C2 = αC3, the Equation (10) can be
expressed as:

Hcmp(z) = 1 − αz−1 (11)

In Equation (11), α indicates the depth of compensation. The lead compensator operates as a
proportion-derivative (PD) controller and the stability is improved by positioning the zero closer
to the open-loop poles of the filter, which is resulting in an increase of the amount of phase lead.
If the compensation depth is insufficient or excessive, the closed-loop system may have stability
problems. For over-compensated sigma-delta accelerometer systems, the system may also be unstable
if the loop gain is too small. Overcompensation of sigma-delta accelerometer systems can also
affect the noise shaping ability of a post-stage modulator. Although the noise shaping ability of the
modulator decreases with the increase of compensation depth, more-order structure and a high-Q
sensitive structure can be used to reduce the impact of the reduction of noise shaping ability caused by
depth compensation. Because of the high-order system structure in this paper, we proposed a lead
compensator circuit as shown in Figure 4. The stability of the system was more important than the
noise shaping ability of the modulator, so we set a depth compensation coefficient of 0.9.
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Vin+

Vin-

 
Figure 4. Lead compensator circuit.

We propose the system structure of the ΣΔ modulator as shown in Figure 5a based on stability
analysis of ΣΔ micro-accelerometers. In order to achieve a better noise suppression performance at
low-frequency, we used a correlated double sampling technique to improve the noise level of the
first stage integrator. The one-bit quantizer was achieved by the dynamic comparator. The output
of the comparator was as a control signal to control feedback reference voltage Vref+ and Vref− in
the first stage integrator [14,15]. As shown in Figure 5b, the timing diagram of the ΣΔ modulator
circuit, wherein ck1 and ck2 were the two-phase non-overlapping clock, ck1 was active-high, ck2 was
active-low. The shutdown time of ck1d was later than ck1; the shutdown time of ck2d was later than
ck2. This could effectively suppress the influence of charge injection and clock-feedthrough in the
switched-capacitor (SC) circuit. In the ΣΔ modulator circuit, the double sampling technique was
also used to increase the equivalent sampling frequency in order that the sampling capacitance of
the input signal and the sampling capacitance of the feedback signal were separated. The charge
transfer at the integration phase is reduced and the accuracy of the integrator can be improved. In this
paper we propose a topology of distributed feedback ΣΔ accelerometers with a feedforward structure.
This structure combines some advantages of a feedforward and feedback topology structure and has
the characteristics of good system stability and a small output signal swing. We designed the main
parameters of the ΣΔ modulator as shown in Table 2.

Table 2. Parameters of the ΣΔ modulator circuit.

ΣΔ Modulator Circuit

Loop Filter Topology Fourth-Order Switched-Capacitor
Integration Capacitor 10 pF

Oversampling Ratio (OSR) 417
Signal-to-Noise Ratio (SNR) 108 dB

Sampling Frequency 250 kHz
Third Harmonic Distortion −98 dB
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(a) 

 
(b) 

Figure 5. (a) High-order ΣΔ modulator circuit; (b) the timing diagram of ΣΔ modulator circuit.

3. Result and Discussion

3.1. Noise Characteristics and Stability Analysis of Micro-Accelerometers

In consideration of a relatively low gain at low-frequency in the feedback structure and a
relatively large nonlinearity problem of the output signal. Figure 6 shows the analysis model of ΣΔ
micro-accelerometers in this paper. Kx/V in Figure 6 is the amplification factor from the displacement
output of the sensitive structure to the output voltage of the charge sensitive circuit. Hc is the pre-stage
phase compensator; f a1, fa2, fa3 and fa4 are feedforward coefficients; fb1, fb2, fb3 and fb4 are feedback
coefficients; k1, k2, k3 and k4 are integrator gain coefficients; KV/a is the gain coefficient from feedback
voltage to equivalent acceleration. The main noise sources introduced in the model are the Brownian
noise of mechanical structure, the electrical noise of the pre-stage charge amplifier and the quantization
noise of the post-stage ΣΔ. In consideration of the accuracy discreteness of the micro-accelerometer
sensitive structure, there are four distributed feedback factors in the post-stage modulator circuit of the
ΣΔ micro-accelerometer system in this paper. The stability of the loop can be effectively controlled by
adjusting the feedback coefficient, especially adjusting the feedback coefficient fb1 of the first integrator.
So, the local feedback factor fb1 is designed as an off-chip adjustable part. The low-frequency loop gain
can be easily controlled to eliminate the impact of process errors and the high-order interface circuit
can be applied to a different mechanical structure.

Based on the analytical model of ΣΔ micro-accelerometers, we derived the signal transfer function
(STF) and noise transfer function (NTF) of the ΣΔ accelerometer system. The output swing of the
integrators decreased when the gain of the integrators was reduced by using the proportional scaling
technique. In this way, the reduction of the swing amplitude associated with the nonlinearity of the
amplifier gain will lead to the reduction of the output harmonic distortion and the overall power
consumption. The loop stability is ensured by controlling the zero-pole distribution of the loop filter
to make sure that the average frequency response amplitude of noise transfer function is within a
reasonable range. The values of feedforward coefficients, feedback coefficients and integrator gain
coefficients were determined as shown in Table 3.
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Figure 6. Analytical model of ΣΔ micro-accelerometers.

Table 3. The modulator coefficient.

Coefficient k1 k2 k3 k4 fa1 fa2 fa3 fa4 fb1 fb2 fb3 fb4

Value 0.05 0.8 0.2 0.05 0.4 0.2 0.1 0.4 0.2 0.3 0.5 0.6

In order to stabilize the system in the high-order structure, a pre-compensator as shown in
Figure 4 was added to the loop to delay the phase intersection to the gain intersection. Because
the gain intersection point was very far in the high-order structure, the pre-compensator needed to
provide a larger pre-phase, which required a larger compensation depth α. The increase of α will
decrease the low-frequency gain, but will not affect the noise characteristics of higher-order structures.
In the high-Q ΣΔ micro-accelerometers, the stability of higher order systems is strongly affected by
compensation depth α. Only when α is greater than a certain critical value, the system can reach a
stable state. Additionally, with the increase of Q-value, the higher order system stability requires a
larger value of α. In this paper, the stability of the Sigma-Delta modulator was studied by the root
locus method. The pole position of transfer function was changed by the gain of quantizer. The gain of
quantizer was changed by the amplitude of the input signal. The root locus of the topology analysis
model of the Sigma-Delta modulator designed is as shown in Figure 7. As the input signal amplitude
increased, the quantizer gain decreased. It can be seen that from Figure 7 when the quantizer gain is
more than 0.547, the root locus begins to deviate from the unit circle, which can lead to an increase in
the amplitude of the input signal of the quantizer.

Figure 7. Root locus of the Sigma-Delta modulator.
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System parameters are optimized by improving stability and reducing harmonic distortion.
The reference voltage of simulation was (±2.5 V). When the sampling frequency was 250 kHz, there
was an equivalent acceleration signal amplitude of 1 g and a frequency of 30.5175 Hz. Figure 8 shows
the output transient waveforms of the first-stage integrator, the second-stage integrator, the third-stage
integrator and the fourth-stage integrator in sequence from top to bottom. It can be seen from Figure 8
that the output amplitude of the integrators was within a very small range of ±0.2 V. It shows that
the topology of the Sigma-Delta modulator designed in this paper has the advantage of small output
swing and good stability.

 
Figure 8. Output waves of each stage of the integrator.

3.2. The Test of Digital Micro-Accelerometers

The ΣΔ modulator interface circuit for micro-accelerometers was fabricated in a standard 0.35 μm
four layers metal double polycrystal CMOS process and the printed circuit board (PCB) photograph of
the digital micro-accelerometer system is shown in Figure 9. The photograph of the interface circuit
chip is also shown in Figure 9, which has 28 pins for the chip test. The active area of the chip was
3.3 mm × 3.5 mm. The 5 V power supply of the interface circuit combined with the sensitive element
was supported by the Agilent E3631 (Agilent Technologies Inc, Santa Clara, CA, USA). The input
signal (240 Hz) and clock signal was supplied by the Tektronix AFG3102 function signal generator (Tek
Technology Co., Shanghai, China). The 65536-point digital output sequence of ΣΔ micro-accelerometers
was captured by an Agilent Logic analyzer 16804A (Agilent Technologies Inc, Santa Clara, CA, USA).
The ouput digital signal is used to calculate the output power spectral density (PSD) as shown in
Figure 9a by a MATLAB program (R2016a, MathWorks, Natick, MA, USA).
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Figure 9. The printed circuit board photograph of ΣΔ modulator interface chip circuit

The power dissipation of the micro-accelerometer system was 10 mW at a sampling frequency of
250 kHz. The full scale range was ±1 g and the ΣΔ modulator had a dynamic range (DR) of 97 dB.
The third harmonic distortion can be calculated by the difference between the signal-to-noise ratio of
the fundamental wave and signal-to-noise ratio of the third harmonic wave in the spectrogram. The ΣΔ
micro-accelerometer system can achieve a third harmonic distortion of −98 dB as shown in Figure 10a
and a resulting signal-to-noise ratio (SNR) of 108 dB when referred to 1 g full scale DC acceleration.
The average noise floor in low-frequency range was less than −140 dBV. The ΣΔ micro-accelerometer
system could achieve a resolution of 0.48 μg/Hz1/2 over a signal bandwidth. The test of the linearity is
as shown in Figure 10b by the fitting of a straight line at ±1 g full scale. The ΣΔ micro-accelerometers
could achieve a nonlinearity of 0.15% FS (full scale). After further electromagnetic shielding and
vibration reduction, the output of the micro-accelerometer system was sampled when the sensor was
at the state of zero acceleration in the laboratory test environment. The sampling time was longer than
4 h. After processing the sampled data with the Allen variance program in MATLAB, the bias stability
test results of the closed-loop micro-accelerometer are shown as Figure 10c. The internal embedding
plot in Figure 10c is processed sample data, and the bias stability is about 18 μg by calculation. We
replaced 30 ASIC chips for the same sensitive structure and repeated the test. The bias stability of the
closed-loop ΣΔ micro-accelerometer system was within 30 μg. Therefore, the micro-accelerometer
system integrated with an ASIC chip had good output stability.

 
(a) 

Figure 10. Cont.
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(b) 

 
(c) 

Figure 10. (a) The power spectrum density test of the digital accelerometer system; (b) the test of
nonlinearity; (c) the test of bias stability.

4. Conclusions

In this work, we proposed a high-order ΣΔ high-Q micro-accelerometer. In the ΣΔ interface ASIC,
we used the correlated double sampling technique to eliminate the 1/f noise and offset for low-noise
front-end detection. Additionally, the gain of the integrators was reduced by using the proportional
scaling technique. The stability of high-order ΣΔ was studied by the root locus method. The interface
circuit was fabricated in a standard 0.35 μm CMOS process. The test results of the system showed that:
The micro-accelerometer could achieve a signal-to-noise ratio (SNR) of 108 dB; an average noise floor
in low-frequency range of less than −140 dBV and a third harmonic distortion of −98 dB; a resolution
of 0.48 μg/Hz1/2 (@300 Hz); a bias stability of 18 μg by the Allen variance program in MATLAB.

As shown in Table 2, the ΣΔ micro-accelerometer system could achieve a better performance than
most of the reported accelerometers in Table 4.

21



Micromachines 2018, 9, 675

Table 4. Comparison of this work with other micro-accelerometers.

Parameters [16] [17] [18] [19] This Work

Bandwidth (Hz) 200 300 500 300 300
Sensitivity (V/g) 0.495 2.267 NA 0.373 1.866

Noise floor (μg/Hz1/2) 2 0.3 4 1.15 0.48
Power (mW) 3.6 85.8 4.5 12 10
Process (μm) 0.35 0.7 0.5 0.6 0.35

Supply/Range 3.6 V/±1.15 g 5 V/±1.5 g 3 V/NA 9 V/±11 g 5 V/±1 g
Figure of Merit (FOM) 0.51 1.49 0.80 0.80 0.28

We compared our work with the previously reported accelerometers based on a representative
figure of merit (FOM = P × an × BW1/2/BW), where P is the power dissipation, an is the noise floor and
BW is the signal bandwidth. This work is advantageous in the noise floor compared with [16,18,19] and
a better FOM as shown in Table 2. We propose this interface ASIC based on the ΣΔ micro-accelerometer,
which can satisfy the high-precision application in digital micro-accelerometers. The technical index of
comprehensive performance can achieve a certain level.
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Abstract: In this paper, a seesaw torsional relay monolithically integrated in a standard 0.35 μm
complementary metal oxide semiconductor (CMOS) technology is presented. The seesaw relay is
fabricated using the Back-End-Of-Line (BEOL) layers available, specifically using the tungsten VIA3
layer of a 0.35 μm CMOS technology. Three different contact materials are studied to discriminate
which is the most adequate as a mechanical relay. The robustness of the relay is proved, and its
main characteristics as a relay for the three different contact interfaces are provided. The seesaw
relay is capable of a double hysteretic switching cycle, providing compactness for mechanical logic
processing. The low contact resistance achieved with the TiN/W mechanical contact with high cycling
life time is competitive in comparison with the state-of-the art.

Keywords: MEMS relays; MEMS switches; mechanical relays; CMOS-MEMS; MEMS

1. Introduction

It is expected that new micro- and nanoelectromechanical (M/NEM) relays can play an important
role as a new device for adding functionality and decreasing the power consumption for the more
demanding area of consumable devices (IoT, wearables) [1]. One of the important things in mechanical
relays is the capability of a quasi-ideal switching behavior (with a very abrupt on-off switching,
and zero current leakage during the OFF-state) and multi-terminal operation which can serve to save
energy, as it has been envisioned in several different digital applications [2–5]. The possibility of using
the complementary metal oxide semiconductor (CMOS) platform for the monolithic fabrication of
such M/NEMS relays in a real combination with classical CMOS devices can open a myriad of new
possibilities for decreasing power consumption. Additionally, the high number of metal layers used
in the advanced CMOS technology nodes make very attractive the exploitation of a CMOS-MEMS
platform for using metal layers, not only as an electrical connection path, but also to provide some
active processing using these layers as embedded MEMS devices [6,7]. Despite this interest in obtaining
functional mechanical switching devices embedded in CMOS, most of the presented examples from the
literature are only CMOS-compatible [8–12], with few of them being really embedded in CMOS [13–17].
In all cases, the devices are far from possessing all of the ideal characteristics (low contact resistance,
low operation voltage and high yield). For instance, the TiN coated relay presented in [8] presents a
non-ohmic contact resistance with a high life cycling, while the similarly TiN coated PolySilicon relay
in [9] has low contact resistance, but presents limited cycling operation. In Reference [10], a NEMS relay
with a very low pull-in voltage (0.4 V) is presented, but it is only operable for 20 cycles. In Reference [11],
a demonstration of a CMOS driven Pt-NEMS relay fabricated over the CMOS is presented, but with
a very high contact resistance (100 MΩ) and without testing the life time of the relay. Reference [12]
presents a two-terminal TiN NEMS relay fabricated under a CMOS compatible process with an
operability of hundreds of cycles, but with a limited current operation (nA range). Concerning papers
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with MEMS relays embedded in CMOS, similar problems are encountered. Papers using the same
CMOS-MEMS tungsten-based relay as presented in this paper, but with different configurations and
designs, suffers from these non-ideal characteristics: Reference [13] presents a torsional relay with a
high pull-in voltage and below one hundred operation cycling; References [14,15] are based on lateral
relays exhibiting in both cases a high contact resistance (1 MΩ and 750 MΩ in References [14,15],
respectively). Even higher contact resistances and low cycling operation are encountered in other
CMOS-MEMS approaches: In Reference [16], contact resistance is greater than 500 MΩ and 30 operation
cycles; in Reference [17], the contact resistance is in the GΩ range and only 10 operation cycles. As a
consequence of these reported characteristics, more research is necessary in order to improve the
performance of these CMOS-MEMS relays.

In this paper, we present new MEMS devices capable of providing five-terminal relays with a
bidirectional operation and embedded in CMOS, demonstrating enhanced performance compared
with the already reported TiN-based MEMS relays. The main issue with the fabrication of the
presented relays is the use of the tungsten VIA of the conventional AMS (Austria Microsystems)
0.35 μm CMOS technology. The exploitation of the VIA3 made from tungsten as the main structural
layer for CMOS-MEMS devices presents a series of attractive characteristics that are suitable for
mechanical relays: high hardness, being resistant to wear and plastic deformation; high melting point
(tungsten exhibits the highest melting point); being resistant to welding-induced failure due to Joule
heating at the contact. Furthermore, VIA3 is a top Back-End-Of-Line (BEOL) layer more thinly covered
in SiO2, which implies small releasing times, and thus increased yield in the fabrication process.

The use of the tungsten VIA3 has been demonstrated previously for MEMS devices: resonators for
monolithically CMOS-MEMS stand-alone oscillators [18,19], relays for switching applications [13–15],
and very recently as CO2 transducers [20]. All these applications demonstrate the importance of the
approach and the opportunity to explore new MEMS structures and devices based on this tungsten
VIA3 approach. In this paper we will focus on a mechanical five-terminal relay working in its torsional
operation with an enhancement of the electrostatic coupling, and consequently lower pull-in voltage,
and a decrease of the contact resistance due to the ability to define larger contact areas compared
with the above reported examples. Moreover, the paper studies all the different contact materials
available in the BEOL-CMOS metal layers without adding any additional metallization in order to
provide a totally monolithic integration with CMOS. From the presented results we can state that the
CMOS-MEMS relay with TiN-W contacts presents the highest ON-OFF current ratio (107), the lowest
contact resistance 2 kΩ, and the highest cycling life test compared with the state-of-the-art MEMS
relays based on TiN contacts [8,9,12–17].

2. Materials and Methods

2.1. Device Design and Fabrication

The torsional relay consists of a five-terminal seesaw device schematically drawn in Figure 1.
The seesaw relay design consists in a main plate formed by two sandwiched metal layers (MET3 and
MET4) of the CMOS technology contacted through the contacting metal VIA layer (specifically,
a sandwiched MET4-VIA3-MET3). This main plate is anchored by two VIA3 torsional beams
(called source, S) which allow the ends of the main beam to move up and down by electrostatically
actuating the relay with the basally located gate electrodes (GR and GL). This gate electrode is formed
by metal layer (MET1) and its contacting VIA (VIA1). Three types of endings (the final contacts for
the seesaw relays) are made (see cross-section A3–A4 in Figure 1c): (a) Type I, MET4-VIA3-MET3,
which make contact with the drain electrodes made by MET2, (b) Type II, MET4-VIA3, which make
contact with the drain electrodes of MET2; and (c) Type III, MET4-VIA3, which makes contact with
the drain electrodes defined in this case with MET2-VIA2. Each of the metal layers (METi) of the
0.35 μm CMOS technology are a sandwiched layer consisting of TiN/Al/TiN. In this sense, three kinds
of contacts will be characterized: (a) TiN vs. TiN in type I relays; (b) W vs. TiN in type II relays;
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and (c) W vs. W in type III relays. Note that these three types of relays will provide contact gaps at
different heights.

The design parameter values for the three types of relays are listed in Table 1. The parameters
used have been chosen taking into account the following requirements: (a) torsional actuation
selecting VIA3 torsional beams to have an equivalent torsional spring constant smaller than the
vertical actuation, using the minima dimension for the VIA3 width (WT = 0.5 μm), and gate electrodes
(GR and GL) are situated at the end of the body to promote torsional movement; (b) maximize actuation
area (gate electrodes size and body size) between MET3 and MET1 to minimize pull-in voltage in
comparison with previous designs [13] (note that the VIA1 contacts used over the MET1 are intended
to enhance electrostatic coupling between actuation electrodes and relay body to further reduce pull-in
voltage); (c) squared contact area of 2.5 μm × 2.5 μm to decrease contact resistance. All of the other
parameters are constraints from the CMOS technology used. Due to the non-uniform material based
seesaw relay, as well as to the structure of the gate electrodes (with the small metal contacts, VIA1),
it is not possible to analytically compute the behavior of the seesaw relay (i.e., pull-in voltage).
Consequently, finite-element-model simulations using Coventor have been extensively used to tune
design parameters (Table 2 summarizes the main simulated characteristics for the seesaw relays).

 
(a) (b) (c) 

Figure 1. (a) 3D schematic of the designed seesaw relay including cross-sectional views (red lines).
(b) Cross-section A1–A2 along the length of the relay, the gate electrodes are defined with MET1
and VIA1. (c) Cross-section A3–A4 at the contact area of the relay (between Source and Drain) with the
three possibilities: (i) Type I, (ii) Type II, and (iii) Type III.

Table 1. Seesaw relay design parameters and their values.

Design Parameter Value (μm)

Torsion beam length LT 4.7
Torsion beam width WT 0.5

Torsion beam thickness TT 1.3
Body length LB 59.6
Body width WB 16

Electrode length GR,L 30
Electrode width GW 16

Contact length LC 2.5
Contact width WC 2.5
Actuation gap TGap 1.95
Contact gap (i) Tcon 1
Contact gap (ii) Tcon 1.3 a

Contact gap (iii) Tcon 0.45 a

a The gap is measured after fabrication.

The fabrication process of the VIA3 MEMS structures is based on a mask-less wet-etching
process [21,22]. A passivation aperture is defined over the resonator which allows this in-house
post-CMOS MEMS releasing process to be done directly while the passivation layer of silicon nitride
is used as a protective layer for the rest of the chip. The releasing process consists basically of three
steps: (a) isotropic wet-etching in a bath of buffered hydrofluoric acid solution at room temperature
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(with an oxide etching rate of around 300 nm/min [21]); (b) chip washing in distilled water followed
by an isopropyl alcohol bath to eliminate the water; and (c) heating in an oven at 100 ◦C to evaporate
the remaining alcohol. No sticking problems have been encountered for the seesaw MEMS relay with
this etching, which does not require critical point drying for the releasing. As it is an isotropic process,
the etching time depends on the MEMS dimensions and the quantity of oxide over the structure. In the
case of the seesaw relays, and due to the large area of the body structure, releasing holes have been
included to facilitate the wet etching of the sacrificial SiO2 layer underneath the large main plate.
The etching time used was typically in the range between 10 and 18 min. This etching process is CMOS
compatible, as it has already been demonstrated with VIA3 MEMS structures embedded in functional
CMOS circuitry [18,19,23].

It is necessary to ensure that the torsional mode operation of the seesaw relay dominates over the
flexural mode operation while it is switching. Therefore, the vertical flexural spring constant must be
much stiffer than the torsional spring constant. Table 2 shows the simulated resonant frequency of
the torsional and vertical mode and their respective effective stiffness using the following material
properties: Young modulus of 410 GPa, 70 GPa and 600 GPa, and mass densities of 19,300 kg/m3,
2700 kg/m3 and 5430 kg/m3 for tungsten, aluminum and titanium nitride, respectively. As can be seen,
the vertical spring constant is 55× higher than the torsional spring constant.

Figures 2 and 3 show the layout, optical and SEM images of the fabricated seesaw relays,
along with the focused ion beam (FIB) cross-sectional views to detail the different technological
implementations of the relay body (Figure 2) and relay contact (Figure 3). The cross-sections are
provided before and after the releasing of the seesaw relay. From these images, the gap distances of
the relay contact (Table 1) are extracted.

(a) (b) (c) 

 
(d) (e) 

Figure 2. (a) Layout of the seesaw relay. The gate electrodes are the pink areas below the body structure.
(b) Top view optical image of fabricated and released seesaw relay. (c) Top view SEM image indicating
the cut-line A-A′ over the body structure and B-B’ over the contact area. (d,e) SEM images of the
cross-section in the A-A′ cut-line (d) before and (e) after the releasing process. These images allow
one to see the gate electrodes composed by the MET1 and VIA1 layers, as well as the sandwiched
composition of the body element of the relay (a sandwich of MET3-VIA3-MET4).
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Figure 3. SEM images of the cross-section B-B’ in Figure 2c over the contact in the three different
designs (contact between body relay with different composition and drain) showing before (left images)
and after (right images) the releasing: (i) Type I, (ii) Type II and (iii) Type III. These figures can be
compared with the cross-section A3-A4 at the contact area of the relay in Figure 1, in which the different
composition for contact source and drain are explained.

Table 2. CoventorWare simulation of the resonant frequencies and mode shapes of the seesaw relay.

Torsional Mode Vertical Mode

Mode Shape

Resonant Frequency, f 0
Spring Constant, keff

152 kHz
1.28 N/m

1.5 MHz
69.6 N/m
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2.2. Electrical Characterization

The fabricated seesaw relays were tested under two different conditions: (1) at room temperature
in air at atmospheric pressure, and (2) under vacuum at 10−5 mbar. In ambient conditions, the chips
were exposed to air and tested in a Cascade Microtech probe station (PM8). Under vacuum conditions,
the chip was mounted and bounded onto a printed circuit boardand placed inside a homemade vacuum
chamber. The current-voltage (I-V) characterization was performed with an Agilent semiconductor
analyzer B1500A equipped with four high-resolution source measure units (SMU) (Figure 4).

 
Figure 4. Electrical set-up for the current voltage (I-V) switching characteristics of the five-terminal relay.
Four high-resolution source measure units (SMU) are used: the source electrode (relay structure) is
grounded, drain electrodes (left and right) are fixed to a VD = 5 V, gate electrodes (left and right) are
swept up and down from 0 to a voltage gate VG voltage higher than the pull-in voltage, VPI. Note that
gates and drains are underneath the relay structure and are not visible in the image.

3. Results

In this section, the current voltage (I-V) curves for the three types of fabricated seesaw relays
placed in both air conditions and vacuum conditions are reported. The pull-in and pull-out voltages,
ION-IOFF ratio, contact resistance, and the cycling, or life-time, of the different relays are provided.

3.1. Seesaw Relay with Contact Type I: TiN vs. TiN

Figure 5a,b shows the first nine current voltage (I-V) curves taken from both the left and right
ends of a seesaw relay being exposed to air conditions. As the right gate voltage VGR is increased from
0 to 85 V, the right side of the torsion beam turns on abruptly at 54.8 V, while the left side remains off.
Thus, a conductive path is formed between the right contact electrode (or right drain) and the movable
structure (or source) by fixing the drain-to-source voltage (VDS) to 5 V. Similarly, the left side of the
relay is also actuated by sweeping up and down the left gate voltage VGL from 0 to 85 V and fixing the
left drain voltage VDL also to 5 V (protected with 1 MΩ). In this case, the left side turns on abruptly at
55.5 V. For both sweeps, the measured on-off current ratio is ~105, and the contact resistance Rc is ~108.
Instead, an asymmetric behavior is observed comparing the VPO of both tested sides. Since the VPO,
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and thus the hysteresis window, is strongly related with the adhesion forces at the contact interface,
this would mean that different contact scenarios are involved in both contact ends. SEM images were
taken to confirm this hypothesis, as shown in Figure 6. As can be seen, the bottom thin TiN layer that
forms the sandwiched MET3 layer of TiN-Al-TiN fell over the MET2 layer due to the long wet-etching
to release the structure, causing the observed asymmetry in the hysteresis window.

Figure 5. First nine current voltage (I-V) switching characteristics in ambient conditions of the (a) left
and (b) right drain electrodes for the seesaw relay Type I (TiN-TiN contact).

 

Figure 6. SEM image taken in the contact region of the seesaw relay showing the over-etch of the Al
layer contained in the sandwiched MET3 layer of TiN-Al-TiN.

3.2. Seesaw Relay with Contact Type II: W vs. TiN

Figure 7a shows the first ten current voltage (I-V) curves taken in a contact-type-(ii) seesaw
relay being exposed to air conditions, exhibiting a similar Rc of ~108 and an ION/IOFF ratio of 104.
Figure 7b shows how VPI and VPO evolve over these ten cycles. VPI is fairly stable, but VPO increases
gradually with exposure to air. This phenomenon can be explained by the reduced surface adhesive
force from metallic surfaces to oxide surfaces. Therefore, the hysteresis window reduces over time due
to oxide formation in the W surface. Figure 8 shows the I-V characterization conducted under vacuum
conditions at 10−4 mbar. The first current voltage (I-V) curve shows no abrupt transition due to the
breakdown of the native oxide at the TiN/W contact interface (see Figure 8a). Next, ten current voltage
(I-V) curves are taken as shown in Figure 8b, which already show the typical hysteretic behavior with
initial sharp VPI and VPO voltages of 57.4 V and 14.6 V, respectively. The RC is ~1 MΩ, 500× better
compared to air conditions, which leads to an increased ION/IOFF ratio of 107. Recall that a wider
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hysteresis window means that adhesion forces are exacerbated in the contacting region due to an
increased effective contact area from the larger levels of current obtained.

Figure 7. (a) First ten current voltage (I-V) switching characteristics. (b) Evolution of VPI and VPO over
these ten cycles. Measures correspond to the seesaw relay Type II (W-TiN contact) in ambient conditions.

Figure 8. (a) First taken current voltage (I-V) curve showing no abrupt transition during the pull-in
until the breakdown of the native oxide. (b) Next 10 current voltage (I-V) curves. Measures correspond
to the seesaw relay Type II (W-TiN contact) under vacuum conditions.

Figure 9 shows how VPI, VPO and Rc evolve over a total of 355 switching cycles. Compliance
was set over the maximum level of measured current. A nominal VPI of 57 V is found to be stable
over these cycles, with an absolute error of only 0.75 V. VPO appears to increase over these cycles.
Unexpectedly, it was found that Rc drops to 2 kΩ from cycle 251, ultimately leading to permanent
stiction. This effect can be due to excessive localized Joule heating at the contact asperities, which at
sufficient contact temperature, annealing of the contact takes place, reducing the contact hardness.
The final 2 kΩ contact resistance is the smallest RC found.

The VPI, VPO and Rc are recorded over 200 cycles in a new fresh relay (Figure 10), but this
time keeping the compliance limit to 1 μA to avoid excessive Joule heating. The VPI shows a
nominal value of 58.2 V, with an absolute error of only 0.4 V over these cycles, demonstrating
again the great stability of the VIA3 platform. Regarding the Rc, it is shown to increase with the
switching cycles. Therefore, the compliance limit at 1 mA favors avoiding excessive Joule heating,
but favors the insulating native-oxide formation at the contacting interface (W site of the relay),
increasing the Rc. To substantiate this, Figure 11 shows the acquired current with the relay in the
ON-state (VG = 75 V >> VPI), applying higher VDS voltages (VDS > 3 V); the current level is higher for
higher VDS after breaking down the grown oxide, restoring the contact performance. This indicates
that the contact endurance is not intrinsically degraded but strongly affected by the oxide regrowth.
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Figure 9. Evolution of (a) VPI, VPO and (b) Rc over 355 switching cycles under vacuum conditions and
VDS fixed at 3 V. Compliance current set over the measured current level.

Figure 10. Evolution of (a) VPI, VPO and (b) Rc over 200 switching cycles under vacuum conditions
and VDS fixed at 3 V. Compliance current limit is fixed to 1 μA.

Figure 11. Successive source current versus drain voltage (IDS-VDS) sweeps showing the restoring of
the contact performance after breaking down the grown native oxide on the W contact site of the relay.
VGS is fixed to 75 V to keep the relay in the ON-state.

3.3. Seesaw Relay with Contact Type III: W vs. W

Figure 12 shows the I-V characterization of both left and right ends of a contact Type III seesaw
relay being exposed to air conditions. It can be observed an initial symmetric VPI of 47.4 and 47.1 V in
the left and right ends respectively. However, the current degrades to the noise level in only five cycles.
Thus, contact Type III seesaw involving W-to-W interfaces exhibit the most exacerbated degradation
when cycling in air.
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Figure 12. Successive current voltage (I-V) curves in air from the (a) left contact and (b) right contact of
the Type III seesaw relay.

In contrast, the contact performance of the Type III seesaw relay is found to behave completely
differently when it is operated under vacuum conditions. First, the initial native oxide breakdown is
produced switching the device on (with VGS = 75 V) and sweeping up the VDS until the drain current
spike is detected (see Figure 13). After this non-conductive oxide breakdown, I-V characteristics of
the same relay for four different VDS bias voltages are acquired (see Figure 14). The same pull-in and
pull-out voltages are obtained no matter the VDS bias used, as expected. Only the level of current in
the ON-state is changed according with the VDS bias. In Figure 14b, the RC is computed sweeping the
VDS voltage while the relay is in its ON-state (VGS = 75 V), obtaining a value of 51.4 kΩ. An attempt is
then made to monitor the evolution of contact properties after each cycle by taking continuous I-V
curves with fixed VDS = 1 V (Figure 15). By doing so, VPI is found to be stable, but the relay is stuck
after 16 cycles, which indicates a lower cycling life compared with the Type II seesaw relays. In Table 3,
a brief summary of the three types of relays based on the seesaw torsional structure is provided.

Figure 13. Current versus drain voltage curve in pull-in conditions to produce the initial native oxide
breakdown (roughly at VDS = 8 V).
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Figure 14. (a) Current voltage (I-V) curves for different VD voltages. (b) IDS-VDS sweep with the relay
in its ON-state (VG = 75 V), showing an ohmic dependence. The RC values extracted from the I-V
curves in (a) are also plotted (symbols).

Figure 15. (a) Current voltage (I-V) curves for different VD voltages. (b) Evolution of VPI and VPO over
16 cycles.

Table 3. Summary of the characterized parameters of the torsional MEMS relays integrated
monolithically using the VIA3 tungsten of the BEOL layer of the CMOS 0.35 μm technology.

Device
SEM Image

Structural/Material
Contact
Material

VPI (V)
ON-OFF

Ratio
RC (Ω)

Cycles
(EOL)

This work

Via3 BEOL-CMOS layers

TiN/TiN 54.8 a 105 a 100 M a -

W/TiN 57 107 2 k
355

W/W 49 107 51.4 k
16

[13]  

Via3 BEOL-CMOS layers

TiN/TiN 71.3 106 20–45 k 65

[16] CVD/PVD TiN,
CMOS

TiN/TiN
(annealed) 24 105 500 M 30

[8] TiN coated PolySiGe,
no CMOS TiN/SiGe 15 106 No ohmic

contact 1010

[17] MIM module, CMOS TiN/TiN 5–20 104 1 G 10
[9] TiN coated PolySi, no CMOS TiN/TiN 22 >104 4–15 k 150

a Only measurements in air conditions due to the aluminum over-etching problem.
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4. Discussion and Conclusions

From the above characterization of the performance of the relays, we can state that a symmetric
switching operation with a five-terminal torsional relay has been achieved, providing lower pull-in
voltage and contact resistance (Type II, W/TiN contact) than previously reported, based on the same
technological VIA3 platform [13] (see Table 3). In addition, if we compare the presented five-terminal
torsional Seesaw device with relays already reported with TiN contacts, the seesaw relays provide
the lowest contact resistance with higher cycling time. Only Reference [9] provides similar contact
resistance, but they report lower switching life time and additionally these relays are not monolithically
integrated into CMOS. The life time of the presented relay could be improved through the use of a
proper vacuum packaging.

Overall, the five-terminal relay allows for the operation as two independent relays (left and right
contact), with the guarantee that they will never be ON at the same time—one clear advantage over
the CMOS transistor-based relays. This implies that a higher degree of compactness for mechanical
digital logic circuits can be achieved. In this sense, the presented device is an advancement towards
more robust and reliable mechanical relays which can provide a decrease in power consumption for
portable and wearable devices.
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Abstract: Self-sustained feedback oscillators referenced to MEMS/NEMS resonators have the
potential for a wide range of applications in timing and sensing systems. In this paper, we describe
a real-time temperature compensation approach to improving the long-term stability of such
MEMS-referenced oscillators. This approach is implemented on a ~26.8 kHz self-sustained
MEMS oscillator that integrates the fundamental in-plane mode resonance of a single-crystal
silicon-on-insulator (SOI) resonator with a programmable and reconfigurable single-chip CMOS
sustaining amplifier. Temperature compensation using a linear equation fit and look-up table (LUT)
is used to obtain the near-zero closed-loop temperature coefficient of frequency (TCf ) at around room
temperature (~25 ◦C). When subject to small temperature fluctuations in an indoor environment,
the temperature-compensated oscillator shows a >2-fold improvement in Allan deviation over the
uncompensated counterpart on relatively long time scales (averaging time τ > 10,000 s), as well as
overall enhanced stability throughout the averaging time range from τ = 1 to 20,000 s. The proposed
temperature compensation algorithm has low computational complexity and memory requirement,
making it suitable for implementation on energy-constrained platforms such as Internet of Things
(IoT) sensor nodes.

Keywords: oscillator; resonator; micro/nanoelectromechanical systems (MEMS/NEMS); application-
specific integrated circuit (ASIC); MEMS-ASIC integration; programmable sustaining amplifier;
single-crystal silicon (SC-Si); silicon-on-insulator (SOI); real-time temperature compensation loop

1. Introduction

Stable oscillators are vital for precision timekeeping in various applications, including wired and
wireless communications, positioning, navigation, and sensing. In particular, oscillator stability
against temperature variations and fluctuations is critical for many of these applications [1,2].
Temperature-compensated quartz crystal oscillators provide excellent stability versus temperature,
and have thus dominated the timing and frequency control market for decades. However, they are not
suitable for monolithic integration with CMOS circuitry, which makes them sub-optimal for emerging
applications such as mobile devices and IoT nodes, where miniaturization is important for reducing
cost. Thus, there has been a strong push towards miniaturized alternatives. Oscillators referenced to
micromachined resonators [2–5] are promising alternatives due to their small form factors, low phase
noise thanks to high Q, low power consumption, good long-term stability, compatibility with batch
processing, high reliability, low cost, and wide operating temperature range. It is important to select the
right fabrication material in order to optimize such resonators for a particular application. For example,
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silicon carbide (SiC) has outstanding mechanical or thermal properties, which makes SiC devices
suitable for high temperature applications. Here we focus on silicon (Si) devices, since they can be easily
integrated with CMOS technology, making them attractive for low-cost applications. Moreover, earlier
work has demonstrated the excellent short-term stability of oscillators based on Si MEMS resonators [5].
However, the elastic properties of Si are strongly temperature-dependent, so temperature fluctuations
degrade the long-term frequency stability of Si-based oscillators. A number of compensation methods
have been reported for improving temperature stability [2,6–13]. For example, in [12], the authors
implement a passive compensation method by utilizing silicon dioxide (SiO2), which has an opposite
TCf compared to the structural material of the main resonator (Si); this compensation technique results
in a parabolic (second-order) frequency dependence versus temperature. More recently, researchers
have proposed the use of multiple temperature compensated resonators with different TCf values to
generate a temperature-stable frequency output [13]. These studies, however, have been focused on
passive temperature compensation, which increases the complexity of the MEMS design, and therefore,
the overall cost of the system.

In this paper, we describe an active real-time software-controlled approach for temperature
compensation of MEMS-referenced oscillators (see Figure 1). In particular, we demonstrate our
approach using a high-Q single-crystal (SC) Si comb-drive MEMS resonator interfaced with a
programmable single-chip CMOS sustaining amplifier. The uncompensated oscillator has a negative
TCf, i.e., its oscillation frequency decreases as the temperature increases. In addition, the resonant
frequency increases if the DC polarization voltage decreases. We have built a linear regression model
based on training data to capture these phenomena, and then used them to develop a real-time
temperature compensation loop. The loop is based on (i) simultaneously sampling the oscillator
frequency and ambient temperature using a frequency counter and a microcontroller unit (MCU);
and (ii) changing the DC polarization voltage to cancel the expected frequency variation. This
straightforward technique significantly improves the long-term stability of the oscillator, thus making
it suitable for many emerging fundamental and industrial applications [14–20].

 

Figure 1. Overview of the temperature-compensated oscillator.

2. System Architecture of the SOI MEMS Resonator and CMOS Sustaining Amplifier

2.1. Overview of the SOI MEMS Resonator

We use SC-Si MEMS comb-drive resonators manufactured in a silicon-on-insulator (SOI) process
at wafer scale to ensure high-Q and low phase noise. The SC-Si comb drive devices were fabricated on a
4-inch SOI wafer with a top device layer of 12 μm-thick SC-Si and an oxide (SiO2) with thickness of 2 μm.
We first performed standard photolithography with a resolution of 1 μm to pattern the wafer. The top
SC-Si layer not protected by photoresist was etched away by the Bosch process in a deep reactive ion
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etching (DRIE). The wafer was then diced into 5 mm × 5 mm chips. After etching in buffered oxide
etch (BOE) to remove the SiO2 under the comb drive shuttle, chips were released in a critical point
dryer (CPD) to prevent stiction to the substrate. Finally, aluminum (Al) wire bonding was performed
on the selective pads for electrical interfacing. As shown in Figure 2a, the fabricated comb-drive SOI
MEMS device has an overall length, width, and thickness of 900 μm, 700 μm, and 20 μm, respectively.
In addition, the comb-drive fingers are 2 μm apart. We use finite element method (FEM) simulations
in COMSOL Multiphysics to study the vibration pattern and mode shape of the first in-plane flexural
resonant mode (see Figure 2b). Figure 2 also summarizes the results from optical characterization
of the device resonance, which were obtained by using a custom-built laser interferometer specially
engineered for ultrasensitive detection of in-plane resonance modes [21,22]. The optically measured
resonant frequency for a DC polarization voltage of VDC = 20 V is f ≈ 26.8 kHz at room temperature
(the measurement system is shown in Figure S1 in the Supplementary Materials), with a quality factor
of Q = 13,000 at room temperature and in a moderate vacuum of ~5 mTorr. Figure 2c shows the
optothermally excited, optically detected resonance responses [21,22] of the device as a function of
temperature (at VDC = 20 V); we control the latter with a Peltier cooler. We then extract the resonance
frequency versus temperature from the optically measured data (see Figure 2d). The figure shows that
this MEMS device has a negative TCf of −34.9 ppm/◦C, which is similar to other SC-Si devices in the
literature. Figure 2e shows that the resonance frequency also shifts with the DC polarization voltage.
We use these empirical measurement results for temperature compensation, as we shall describe in
later sections.

Figure 2. Single-crystal Si-on-insulator (SOI) comb-drive MEMS resonator characteristics. (a) Scanning
electron microscopy (SEM) image. The inset shows a partial zoom-in view of the comb drive and fingers.
Scale bar: 20 μm; (b) Simulated vibration pattern and mode shape for the first in-plane resonance
mode; (c) Optically measured transmission data and frequency response around the first resonance
as temperature increases; (d) Open-loop resonance frequency dependence on temperature for the
extraction of TCf from the data in (c); (e) Electrically measured transmission and frequency response
when various values of the DC polarization voltage are applied to the shuttle. The responses in (c,e)
have not been converted to dimensionless transfer functions since the measurement path includes both
electrical and optical components, which makes it difficult to derive absolute calibration factors.

2.2. Overview of the Programmable Single-Chip CMOS Sustaining Amplifier

We have designed and fabricated a single-chip sustaining amplifier using the OnSemi 0.5 μm
CMOS process and interfaced it with the MEMS resonator as illustrated in Figure 3a. The chip
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(see Figure 3b) contains a differential-difference low-noise amplifier (DD-LNA), two second-order
band-pass filters (BPFs), three all-pass filters (APFs) used as phase shifters, variable gain amplifiers
(VGAs), an automatic level control (ALC), a “background compensation network” (BCN) to cancel
the parasitic electrical capacitance of the resonator, and an op-amp-based output buffer [23]. Various
parameters of these blocks can be set by using programmable current sources implemented on the
test board.

Figure 3. (a) Simplified system diagram illustrating the integration of the MEMS resonator chip with
the CMOS sustaining amplifier chip; (b) Simplified block diagram of the programmable single-chip
CMOS sustaining amplifier (corresponding to the same color-coded dashed-line box in (a)).

To integrate the SOI MEMS chip and the CMOS amplifier chip, we connect the two differential
inputs of the DD-LNA to the MEMS resonator and the BCN, respectively. The DD structure eliminates
unwanted capacitive coupling between these terminals. The measured 1/f corner frequency of the LNA
is <10 kHz. We use a gate-input wide-linear-range operational transconductance amplifier (WLR-OTA)
as the basic building block for the rest of the circuit. The WLR-OTA uses source degeneration and
bump linearization to improve the input-referred linear range (VL) [24]. We use this OTA to implement
second-order Gm-C BPFs that determine the frequency response of the amplifier, i.e., select a particular
resonant mode. Each BPF uses two OTAs in a negative feedback loop to gyrate (invert) the impedance
of a capacitor to realize an active inductor, since passive on-chip ones are impractical at such low
frequencies. A third OTA acts as a variable resistor to form a parallel RLC circuit, and the OTA bias
currents are adjusted to set the resulting center frequency and Q.

Similarly, we use the OTA to implement Gm-C APFs that control the overall phase shift of the
amplifier, which enables the phase criterion for oscillations to be satisfied for the chosen mode.
Each APF provides unity voltage gain and a frequency-dependent phase shift of −2tan−1 (ωt), where t
= C/Gm. Thus, each APF provides a phase shift of 0–180◦ as t is adjusted from 0 to ∞ via an off-chip
bias currents. However, in practice, t can only be varied over a finite range, which reduces the useful
control range to ~120◦. Hence three cascaded APFs are used for ~360◦ control. The maximum signal
amplitude for total harmonic distortion (THD) <5% is ≈ 180 mV; this is largely limited by the OTAs.

Four cascaded VGAs control the voltage gain of the amplifier, i.e., enable the gain criterion for
oscillations to be satisfied for the chosen mode. Each VGA uses two OTAs to set the gain, and a
third OTA to create a high-pass filter. The latter allows the VGAs to be AC-coupled, which prevents
accumulation of DC offset and low-frequency interference. The chip also includes an ALC that
regulates the oscillator’s output voltage amplitude (VOUT) by adjusting the VGA gain. This reduces
amplitude-to-phase noise conversion and prevents accidental damage to the MEMS resonator due
to overload.

The amplitude- and phase-tunable BCN is designed to cancel the parasitic electrical feedthrough
of the MEMS resonator. Such feedthrough, which is generally broadband, makes it difficult for the
system to oscillate at the true optimal mechanical resonance frequency [25]. This is undesirable, since
off-resonance operation degrades close-in (low offset frequency) phase noise. The BCN drives an
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on-chip capacitor (Cf ≈ 28 fF) that feeds back a compensation signal to the negative input terminal of
the LNA.

Electrical characterization of the sustaining amplifier shows that the center frequency and Q of
the BPF are adjustable from ~10 to ~90 kHz and from 0.5 to 9, respectively, while the APF phase shift
can be adjusted over the full 360◦ range as expected. Moreover, the peak amplifier gain can be adjusted
from 0 to 80 dB by using the VGAs, which is sufficient to overcome the transmission loss of typical
comb-drive MEMS resonators within this frequency range.

The entire amplifier core occupies a layout area of 1150 μm × 1150 μm, and operates at a supply
voltage of 3.3 V. Figure 4a shows a die micrograph of the sustaining amplifier. The input-referred
noise of the amplifier with the BPF center frequency set to f = 26 kHz is ~7.2 nV/Hz1/2, which agrees
with circuit simulations and corresponds to an equivalent noise resistance of Rn = 4 kΩ at room
temperature. Moreover, Rn is typically much smaller than Rm, the motional resistance of comb-drive
MEMS resonators in this frequency range. Thus, the close-in phase noise of the oscillator will be
dominated by the high-Q resonator, as desired. Details of the measured specifications and performance
of the chip are summarized in Table 1.

Table 1. Summary of the electrical specifications and performance of the programmable
sustaining amplifier.

Chip Components Performance

Low-Noise Amplifier (LNA)
(for IB = 2.5 μA)

Gain: 12 dB; Bandwidth: ~1 MHz
Thermal Noise PSD: 13 nV/Hz1/2

1/f Corner Frequency: <10 kHz

Band-Pass Filter (BPF)
Center Frequency (f 0): 2–90 kHz; Q: 1–8

Dynamic Range (DR): 60.7 dB (24 kHz, Q = 2)
Linear Range: 500 mV (THD < 5%, 24 kHz, Q = 2)

All-Pass Filter (APF) Phase Control: 0–360◦
Phase Control Sensitivity: ~0.6◦/nA

Variable Gain Amplifier (VGA) Settable Gain: 0–80 dB

Automatic Level Control (ALC) Amplitude Control Voltage (VED): 0–0.5 V
ED Time Constant: 8-Bit control

Background Compensation Path Gain Control: −20 to 40 dB
Phase Control: 0–180◦

Figure 4. (a) Die micrograph of the CMOS sustaining amplifier; (b) Test board used for characterizing
the amplifier and integrating with the MEMS resonator to build the oscillator.
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3. Oscillator Referred to the Single-Crystal SOI MEMS Resonator

3.1. Oscillator System

The packaged sustaining amplifier chip is mounted on a test board designed to fit inside a vacuum
chamber (~5 mTorr, room temperature) along with the SOI MEMS resonator. The board only needs
four connections: power, output, and a two-wire I2C bus. An external MCU uses the bus to program
16 on-board digital potentiometers. The latter are combined with op-amps to realize programmable
bias current generators that, in turn, set all on-chip parameters with 8-bit precision. Figure 5 shows
the measured open-loop feed-forward transmission (magnitude and phase) using the MEMS and
sustaining amplifier for a DC polarization voltage of VDC = 20 V and a drive amplitude of −10 dBm.
We then create a MEMS-referenced oscillator by programming the BPFs, APFs, and VGAs to realize
enough gain and the correct phase near resonance. In addition, we program the ALC to set the output
amplitude to VOUT ≈ 400 mV.

The performance of the oscillator is monitored by using a spectrum analyzer (Agilent
4395A, Keysight Technologies, Santa Rosa, CA, USA) and a frequency counter (Agilent 53132A,
Keysight Technologies, USA). The measured single-sideband (SSB) phase noise spectrum of the
MEMS-referenced oscillator at ambient temperature is shown in Figure 6a, while the dependence of
the oscillation frequency on the DC polarization voltage VDC is shown in Figure 6b. Note that the
oscillation frequency is a non-monotonic function of VDC.

Figure 5. Electrical characterization results of the single-crystal SOI MEMS resonator. (a) Measured
transmission (dB) and frequency response of the resonance; (b) Open-loop phase (degrees) around the
first mode for VDC = 20 V and an input power of −10 dBm.

Figure 6. (a) Measured single-sideband (SSB) phase noise of the single-crystal SOI MEMS oscillator
for VDC = 20 V; (b) Measured electrical tuning of the oscillator frequency as a function of VDC

(approximately −1 Hz/V for voltages >16 V).
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3.2. Temperature Compensation of the MEMS-Referenced Oscillator

Figure 7 shows the block diagram of the overall real-time temperature compensation loop
(including calibration of the oscillator using a linear model). The overall real-time temperature
compensation loop (i.e., data acquisition, calibration, post-processing, and command execution) has
been implemented in a software environment (MATLAB, R2018a). The oscillator is placed inside a
vacuum chamber as shown in the left side of the block diagram along with a digital temperature sensor
(MCP9808, Microchip Technology, Chandler, AZ, USA) with a resolution of ±0.25 ◦C. The sensor
is directly attached to the DIP24 package containing the wire-bonded resonator to ensure that it
measures device temperature. A miniaturized development board (Arduino Uno R3, Arduino,
New York, NY, USA) based on an ATmega328 MCU (Atmel Corporation, San Jose, CA, USA) with
32 KB memory acts as the system controller. The MCU is used to program 16 on-board digital
potentiometers using a 2-wire I2C bus and also acquires data from the temperature sensor. A MATLAB
script stores all real-time experimental T-f data vectors and sends commands to set the desired
MEMS VDC voltage with a resolution of 5 mV using a source meter unit (Keithley 2450, Agilent
Technologies, Santa Clara, CA, USA) programmed over GPIB. In addition, the MATLAB script
implements temperature-to-frequency (T-f ) and either frequency-to-voltage (f-V) or frequency-to-phase
(f-φ) conversion functions to realize the proposed temperature control loop.

Figure 7. Block diagram of the model calibration procedure, and the proposed real-time temperature
compensation loop.

During calibration, the device temperature is accurately set by using a Peltier module (CP08-63-06,
Laird Technology, Cleveland, OH, USA) which is powered from an external benchtop DC power
supply. The frequency counter has been used to measure the oscillation frequency over a period of
seven (7) days with a gate time (tg) of 100 ms. A data-driven linear model is then derived by using
offline post-processing. The best-fitting model given is given by

fosc = m × T + c, (1)
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where T is the temperature (in ◦C), fosc is the oscillation frequency (in Hz), m is the slope, and c is
the y-intercept. The coefficients of Equation (1) are computed by averaging the best-fitting values
from 6 runs (individual values are shown in Table 2). These coefficients are used for temperature
compensation. Specifically, Equation (1) is stored in MCU memory and used to calculate the optimal
VDC in terms of the measured temperature. Figure 8a shows how the frequency of the uncompensated
MEMS-referenced oscillator fluctuates due to room temperature variations; the estimated TCf =
−41 ppm/◦C is extracted from the fitting in Figure 8b. The result is in good agreement with the
open-loop resonator TCf shown in Figure 2d, which suggests that the closed-loop TCf is dominated
by the resonator and not the sustaining amplifier. A proportional control algorithm is then used to
compensate for the measured TCf, and the resulting frequency stability is estimated using the Allan
deviation, σA(τ), as a function of averaging time τ [26,27].

Figure 8. (a) Measured temperature variation (top) and fluctuation of oscillation frequency (bottom) for
the uncompensated oscillator over 24 h; (b) Linear fit of the oscillation frequency versus temperature.

Table 2. Look-up table (LUT) used for temperature compensation.

Day #
Fitted Coefficients

m c

1 −1.022 27,035
2 −1.169 26,964
3 −1.459 27,067
4 −1.128 26,997
5 −1.1329 27,044
6 −1.1458 26,968

Mean value −1.1761 27,012

Figure 9a,b compare the stability of the temperature-compensated (red curve) and
uncompensated (blue curve) oscillators when subject to small indoor temperature fluctuations
(approximately ±0.5 ◦C, detailed statistics are shown in Figure S2 of the Supplementary Materials).
The temperature-compensated oscillator achieves a fractional frequency stability of ~3.6 × 10−6 in the
short-term (τ ~1 s), and ~3.7 × 10−6 for longer averaging times (τ ~1000 s). In the short-term regime
(say τ < 100 s), temperature compensation noticeably improves the Allan deviation. Long-term drift
dominates at averaging time of τ > 10,000 s; in this region, Allan deviation is significantly improved by
compensating for temperature-related drifts in the resonance frequency. We expect such improvements
to persist when the proposed temperature compensation method is extended to large batches of
wafer-fabricated resonators, since the resonator TCf is mainly determined by the intrinsic material
properties of SC-Si.
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σ
τ

τ

Figure 9. (a) Instantaneous frequency of the uncompensated and compensated oscillators over 24 h;
(b) Measured Allan deviation σA (τ) with and without real-time temperature compensation.

We have further verified the performance of the proposed compensation method by measuring
oscillator frequency stability over a broader temperature range. For this purpose, we have varied
the operating temperature of the resonator from 11.2 ◦C to 41.2 ◦C by using either a Peltier module
(for cooling) or two ceramic space heaters (for heating). The temperature compensation loop is also
modified to control both the MEMS DC polarization voltage (VDC) and the feedback phase shift
(φ) of the sustaining amplifier to minimize the resulting frequency fluctuations. This is because
the oscillation frequency is a non-monotonic function of VDC (see Figure 6b), so it is unsuitable for
compensating large temperature variations and drifts. Thus, here we exploit φ as another degree of
freedom for compensation.

Experimental results are shown in Figure 10 (with supporting data shown in Figure S3 in the
Supplementary Materials). The results in Table S1 are plotted in Figure 10. The figure shows that the
uncompensated oscillator has the expected TCf of approximately −40 ppm/◦C (dominated by the
SC-Si resonator), while the compensated oscillator has near-zero TCf (within a measurement error of
about ±3 ppm) over this temperature range.

Figure 10. Fractional frequency shift (in ppm) as the device temperature is varied, measured from both
the temperature-compensated and uncompensated oscillators over a temperature range of 10 to 45 ◦C.

Table 3 compares the performance of the proposed temperature-compensated oscillator with
other kHz-range MEMS-referenced oscillators. Our design achieves low close-in phase noise and good
long-term stability due to temperature compensation.
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Table 3. Comparison of performance between the temperature-compensated oscillator in this work
and other MEMS-referenced oscillators in the same frequency range.

Properties This Work [28] [29] [3]

Resonator Type
and Material

Single-Crystal SOI
Lateral

Comb-Drive
3C-SiC, Comb-Drive Capacitive Transduction

H-Shaped Tuning Fork

Poly-Si Two-Port,
Folded-Beam,
Comb-Drive

Modes of
Oscillation 3 3 1 1

Oscillation
Frequencies (fosc)

~27.0 kHz
(Mode 1 Only)

27.1 kHz, 30.3 kHz,
24.2 kHz 32.768 kHz 16.5 kHz

Q-Factor 13,000 13,550,10,300 and 9480 52,000 23,400

CMOS Sustaining
Amplifier Chip 0.5 μm CMOS Discrete Components 180 nm CMOS

CMOS
Transimpedance
Amplifier (TIA)

Die Size 1.5 mm × 1.5 mm Discrete Components 1.55 mm × 0.85 mm 420 μm × 320 μm
(Resonator Only)

Supply Voltage
(VDD) 3.3 V 3.0 V 1.4–4.5 V 2.5 V

SSB Phase Noise −65 dBc/Hz @
10 Hz Offset

−78 dBc/Hz @
12 Hz Offset Not Reported

−72 dBc/Hz @
1 kHz Offset
(Simulated)

FoM * 133.61 Not Reported Not Reported Not Reported

Startup Time ~600 μs Not Reported 0.2 s Not Reported

Real-Time
Temperature

Compensation
Yes No Yes No

Temperature
coeficients of

frequency (TCf )

−34 ppm/◦C
(MEMS only);

<±3 ppm (TCO)
over 11.2 ◦C to

+41.2 ◦C

24.75 ppm /◦C **
(rocking vibration

mode of MEMS) over
26.85 ◦C to +426.85 ◦C

±100 ppm (MEMS only);
±3 ppm (TCXO) & 100

ppm max (XO) over
−40 ◦C to +85 ◦C

−10 ppm/◦C
(MEMS only)

over 26.85 ◦C to
+96.85 ◦C

Year 2018 2009 2015 1999

* FoM = 20 log
( ω0

Δω

)− L(Δω)− 10 log
(

PC
1 m W

)
, ** ANSYS finite element simulation results.

4. Discussion

Temperature-driven frequency fluctuations are ubiquitous, and are a major performance limiter
for SC-Si MEMS-referenced oscillators. Other potential sources of frequency fluctuations include
noise sources in the instrumentation [30–32], dielectric and charge fluctuations in the resonator,
bulk and surface effects in the resonator [33], and limited dynamic range of the sustaining amplifier.
The main purpose of the work is to build a temperature-compensated SC-SOI-MEMS oscillator (TCO)
for use in low power applications such as IoT sensor nodes. In addition, further improvements in
long-term stability can be obtained by replacing temperature compensation with temperature control
(i.e., implementing an oven-controlled oscillator (OCO)) and/or by locking the oscillator to an external
frequency reference such as GPS over long time scales [34,35]. However, TCOs are more attractive for
low-power applications than OCOs because they consume much less power.

5. Conclusions

We have demonstrated improved long-term frequency stability by implementing temperature
compensation for a single-crystal SOI MEMS-referenced oscillator with a reconfigurable CMOS
sustaining amplifier chip. A software-defined compensation loop has been developed for this
purpose. Experimental results confirm the effectiveness of the approach in significantly reducing
the Allan deviation on time scales τ > 10,000 s. These results open up new potential applications for
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MEMS-referenced oscillators, including high-precision sensing, environmental sensing and monitoring,
next-generation wireless communication, and navigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/9/11/559/
s1, Figure S1. Schematic of the optical measurement system used for characterizing the open-loop resonance
response and TCf of the single-crystal SOI MEMS comb-drive resonator. Figure S2. Power spectral density (PSD)
and stability estimation: (a) PSD of uncompensated and compensated oscillation frequency; (b) PSD of ambient
temperature fluctuations; (c) Allan deviation of uncompensated and compensated oscillation frequency; and
(d) Allan deviation of the temperature data shown in (b). Figure S3. Oscillation frequency traces versus time,
measured at five different temperature values set and controlled by the sample heating and cooling modules, for
oscillators (a) without and (b) with temperature compensation, respectively. Inset plot in (b) shows zoomed-in
view of the red box in (b). Table S1. Fractional frequency shift with and without temperature compensation.
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Abstract: The recent development of the Internet of Things (IoT) in healthcare and indoor air quality
monitoring expands the market for miniaturized gas sensors. Metal oxide gas sensors based on
microhotplates fabricated with micro-electro-mechanical system (MEMS) technology dominate the
market due to their balance in performance and cost. Integrating sensors with signal conditioning
circuits on a single chip can significantly reduce the noise and package size. However, the fabrication
process of MEMS sensors must be compatible with the complementary metal oxide semiconductor
(CMOS) circuits, which imposes restrictions on the materials and design. In this paper, the sensing
mechanism, design and operation of these sensors are reviewed, with focuses on the approaches
towards performance improvement and CMOS compatibility.

Keywords: gas sensor; metal oxide (MOX) sensor; micro-electro-mechanical system (MEMS);
microhotplate

1. Introduction

Gas sensors have been widely applied in various fields, such as agriculture [1], automotive [2],
industrial, indoor air quality monitoring [3] and environmental monitoring [4,5]. Recently,
the prevalence of the Internet of Things (IoT) stimulates the development of sensors with small sizes
(<10 mm × 10 mm × 10 mm) [6]. In addition, miniaturization of the gas sensors drives the development
of electronic noses (E-nose) in various fields, such as food quality control [7,8], disease diagnosis [9,10]
and indoor air contaminants classification [11]. Micro-electro-mechanical systems (MEMS) technology
is crucial to design and fabricate miniaturized gas sensors with excellent performance such as low
power consumption (<100 mW), high sensitivity and fast response/recovery [12]. Additional benefits
come from the low cost of the sensor from batch fabrication and the potential to integrate them with
signal conditioning circuits.

The gas sensors can be categorized into four types according to Janata [13]: (1) mass sensors;
(2) optical sensors; (3) thermal sensors; and (4) electrochemical sensors. A comparison of these four
types of sensors is summarized in Table 1, and their relative sizes and power consumptions are shown
in Figure 1.
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Table 1. Comparison of the four types of gas sensors.

Sensing Principle Advantages Disadvantages

Mass High sensitivity, good reliability,
fast response

Piezoelectric substrates
are temperature dependent

Optical High sensitivity, stability over
a long lifetime, good selectivity

Difficulty in miniaturization,
high cost, high power consumption

Metal oxide (MOX) Low cost, long lifetime, fast response Relatively poor selectivity, drift in performance,
sensitive to background gas

Thermal (Catalytic) Low cost, fast response Detection of flammable gas only, catalyst poisoning,
selectivity depends on sensitizers

 
Figure 1. Comparison of the size and power consumption of the four types of gas sensors.

The mass sensors measure the frequency shift of the acoustic wave when foreign particles or
molecules are absorbed onto the surface of an oscillating structure. Gravimetric sensors, such as
quartz crystal microbalances (QCM), surface acoustic wave (SAW) sensors, surface transverse wave
(STW) sensors and shear-horizontal acoustic plate mode (SH-APM) sensors, use quartz crystals with
different cuts as the oscillating structure. They are extremely sensitive, with resolutions down to
nanogram level. The frequency shift was observed to have an approximately linear relation with the
concentration of the gas by Öztürk et al.; additionally, the sensitivity of their QCM sensor can reach a
few hertz per ppm [14]. However, the acoustic wave properties heavily depend on the temperature,
which gives rise to environment requirements for their applications. Moreover, quartz is not compatible
with complementary metal oxide semiconductor (CMOS) processes, and thus, monolithic integration
remains challenging.

Thermal sensors detect the gas by the temperature-induced resistance change when combustion
reactions take place in catalytic materials. The sensors are low cost and reliable in dusty environments;
hence, they are widely used in industrial applications. However, catalytic based reactions restrict the
applications of these sensors to flammable gases such as hydrogen, methane, propane and butane.
Moreover, catalytic poisoning may deteriorate the long-term stability of the sensors.

Optical sensors recognize the gas by absorption of light with certain frequencies. These frequencies
are closely related to the oscillation of molecules; the spectrum suggests that the bonds exist in the
molecules. Optical sensors are highly selective and have much higher cost than the other three types
because of the complex interferometer mechanisms and the light source. The interferometer and light
source also impose challenges on their miniaturization and system integration. Therefore, the high
cost and power consumption limit their on-site applications, and most optical sensors still remain as
laboratory apparatus [15].

Electrochemical sensors are based on the change in electrical properties when target gas diffuses
and reacts with the sensing material. Electrochemical sensors are relatively easy to be miniaturized
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and manufactured with microfabrication technologies. Successful miniaturizations include field effect
transistor (FET) gas sensors and metal oxide semiconductor (MOX). FET sensors are based on the
change of the threshold voltage when gas molecules reach the gate material. It is fully compatible with
CMOS processes and has a sub-milliwatt level power consumption. However, metal gate materials,
such as palladium and platinum, are only sensitive to hydrogen. Recently, many works have been
done on the gate design to improve the performance of the FET sensors by applying nanomaterials,
such as carbon nanotubes [16] and graphene [17], or by a thin charge inversion layer [18]. MOX gas
sensors measure the conductance change of the metal oxide layer and play a dominant role in both
research studies and commercial products because they have the most balanced overall performance
and low fabrication cost.

Companies such as ams AG [19], Bosch Sensortec [20], Figaro [21] and Sensirion [22] have
developed successful commercial MEMS MOX gas sensors for indoor air quality management to detect
volatile organic compounds (VOCs). The specifications of some of their products are listed in Table 2.
The size of the system depends not only on the hotplate, but also on the package and supporting
components. Packaging technology is beyond the scope of this review.

Table 2. Specifications of commercial metal oxide (MOX) gas sensor products.

Company ams AG Bosch Sensortec Figaro Sensirion

Product No. iAQ-core P CCS811 AS-MLV-P2 BME680 TGS8100 SGPC2

Dimension (mm) 15.24 × 17.78 2.7 × 4.0 × 1.1 9.1 × 9.1 × 4.5 3.0 × 3.0 × 0.93 3.2 × 2.5 × 0.99 2.45 × 2.45 × 0.9

Target Gas CO2, TVOC CO2, TVOC VOC TVOC H2, C2H5OH TVOC

Power
consumption/Current 9 mW 1.2–46 mW 34 mW <0.1 mA in sleep

mode 15 mW 1 mA in low
power mode

Supply Voltage (V) 3.3 1.8–3.6 2.7 1.2–3.6 1.8 1.62–1.98

Package SMD LGA - LGA Ceramic DFN

Interface I2C I2C Analog I2C and SPI - I2C

The demand for continuous miniaturization and power consumption reduction drive the research
of MOX gas sensors towards direct integration of the MEMS sensing structure with the integrated
circuits for signal conditioning circuits [23]. This integration is conventionally realized with the
multi-chip approach in which the sensor and circuits are designed and fabricated on separate chips.
Multi-chip integration enables independent optimization of the MEMS sensor and CMOS circuits.
It also provides more flexibility in the design and fabrication, so that less development time is required.
However, extra cost is incurred by the complex packaging and wire bonds. The parasitic element of
interconnections gives rise to additional noise. A more advanced way for CMOS-MEMS integration
is the monolithic approach, where the sensor and circuits are designed and fabricated on a single
substrate. The monolithic integration enhances the performance of the sensor by reducing its size,
power consumption and noise [24]. The high development cost and long development cycle can be
offset by reduced packaging cost for large-volume manufacturing. The challenge of the monolithic
approach is the limitation of materials available for the CMOS processes [25], which will be discussed
in detail in this review.

Different aspects of the CMOS-MEMS integration technology have been reviewed by many
researchers. For example, Qu focused on the fabrication technologies [26], Li et al. focused on
electrochemical biosensors [27], Fischer et al. focused on the integration approaches of MEMS and
integrated circuits (IC) and Hierlemann et al. reviewed the fabrication techniques of all the four types
of chemical sensors [28]. This review specifically focuses on the recent development in metal oxide
CMOS-MEMS gas sensors based on a monolithic approach. The sensing mechanism of metal oxide
will be introduced first to define the parameters used to evaluate the performance of the sensor and
understand the necessity of the microhotplate in the sensor. The design concerns of the microhotplate
are then discussed, with an emphasis on selecting CMOS compatible materials and achieving lower
power consumption. Next, the characteristics and synthesis methods of sensing material are briefly
discussed. Last, the challenges for integration of the circuit and the sensor are explored.
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2. Sensing Mechanism

The reaction between the target gas and the metal oxide film is composed of the reaction of
the target gas with metal oxide molecules, as well as the preabsorbed oxygen species. The sensing
process consists of three steps: diffusion of the target gas molecules onto the surface of the metal oxide,
adsorption of the gas molecules into the metal oxide and reaction between the gas and metal oxide.

In the case of n-type semiconductor metal oxides, the sensing mechanism can be explained by
the double Schottky barrier model [29]. The interaction between the metal oxide and the oxygen
molecules in air or other oxygen-containing environment generates different oxygen species, such as
O2(α1), O−

2 (α2), O−(β) and O2−(γ) (Equations (1)–(3)):

O2 + e− � O−
2 (1)

O−
2 + e− � 2O− (2)

O− + e− � O2− (3)

The released electrons are trapped in the conduction band, forming depletion layers on the
surface of the grains. The double Schottky barrier and upward bending of the conduction band at
the grain boundaries lead to an increase in the resistance of metal oxide film. When a reducing agent,
such as hydrogen, carbon monoxide or ethanol, is brought into contact with the metal oxide film,
the resistance drops because of the neutralization of the oxygen species and mitigation of potential
barriers. Conversely, an oxidizing agent, such as NO2, competes with the oxygen species for the
electrons and further increases the resistance of the film.

The response of the sensor is defined by the ratio of the resistance of the sensing material before
and after exposure to the target gas (Equations (4) and (5)) [29], where Ra and Rg are the resistance of
the thin film before and after exposure to the target gas, respectively. Sometimes, the net change in
resistance replaces the numerator.

S =
Ra

Rg
, for n − type semiconductor (4)

S =
Rg

Ra
, for p − type semiconductor (5)

The reaction rate between the chemical species and metal oxide film governs the response of
the gas sensor. The α and β species dominate the temperature below and above 300 ◦C, respectively,
while the γ type starts to appear from 550 ◦C onwards [30]. The reactive species are relatively unstable
if the temperature is further increased and the dissolved oxygen atoms compete with the target gas
for available active sites. In addition, a further increase in the temperature causes desorption of
absorbed gas, causing the sensor response to be further reduced. Therefore, the response of a gas
sensor versus the temperature behaves like a bell-shaped curve, with the maximum response obtained
at the optimum operating temperature. This optimum temperature varies with respect to the types
of metal oxides and the target gas. Therefore, gas sensors usually contain a heating element and an
external or internal temperature system to ensure the optimal performance of the sensor.

The response has to be closely related to the centration of gas for effective detection. At a fixed
temperature, the sensor response increases with respect to the concentration of the gas due to an
increase in carrier concentration and mobility, which can empirically be represented by the power law
(Equation (6)) [31]:

S = Ag·Pg
m (6)

where Ag and m are constants and Pg is the partial pressure of the gas, which is proportional to the
concentration of the gas. The value of m depends on the concentration of oxygen species when the
metal oxide is exposed to air and is specific to each pair of target gas and metal oxide. The value of m
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can be approximated by theoretical approaches. Recently, Hua et al. proposed reduced receptor and
transducer functions to calculate the value of m [32]. Figure 2a,b show a typical response of WO3 gas
sensor to NO2 [33]. The effects of concentration on the response of the sensor can be clearly observed.

 

Figure 2. (a) The response of a laboratory WO3 based gas sensor and commercial MOX sensor with
respect to NO2 in dry and humid air (b) response of the laboratory sensor as a function of NO2

concentration (from [33]).

Additionally, the sensor response has a strong dependency on the grain size of the metal oxide
crystal. Xu et al. [34] found that the resistance of the SnO2 gas sensor in response to reducing gas would
decrease sharply when the grain size fell under two times of the width of the depletion layer, since
electron transport was suppressed due to fully depleted grain. Rothschild and Komen showed from a
numerical simulation that the sensitivity is proportional to the inverse of the grain size [35]. Yamazoe
and Shimanoe proposed the volume and regional depletion concept to formulate the response for
small crystals and crystals with planar, spherical and cylindrical shapes [36].

3. MEMS Microhotplate

3.1. Device Layers and Design Considerations

The device structures of a traditional metal oxide gas sensor and a MEMS-based metal oxide gas
sensor are shown in Figure 3a,b, respectively. A metal oxide semiconductor gas sensor usually consists
of three main components: the microhotplate for temperature elevation, the sensitive material for gas
detection and the electrodes for signal transmission. The microhotplate includes a substrate layer,
an insulation layer, a heater layer and a passivation layer. The detailed layers are listed as follows:

• The substrate.
• The bottom silicon oxide/nitride layer, which insulates the heating element from the substrate.
• The heating element layer and an adhesion layer, if necessary. Sometimes, temperature sensing

elements, such as resistance temperature detectors (RTD), are also fabricated on this layer
to monitor the temperature of the microhotplate and provide a reference in the temperature
control loop.

• The top silicon nitride/oxide layer, which serves as the insulation between the heater and the
sensing material or electrode and passivation layer to prevent catalytic interaction between the
target gas and the heater material [37].

• The electrode layer.
• The sensing material layer.
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Figure 3. Schematics of (a) a traditional metal oxide gas sensor and (b) a microhotplate metal oxide
gas sensor.

The performance of a sensor is usually evaluated by its 4S, i.e., sensitivity, speed, stability and
selectivity. In gas sensor applications, the sensitivity is expressed by the response and detection range.
The speed is evaluated by the response and recovery time, which is defined as the time taken to achieve
90% of the change in the resistance. In addition to the 4S, the power consumption of the sensor needs
to be minimized due to the voltage and current limit for miniaturized sensors. Extensive studies have
been conducted to improve the design of each component for the optimized performance; these will
be reviewed accordingly in this section.

The function of the microhotplate is to raise the temperature of the sensitive material to its
optimum operating temperature and it is the main source of power consumption in the gas sensor.
Bhattacharyya [38] and Spruit [39] have given excellent reviews on the design of microhotplates,
concerning the power consumption, temperature homogeneity and mechanical stability.

3.2. Microhotplate

3.2.1. Substrate

Silicon is the mainstream substrate material for micro gas sensors due to its capability with
IC fabrication processes and the potential for CMOS integration as a monolithic system for in-situ
sensing and processing. Non-silicon materials, such as ceramics (alumina, zirconia), borosilicate
glass [40], silicon carbide [41] and plastic [42], are also explored for applications in harsh conditions.
These sensors are beyond the scope of this review due to the technological limitations to integrate
them with the traditional CMOS circuits at the current stage. The substrate material of all sensors
discussed in the following sections of this review is silicon.

3.2.2. Microhotplate Configurations to Reduce Power Consumption

The majority of the power consumed by the microhotplate is converted into thermal energy and
dissipated into the surroundings. Therefore, it is essential to suppress the heat loss from the various
heat transfer processes, i.e., the conduction from the sensing area to the substrate, the conduction from
sensing area to the air, the convection from the sensing area to air and the radiation to the environment.
The amount of heat transfer can be obtained from the Equations (7)–(9) [43]:

Qcond = −kAcond∇T (7)

Qconv = hAconv(T s − Ta) (8)

Qrad = εAradσ(T
4
s − T4

b) (9)

where k is the thermal conductivity of the film material; h is the coefficient of convection of air; ε
is the emissivity of the microhotplate; σ is the Stefan-Boltzmann constant; Acond, Aconv and Arad
are the areas of the surfaces where each heat transfer process takes place; ∇T is the temperature
gradient within the solid; Ts is the surface temperature; Ta is the ambient temperature; and Tb is the
temperature of the surrounding material, such as the substrate or the package. From Equations (7)–(9),
the power consumption can only be reduced by reducing the operating temperature or the area
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of heat loss. Reduction in the operating temperature can be achieved by depositing metal oxide
films with nanostructures, whose response can be compensated by the surface area to volume
ratio. Nanostructures and their synthesis method will be discussed in Section 3.4. The latter relies
on removing as much material between the heat source and sink as possible and corresponds to
the approaches of temperature isolation. Therefore, given the same sensing material, the power
consumption can only be minimized by area reduction.

Conduction and convection are the main heat loss mechanisms. Although some studies treated
conduction as the primary mechanism [44–46], it is suppressed in microhotplates because of the
thin features. Heat loss through convection is comparable and may contribute to up to 60%
of the total heat loss in some cases [47,48]. The area in Equation (7) refers to the contact area
between the high-temperature zone and the rest of the microhotplate; hence, power consumption
can be reduced by geometry optimization. Closed membrane, suspended membrane and bridge
(Figure 4a–c, respectively) are the main configurations adopted in previous studies. The substrate
right underneath the sensing region is etched away in all three configurations, eliminating the largest
contact area. Air acts as heat insulation material due to its much lower thermal conductivity than
silicon (0.018 Wm−1 K−1 compared to 145 Wm−1 K−1 for silicon).

 

Figure 4. Top view of microhotplates with different configurations: (a) closed membrane; (b) suspended
membrane; (c) bridge.

At the expense of reduced power consumption, the mechanical structure of the microhotplate
becomes more fragile due to less supporting materials; thus, the configuration must be designed
according to the applications. Closed membranes are preferred for commercialized products or on-site
applications since the sensors need to withstand vibrations. In research on the other hand, suspended
membranes are more popular, since it is able to push the power consumption performance to a
limit. In addition, its low thermal inertia contributes to fast response and recovery time and enables
reliable temperature modulation. The suspended membrane can either be released from the front
side (Figure 5a) or the back side (Figure 5b). Front-side etching requires additional protection of the
structure layer or sacrificial layer to create the cavity. Therefore, back-side etching is more common
for the sake of simplicity of the processes. Efforts are made to improve the mechanical stability of the
suspended structure. Iwata et al. [49] has proposed to reinforce the bridges with the thick polymer layer
SU-8 due to its extremely low thermal conductivity (0.2 Wm−1K−1) compared to silicon, as well as its
compatibility with micromachining processes. However, the reinforced layer increases the fabrication
complexity, which is why it has not been adopted in other studies so far. The bridge configuration is
an extreme case of the suspended membrane. It further reduces the area for conduction by leaving
only two bridges to suspend the hotplate. However, it suffers more from the mechanical instability,
as well as the smaller sensing area due to the shrunk hotplate; hence, it is not widely applicable in
research works and commercial products.
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Figure 5. The suspended membrane microhotplate structure formed by (a) front-side etching and (b)
back-side etching.

Both of the areas in Equations (8) and (9) refer to contact area between the microhotplate and air.
This area is usually predetermined by the overall size of the device; hence, not much improvement can
be made during the design. The convection heat loss to the air can be obtained by fluid simulations [50].
This is ignored in most studies because it only takes up a negligible percentage. Radiation loss soars
with the fourth power of the temperature in Kelvin. Pike and Gardner claimed that convection
contributes to less than 10% of the total heat loss for applications below 500, according to their lumped
element model [51]. Mele et al. claimed from the same model that the radiative loss needs to be taken
into account when the temperature reached 600 ◦C, and is more significant than conductive loss for
temperatures above 1000 ◦C.

A Finite Element Method (FEM) electro-thermal simulation is commonly implemented during
the microhotplate design process for optimization of the temperature distribution and power
consumption. A large variety of commercially available software such as ANSYS [49,52–56], COMSOL
Multiphysics [57–63], ConventorWare [64,65], ISE TCAD [66–68] and MEMCAD [69] has been used.
Figure 6 shows the temperature distribution of a suspended membrane microhotplate without a gas
sensitive layer for a target temperature of 700 ◦C [54]. Note that only a quarter of the device was used,
as the geometry and symmetry boundary conditions were applied to improve the efficiency of the
simulation. In addition to the temperature distribution and uniformity, numerical simulation can also
provide critical information for structure design such as the vertical displacement and the maximum
stress. However, accurate results are difficult to obtain due to limited access to the properties of thin
films and simplifications made in these simulations. The thermal conductivities of the oxide, nitride
and metal layers are often directly extracted from open literature. However, the real values vary
between different foundries, depending on the conditions of the deposition processes. In addition
to the structure layer, introducing the sensing layer makes the thermal analysis of the microhotplate
more complicated. The anisotropy of the nanostructures makes its properties hard to be characterized.
Moreover, this layer cannot be simply ignored, because the high thermal conductivity of the metal
oxide contributes to the temperature uniformity [70]. Therefore, an on-site measurement of thermal
conductivity is required; however, no group has done it so far to the best of the author’s knowledge.

The temperature profile of the optimized geometry has to be validated by the measurements of
an infrared radiation (IR) camera or IR pyrometer. The relationship between the power consumption
and the temperature of the hotplate can be obtained by the thermal image together with the measured
voltage and current.

The microhotplate is a sandwiched structure formed by the insulation layer, the heater layer
and the passivation layer to support the sensing material. Concerns in high-temperature stability
determine the material and processes of the sandwiched layers. Residual stress and mismatch in
thermal expansion coefficient induce a vertical displacement of the microhotplate at high temperatures
and may lead to delamination [48]. Large displacement or weak adhesion might lead to structural
failure. Rao et al. reported that the plasma-enhanced chemical vapor deposition (PECVD) nitride
layer would peel off easily at a temperature above 691 ◦C, and thus, the low pressure chemical vapor
deposition (LPCVD) nitride layer was adopted instead in their molybdenum hotplate [71]. Low-stress
nitride (SixNy) or oxide/nitride/oxide (ONO) layer [63,72–74] is preferred for their low residual stress
and good adhesion to metal. Except for nitride and oxide, silicon carbide is also explored as the
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alternative passivation material by Saxena et al. [75]. A reduced thickness of the material is required to
achieve similar thermal behavior, however, the nitride layer is still preferred because of the low cost
and simplicity of the CMOS processes.

 
Figure 6. Temperature distribution of a suspended membrane microhotplate without gas sensitive
layer (from [54]).

3.2.3. Heater Material

The heating element material has to be stable at high temperature and is preferred to have a linear
relationship (Equation (10)) between its resistance and temperature within the operation range:

R = R0 (1+ α(T − T0)) (10)

where T0 is the baseline temperature, R0 is the resistance at the baseline temperature, α is the
temperature coefficient of resistance T is the operating temperature and R is the resistance at the
operating temperature. The linear behavior assisted the measurement and control of temperature and
simplified the signal processing steps. The temperature measurement was either performed by the
heater itself or a thermometer on the same plane.

Chemical and mechanical stability at high temperatures were the main concerns for heater
material selection. Platinum heaters are the most extensively studied material due to its high thermal
conductivity and stability up to 600 ◦C, which is above the optimum operating temperature of
most metal oxides. A layer of titanium or tantalum with tens of nanometers thickness is usually
sandwiched between the platinum and insulation layer for better adhesion. For operations above
500 ◦C, titanium is not recommended, because it will diffuse into the platinum layer and form
precipitates on the grain boundaries [76], whereas tantalum shows better behavior due to its function
as a diffusion barrier [77,78]. Ceramic adhesion films have also been investigated. Ababneh et al.
reported that titanium dioxide adhesion layer would not diffuse into platinum for temperatures up to
800 ◦C [76]. Halder et al. obtained stable performance of electrodes on a platinized substrate at 1000 ◦C,
with aluminum oxide as the adhesion layer, due to an increase in grain size [79]. Although TiO2 and
Al2O3 show much better adhesion performance, their applications are restricted by the feasibility of
integration into the CMOS process due to their high-temperature deposition conditions. In addition to
single layer adhesion films, a Cr/CrN/Pt/CrN/Cr multilayer approach was demonstrated by Chang
and Hsihe [80], which shows improved adhesion and structural stability up to 480 ◦C. However,
the multilayer approach has not been widely applied, because it introduces extra depositing and
etching steps to the fabrication processes.

Doped polysilicon is another widely adopted heater material with linear resistance-temperature
relations. It is a fully CMOS-compatible material and the adhesion problem no long exists. However,
polysilicon is only suitable for operating temperatures below 500 ◦C, beyond which the recrystallization
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of polysilicon will cause drift in resistance [81]. Special packaging techniques, such as inert gas sealing,
are required to alleviate this problem [82], which are not preferred for commercialization due to its
higher cost.

For microhotplates operating above the stability point of platinum and polysilicon,
molybdenum [47,71] and tungsten [50,83,84] heaters were studied for applications in harsh conditions.
Other than these two metals, Creemer et al. investigated microhotplates based on CMOS compatible
titanium nitride (TiN) heater and operating temperature can reach up to 700 ◦C but the high stress of
TiN decrease the yield of the device [48]. The materials above are relatively high cost and mainly used
in applications above 300 ◦C. More affordable materials, such as nickel, serve as better alternatives
for operating temperature below 300 ◦C [55]. Table 3 summarizes the maximum temperature and
CMOS compatibility of the various heater materials. Doped polysilicon and tungsten are preferred for
monolithic CMOS-MEMS devices due to their compatibility with the processes and their temperature
range can cover most operating temperature of the metal oxides.

Table 3. Comparison of maximum temperature and complementary metal oxide semiconductor
(CMOS) compatibility among various heater materials.

Heater Material Maximum Temperature (◦C) CMOS Compatibility Reference

Pt 600 No [85]
Doped polysilicon 500 Yes [81]

Ni 300 No [55]
Mo 800 No [71]
W 700 Yes [86]

TiN 700 Yes [48]

3.2.4. Heater Geometry to Improve Temperature Uniformity

Both electro- and thermo-migration of the material could cause the degradation of the heater [87].
The former cannot be avoided due to the high operating temperature while the latter depends
on the local temperature gradient. Therefore, maintaining the temperature uniformity across the
microhotplate is the key to ensure the stable performance of the sensor over its lifetime.

Temperature uniformity can be improved by attaching a layer of material with high thermal
conductivity to the microhotplate. The high thermal conductivity material can either be a silicon
island [69] left after back side etching or a metal heat spreader plate [49,88] deposited above the
heating element (Figure 7).

Figure 7. Silicon island and metal heat spreader application on a microhotplate.

Alternatively, optimization of heater geometry with simulation and validation experiments
has a significant impact on the temperature uniformity across the microhotplate. Meander, double
spiral and drive-wheel are the main geometries reported (Figure 8). Meander shape is, thus far,
the most extensively studied one due to its simple geometry. Lee et al. reported that hotspots
formation at the center of the meander heater may lead to large temperature variations across the
plate [67]. Their numerical simulations and experiments showed remarkably improved temperature
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uniformity of the drive-wheel type compared to other designs, such as the ultra-low resistance and the
honeycomb design.

Figure 8. Heater geometries (a) meander, (b) double spiral, (c) drive wheel.

Except for the sandwiched structure of the microheater, insulation and electrode layers, the heater
and electrode can be fabricated on the same plane provided the same material is used (Figure 9a,b).
This co-planar design reduces the number of lithography, patterning and etching steps required
during the fabrication process. The coplanar heater can also eliminate the parasite capacitance formed
between the heater and the sensing layer in sandwiched design [89]. Hwang et al. claimed that
coplanar configuration is also advantageous for effective and rapid diffusion.

Figure 9. Coplanar geometry where heating and sensing electrodes lie on the same plane: (a) Au-loaded
In2O3 nanofiber gas sensor by Xu et al. (from [89]) and (b) SnO2 nanowire gas sensor by Hwang et al.
(from [90]).

Besides heater electrode deposited on a planar surface, a microhotplate with three-dimensional
heater deposited on a three-dimensional V-shape groove was developed for a catalytic type gas
sensor [91]. The heating elements lied on a concave surface to obtain a larger active area. However,
no metal oxide gas sensor has been developed on the three-dimensional heater thus far, possibly due
to the non-uniform temperature distribution across the active area.

3.3. Electrode

The electrode transmits the resistance of the metal oxide film to the signal conditioning circuit
during operation: its material is required to have high electrical conductivity, high-temperature
stability, good adhesion to the passivation layer and low contact resistance [37]. In addition,
the backside/frontside etching to release the membrane is performed after the deposition of the
electrode material. Therefore, the electrode material should be inert to the etchant; otherwise,
a protection layer is required before the etching process. Most of the electrodes for the MEMS gas
sensors are noble metals with an adhesion layer such as Au/Ti, Au/Cr or Pt/Ti. The performance of
the electrode will drift after long time operation. Capone et al. observed the degradation of Au/Ti
electrodes due to diffusion after the continuous operation at 300 ◦C and 600 ◦C. They suggested
applying artificial neural network for signal processing to reduce the drift [92]. Noble metal electrodes
are believed to have catalytic effects to improve the response of the sensor [93]; however, this point has
not been proven yet. In CMOS-MEMS gas sensors, the gold or platinum electrodes are deposited in a
post-CMOS process, because they are not CMOS compatible. Sometimes, aluminum is adopted for a
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full CMOS-compatible process. However, this faces a long-term stability issue under high-temperature
operation. The electrode material is deposited in an interdigitated shape so that the large resistance of
the metal oxide layer is measurable at low voltage and power consumption. A comprehensive review
of the electrode material for both micro gas sensors and traditional gas sensors is given in [94].

3.4. Sensing Material

Eranna has reviewed various types of bulk metal oxide materials and their gas sensing
applications [95]. Both n-type (WO3, SnO2, ZnO, TiO2, V2O5) and p-type (NiO, CuO, Co3O4,)
metal oxide semiconductors have been investigated extensively as the sensing materials. However,
the n-types takes up more than 90% of the work [96], since the mobility of charge carriers of n-type
oxide semiconductors are higher than that of the p-types [30]. Table 4 summarizes the performance of
some microhotplate MOX gas sensors.

As the gas sensing reactions occur through gas adsorption, charge transfer and desorption on
the surface of the sensing materials, the sensing response is highly dependent on the amount of
available surface active sites. In this regard, zero-dimensional nanoparticles with abundant active sites,
due to increased specific surface area, are highly desirable for promoting improved gas adsorption
and prompting more target gas molecules to participate in the oxidation and reduction reactions.
Uniform distribution of nanoparticles with minimum agglomeration is essential to ensure good
gas-sensing reactions for this type of material. One-dimensional (1D) nanostructured materials, such
as nanowire [84,90,97], nanofiber [89], nanotube [98], nanobelts [99] and nanorods [100] are extensively
studied for their high aspect ratio with increased surface-to-volume ratio, giving rise to better stabilities
and superior gas-sensing sensitivity with fast response and recovery time. For these 1D nanostructured
materials, a smaller grain size/diameter and longer length are, in general, more beneficial for
improved gas sensing performance due to the availability of more active sites as the size shrinks
and the improved electron transport along the axial direction. Other than these, a lot of research
interests have been devoted to two-dimensional (2D) nanostructures for their unique morphologies.
These 2D nanostructures, including nanosheets [101] and nanoplates [102], are usually coupled with
porous nanostructures and network-like structures to better facilitate the penetration/adsorption of
gas molecules into the sensing material, leading to an enhanced sensing response. More recently,
three-dimensional (3D) hierarchical nanostructures are receiving increasing attention. These 3D
nanostructures with flower-like, leaf-like and spindle-like morphologies are assembled from the
low dimensional nanomaterials, including 0D nanoparticles, 1D nanorods and 2D nanosheets [103].
They are deemed to give rise to better sensing performance due to their large surface area, abundant
active sites and fast interfacial transport than the low dimensional nanomaterials. Despite of the
promising sensing performance, the challenges of inhomogeneity and poor reproducibility have to
be addressed for more useful applications of these nanostructures. Noble metals are doped into the
metal oxides as chemical or electronic sensitizers to improve the sensitivity, response/recovery time
and selectivity of the gas sensor through the chemical or electronic sensitization mechanism [30].
In chemical sensitization, the noble metal assists the adsorption of the target gas by lowering the
activation energy. The activated gas is then spilled over the surface of the grain. Most noble metal
dopants fall into the electronic sensitization category. The metal particles and their oxidation states act
as electrodes attracting the electrons, decreasing the free electrons in the conduction band and creating
a depletion region [104]. The electrons return to the grain after exposure to reducing air. This leads to
an increase in the resistance and the sensor response (Ra/Rg).

The concentration of noble metal has to be carefully controlled to avoid coagulation. A high
percentage of doping may suppress the functionality of the sensor, since agglomeration may decrease
the total area of the catalyst surface. Adding catalytic layer results in loss of sensitivity over a long
period due to fouling or coking of catalytic metal when exposed to certain gas or vapors. Additionally,
the stability of the sensor is affected by the degradation of the dopant metal. The high-temperature
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degradation of metal oxide materials is not limited by electromigration, but rather by outdiffusion and
evaporation of dopants from bulk materials [105].

The metal oxide sensing layer is deposited via a post-processing process after the fabrication of
the CMOS circuits and the MEMS microhotplate. Guo et al. have given a comprehensive review of the
synthesis methods of metal oxide nanostructures [106]. The sensing material can be synthesized via
chemical vapor deposition (CVD), physical vapor deposition (PVD), sol-gel, sintering, spray pyrolysis,
spin casting, drop coating, screen printing and ink-jet printing. Among these approaches, CVD, PVD
and sol gel are usually employed for thin-film deposition and are compatible with CMOS processes,
while the others are more for thick-film with nanostructures. In general, sputtering is preferred over
evaporation for its compatibility with a wider choice of materials, better step coverage and enhanced
adhesion to the substrate. Surface functionalization or adding binders could further promote the
surface adhesion between the sensing materials and substrates [95]. Alternative CMOS compatible
ways have been explored. Annanouch et al. grew WO3/Cu2O nanoneedles directly on a MEMS
hotplate by a single step aerosol-assisted CVD process [107]. The metal oxide nanostructure can
also be grown with the internal microheater, whose grain size can be controlled by varying the
temperature [108].

3.5. Fabrication Processes

Monolithic gas sensors were fabricated by a CMOS-first approach. The microhotplate materials
are deposited and released after the CMOS circuits have been deposited into the wafer. The typical
fabrication processes of a suspended membrane microhotplate with a metal heating element are listed
as follows and shown in Figure 10:

1. Thermally grown/deposition of the insulation layer.
2. Lift-off/sputtering, patterning and etching of the heater material.
3. Deposition of the passivation layer; patterning and etching for electrical contact.
4. Lift-off/sputtering, patterning and etching of electrode material.
5. Patterning the oxide/nitride layer to define the geometry of the membrane and bridge.
6. Backside/frontside etching to release the suspended membrane.
7. Deposition of the metal oxide layer.

Figure 10. Fabrication processes of a suspended membrane microhotplate with backside etching.

Both dry etching and wet etching have been used in the membrane step. Tetramethylammonium
hydroxide (TMAH) or potassium hydroxide (KOH) can be used as the wet etchant, with the former
preferred due to full compatibility with CMOS processes. Dry etching processes, such as deep reactive
ion etching (DRIE), is, in general, more preferred because the vertical sidewall makes the footprint of
the sensor smaller.

Despite the traditional layer-by-layer deposition approach, the silicon on insulator (SOI) CMOS
technique was adopted to achieve simple fabrication, the high operating temperature of MOSFETs
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(400~600 ◦C), effective isolation and reduction in leakage current [50,66,88,109]. Either traditional metal
heaters [53] or MOSFET heaters [66] can be used for temperature elevation. An example of SOI CMOS
microhotplate is shown in Figure 11. The buried oxide layer acts as the etch stop layer during the
membrane release step. Additionally, it insulates the heater from the silicon substrate. This technique
makes monolithic integration of sensing and signals conditioning units of the system possible.

Figure 11. Monolithic gas sensor fabricated with silicon on insulator (SOI) CMOS technology (from [50]).

4. Modes of Operation

The performance of the sensors listed in Table 4 is characterized under the isothermal condition,
whereby the temperature and the applied voltage across the heating element remain constant
throughout the operation. Low thermal inertia and fast thermal response allow the reduction of
power consumption for micromachined gas sensors by pulse mode temperature modulation. In this
mode, a square wave voltage is applied across the heater so that the heater is switched on and off.
At the expense of reduced power consumption, the interval between two consecutive samplings is
longer due to the low response in the low voltage region. For example, the iAQ-core P air quality sensor
drops from 66 mW to 9 mW by applying temperature modulation, and the sampling time increases
from 1 s to 11 s. Therefore, pulse mode temperature modulation is only suitable for situations when
frequent data acquisition is not required. Courbat et al. achieved sub-milliwatt power consumption on
their SnO2/3% Pd CO sensor [110]. Enhancement in the response of the ZnO-nanowire sensor was
observed by Shao et al., when it was operating in pulsed mode [84]. They attributed this enhancement
to the presence of high-temperature oxygen species during the low-temperature period.
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5. CMOS-MEMS Monolithic Gas Sensor

Although most microhotplates mentioned above are fabricated with CMOS compatible processes,
few of them has actual CMOS circuits integrated for temperature control and signal conditioning.
The main challenge for CMOS integration is that the operating temperature of the metal oxides
(typically 250 to 400 ◦C) is usually higher than the maximum operating temperature of IC (<300 ◦C).
Therefore, thermal isolation is crucial for monolithic gas sensor design. Suspended membrane geometry
is preferred because of their excellent heat isolation performance. Less than 3 ◦C temperature difference
between the circuit and ambient can be achieved by this geometry when the hotplate works at
400 ◦C [125].

The signal conditioning circuit consists of the temperature control circuit, the resistance readout
circuit and the serial bus interface for external communication. In the temperature control circuit, the
heater is driven by the MOSFET switches [108] (Figure 12a) with the signal from digital-to-analog
converters (DACs). The temperature is controlled by switching the heater on and off alternatively
for different time intervals determined by the controller. The controller is of proportional type or
proportional-integral-derivative (PID) type to reduce the steady-state error in the temperature control.
The actual temperature becomes an input in the feedback loop and is compared with the target
temperature. Temperature measurement is done by the on-chip thermometers and the result needs to
pass through amplifiers and analog-to-digital converters (ADCs) before processing. The resistance
measurement circuit also contains amplifiers and ADCs. In addition, it needs to deal with the large
range of the resistance of the metal oxide film from KΩ to MΩ. The resistance signal has to be
further processed so that it can be transferred within the allowable number of bits of the converters.
The resistance can either be processed by a logarithmic converter [125] (Figure 12b,c) or measured
with a biased current [126] (Figure 12d). The recognition of the type of the gas is done by external
processors, such as microcontrollers or personal computers. Inter-integrated circuit (I2C) serial protocol
is commonly adopted for external communication in both commercialized sensors and the research
works because it can reduce the number of pins required.

Figure 12. Monolithic CMOS-micro-electro-mechanical systems (MEMS) gas sensors: (a) microhotplate
array for carbon monoxide detection (from [108]) (b) microhotplate gas sensor with
proportional-integral-derivative (PID) controllers (from [125]), (c) microhotplate gas sensor
with mixed-signal architecture (from [125]), (d) microhotplate gas sensor using biased current
measurement (from [126]).
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6. Future Trends and Challenges

It can be observed from Table 2 that most of current commercialized metal oxide gas sensors aim
for indoor air quality control and measure the resistance change caused by the adsorption of total
volatile organic compounds (TVOC), where the effect of each kind of gas is not distinguished from
the others. Recently, learning algorithms such as artificial neural networks have been applied for
classification of the volatile organic compounds from the signals generated by e-nose sensor arrays [11].
Moreover, identification of gas has been explored as a technique to diagnose disease [10] and food
quality [127]. CMOS-MEMS monolithic gas sensors have great potential for these applications because
of its ability to control the operational states of microhotplates coated with different sensing materials.
However, the current challenges remain in developing CMOS-compatible approaches to deposit
various sensing materials on the microhotplates. Commercial products require uniform performance,
and thus, the discrepancies in morphology and thickness should be minimized.

7. Conclusions

The excellent performance of the MEMS metal oxide semiconductor gas sensor makes it dominant
in industrial applications and research projects. As the main structure of a gas sensor to operate
the sensing material at an elevated temperature, the microhotplate is fabricated into a membrane or
bridge for the sake of thermal isolation to achieve low power consumption. Doped polysilicon and
tungsten are recommended as the heater material for operating temperatures below 500 ◦C and 700 ◦C,
respectively, because of their stability in the temperature range and excellent compatibility with the
CMOS process. The temperature uniformity can be improved by optimizing the heater geometry
through electro-thermal simulations and validation experiments. Besides the power consumption and
stability, other performance parameters such as sensitivity, response/recovery time and selectivity are
determined by the sensing material deposited with a post processing approach. Recent research in
nanostructured materials shows their enhanced gas sensing performance due to the increase in surface
area to volume ratio. CMOS-compatible nanomaterial deposition techniques are still being explored.

Monolithic CMOS-MEMS integration has advantages in size, noise level and power consumption
compared to the multi-chip integration. However, temperature constraint of the CMOS circuit must
always be kept in mind when designing the MEMS process. The CMOS circuits enable precise control
of the on/off state of the microhotplates, which is suitable for sensor arrays with different sensing
materials on each unit. In addition, the monolithic integration of the MEMS sensor and CMOS circuit
make it possible to develop systems in a package (SiP) or system on a chip (SoC) gas sensing in the
future. With a microcontroller unit encapsulated in the same package as the sensor, temperature
modulation and signal processing become more efficient because of the reduction in noise during
signal transmission.
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Abstract: This paper presents the design, fabrication, and electrical characterization of an
electrostatically actuated and capacitive sensed 2-MHz plate resonator structure that exhibits a
predicted mass sensitivity of ~250 pg·cm−2·Hz−1. The resonator is embedded in a fully on-chip
Pierce oscillator scheme, thus obtaining a quasi-digital output sensor with a short-term frequency
stability of 1.2 Hz (0.63 ppm) in air conditions, corresponding to an equivalent mass noise floor as
low as 300 pg·cm−2. The monolithic CMOS-MEMS sensor device is fabricated using a commercial
0.35-μm 2-poly-4-metal complementary metal-oxide-semiconductor (CMOS) process, thus featuring
low cost, batch production, fast turnaround time, and an easy platform for prototyping distributed
mass sensors with unprecedented mass resolution for this kind of devices.

Keywords: MEMS resonators; mass sensors; CMOS-MEMS; pierce oscillator

1. Introduction and Motivation

Micro-/nanoelectromechanical systems (M/NEMS) resonators have been extensively proposed
for the detection of small concentrations of analyte molecules in a gaseous solution (e.g., detection
of volatile organic compounds (VOCs) through gravimetric sensing where a shift in resonance
frequency is obtained in response to an added mass over the resonator). In this way, a reduction
of the resonator size provides a mass sensitivity increase since the relative mass change is bigger,
and in general the resonance frequency also increases. Extremely high mass sensitivity has been
reported using submicrometer and nanometer scale resonators (i.e., cantilevers and CC-beams) [1–4].
Such beam-shaped resonators are the best candidates for punctual mass detection providing also an
intrinsically high spatial resolution [5]. However, in applications requiring distributed mass sensing
(e.g., gas detection), a relative small device area or high beam length to width ratio may represent a
drawback when a subsequent resonator surface functionalization step (e.g., by ink jet, spray coat, dip
cast, dip pen, or chemical deposition) is required [6,7].

In this work, we design and fabricate an alternative resonator topology based on a plate supported
by four fixed-guided beams using a commercial 0.35-μm complementary metal-oxide-semiconductor
(CMOS) technology. Following the fabrication technique reported in previous works, here we
demonstrate the feasibility of increasing almost two orders of magnitude the resonator capture area
over previous cc-beam resonators while not only preserving the final device mass resolution (per
area), but enhancing it. Therefore, the predicted minimum mass change per unit area that the sensor
oscillator can detect is 300 pg·cm−2, which is, as far as we know, the best value reported in the literature
for a monolithically integrated CMOS-MEMS device.

The paper is structured as follows: Section 2 deals with the description of the oscillator device,
while in Section 3 we derive an analytical model where the resonator design parameters consider
both its mass sensitivity and motional resistance with enough accuracy. In Section 4 the monolithic
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fabrication approach is described, and the electrical characterization results are reported. Finally, a
comparative analysis with the state-of-the-art and conclusions are included in Section 5.

2. Device Description

The resonator device consists of a lateral moving plate supported by four fixed-guided beams,
and two electrodes, one for electrostatic actuation, and the other for capacitive readout as illustrated in
Figure 1. The top metal layer available in the commercial 0.35-μm CMOS technology is used as the
physical layer to fabricate these mechanical structures [8] having an equivalent thickness (t) of 850 nm,
approximately. The proposed resonator structure increases the capture area compared to the beam
shaped resonators developed in previous works [9] meant for punctual mass sensing. Four anchored
beams are included in the design to provide stability and to promote lateral vibration when excited by
the electrodes. As further addressed in Section 3, the design parameters are chosen to optimize the
distributed mass sensitivity while keeping a capture area large enough. The resonator plate area, or
sensor capture area, is 41 μm (lp) × 10.2 μm (wp). Each beam length (lb) is 10 μm and the width (wb) is
0.8 μm. The gap between the resonator and the electrodes is determined by the minimum metal layer
spacing allowed by the technology (s = 0.6 μm).

Figure 1. Schematic showing resonator dimension parameters.

The adoption of a single CMOS layer is inherently superior in mass sensitivity than the option of
a stack of layers, given its lower mass. However, this implies also a lower capacitive coupling between
the driver and the resonator constraining the resonator motional current detection, as detailed in next
section. To overcome these issues, an on-chip high-sensitivity circuit has been integrated.

Moreover, to obtain a feasible system-on-chip, not only the readout pre-amplifier is integrated
but also a full oscillator circuit scheme based on a modified Pierce topology is included, as shown
in Figure 2, obtaining a quasi-digital output signal when working in closed-loop mode. The main
challenge of adapting an oscillator circuit for a CMOS-MEMS resonator is its very large equivalent
motional resistance (usually in the MΩ range) that must be compensated by the sustaining amplifier
to enable the self-sustaining oscillator performance. The Pierce oscillator topology is used in this
case, since it is superior to a transresistance amplifier in terms of the oscillator noise figure when
high transimpedance gains are used [9], like that required in this work. The reason is due to the fact
that most of the gain is provided by a noiseless capacitive input element rather than a lossy resistive
element. In this case, the circuit exhibits a transimpedance gain of 11 MΩ and an input-referred current
noise of 87 fA·Hz−1/2 at 6 MHz.

In addition to the self-excited oscillator mode (closed-loop), the system has been designed to
allow its operation also in open-loop mode (illustrated as a switch in Figure 2), thus enabling a way to
characterize and test the proper resonator behavior.
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Figure 2. Conceptual circuit schematic of the lateral moving plate resonator into a Pierce
oscillator topology.

3. Analytical Modelling

An approximate analytical model of the capacitive plate resonator is used in this work to
estimate the resonance frequency, mass sensitivity, and electromechanical motional resistance, thus
enabling a proper and simple design of the MEMS parameters. The system is conceived as a lumped
mass-spring-damper model with a motion equation governing the mechanical resonator dynamics in
one dimension (lateral in our case), as given by:

meff
..
x + γ

.
x + kx = Fexc (1)

where
.
x and

..
x represent the first and second time derivative of the position variable x, meff is the

resonator effective mass, γ is the damping coefficient, k is the linear spring constant of the system, and
Fexc is the net electrostatic force. The system resonance frequency is obtained as f res = (k/meff) 1/2.

The spring constant expression of each single fixed-guided beam is [10]:

kb =
Ew3

bt
l3
b

(2)

where E is the Young modulus of the structure material (top metal layer in this case). For the plate
supported by four fixed-guided beams, the equivalent spring constant is:

kt = 4
Ew3

bt
l3
b

(3)

The total dynamic resonator mass is calculated considering that the plate is completely rigid
compared to the beams. Therefore, the system mass can be expressed in terms of the entire plate mass
and the effective mass contribution of each guided-beam [11]:

meff = ρlpwpt + 4 × 0.37ρlbwbt (4)

Using the previous equations and assuming that the mass of the platform is larger than the one of
the beams, the resonance frequency is found to be proportional to the resonator design parameters as√

w3
b

lpwpl3
b
. The resonator mass sensitivity can be expressed in terms of last parameters as:

Sm = − 2 × meff
fo

(5)
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The negative sign indicates that an added mass over the resonator results in a decrease of its
resonance frequency. For distributed mass deposition (e.g., mass sensing in a gaseous solution), the
sensitivity per unit of area is defined as:

S m
a
= − Sm

Aeff
(6)

From the last equations, it can be easily deduced that the distributed mass sensitivity is

proportional to the resonator dimensions as lpwp

√
l3
b

w3
b
t.

On the other hand, from the point of view of the electrostatic transduction efficiency or capacitive
readout performance, the resonator is required to exhibit the minimum possible motional resistance
defined as:

Rm =

√
ktmeff

Qη2 (7)

where Q is the resonator quality factor related to the system damping. Considering the
electrode-resonator interface as a parallel plate variable capacitor, the electromechanical transduction
factor η is given by:

η = Vdc
Co

s
= Vdc

εolpt
s2 (8)

and therefore, the motional resistance can be also related to the resonator dimensions in this case

as
√

w3
bwp

l3
b l3

p

s4

t .

For a proper performance of the resonator in terms of mass sensitivity, but also of capacitive
reading capabilities, it is required that both Sm and Rm resonator parameter values to be as small as
possible. As deduced from the last equations, there is a trade-off between both parameters. While the
mass sensitivity can be improved by decreasing the resonator mass and increasing both its capture
area and resonance frequency, the motional resistance is reduced by increasing the resonator mass and
lowering its resonance frequency. Such a trade-off is noticed mainly in terms of the guided-beams
dimensions (lb and wb). In this sense, the resonator has been designed to exhibit the best mass sensitivity
while exhibiting a motional resistance below the transimpedance gain of the CMOS sustaining circuit.
Such gain must overcome the motional resistance to enable a self-sustaining oscillator operation [9].
Moreover, the frequency must be also constrained to the CMOS amplifier specifications. Figure 3 shows
the dependency of the circuit transimpedance gain used in this work with the operating frequency.
Since in the Pierce configuration the sensed current is integrated through the capacitance at the
sustaining amplifier input (Ci in Figure 2), the amplifier transimpedance gain decreases with frequency.
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Figure 3. Transimpedance gain versus frequency of the sustaining amplifier circuit.
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Therefore, the beam width (wb) is chosen as the minimum available by technology since a wider
beam highly increases both the frequency and the motional resistance. The platform width and length
(wp and lp) are chosen to fulfill the capture area requirements, with the length larger than the width, to
avoid increasing the motional resistance unnecessarily. Thus, the parameter available for the design
flow is the beam length (lb). Finally, we also set the gap between the resonator and the electrode
(s) as the minimum available by the technology to minimize the motional resistance as well. In any
case, large motional resistance values are still obtained since the use of a single top metal layer with a
relatively small thickness and a relatively large minimum distance as indicated in Section 2.

This analytical model has been used to design the resonator parameters according to the values
indicated in Section 2. Additionally, we ran extensive finite element modeling (FEM) simulations
using COMSOL Multiphysics to validate the model parameters prior to fabrication. Comparison of
the accurate finite element modeling (FEM) values to the analytically derived parameters revealed
that a high accuracy of such a simple model is good enough to design the resonator parameters and
predict its main performance as a sensor device. Considering that the spring constant may usually
vary by 10%–20% due to process variations in conventional MEMS fabrication techniques [10], the
results detailed in Table 1 are absolutely acceptable.

Table 1. Main resonator parameters comparison obtained from finite element modeling (FEM)
simulations and using the approximated analytical solution. A mass density ρ = 3000 kg/m3 and a
Young’s modulus E = 131 GPa have been assumed for the complementary metal-oxide-semiconductor
(CMOS) top metal layer to compute the parameters.

Parameter FEM Analytical Error (%)

Resonance frequency, fo (MHz) 2.124 2.296 −7.5
Linear stiffness, k (N/m) 199.8 228 −12.3

Mass sensitivity, S m
a

(pg·cm−2·Hz−1) 246.8 228.5 8.0

4. Fabrication and Electrical Characterization

The MEMS device was completely defined along the commercial 0.35-μm CMOS process by using
the top metal layer available in the technology used [8]. The silicon oxide underneath the resonator
was used as the sacrificial layer that was removed after the standard CMOS process by means of a
one-step maskless wet etching. This construction scheme provides an easy monolithic integration of
the mechanical resonator with the CMOS circuitry (see Figure 4a). In this case, various openings were
defined in the plate structure to ease the wet etching process (Figure 4b).

(a) (b) 

Figure 4. Fabricated device in a complementary metal-oxide-semiconductor (CMOS) 0.35-μm
commercial technology constituted by a plate resonator integrated monolithically with CMOS circuitry:
(a) Optical image of the overall CMOS-MEMS oscillator circuit; (b) SEM image of the metal suspended
plate resonator.
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The CMOS-MEMS device has been characterized both in open-loop and closed-loop mode in air
conditions (atmospheric pressure and ambient temperature). Open-loop measurements have been
performed at a low excitation power (−30 dBm) to operate in the resonator linear region, enabling the
extraction of the linear electromechanical parameters. Figure 5 shows the measured electromechanical
system transmission response magnitude obtained for various resonator bias voltages Vdc. The
resonance frequency of the MEMS resonator is around 1.9 MHz and its quality factor is Q = 176. On
the other hand, it is noticed that the spring softening effect (the decrease of resonant frequency when
the bias voltage increase) is not marked in contrast to the one exhibited by clamped-free resonators.
From such behavior (Figure 5b), the pull-in voltage of the device is predicted to be as high as 380 V.
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Figure 5. Electrical characterization of the suspended plate resonator with on-chip 0.35-μm CMOS
readout circuit in open-loop configuration: (a) Measured frequency response (magnitude) for different
resonator bias voltages (Vdc) in air conditions; (b) Plot of the resonance frequency dependency versus
the applied bias voltage.

The oscillator output signal behavior, when working in self-excited mode (closed-loop
measurements), is depicted in Figure 6. The oscillator works properly with biasing voltages over 25 V.
For a Vdc = 27 V, the measured oscillator generates a 1.947 MHz signal with a peak-to-peak amplitude
beyond 500 mV. In resonant sensing, where the measurement is performed by tracking the MEMS
resonance frequency variation, the Allan deviation parameter of the oscillator frequency becomes
a key parameter widely used to assess the short-term stability of oscillators and to predict, in this
case, the short-term resolution of the device (e.g., mass resolution). In this work, a precise frequency
counter (CNT-90, Pendulum, Banino, Poland) has been used to measure the Allan deviation of the
CMOS-MEMS oscillator in a range from 1 ms to 1 s integration times (Figure 7). The integration time is
equivalent, in the time domain, to the measurement bandwidth in the frequency domain used in other
instruments like spectrum analyzers.

The corresponding surface mass limit of detection (SMLOD) is also provided in Figure 7. This
parameter accounts for the minimum mass change per unit area that the CMOS-MEMS device can
detect. It has been computed from the predicted mass sensitivity times of the measured Allan deviation
value. The minimum Allan deviation value is obtained for an integration time of 100 ms being as low
as 1.2 Hz or 0.63 ppm.
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Figure 6. Time-domain oscillator output signal measured for Vdc = 27 V.
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Figure 7. Allan deviation as a function of integration time measured in air conditions (atmospheric
pressure and ambient temperature). The corresponding surface mass limit of detection (SMLOD) for
each integration time is indicated in the right y-axis.

5. Comparative and Conclusions

The plate resonator reported in this work has a capture area ~40 times higher than featured by
the cc-beam resonator used in previous works [12], and is thus more suitable for distributed mass
sensing applications as introduced in Section 1. On the other hand, its higher mass and lower resonant
frequency results in a predicted mass sensitivity per unit area to be ~7 times worse (250 pg·cm−2·Hz−1).
However, the better frequency stability of the device results in a predicted surface mass limit of
detection (SMLOD) to be as low as 300 pg·cm−2, and is thus better than obtained for the cc-beam
resonator in air conditions. In addition, the plate resonator operates at a lower bias voltage. In our
opinion, the better oscillator frequency stability is related to a higher mechanical linearity and quality
factor that exhibits this type of MEMS structure compared to the single cc-beam previously used in [12].
Being an open topic, we are currently investigating in this direction to corroborate such assumption.

The predicted SMLOD value and the expected mass sensitivity per unit area obtained in this work
is also the best compared to the state-of-the-art for monolithic CMOS-MEMS oscillators (with on-chip
feedback circuitry) operating in air conditions, as shown in Table 2. Only a few works addressing
CMOS compatible MEMS mass sensors report smaller SMLOD values [13,14]. However, the better
frequency stability in [14] is obtained thanks to the use of external off-chip feedback circuitry based on
a phase locked loop (PLL). In [13], they also used an off-chip PLL, and the better mass sensitivity is
inherent to the use of a nano-scale cantilever structure having a 102 times smaller capture area. On
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the other hand, comparison with non-CMOS/MEMS resonators reveals that only some works based
on piezoelectric transduction and fabricated using specific nanofabrication techniques exhibit better
performance in terms of SMLOD (e.g., in References [15,16]).

Table 2. State-of-the-art of CMOS-MEMS resonators as distributed mass sensors operating in
air conditions.

Ref.
Sensitivity

(pg·cm−2·Hz−1)
Capture Area

(cm2)
Frequency

Stability (Hz)
SMLOD

(pg·cm−2)
Integrability

This work 250 * 4.2 × 10−6 1.2 300 * On-chip oscillator
[12] 34 * 1.1 × 10−7 15 510 * On-chip oscillator
[13] 0.10 * 1.2 × 10−9 20 2 * Off-chip PLL
[14] 2300 2.2 × 10−4 0.08 190 Off-chip PLL
[17] 61,000 2.3 × 10−4 0.03 1800 On-chip oscillator
[18] 240,000 1 × 10−4 ~1 240,000 On-chip oscillator

* Predicted value.

As a main conclusion, in this work we have experimentally demonstrated the feasibility of
constructing a fully integrated and fully standard CMOS fabrication process compatible MEMS-based
oscillator with a surface beyond 60 times of single cc-beams with a superior SMLOD in air conditions.
Given its large area and high mass sensitivity per unit area, this device is a perfect candidate for
applications requiring selective compound detection in gas environments where functionalization
steps are mandatory. The higher capture area ensure proper adherence of the subsequent chemical
species, thus avoiding the contour-dominated effect intrinsic disadvantages of narrow cc-beams.

Finally, the full CMOS/MEMS integration of the mechanical and electronic circuitry and the
quasi-digital output provided by the oscillator makes this solution a perfect candidate for low cost
system-on-chip or Lab-on-chip applications.
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Abstract: Microbolometers arethe most common uncooled infrared techniques that allow
50 mK-temperature resolution to be achieved on-scene. However, this approach struggles with
both self-heating, which is inherent to the resistive readout principle, and 1/f noise. We present
an alternative approach that consists of using micro/nanoresonators vibrating according to a
torsional mode, and whose resonant frequency changes with the incident IR-radiation. Dense
arrays of such electromechanical structures were fabricated with a 12 μm pitch at low temperature,
allowing their integration on complementary metal-oxide-semiconductor (CMOS) circuits according
to a post-processing method. H-shape pixels with 9 μm-long nanorods and a cross-section of
250 nm × 30 nm were fabricated to provide large thermal responses, whose experimental
measurements reached up to 1024 Hz/nW. These electromechanical resonators featured a noise
equivalent power of 140 pW for a response time of less than 1 ms. To our knowledge, these
performances are unrivaled with such small dimensions. We also showed that a temperature
sensitivity of 20 mK within a 100 ms integration time is conceivable at a 12 μm pitch by co-integrating
the resonators with their readout electronics, and suggesting a new readout scheme. This sensitivity
could be reached short-term by depositing on top of the nanorods a vanadium oxide layer that had a
phase-transition that could possibly enhance the thermal response by one order of magnitude.

Keywords: nano resonator; nano-system array; uncooled IR-bolometer

1. Introduction

Microelectromechanical systems (MEMS) are either used according to a static mode (accelerometers,
micro-mirrors, radio frequency (RF) switches, bimorph structures) or rather in a dynamic way, when
the harmonic response of the system is requested. Although quartz crystals were first studied (and
continue to be widely used as time references), silicon is most likely the most widely used material
for MEMS and NEMS (nano-electromechanical systems) due to its excellent mechanical properties.
Indeed, advances in microelectronics on silicon wafers (increasingly large diameters—the reliability
and reproducibility of manufacturing methods, silicon on insulator (SOI) substrates) have strongly
enabled the rise of silicon-based MEMS/NEMS. Beyond silicon, alternative materials are nowadays
already industrialized, such as lead zirconate titanate (PZT) and AlN, or envisaged such as GaAs,
graphene, or aluminum, generally deposited on silicon substrates (in particular for economic reasons).
Finally, the intrinsic compatibility of the manufacturing of silicon or silicon-based materials with
a complementary metal-oxide-semiconductor (CMOS) integration (“above-integrated circuit (IC)”
approach or co-integration approach) is an undeniable asset in order to realize a high-signal-to-noise
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ratio (SNR) system including an actuator/detector and a compact readout circuit that is affordable and
energy efficient.

The small size of NEMS makes them particularly sensitive to their external environments, while
keeping very good frequency stability. In particular, silicon-based nanoresonators have already
demonstrated their formidable potential in their number of application domains. Nanoresonators are
excellent physical sensors, especially for measuring forces [1,2] or mass [3,4], for gas detection [5,6],
but also for measuring the temperature [7–10]. The ultimate sensitivity of the order of the yoctogram
(10−24 g—mass of a proton) has even been demonstrated with single-wall carbon nanotubes
(CNT) [11,12]. More generally, nanoresonators can extend proteomics to high mass biomolecules
(such as complexes of proteins or viruses) [3,13]. There is also intense activity in the NEMS community
related to the study of oscillators in their fundamental quantum mode using the reciprocal interaction
of an optical micro cavity with a mechanical resonator [14–16]. Examples of mechanical resonator
applications are plethoric: particle counting in a fluid medium [17,18], magnetometry [19–23],
actuators [24], RF filters [25], and in biology [26,27].

The measurement principle is quite simple: it consists of monitoring the frequency shift of a
NEMS kept at a given vibration (at a fixed controlled amplitude) using a closed loop circuit via a
“phase-locked loop” (PLL) or a self-oscillating circuit. Any change in an external physical parameter
(temperature, pressure, force, acceleration etc.) or on the surface of the material (adsorption of a gas,
molecule, etc.) will modify its stiffness or its mass, thus inducing a change in the resonant frequency,
which is continuously measured. Figure 1, adapted from [28], illustrates the measurement principle
for when a frequency shift is caused by a mass landing on top of a nanocantilever. In this case,
a piezoresistive transduction was used to measure the mechanical oscillations of the cantilever (the
actuation being purely capacitive [29]). Indeed, it was shown that piezoresistive detection is highly
suitable at high frequency compared to the capacitive readout in a self-oscillation loop [30].

Figure 1. The principle of mass measurement (adapted from [28]). (a) Example of a nanoresonator on
which particles have landed; (b) Shift in the frequency caused by the arrival of particles. Monitoring
in real-time the resonance frequency allows us to deduce the amount of accreted mass; (c) From the
spectral perspective: a shift in the spectrum toward low frequencies.
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Neutral mass spectroscopy with such a system is now ongoing, and some papers have already
demonstrated their interest for biomolecule analysis [3]. Beyond the ultra-sensitivity of NEMS, the
overall analysis time has to be fast enough to make this technique a realistic solution. To tackle this
key issue, the basic method consists of using a NEMS array for increasing the capture cross-section,
and hence speeding up the analysis. In a recently published work, a NEMS array dedicated to mass
sensing was realized with a frequency address, with each NEMS having a slightly different resonance
frequency that labelled its position inside the array [31].

Nanoresonators can also be used for thermal sensing. Resonant NEMS arrays with a suitable
driving electronics could be a way to continue to decrease the pixel pitch of the thermal imager,
keeping the performance constant. Among the various current uncooled infrared focal plane array
(IRFPA) technologies, the microbolometer is the most common uncooled infrared device. It operates
by converting the heating of a thin suspended membrane due to IR absorption into a variation of
the electrical resistance of a layer deposited on it. This layer is commonly made of a thin film of
semiconductor, using mostly vanadium oxide (VOX) or amorphous silicon (a-Si), because of their high
thermal sensitivity (1/R × dR/dT), which is about 2–3%/K. To reach a high thermal sensitivity, the
membrane has to be insulated from the substrate, and it is suspended above the readout integrated
circuit (ROIC) by thin and long insulation legs. Thermal insulation as high as 2 mK/W has, for instance,
been reported for microbolometers with 12 μm pixel pitch [32]. Such a development has achieved noise
equivalent temperature differences (NETD) at a very low level, around 50 mK (F/1 lens, 30 Hz frame
rate, 300 K background) [33,34]. At ultra-small pixel pitches (less than 12 μm), the performances could
be kept to the cost of a very high thermal insulator, leading to a dramatic temperature increase of the
suspended plate, which can be deleterious for the electrical properties of the sensing material [35]. Both
VOX and a-Si microbolometers can be affected [36]. The direct consequence is a persistent afterimage
when the scene is removing [37]. This is particularly true for when the microbolometer is exposed to a
high temperature source, such as fire, explosion, or the sun, and is this sometime referred to as the “Sun
Burn” effect [38]. Although a shutter-based non-uniformity correction can mitigate this effect, latent
images reappear rapidly after shutter operation and persist with a very long decay time. Thus, there is
a clear need for a new transduction method that can withstand high temperature exposure. In parallel,
this technique has to be compatible with very large scale manufacturing for future consumer markets
that require small pixel-pitch and high resolution.

In this context, we suggest a new transduction method based on high-frequency mechanical
nanoresonators designed to be ultra-sensitive to IR radiation. For mid-term vision, this approach
intends to replace the current thermistor-based bolometers. The frequency stability of these
nanoresonators should allow for the fundamental phonon noise to be reached, and to better cope with
the thermal issues, while keeping a high resolution on the scene for the small pixel sizes. In principle,
the excellent frequency sensitivity of nano/micro resonators makes them perfect ultra-small thermal
sensors. However, two main questions must be raised: how can an efficient electrical transduction with
a tiny mechanical displacement be realized without any self-heating? Is the frame rate fast enough
with such an approach to obtain a net image? This paper will provide some key insights, using a
CMOS-based approach.

In a first level of answer, the transduction technique has to be properly chosen. Unlike the
conclusions made in previous papers [30], capacitive transduction is preferred for removing the
self-heating that results in a background signal and additional noise. Ultra-small capacitance variation
is however, more delicate to read out [39], and a specific buffer circuit has to be developed, as we
will show later on in the paper. Many types of transductions have been suggested over the last
10 years. A second level of the answer lies in the use of the NEMS array collectively or individually
actuated, and detected by a CMOS circuit that could be placed in its close vicinity. The CMOS circuit
will actuate the mechanical systems at their resonance frequencies, and perform the addressing of a
single NEMS or a sub-array of NEMS to be addressed. The spatial proximity of the CMOS with the
thermal sensors drastically limits the effects of electrical parasitic coupling and attenuation. Limiting
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these effects consequently maximizes at circuit input, both the absolute value of the useful signal,
and its signal-to-background ratio (SBR), resulting in maximization of the SNR at the circuit output.
To conclude, this juxtaposition has significant advantages, namely the compactness of the system, and
the unparalleled electrical transduction efficiency.

2. Design and Fabrication of Electromechanical Resonator Arrays

The basic geometry of the resonator was a suspended plate that experienced a torsional vibration
around a rotation axis. Several metallic electrodes were structured underneath for electrostatic
actuation and capacitive measurement of the paddle displacement. These electrodes and the
paddle formed a λ/4-resonant cavity centered at 8 μm for enhancing the absorption of the incident
IR-radiation. The Fabrication process and the materials had to be temperature-compatible with
monolithic integration, in order to simplify the manufacturing of the imagers and their integration
on a CMOS readout circuit. Thus, the materials must meet three main criteria: (i) good mechanical
features; (ii) low thermal conductivity; (iii) low-temperature deposition. The critical dimensions (as the
width legs ensuring the rotation and the thermal insulation of the plate) had to be well controlled
during the fabrication process to ensure that all pixels were functional inside the imager.

The low-temperature fabrication process was derived from classical bolometers (i.e., a deposition
process <300 ◦C and above-IC compatible). First, a 300 nm thick AlCu layer was deposited on a silicon
substrate and structured to form the transduction electrodes. A 2 μm-deposition of a polyimide layer
was then formed and constituted the sacrificial layer. The latter was opened to build up the metal studs
that would insure the mechanical support and the electrical connection with the electrical connections
below. Two silicon nitride (SiN) layers of 10 nm encapsulated a titanium nitride (TiN) layer that acted as
an electrode as well as an absorber. The TiN thickness was defined to be impedance-matched with the
vacuum (Z0 ~376 Ω), in order to obtain a direct absorption rate that was close to 50%. The λ/4-optical
cavity (2 μm thick) between the aluminum–copper electrodes and the TiN layer allowed an absorption
efficiency of 80% to be reached over the 8–14 μm wavelength range. Figure 2g shows the spectral
absorption of such a cavity with this specific SiN/TiN/SiN/a-Si stack in this wavelength range.

Figure 2. Synopsis of the fabrication process along the cross section AA’: (a) Deposition of a 300 nm
thick AlCu layer on a silicon substrate/strip lines/reflector wet etching; (b) 2 μm deposition of a
polyimide layer; (c) Etching of the polyimide layer to build up the metal studs, and deposition of the
plate material; (d) Definition of the plate; (e) Dry etching O2 plasma release; (f) 3D artist view of a pixel;
(g) Absorption spectrum of the 2 μm thick micro cavity.

The encapsulation of the TiN layer was performed for stress compensation reasons and to protect
it during the release step. An amorphous silicon of 150 nm thickness (a-Si) was deposited on the
top SiN to stiffen the plate. The plate had to be polarized through the legs via the thin TiN layer.
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Electrostatic actuation was possible in these conditions, since no high current was required. Electrical
contacts were made by opening the top layers (SiN and a-Si).

The torsional mechanical eigenmode has always been addressed in all designs of pixels so far.
Indeed, the advantages of the torsional mode are threefold: (i) this mode is less sensitive to the
residual axial stress that could be different from one side to the other side of an array [9,40]; (ii) the
dynamic range set by the onset of nonlinearity is higher for the torsional mode compared to the flexural
modes [9,40–42], since only the external fiber of the rods experiences a strain [43]; (iii) the paddle
surface remains large compared to the overall resonant body and makes a capacitive actuation easy.
Resonator arrays of 666 × 520 pixels, with a 12 μm-pitch were fabricated. Figure 3a shows a scanning
electron microscopy (SEM) picture of a typical array. The first electromechanical tests were achieved
using polarization lines structured below the pixel. This interconnection can be observed on Figure 3a,
and enabled the actuation and read out of an array of 96 × 96 electromechanical pixels. An SEM
zoom-in of a typical H-shape pixel is presented in Figure 3b,c. The nano-rod length was 1.5 μm for a
cross-section of 250 nm × 180 nm (width × thickness). The insulation arm length was 8.6 μm. This
design was the nominal version of our electromechanical pixel. Other versions were, however, realized
and some of them are presented in Figure 4a–d. These alternative versions will be reviewed in the
next section: they were conceived in an attempt to meet the best trade-off between an efficient thermal
insulation and a large mechanical dynamic range, these two key features being antagonists. Indeed,
it is interesting to look at the Equation (1) below. It shows that the thermal response is inversely
proportional to the thermal conductance, G. The thermal insulation should be improved by increasing
the lengths of the legs and the rods. At the same time, the torsional stiffness should be high enough to
prevent the occurrence of quick and strong nonlinear effects. This requires quite short legs. The lengths
and widths of the legs versus the rods had to be carefully chosen to find the best operating point
(large linear displacement, large thermal insulation, and low driving voltages). Notice that even if
the asymmetric designs were drawn to enhance the electrostatic actuation, a square shape could be
realized. Along the two directions, the pitch was nevertheless kept constant at 12 μm.

Figure 3. Scanning electron microscopy (SEM) pictures of an array of electromechanical pixels
fabricated with a low-temperature process: (a) Large field view of an array; only the central
96 × 96 array is connected to electrical pads; pixels above the connection wires have been removed to
avoid any cross-talk; (b) Zoom-in on the center of the array; (c) SEM picture of a typical H-shape pixel;
Nanorod length = 1.5 μm, width = 250 nm and thickness = 180 nm (insulation arm length = 8.6 μm).
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Figure 4. SEM pictures of alternative versions derived from the nominal design: (a) Butterfly-shaped
pixel with longer rods; (b) Simple pixel without insulating legs; (c) H-shape pixel with thinner nanorods
for enhancing the thermal insulation; rod-thickness = 30 nm; (d) Zoom of the legs (Figure 4c) attached
to a stud that acts as a mechanical anchor and that provides electrical contact with the lines underneath.

For the sake of clarity, a short introduction to the key mechanisms and noise sources is presented
below. We did not aim at detailing the thermo-electromechanical equations that described the overall
interactions between the mechanics and the IR-light. Rather, we gave key expressions for catching up
this approach that may constitute a new paradigm in the field of IR-imaging. The overall measurement
system, including a single pixel, is depicted in Figure 5. The expressions of parameters shown in
this figure are detailed step-by-step below for a comprehensive vision. The further expressions are
appropriate under a small-displacement (small deflection angle) assumption. The polarization of the
pixel is set to keep the angular vibration in its linear range at the chosen torsional resonance frequency.
VB is the bias voltage applied on the paddle (through the studs), and VAC is the sinusoidal polarization
applied on the actuation electrode through the capacitance Ca. This signal can be applied with an
external RF-source, in particular for the first electromechanical characterizations, but can come from
the feedback loop in the case of a closed loop. The actuation frequency f is swept to measure the
electromechanical response and the resonance frequency f 0.

Figure 5. Synopsis of the open-loop measurement chain: The red box corresponds to a single
electromechanical pixel that translates the incident IR-radiation Pinc on the scene into a resonance
frequency shift; the blue box corresponds to the close-by electronics that convert the mechanical
oscillations into an electrical signal; Vpol is the polarization of the pixel; θ(f ) is the angular oscillation
of the paddle around the rods; Cd(f ) is the induced capacitance variation used to read out the signal;
Vout(f ) is the output signal supplied by the buffer. Cp is the total capacitance due to amplifier input
capacitance, and parasitic capacitances between the electrical connections and the ground.

88



Micromachines 2018, 9, 401

Basically, the electromechanical pixel converts the incident IR-optical power Pinc into a resonance
frequency shift Δf according to a sensitivity Rf, which depends on both the thermal conductance
of the paddle insulation (through insulation legs between the torsional rods and the plate) and the
temperature coefficient of frequency:

Δ f =
αT f0βη

G|1 + j2πντth| Pinc = f0R f Pinc (1)

where τth = C/G is the thermal time constant of the sensor, C =
(

∂U
∂T

)
V

, the thermal capacitance at
constant volume, G is the thermal conductance, αT is the temperature coefficient of frequency (TCF)
(typically −60 ppm/◦C for silicon), β is the pixel fill factor, η is the bolometer absorption, f 0 is the
resonance frequency, and v the frame rate of the electronic readout. The thermal conductance is mainly
due to the thermal conductance of heat through the legs. The other sources of thermal leaks—radiative
and heat conductance through air—are negligible.

The capacitance variations can be calculated from geometrical considerations. After cumbersome
mathematical manipulation, the final expressions can be approximated as:

Ca(θ) ≈ −C0
θmax

θ
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C0 = ε0
LpWp/2

g and sin(θmax) = g
Wp/2 . C0 and θmax are respectively the capacitance value

at rest, and the maximum deflection angle. The deflection angle is directly computed from the
dynamic equation:
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Te is the electrostatic torque. J is the moment of inertia of the paddle, assuming that the
inertia moment of rods is negligible. k, G, and Ir are respectively the rod torsional stiffness,
the shear modulus, and the torsional quadratic moment of the rectangular suspended rods
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))
, wr > tr.). E and v are the equivalent Young modulus

and Poisson ratio of the stack.
Under the assumption of a linear regime (and small deflection amplitude of the paddle), the angle

can be rewritten in the Fourier space:

θ( f ) =
Te

J
1

f 2
0 − f 2 + j f f0

Q

(5)

Table 1 presents the values of the main features of Equations (1)–(5) for our typical
electromechanical pixel. Some parameters are compared with data from literature.
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Table 1. Key parameters presented in the Equations (1)–(5) for our device compared with an advanced
resistive bolometer and microelectromechanical systems (MEMS) bolometer: temperature sensitivity
corresponds to 1

f × ∂ f ∂T for a resonant thermal sensor and 1
R × ∂R∂T for a resistive one.

Electromechanical & Thermal Features This Work (Figure 3c) Bolometer [32] Resonant MEMS [9]

Maximal Angle θmax (◦) 21 N.A -
Inertial Moment J (kg.m2) 3.9 × 10−25 N.A 1.5 × 10−27

Torsional stiffness κ (N.m) 1.8 × 10−11 N.A 6.8 × 10−13

Resonant Frequency (MHz) 1.1 N.A -

Onset of Nonlinearity θc(◦) (This value is
computed by solving a nonlinear dynamic

equation [44].)
13.5 N.A -

Quality Factor Q 1800 N.A 1555
Capacitance at Rest C0 (fF) 0.185 N.A N.A

Pitch (μm) 12 12 5
Thermal Conductance G (W/K) 5 × 10−8 5 × 10−9 1.5 × 10−8

Thermal Capacity C (J/K) 26 × 10−12 80 × 10−12 3 × 10−12

Thermal Constant τth (ms) 0.5 16 0.2
Temperature Sensitivity (/◦C) 0.01% 3.6% 0.0092%

At this stage, we have to struggle with a strong signal attenuation due to a capacitive bridge
formed by parasitic capacitances from the metallic pads, connections and the input impedance of the
final readout electronics board: VBΔC

/
(C0 + Cp). The order of magnitude of an expected capacitance

variation ΔC is around 10 aF for a C0 ∼ 200 aF and Cp ∼ 10 pF. In this condition, the output
signal is divided by a factor ~106. This attenuation of the signal can be deleterious for obtaining a
high-enough SBR to initiate a self-oscillation within a closed-loop. A way to address this issue can
be through the use of a semitone-actuation (at f0/2): Vpol = VAC cos

(
2π f t

2

)
− VB. In this case,

the electrostatic torque is proportional to V2
AC

/
2, which reduces the coupling between the actuation

signal and the output signal. A differential measurement can also be added to further improve the
SBR. In this scheme, two identical pixels are used to cancel out the common modes. A more complex
approach based on the down-mixing method [45] can be used to get rid of the parasitic capacitances. In
particular, the bias voltage is no more constant and is modulated: VB = VB0 cos(2π f t + Δ f ) where
Δ f 	 f . A comparison between different readout modes is shown in Table 2. We notice a quite
strong improvement of the SBR. However, in the best cases, the signal-to noise-ratio (SNR) was lower
than 20 dB, which did not guarantee a functional closed-loop.

Table 2. Preliminary measurement of the signal-to-background ratio (SBR) for different transduction
strategies (direct semitone, direct 1f, differential and down-mixed); VB0 = 10 V , VDC = 10 V and
f0 = 1 MHz, Δ f = 10 kHz; VAC0 = 4.2 V for semitone actuation and VAC0 = 0.5 V for 1f and
2f actuations.

Transduction Method Voltages SBR (dB)

- VAC VB -

1 f -actuation VAC0 cos(2π f t) VB0 −33
f /2-actuation VAC0 cos

(
2π f t

2

)
VB0 −13

f /2-actuation/differential mode VAC0 cos
(

2π f t
2

)
VB0 2

f /2-actuation/down-mixing mode VAC0 cos
(

2π f t
2

)
VB0 cos(2π f t + Δ f ) 22

f -actuation/down-mixing mode VAC0 cos(2π f t) + VDC VB0 cos(2π f t + Δ f ) 20
2 f -actuation/down-mixing mode VAC0 cos(4π f t + Δ f ) VB0 cos(2π f t + Δ f ) 22

In conclusion, to reach higher SBR (40 dB can be considered as a suitable value for the PLL) a
dedicated off-chip buffer was developed to cope with the tiny capacitance variation and it was placed
in the close vicinity of the pixels under test. Its schematic is presented in Figure 5. The capacitance
variation is read through an intermediate circuit that measures the charge carrier variation, the applied
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voltage being kept constant. The current is read with a feedback capacitance, CC2V , instead of a resistor
to minimize the background, as shown in Figure 5. Thus, the output voltage is proportional to this
feedback capacitance as Vout = Vpol

δC(θ( f ))
CC2V

, where δC(θr) is the capacitance variation resulting from
the motion of the paddle. CC2V must be chosen to be as low as possible to maximize the output
signal but should be high enough to avoid unwanted effects due to parasitic capacitances (and kBT/C
noise) as shown in the Equation (6). A 1 pF feedback capacitance in parallel with a 10 GΩ resistor
were set to prevent any saturation of the output signal caused by the direct current (DC). Cd and Cp

are respectively the sensor capacitance and the total input capacitance of the amplifier, respectively.
This electrical scheme corresponds to a first-order filter [44]:

Vout = Vpol
Cd

CC2V

∣∣∣∣∣∣∣∣∣∣
1(

1 − j fc
f

)(
1 + j f

fCO
CC2V

Cp

)
∣∣∣∣∣∣∣∣∣∣

(6)

fCO is the high-pass cut-off frequency of the amplifier, and fc =
1

2πRFBCC2V
the low-pass frequency

at −3 dB of the RC filter. The improvement that was brought by the buffer circuit is illustrated in
Figure 6. With our buffer, the SBR was kept quite constant, while the SNR strongly improved, growing
up to 42 dB (to be compared with 20 dB without the buffer).

Figure 6. Enhancement provided by the buffer circuit: (a) Synopsis showing the set-up to characterize
the pixels in a down-mixed readout scheme (in open loop or in a closed-loop: red part); (b) Comparison
of the output signal between a semitone down-mixing approach with the buffer circuit and without the
buffer circuit (the polarization voltages are explained in Table 2); (c) Typical output signals for the three
down-mixing approaches with the buffer circuit. At resonance, the capacitance variation is close to
10 aF. The SNR is larger than 40 dB for the three cases.

The output voltages at resonance were high and clean enough to embed the electromechanical
pixels into a closed loop. At this stage, the pixels of the array of 96 × 96 pixels (see Figure 3a,b)
have been tested using an external closed-loop based on a down-mixed phase locked loop (PLL)
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scheme—only 96 × 96 pixels among the 666 × 520 pixels of the complete array (see Figure 3) could
be effectively electrically controlled for use in this first proof of concept. The latter is shown in red
in Figure 6a. To do so, the output phase signal Δϕ (demodulated at Δ f ) was the input signal of a
digital proportional–integral–derivative controller (PID). The output fr corresponded to the frequency
applied to the pixel. The PID parameters were set according to the Ziegler-Nichols method [46], hence
modifying the bias voltage VB applied on the pixel. This voltage enabled the control of the effective
stiffness [47].

The next section will provide typical electromechanical results and the thermal sensitivity of
our electromechanical system. The noise sources of such a system are presented. Based on these
measurements, new readout schemes of large pixel arrays are suggested, to achieve a compact CMOS
circuit beneath the imager.

3. Results

3.1. Electromechanical Characterizations

First, the electromechanical responses of the pixels of the 96 × 96 array were measured in an
open loop. The variations of the resonance amplitude as a function of the voltages VB0 and VAC0
were verified for the f /2 and 2f actuation schemes, up to the onset of non-linearity (i.e., θc ∼ 17◦).
Figure 7a,b correspond to a f /2-actuation showing, as expected, a quadratic variation of the output
voltage at resonance with VAC0 and a linear variation with VB0 respectively. Figure 7c,d correspond to
the 2f -actuation showing a linear variation of the output voltage with VAC0 and a quadratic variation
with VB0, which also expected.

(a) (b)

(c) (d)

Figure 7. Electromechanical response when the frequency is swept around the resonance for
different actuation schemes: (a) Amplitude versus f and VAC for a semitone actuation (VB = 10 V);
(b) Amplitude versus f and VB for a semitone actuation (VAC = 6.5 V); (c) Amplitude versus f and
VAC for a 2f -actuation (VB = 10 V); (d) Amplitude versus f and VB for a 2f -actuation (VAC = 1.8 V).
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The main electromechanical features for the torsional mode ( f0, Q and Vout, the maximum output
voltage corresponding to the onset of nonlinearity of the deflection angle θc) were measured on every
pixel of a 96 × 96 array with the 2f-actuation scheme:

• f0 = [1.05–1.2 MHz];
• Q = [1600–2500];
• Vout = [100–350 μV]

The range of resonance frequencies was coherent, with a fabrication process dispersion of 10%
on the torsional rod width (length and thickness variations were negligible). The variations on the
quality factor and the maximum voltage were rather more sensitive to the mechanical anchoring of
the insulation legs, and the over-etching effect between the edge and the center of the array explained
this difference. Spurious flexural motions of the insulation legs (perpendicular to the rods) may
have impacted the torsional vibration. At first insight, it increased the damping rate and lowered
the effective torsional stiffness. In a more complete approach, the real anchoring features were
included into a nonlinear model that was previously presented [47]. In particular, the anchoring was
modelled with a stiff spring along the z-axis. We demonstrated that the onset of nonlinearity can
be decreased depending on many other factors (the electrostatic torques . . . ), hence modifying the
detector sensitivity. In the worst cases, the thermal sensitivity may be decreased by 10%, compared to
the value that is expected with a perfect anchoring.

The frequency dispersion does not impact the closed-loop performance, and it has a tiny impact
on the thermal response (see Equation (1)). However, the quality factor and the dynamic range had a
larger impact on the noise floor level, as we will see later in Section 3.2. This means that the pixels on
the edges of the future imager will be slightly less sensitive compared to the others. To go further on
this topic, the next section will address the noise of the readout chain and the thermal performance of
such pixels.

3.2. Thermal Characterizations

Let’s go back to Equation (1), which gives the thermal response to an incident IR-radiation.
The frequency shift is proportional to the temperature coefficient of frequency αT , and inversely
proportional to the thermal conductance G of the material stack of the rods and the insulation legs.

3.2.1. TCF & G

Using the closed loop (Figure 5a), we implemented systematic TCF measurements on typical
devices (Figures 3c and 4a–c). In order to carry out a large number of measurements within a reasonable
time, the devices were tested on an automatic probe-station that was dedicated to 200 mm wafers.
The latter was heated with a hotplate to have a temperature variation between 0◦ and 20◦ above the
ambient temperature. Beyond this limit, the closed-loop did not track the frequency shift anymore. The
measurements were performed with a coupled Peltier-Pt sensor controlled by a Proportional Integral
Derivative controller (PID) to obtain the chamber temperature (down to 0.1 ◦C-accuracy). The statistics
are summarized in Table 3.

The TCF of a typical pixel (55.4 ppm/◦C) was in good agreement with the theoretical value of
48 ppm found by finite element method simulation (FEM) on our stack. In the case of pixels with
thin nano-rods, the axial internal stress was higher and its variation with temperature reinforced the
TCF (same sign of variation). In the meantime, the thermal insulation was quite well enhanced. Thus,
a global improvement of the thermal response should be expected with this kind of pixel.
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Table 3. Temperature coefficient of frequency (TCF) measured on different types of pixels: mean
and standard deviation per wafer; thermal conductance of rods & legs G (computed from material
properties and geometry measured by SEM).

Pixel Types 〈αT〉 (ppm/◦C) σαT G (W/K) 〈αT〉/G

Typical (Figure 3c) 55.4 14.6 5 × 10−8 1.11 × 109

Butterfly (Figure 4a) 45.2 3.6 3.10 × 10−8 1.46 × 109

Typical with Thin Nano-Rod (Figure 4c) 86.2 16.4 1.8 × 10−8 4.79 × 109

3.2.2. Thermal Response

The thermal response was measured and compared with the theoretical values computed by FEM.
Measurements were performed with the readout chain shown in Figure 5a in closed-loop. The device
under test (a pixel array) was placed into a vacuum chamber, and a blackbody source (RCN 1200 from
HGH Infrared Systems set at 1200 ◦C) was positioned in front of it. An 8–12 μm-filter was put between
our chamber and this source, to control the incident power. The optical bench was aligned thanks
to a visible laser. The optical set-up was calibrated using a Fourier transform infrared instrument
(FTIR). In particular, the spectral response of the filter according to the spectral luminance of a perfect
blackbody at 1200 ◦C was measured. A photometric computation (knowing the optical apertures
and the relative distances between the optical blocks) was used to determine the incident optical
power. We considered that the source is a Lambertian black body with a monochromatic luminance,
described by Planck’s law. The aperture of the source and the chamber window were close enough to
neglect the atmosphere absorption in the estimation of incident power (d = 2.5 cm). The frequency
response of our typical pixel-to-IR incident pulses (17 nW peaks) is presented in Figure 8a). Thermal
responses up to Rf = 1050 W−1 were extracted with the best devices ( f0 = 1.15 MHz). Assuming a
fill factor β = 0.8, an efficiency η = 0.8 in the 8–12 μm window, and considering the measured TCF,
αT = −76 ppm/◦C, a theoretical thermal response Rf = 950 W−1 was expected, which was very close
to the observed sensitivities. In a second experiment, the incident IR flux on a pixel was changed
by varying the distance between the window and the IR-source. The frequency shift was then the
measured for optical powers varying from 2.5 to 16 nW. The experimental results and their linear fit are
presented in Figure 8b. A thermal response of Rf =1350 W−1 was extracted from the slope, considering
the resonance frequency mentioned above. Above 8 nW, the relationship between the IR-flux and the
thermal frequency shift was no more linear. To increase the incident power, the source was moved
closer to the window, which caused it to heat up. This effect lowered its transmittance, resulting in an
incorrect estimation of the thermal response (namely, Rf =1050 W−1).

Similar experimental thermal responses were extracted on other pixels of a same array. From one
array to another, experimental Rf varied from 700 to 1350 W−1, showing some dispersion attributed to
the fabrication process.

Figure 8. Cont.
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Figure 8. Measurement of the thermal response: (a) Resonance frequency shift induced by incident IR
pulses (peaks of 17 nW); (b) Frequency shift when the incident power is varied from 2 to 16 nW.

3.2.3. Response Time

The response time was measured with a helium neon laser (633 nm) from a commercial Polytec
vibrometer (see Figure 9). Since the needed integration time was too short (180 μs) compared to the
PLL time constant, this experiment was performed in an open loop scheme (see Figure 6a). We verified
that the response time was not limited by the electrical low-pass filter from our measurement set-up,
by setting τ = 50 μs. The optical power was set to remain in the linear dynamic range (±13.5◦ for
the typical design). The 10–90% method was used to extract the fall time tr, and the response time of
the first order low-pass filter τ (τ = tr/ ln(9)). By doing so, we extracted a response time of 430 μs,
which was close to the theoretical value computed with the thermal equations (500 μs). The resonant
electromechanical pixels could follow quite quick events in the scene. They had a faster response than
the current resistive pixels.

Figure 9. Resonance frequency according to the acquisition time. A 1 mW red laser is focalized onto
the pixel under test (typical Figure 3c). Insert: Full data from our measurement of response time.
The average frequency jump is estimated as 110 Hz. Then, the response time is extracted from one
event fall time (red).

3.3. Noises and Temperature Sensitivity

The performances of the electromechanical pixels were estimated through the noise equivalent
power (NEP) or the NETD. The NEP is defined as the incident power on the sensor surface with a SNR
of 1. This corresponds to the minimum measurable frequency shift:

NEP =
1

R f

< δ f 2 >1/2

f0
=

σy

R f
(7)
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< δ f 2 >1/2 is the rms frequency fluctuation for a given bandwidth, and σy is the quadratic
deviation of the instantaneous relative frequency.

Current “column” or “rolling-shutter” readout schemes should be implemented with our
resonator array. The column readout, which is the current approach with CMOS circuit, requires
a 60 Hz frame rate, which sets a pixel integration bandwidth at 7 kHz for 190 pixels per column,
for instance [48]. However, this readout scheme may induce a lag effect leading to an image distortion
when the scene moves faster than the frame rate. A single-pixel readout is a solution to remove
this effect. In this case, the integration time corresponded to the full frame rate, i.e., 50 Hz, thereby
increasing the SNR. As the capacitive detection did not suffer from self-heating issue, it was possible
to use a longer integration time without material degradation, even for small pitches below 12 μm.
This is why the NEP of our sensor was estimated for three noise bandwidths, fBW = 7 kHz, 50 Hz, and
10 Hz.

Let’s get back to a few computational and theoretical considerations to understand and estimate
the different noise sources contributing to σy. The overall σy is the quadratic sum of these noise

contributions that are considered as uncorrelated: σy =
√

∑i σ2
yi, where i corresponds to: (1) the

thermomechanical noise, which is due to the coupling with an ambient thermal bath; (2) the readout
electronics’ noise, and (3) the phonon noise.

σy, whose main origin is the thermomechanical noise, is inversely proportional to the SNR [28,49]:

σTh
y =

1
2Q

√〈θ2
n〉

θc
=

1
2Q

1
SNR

(8)

where
〈
θ2

n
〉

is the thermomechanical deflection noise. The above expression shows that the linear
range and the quality factor must be as high as possible to obtain a stable oscillator. This noise

can be estimated through the Parseval-Plancherel theorem: 〈θ2
n〉 =

√∫ f0 +
Δ f
2

f0 − Δ f
2

Sθ( f )d f . Using the

dissipation-fluctuation theorem, the power spectral density of the thermochemical noise can be written
as [50]: Sθ( f ) = (4πkBT/Q)κ f 3

0 /
(
( f 2

0 − f 2)2
+ ( f f0/Q)), with: kB as the Boltzmann constant, and

T as the ambient temperature.
When f 	 f0/Q (i.e., when the readout bandwidth is smaller than the mechanical response

time; in other words, for fBW = 50 Hz), this expression is simplified: 〈θ2
n〉 = 2kBTQ

πκ f0

√
fBW . Interestingly,

at a fast integration time (i.e., fBW = 7 kHz),
〈
θ2

n
〉
= kBT/κ, which corresponds to the equipartition

energy theorem.
Similarly, σy, whose origin is the readout electronics noise, is expressed as:

σelec
y =

1
2Q

√
v2

n
V0ut

(9)

where
〈
v2

n
〉

is the readout electronics noise generated by the buffer circuit (see Figure 5).
The fundamental source of noise for a thermal conductance that is higher than the radiation

conductance [47] should be the phonon noise that results from the random exchange of heat between
the sensor and the thermal bath through the mechanical anchors. At thermodynamic equilibrium,
the temperature fluctuations due to this fundamental phenomenon can be written as:

σ
phonon
y = α2 < ΔT >2=

⎧⎨
⎩

4α2kBT2

Gth
Δ f i f fBW < fth

α2kBT2

Cth
i f fBW > fth

(10)

with fth = 1/4τth as the thermal cut-off frequency.
The direct phase or frequency fluctuations can be expressed according to a sum of frequency

sources with the spectral power density: Sy( f ) = K f α (−4 < α < 2).
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The orders of magnitudes of the noises and their consequence on the frequency stability and NEP
are summarized in Table 4 below, for the two considered bandwidths. We noticed that the readout
electronics noise drastically degraded the performance of such a system. In comparison, the NEP
of a classical resistive 12 μm-pitch pixel was around 30 pW. This performance could be reached in
principle if the electronics noise was minimized. We also mentioned the NEP for another integration
time ( fBW = 1 Hz) that was rather used for gas or mass measurements. If a new readout strategy could
be defined with 1s-integration time, the performance would even be better than the current bolometers.

Table 4. Theoretical frequency stability and NEP for the nominal pixel with our electronics and
2f -down-mixing readout scheme: R f = 1050 /W, θC = 13.5◦, Vn = 10 nV/

√
Hz, Q = 2500 and

Vout = 320 μV.

Noise Sources
fBW = 50 Hz fBW = 7 kHz fBW = 1 Hz

Xn σy NEP Xn σy NEP NEP

Thermodynamic 3.6 × 10−6 rad 6.3 × 10−9 6 pW 1.2 × 10−5 rad 2.6 × 10−8 25 pW 0.85 pW
Electronics 70.7 nV 8.9 × 10−8 85 pW 836.7 nV 1 × 10−6 1000 pW 12 pW

Phonon - 5.8 × 10−9 5.5 pW 1.8 × 10−9 17 pW 0.8 pW

Experimental measurements of the frequency stability were achieved to verify our assumption
and to think about a specific readout strategy for our electromechanical array. To this end, the
frequency stability was measured in closed-loop by estimating the Allan deviation σA of the output
signal according to the integration time τ. This deviation is a typical tool for the estimation of the
stability of oscillators [51]; in particular, to characterize their long-term drift. However, the main types
of noises can easily be observed with such a mathematical tool. In particular, a fluctuation of the
ambient temperature surrounding the sensor will have an impact that is directly observed on the long
term noise. This effect is directly taken into account in the Allan deviation measurements. Besides
this point, the sensor has to include blind pixels that provide information on the ambient temperature.
The frequency power spectral density was also measured on the same typical pixel.

The Allan deviations measured in the closed loop are presented in Figure 10a for the typical
pixel. Between 70 μs and 50 ms σA dropped with a τ1/2 slope, showing that white noise was the main
contributor in this interval. As shown in Table 4, this trend was mainly attributed to our readout
electronics, whose amplitude level was measured at around 40 nv/

√
Hz. A plateau at 1.5 × 10−7,

appeared between 50 and 200 ms. This 1/f -noise was well above the noise floor that was normally
set by the thermomechanical white noise and phonon noises (close to few 10−8 for the two noise
sources). Supplementary experiments were achieved to try to understand the origin of this 1/f-noise.
In particular, the Allan deviation was measured for different actuation voltages VAC to increase the
maximum output voltage and to improve the SNR. We demonstrated that the plateau is independent
of the SNR. We believe that this noise floor is fully inherent in pure frequency fluctuations, whose
origin is not clearly identified. Similar noise signatures have been reported as an anomalous phase
noise (APN) for flexural nanoresonators [52]. This fundamental noise would only be relevant for
small vibrating bodies, which is the case for the nanorods used in the pixel. In the first conclusion,
the stability limit of our torsional resonators was set by the APN, and had to be considered as the
fundamental limit of our resonant sensors. Even for a 1 s integration time, the NEP would be stuck at
around 100 pW. In the discussion section below, we try to figure out this issue.
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Figure 10. Noise characterization achieved on the typical electromechanical pixel—the amplitude at
resonance is set at 320 μV: (a) Allan deviation measurement; the red hexagon indicates the frequency
deviation for fBW = 7 kHz (σA = 3.5 × 10−6 ) and the red disk is the one for fBW = 50 Hz
(σA = 3 × 10−7); a plateau is reached between 50 and 200 ms integration time (σA = 1.5 × 10−7 );
beyond 200 ms, a strong drift effect can be observed; (b) spectral power density measurement achieved
on the same device. The Allan deviation has a τ− 1

2 stop at a short integration time corresponding to
the signature of a White amplitude noise. Beyond 50 ms integration time, the Allan deviation presents
a plateau, which shows a 1/f frequency noise. These two noises can also be distinguished on the power
spectral density: the slope of −10 dB/decade corresponds to this plateau.

4. Discussion

First, for the sake of clarity, the NETD, which is basically the lowest temperature variation that is
detectable on the scene, is computed for our devices. NETD is directly proportional to the NEP and
thus proportional to the frequency stability:

NETD =
4F2

πApΦλ1→λ2

(
ΔL
ΔT

)
300Kλ1→λ2

× σy

R f
(11)

where F is the optical aperture (usually F = 1), Ap is the pixel area, Φ and (ΔL/ΔT) are the optical
transmission and the luminance variation with a scene temperature of around 300 K, are both evaluated
in the [λ1; λ2]. range. In the 8–14 μm range, Φ is usually close to one, and (ΔL/ΔT) is evaluated as
0.84 W/m2/sr/K [53].

NETD was computed from the experimental Allan deviations and thermal responses with
Equation (11). As a figure of merit, FOM = NETD × τth, is usually introduced to evaluate in a
glance the quality of a microbolometer technology [54]. Actually this FOM avoids any dependence of
the sensor performance to the thermal conductance. These two parameters are shown in Table 5 for
our electromechanical components and a current resistive pixel is used as a reference.

Table 5. Comparison between our pixels and a classical resistive bolometer for three integration
bandwidths—all electromechanical devices are set at their onset of nonlinearity.

Pixel
τth

(ms)
Rf

(/Winc)

NEP
fBW = 10 Hz

(nW)

NEP
fBW = 50 Hz

(nW)

NEP
fBW = 7 kHz

(nW)

NETD (K)
(FOM—K·ms)
fBW = 10 Hz

NETD (K)
(FOM—K·ms)
fBW = 50 Hz

Typical 0.5 1050 0.14 0.19 2.4 1.5 (0.75) 2 (1)
Butterfly 0.8 1011 0.47 1.1 12 4.9 (3.96) 11.6 (9.28)
Thin Rod 2.8 3555 1.3 3 35 13.7 (38.3) -

Resistive Pixel [1] 16 - - 0.05 - - 0.05 (4)
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A quick insight in Table 5 shows that the NETD of our components cannot compete with the
temperature performance of a resistive pixel. Experimental NEP at 50 Hz and 7 kHz bandwidths
are close to values obtained through Equations (7), (9), and (11) considering R f = 1050 /W and
the experimental value of the electronics noise, 40 nV/

√
Hz. The NETD of 2 K at 50 Hz and 1.5 K

at 100 ms—with a sub-millisecond response time for 8–12 μm incident radiation—were extracted.
The usual integration times correspond to the white noise region of our resonator (see Figure 10a) and
the NEP can be expressed in terms of a single power density of 30 pW/

√
Hz. At a long integration

time (at 10 Hz), the NETD is set by the APN. In principle, the improvement of the electronics or the
thermomechanical noises will not positively influence this limit for long integration times. This analysis
tells us that the readout scheme per column at 7 kHz currently used for the resistive bolometer is not
suitable for our approach.

From these first conclusions, and if we look at the Equation (11), a few clear avenues of
improvement can be proposed:

• Frequency stability and matrix readout strategy: A 50 Hz integration bandwidth requires an
improvement of the noise amplitude of our buffer electronics close to the pixel. Lower amplitude
noise levels can be reached by using self-oscillating electronics requiring only a few transistors,
unlike PLL circuits. Moreover, our electronics was realized close to the pixel but this was
not done through an application-specific integrated circuit (ASIC) fabricated underneath the
electromechanical pixels. The low-temperature fabrication process presented above has already
been used to manufacture resistive bolometer imagers on top of CMOS circuits (ROIC) by
post-processing [37,55], and it should be straightforward to reuse this approach in our case.
As mentioned in the introductive section of the paper, a co-integration of the readout electronics
at the pixel level will reduce the parasitic capacitance down to a few fF, and will decrease the
electrical noise down to a theoretical level of 10 nV/

√
Hz, or even 5 nV/

√
Hz. This approach

makes the down-mixing detection scheme unnecessary, leading to a much simpler measurement
chain than the strategy presented here. σy will be decreased by a factor of 8 with a self-oscillating
IC (a gain of a factor 4 on the absolute noise, and a gain of a factor 2 on the output voltage with a
the direct detection (see Equation (9))). Thus, the electronics noise will become lower than the
fundamental APN (σy = 1.5 × 10−7) for a 700 Hz integration bandwidth. This conclusion leads us
to suggest a new readout scheme consisting of reading 700/50 = 14 pixels during a 50 Hz frame
rate, which allows for a larger area for the co-integrated readout. These two straightforward
improvements allow us to obtain a FOM that is close to 0.75 for a fBW = 50 Hz (global shutter
approach), which is an encouraging element.

• Thermal response: At the end, the noise floor level will be set by the APN, whatever the electronics
and the readout strategy. An improvement of the signal through the thermal insulation 1/G is
much trickier in our case. Indeed, this would require long and thin rods/insulations legs, and
this would lower the onset of nonlinearity of θc (see Equation (8)), leading to a degradation of the
SNRs and therefore the frequency stability σy.

A simple look at Equation (11) demonstrates that the thermal response R f has to be increased
through the TCF (the temperature coefficient of resistance of a resistive pixel is around 2% whilst the
TCF is around 50 ppm). To date, we did not observe a major difference between the experimental TCF
values ranging from −35 ppm/◦C to −100 ppm/◦C. Unfortunately, the highest TCF occurs with soft
devices, which were not suitable for IR sensing, as explained above.

We will thus focus the discussion on increasing the TCF of our devices. Some interesting works
have already shown a TCF up to 1000 ppm/◦C, thereby improving the TCF by a factor of 20 [56,57].
In particular, the first-order phase transition of diverse materials has been used to obtain Young’s
modulus, which are highly sensitive to temperature [58,59]. Following this line, we are manufacturing
similar 12 μm-pitch electromechanical pixels, including VO2 materials, on top of our pixel. This
material was deposited in its amorphous state by reactive deposition (Ion Beam Deposition) and
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annealed at 400 ◦C to obtain the crystalline state. The process temperature is kept low enough to
be used in a post-process of a CMOS circuit. The Raman characterizations were done to verify the
crystallization obtained with this method. The resonators were designed to keep the mechanical
features of our current typical pixel (Figure 3c). Nano-indentation measurements were performed
on a full layer to extract the Young’s modulus of our VO2 layer (177 GPa for the crystalline state and
80 GPa for the amorphous state). A thickness of 80 nm was then chosen with 1.5 μm long and 300 nm
wide torsional rods. In an initial version, both the rods and the plate are covered with the VO2 layer,
and in a second version, the VO2 layer is only left on the rods. An example of the fabricated devices is
shown in Figure 11. The TCF measurements and then the frequency stability are ongoing. We expect
an improvement of one order of magnitude in the thermal response (the mechanical features and the
thermal insulation being kept constant compared to the standard pixel).

Figure 11. Torsional resonator design: (a) Schematics of the design; (b) SEM image of a typical pixel
with a VO2 layer on top of both the plate and torsional rods, plus partially on the insulation legs.

5. Conclusions

Our electro-optical measurements show that our current electromechanical resonant pixels cannot
compete with the best 12 μm pitch resistive bolometer in terms of NETD. Three major straightforward
improvements can be done: (1) the buffer and the electronics readout, including the addressing circuit,
has to be included into a ROIC directly beneath the imager as the bolometer. Doing so, the electronics
noise and the parasitic capacitance will be negligible, regarding the other sources of noises. The noise
level will be set by the APN, which is the fundamental limit of such an approach. This limitation
can be overcome by increasing it by a factor of 10- or 100-fold greater than the frequency response.
We showed in this paper one of the more promising ways to reach this goal, by integrating phase
transition materials on top of the rods. The first realizations demonstrated that we were able to
reproduce the same device without thermal features degradations. The optimizations of the pixel are
on-going. With both the improvements of the frequency response of a factor of 10, and a pixelwise
readout, or at least a readout of 14 in the same frame rate, the NEP would be lower than 20 pW
(i.e., NETD < 180 mK). The FOM would drop to 0.09, and this value is comparable with the current
technology (FOM = 0.05). Based on this projection, we believe that the uncooled IR sensors based on
the nanomechanical resonators will experience a new interest for small pitches below 12 μm.
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Abstract: Micro magnetic field (MMF) sensors developed employing complementary metal oxide
semiconductor (CMOS) technology are investigated. The MMF sensors, which are a three-axis
sensing type, include a magnetotransistor and four Hall elements. The magnetotransistor is utilized
to detect the magnetic field (MF) in the x-axis and y-axis, and four Hall elements are used to sense
MF in the z-axis. In addition to emitter, bases and collectors, additional collectors are added to
the magnetotransistor. The additional collectors enhance bias current and carrier number, so that
the sensor sensitivity is enlarged. The MMF sensor fabrication is easy because it does not require
post-CMOS processing. Experiments depict that the MMF sensor sensitivity is 0.69 V/T in the x-axis
MF and its sensitivity is 0.55 V/T in the y-axis MF.

Keywords: micro sensor; Hall effect; magnetic field; magnetotransistor

1. Introduction

Magnetic field (MF) sensors, which are important components, are applied in industrial
apparatuses, automation equipment, cable-stayed bridges, electrical devices and portable electronic
instruments [1–4]. Traditional MF sensors [5,6], which were not manufactured by microfabrication,
were not only large volume, but also high cost. The advantages of micro magnetic field (MMF)
sensors are small volume and low cost. Micro-electro-mechanical-system (MEMS) technology could
be utilized to fabricate micro sensors [7–11]. Several MMF sensors were manufactured using MEMS
technology. For instance, Mian [12] developed resonant MMF sensors fabricated by the surface
micromachining process. The sensor structure contained microbeams and a membrane, the material of
which was a stack of double polysilicon layers. Based on the Lorentz force principle, the MMF caused
a capacitance change upon sensing an MF. The Lorentz force resonant MEMS magnetic field sensors
were proposed by Park [13]. The MMF sensors had a micromirror actuated by the Lorentz force that
was generated using a sinusoidal current and an incident MF. The rotation angle of the micromirror
was recorded using an optical measurement. Dennis [14] used a CMOS process to manufacture
resonant MMF sensors. The sensor was fabricated using the stacked layers of the CMOS process, and a
post-CMOS processing with reactive ion etch (RIE) dry etching was adopted, releasing the device
structure. The sensor shuttle was excited using the Lorentz force and external MF, and the resonance
amplitude was detected by an optical instrument. These resonant MMF sensors [12–14] required
movable suspension structures, so sacrificial layer technology was used to release the suspension
structures. For example, after completion of the CMOS process, the resonant MMF sensors, proposed
by Dennis [14], used an RIE dry etching post-processing to obtain the suspension structures of the
devices. In this work, we design a magnetotransistor/Hall element MMF sensor without a suspension
structure using a CMOS process, so the sensor does not need post-CMOS processing. Therefore,
the sensor fabrication in this work is easier than that of these sensors [12–14].
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A one-axis magnetotransistor MMF sensor, presented by Tseng [15], was fabricated by a standard
0.18-μm CMOS process of Taiwan Semiconductor Manufacturing Company (TSMC). The MMF
sensor had a sensitivity of 354 mV/T. Furthermore, Tseng [16] adopted the same method to design
a three-axis magnetotransistor MMF sensor that was also made using a standard 0.18-μm CMOS
process of TSMC. The MMF sensor had a sensitivity of 6.5 mV/T in the x-axis and a sensitivity
of 0.4 mV/T in the y-axis. A two-dimensional Hall MMF sensor with a lateral magnetotransistor
and magnetoresistor, developed by Yu [17], was produced using a standard 0.35-μm CMOS process.
The sensitivity of the MMF sensor was 0.385 V/(A·T) at a bias current of 100 mA. Sung [18] proposed
a two-dimensional Hall MMF sensor manufactured utilizing a standard 0.35-μm CMOS process.
The MMF sensor was composed of a bulk magnetotransistor, a vertical magnetoresistor and a vertical
magnetotransistor. The sensitivity of the sensor was 1.92 V/(A·T) at a bias current of 20 mA. With the
same design method, Sung [19] developed a three-dimensional Hall MMF sensor with a bandgap
reference and readout circuit made using a standard 0.18-μm CMOS process. The MMF sensor
contained one-dimensional lateral Hall sensor and a two-dimensional vertical Hall sensor. The MMF
sensor had a sensitivity of 5943 V/(A·T) at a bias current of 6.25 mA in the x- and y-axis MF and a
sensitivity of 14,790 V/(A·T) at a bias current of 6.25 mA in the z-axis MF. The Hall MMF sensors,
proposed by Xu [20], were fabricated by the 0.18-μm high voltage (HV) CMOS process for sensing
low MF. The sensors consisted of a Hall plate with a switching cross-shape. Zhao [21] utilized a
CMOS process to make nano-polysilicon transistor MMF sensors. A nano-polysilicon/single silicon
junction was adopted as a sensing layer. The nano-polysilicon transistors were fabricated on silicon
substrate with high resistivity. The two-dimensional MMF sensors, develop by Yang [22], included
four magnetic transistors. The MMF sensors were manufactured on a high resistivity silicon wafer
using microfabrication technology, and they were packaged on printed circuit boards. The sensor
sensitivity in the x-axis was 366 mV/T, and its sensitivity in the y-axis was 365 mV/T, respectively.
These micro sensors [15,17,20–22] manufactured using CMOS technology were one-axis and two-axis
MMF sensors. Therefore, three-axis MMF sensors in this work are fabricated using a standard 0.18-μm
CMOS process of TSMC, and the sensitivity of the sensors is higher than that of Tseng [16].

Various MEMS actuators and sensors, which are manufactured utilizing a CMOS process,
are called CMOS-MEMS devices [23–27]. We adopt CMOS-MEMS technology to develop three-axis
MMF sensors. MMF sensors are composed of a magnetotransistor and four Hall elements.
The magnetotransistor is designed to detect MF in the x-axis and y-axis. Four Hall elements are
designed to sense MF in the z-axis. These CMOS-MEMS magnetic field sensors [28–30] needed a
post-CMOS processing [31] to form suspension structures. The fabrication of the MMF sensors in this
study is consistent with the CMOS process and does not need post-CMOS processing.

2. Structure of MMF Sensor

Figure 1a demonstrates the MMF sensor structure, where E denotes the emitter, B1, B2, B3 and B4

are the bases, C1, C2, C3 and C4 are the collectors, AC1, AC2, AC3 and AC4 are the additional collectors
and H1, H2, H3, H4, H5, H6, H7 and H8 are the electrodes of the Hall elements.

The MMF sensor includes a magnetotransistor and four Hall elements. The magnetotransistor is
employed to detect MF in the x-axis and y-axis, and the four hall elements are utilized to sense MF in
the z-axis. In addition to the emitter, bases and collectors, the additional collectors are introduced into
the magnetotransistor. The additional collectors can increase bias current, so that the emitter induces
more electron carriers. Shallow trench isolation (STI) oxide is used to confine the current direction, so
that leakage current reduces. Figure 2 illustrates the equivalent circuit for the magnetotransistor, where
R represents the resister, VC1, VC2, VC3 and VC4 are the bias voltage of the collectors, VAC1, VAC2, VAC3

and VAC4 are the bias voltage of the additional collectors, VB1, VB2, VB3, and VB4 are the bias voltage of
the bases, Vout-AC1, Vout-AC2, Vout-AC3 and Vout-AC4 are the output voltages and the symbol (4) denotes
the corresponding circuit repeated four times.
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Figure 1. Micro magnetic field (MMF) sensor: (a) schematic structure; (b) cross-sectional view along
line AA’. STI, shallow trench isolation; E, emitter.

Figure 2. Equivalent circuit for the magnetotransistor. V, bias voltage; C, collector; R, resistor; AC,
additional collector; B, base.

Figure 1b demonstrates a cross-sectional view of the MMF sensor. The sensing mechanism of
the magnetotransistor is explained as follows. As shown in Figure 1b, when the bias voltages are
applied to the collectors, the bases and the additional collectors, carriers produce a movement from
the emitter to the additional collectors AC1/AC3, the bases B1/B3 and the collectors C1/C3. Given a
magnetic field in the y-axis, carriers (on the right in Figure 1b) are bent upward because of the action
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of the Lorentz force. The carriers have difficulty passing across the additional collector AC1 to the base
B1 and collector C1. Most of carriers move to the additional collector AC1, resulting in the current
increment of the additional collector AC1. At the same time, carriers (on the left in Figure 1b) are bent
downward owing to the action of the Lorentz force. Most of the carriers move across the additional
collector AC3 to the base B3 and collector C3, leading to the current decrement of the additional
collector AC3. Therefore, this action produces a voltage difference between the additional collectors
AC1 and AC3 in the y-direction MF. As shown in Figure 2, the additional collectors AC1 and AC3

respectively connect to a resistor R, so the voltage difference of the additional collectors AC1 and
AC3 is obtained by Vout-AC1 − Vout-AC3, which is the sensor output voltage in the y-axis MF. Similarly,
when the bias voltages are applied to the collectors, the bases and the additional collectors, carriers
produce a movement from the emitter to the additional collectors AC2/AC4, the bases B2/B4 and the
collectors C2/C4. Given a magnetic field in the x-axis, carriers that move to the additional collector AC2

are bent downward by Lorentz force, leading to the current decrement of the additional collector AC2.
Additionally, carriers that move to the additional collector AC4 are bent upward by the Lorentz force,
resulting in the current increment of the additional collector AC4. The current between both additional
collectors AC2 and AC4 generates an imbalance, so the additional collectors AC2 and AC4 produce a
voltage difference. As shown in Figure 2, the voltage difference of the additional collectors AC2 and
AC4 can be obtained by Vout-AC4 − Vout-AC2, which is the sensor output voltage in the x-axis MF.

The MMF sensor has four Hall elements used to detect z-direction MF. Figure 3 presents the
carriers’ path in the MMF sensor under z-direction MF. As shown in Figure 3, when the bias voltages
are applied to the collectors, bases and additional collectors, carriers cause a movement from the
emitter to the additional collectors AC1, AC2, AC3 and AC4. Given an MF in the z-axis, carriers
are bent toward the Hall electrodes H1, H3, H5 and H7 by the Lorentz force. The current causes an
imbalance between the electrodes H1 and H2, leading to the generation of a Hall voltage between the
electrodes H1 and H2. Similarly, the Hall voltages between the electrodes H3/H4, H5/H6 and H7/H8,
respectively, are generated in z-direction MF. The Hall voltages in series are the sensor output voltages
in z-axis MF.

Figure 3. Carrier path in the MMF sensor under z-direction MF. H, Hall electrode, E, emitter.

The Sentaurus TCAD, which is a finite element method software, was utilized to simulate the
MMF sensor performance. According to the structure in Figure 1a, the model of the MMF sensor was
constructed. To save computation time, one-quarter of the MMF model was established because the
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MMF sensor structure was symmetric. Then the method of Delaunay triangulation was employed to
mesh the MMF model. The approach of the Poisson electron hole was used to compute the coupling
effect of MF and the electrical field, and the method of Bank/Rose was utilized to solve the carrier
density distribution of the MMF sensor.

In this simulation, bias voltages of 1.5 V, 4.5 V and 4.5 V were supplied to bases, collectors and
additional collectors, respectively. A magnetic field of 250 mT was given in the y-axis. Figure 4
shows the simulated carrier density distribution of the MMF sensor under the y-direction magnetic
field. Figure 4a illustrates the carrier density distribution of the MMF sensor without a magnetic field.
Figure 4b reveals the carrier density distribution of the MMF sensor with a magnetic field of 250 mT in
the y-axis. By the comparison of the simulated results in Figure 4a,b, the current density of the path
from the emitter to the additional collector increases.

Figure 4. Carrier density distribution of the MMF sensor under the y-direction magnetic field.

The carrier density distribution of the MMF sensor in the z-direction magnetic field was computed
with the same simulation approach. In this computation, bias voltages of 1.5 V, 4.5 V and 4.5 V were
supplied to bases, collectors and additional collectors, respectively. A magnetic field of 250 mT was
applied in the z-axis. Figure 5 shows the simulated carrier density distribution of the MMF sensor
under the z-direction magnetic field. Figure 5a demonstrates the carrier density distribution of the
MMF sensor without a magnetic field. Figure 5b presents the surface carrier density distribution of the
MMF sensor with a magnetic field of 200 mT in the z-axis. As illustrated in Figure 5a,b, carriers are
bent toward the top Hall electrode.

Figure 5. Carrier density distribution of the MMF sensor under the z-direction magnetic field.

3. Fabrication of MMF Sensor

The layout of the MMF sensor was designed in accordance with the structure in Figure 1a.
The TSMC used a 0.18-μm CMOS process to manufacture the MMF sensor according to the MMF
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sensor layout. Figure 6 demonstrates the cross-sectional structure of the MMF sensor after completion
of the CMOS process. As demonstrated in Figure 6, the MMF sensor was fabricated on p-type substrate.
The MMF sensor consisted of an emitter, four collectors, four bases, four additional collectors and eight
Hall electrodes. The emitter was n-type silicon doping phosphorus. The collectors and the additional
collectors were n-type silicon doping phosphorus, and the bases were p-type silicon doping boron.
Hall electrodes were n-type silicon doping boron. The deep n-well layer, which was a buried layer,
was connected to n-well layer to confine the current downward moving range and to reduce leakage
current. The STI oxide, which surrounded the emitter edge to confine the current moving direction,
would reduce leakage current. An image of the MMF sensor is presented in Figure 7a. Figure 7b
shows the magnified picture of the sensor with a scale bar. Fabrications of the other MEMS MMF
sensors [12–14] were more complicated than that of the MMF sensor because the MMF sensor did
not require any post-processing. The MMF sensor chip was wire-bonded and packaged on a frame.
Figure 7c shows the MMF sensor picture after packaging.

Figure 6. Cross-sectional view of the MMF sensor after the CMOS process.

Figure 7. Picture of the MMF sensor chip.

4. Results

A magnetic testing system was employed to measure the MMF sensor performance. Figure 8
demonstrates a magnetic testing system [15], and the system includes a Gauss-meter (GM08-1029,
Hirst, Falmouth, U.K.), an MF generator (developed by our lab), a power supply (GPC-3030DQ,
Gwinstek, New Taipei City, Taiwan) and a digital multimeter (34405A, Agilent, Santa Clara, CA, USA).
The magnetic generator was employed to generate an MF to test the MMF sensor. The power supply
was used to provide power to the MF generator. The Gauss-meter was used to test the magnetic
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magnitude excited by the MF generator. The digital multimeter was utilized to record the MMF sensor
output voltage.

Figure 8. Experiment setup for the MMF sensor.

The MMF sensor was composed of a magnetotransistor and four Hall elements.
The magnetotransistor was used to detect MF in the x- and y-directions, and the Hall elements
were utilized to measure the magnetic field in the z-direction. First, the MMF sensor performance
in the x-direction MF was tested. The MMF sensor was set in the magnetic testing system. An MF
range of −220–220 mT generated by the MF generator was supplied to the MMF sensor, and the MF
magnitude was calibrated using the Gauss-meter. Bias voltages were applied to the bases, collectors
and additional collectors. An MF in the y-direction was applied to the MMF sensor. The digital
multimeter measured the voltage difference of the additional collectors AC1/AC3 in the MMF sensor.
Figure 9 depicts the measured output voltage of the MMF sensor in the y-direction MF. When VB = 1 V,
VC = 0.6 V and VAC = 0.6 V, the sensor was insensitive to MF. The sensor became more sensitive to
MF at VB = 1.25 V, VC = 2.04 V and VAC =2.04 V, and its output voltage changed from −43.7 mV at
−220 mT to 38.6 mV at 220 mT. When VB = 1.5 V, VC = 3.38 V and VAC = 3.38 V, the sensor output
voltage obviously increased under different MF. When VB = 1.75 V, VC = 4.58 V and VAC = 4.58 V,
the sensor output voltage varied from −120 mV at −220 mT to 119 mV at 220 mT, and the method
of least squares was adopted to evaluate the linear regression of the curve. The evaluation obtained
that the regression line had a slope of 0.55 V/T and a standard deviation of 5.4 mV. Thereby, the MMF
sensor sensitivity in the y-direction MF was 0.55 V/T at bias voltage VB = 1.75 V, VC = 4.58 V and
VAC = 4.58 V.

Figure 9. Measured output voltage in the y-direction MF.
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With the same testing approach, the sensing performance of the MMF sensor in the x-direction
MF was measured. A MF in the x-direction was applied to The MMF sensor. The digital multimeter
recorded the voltage difference of the additional collectors AC2/AC4 in the MMF sensor. Figure 10
demonstrates the measured output voltage of the MMF sensor in the x-direction MF. The sensor was
insensitive to MF at VB = 1 V, VC = 0.6 V and VAC = 0.6 V. The sensor was more sensitive to MF at
VB = 1.25 V, VC = 2.04 V and VAC = 2.04 V, and it output voltage varied from −46.8 mV at −220 mT
to 39 mV at 220 mT. When VB = 1.5 V, VC = 3.38 V and VAC = 3.38 V, the output voltage enlarged
under different MF. When VB = 1.75 V, VC = 4.58 V and VAC = 4.58 V, the output voltage changed from
−162 mV at −220 mT to 140 mV at 220 mT, and the method of least squares was used to calculate the
linear regression of the curve. The calculation obtained that the regression line had a slope of 0.69 V/T
and a standard deviation of 12 mV. Thereby, the MMF sensor sensitivity in the x-direction MF was
0.69 V/T at bias voltage VB = 1.75 V, VC = 4.58 V and VAC = 4.58 V.

Figure 10. Measured output voltage in the x-direction MF.

The sensing performance of the MMF sensor in the z-direction MF was tested. An MF in the
z-direction was applied to the MMF sensor. The digital multimeter measured the output voltage of the
Hall electrodes in the MMF sensor. The Hall voltage of the MMF sensor in the z-direction MF was
recorded. Figure 11 presents the measured output voltage of the MMF sensor in the z-direction MF.
The MMF sensor was also insensitive to MF at VB = 1 V, VC = 0.6 V and VAC = 0.6 V. When bias voltage
VB, V and VAC increased, the sensor output voltage became large. When VB = 1.75 V, VC = 4.58 V and
VAC = 4.58 V, the MMF sensor output voltage varied from −20.5 mV at −220 mT to 20 mV at 220 mT,
the curve slope of which was about 0.09 V/T. Thereby, the MMF sensor sensitivity in the z-direction
MF was 0.09 V/T at bias voltage VB = 1.75 V, VC = 4.58 V and VAC = 4.58 V.

The characteristics of the MMF sensor in the x- and y-direction MF should be the same owing to
the MMF sensor being a symmetric structure. Actually, as shown in Figure 9, the measured sensitivity
of the MMF sensor in the y-direction MF was 0.55 V/T. There is little difference in the sensitivity of the
MMF sensor in the x- and y-direction MF. The reason is due to packaging and fabrication deviation.
As shown in Figure 11, the curves were linear, because the sensing mechanism of the MMF sensor in
the z-axis MF was based on the Hall elements. The Hall voltage, which was the output voltage of the
sensor in the z-axis MF, was proportional to the magnetic field according to the sensing principle of the
Hall element [20]. On the other hand, the sensing mechanism of the MMF sensor in the x- and y-axis
MF was based on the magnetotransistor. The carrier current density (Figure 3) of the magnetotransistor
depended on the magnetic field, and the I-V (current-voltage) characteristic of magnetotransistor was
nonlinear [15], so that the output voltage versus magnetic field (Figures 9 and 10) of the MMF sensor
in the x- and y-axis MF was nonlinear.
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Figure 11. Measured output voltage in the z-direction MF.

Table 1 shows a list of sensitivity for various MMF sensors fabricated by CMOS technology.
The MMF sensors presented by Tseng [15], Xu [20] and Zhao [21] were one-axis MF sensing, and the
sensors proposed by Yu [17], Sung [18] and Yang [22] were two-axis MF sensing. As depicted in Table 1,
the sensitivity of the MMF sensor in this work along the x- and y-axis MF exceeds that of Tseng [16],
Yu [17], Sung [18] and Yang [22]. The sensitivity of the sensor presented by Zhao [21] along the z-axis
MF is higher than that of this work.

Table 1. Sensitivity of various MMF sensors.

MMF Sensors
Sensitivity (mV/T)

x-axis y-axis z-axis

Tseng [15] 354 - -
Tseng [16] 6.5 6.5 0.4

Yu [17] 38.5 38.5 -
Sung [18] 38.4 38.4 -
Xu [20] - - 31

Zhao [21] - - 264
Yang [22] 366 365 -
This work 690 550 90

5. Conclusions

Micro magnetic field sensors were developed employing the CMOS-MEMS technique. The MMF
sensors included a magnetotransistor and four Hall elements, where the magnetotransistor could
sense MF in the x-axis and y-axis and four Hall elements could detect MF in the z-axis. Additional
collectors were added to the magnetotransistor, so that bias current increased and the emitter induced
more electron carriers, resulting in enhancing the sensor sensitivity. Manufacturing of the MMF
sensors was simple as they did not require post-CMOS processing. Experiments showed that the
MMF sensor sensitivity was 0.69 V/T in the x-direction MF at bias voltage VB = 1.75 V, VC = 4.58 V
and VAC = 4.58 V, and its sensitivity was 0.55 V/T in the y-direction MF at bias voltage VB = 1.75 V,
VC = 4.58 V and VAC = 4.58 V. The sensitivity was 0.09 V/T in the z-direction MF at bias voltage
VB = 1.75 V, VC = 4.58 V and VAC = 4.58 V.
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Abstract: Current CMOS-micro-electro-mechanical systems (MEMS) fabrication technologies permit
cardiological implantable devices with sensing capabilities, such as the iStents, to be developed in such
a way that MEMS sensors can be monolithically integrated together with a powering/transmitting
CMOS circuitry. This system on chip fabrication allows the devices to meet the crucial requirements
of accuracy, reliability, low-power, and reduced size that any life-sustaining medical application
imposes. In this regard, the characterization of stand-alone prototype sensors in an efficient but
affordable way to verify sensor performance and to better recognize further areas of improvement
is highly advisable. This work proposes a novel characterization method based on an atomic force
microscope (AFM) in contact mode that permits to calculate the maximum deflection of the flexible
top plate of a capacitive MEMS pressure sensor without coating, under a concentrated load applied
to its center. The experimental measurements obtained with this method have allowed to verify
the bending behavior of the sensor as predicted by simulation of analytical and finite element (FE)
models. This validation process has been carried out on two sensor prototypes with circular and
square geometries that were designed using a computer-aided design tool specially-developed for
capacitive MEMS pressure sensors.

Keywords: micro-electro-mechanical systems (MEMS) sensors; MEMS modelling; capacitive pressure
sensor; MEMS characterization; atomic force microscope; stent

1. Introduction

Cardiovascular diseases are the predominant cause of mortality worldwide [1,2]. The 2013 Global
Burden of Disease study estimated that they were responsible for more than double the deaths than
that caused by cancer. In the European Union alone, they accounted for almost 40% of all deaths
in 2013, and ischemic heart diseases (IHD) alone were responsible for more than 35% of deaths.
These conditions are caused by the accumulation of fatty deposits lining the inner wall of a coronary
artery, restricting blood flow to the heart.

Patients diagnosed with IHD are commonly subjected to a surgical procedure called percutaneous
coronary intervention (PCI), in which the regular blood-flow in a clogged vessel is usually restored
and maintained by the implantation of a biocompatible mesh tube or Stent. Nevertheless, neo-intimal
tissue growth inside the stent (in-Stent restenosis, ISR) stands out as its major drawback, jeopardizing
patients’ life and forcing, in many cases, the repetition of the procedure. Current tracking methods
for ISR are expensive and time-consuming as they require complex equipment, specialized medical
staff, and even patient’s hospitalization. Thus, the proposal of intelligent stents (iStent) endowed
with blood-flow and/or pressure sensing capabilities represents a potential economic solution that,

Micromachines 2018, 9, 342; doi:10.3390/mi9070342 www.mdpi.com/journal/micromachines115



Micromachines 2018, 9, 342

nonetheless, must be reliable, efficient, compact, low-power, and less expensive than its counterparts
to be considered as an actual alternative.

In this sense, the arising of an affordable fabrication technology of micro-electro-mechanical
systems (MEMS), which combine an integrated circuit (IC) with mechanical parts, permits these stents
with tracking capabilities to meet the aforementioned requirements.

Among the different options for MEMS pressure sensors [3,4], this work is based on a capacitive
approach in which sensors are conceived as parallel-plate capacitors with a fixed and a flexible plate
that bends with increasing pressure. The IC will measure and transmit the equivalent capacitance
of the sensor that will reflect the decrease in the dielectric gap by deflection of the upper plate and,
thus the applied pressure.

However, before undertaking the task of developing a monolithic heterogeneous IC that includes
the electronic circuitry and the MEMS sensor on the same substrate, it is advisable to characterize
stand-alone prototype sensors in an efficient but affordable way to better recognize further areas
of improvement. On the one hand, these prototypes are to be fabricated using MEMS technology
that allows for the development of several sensor types at a low cost. On the other hand, a fast
characterization method should have direct access to the mechanical structure of the sensor in order
to directly measure the deflection of the upper plate and, thus to characterize its detection capability
and sensitivity.

The simplest approach to MEMS pressure sensor’s experimental characterization implies the
design and fabrication of a measurements setup, in order to expose the device under test (DUT) to an
accurately controlled pressure [5]. However, this characterization methodology is only suitable for
fully sealed MEMS sensors, with their inner gap isolated from the outer environment. For the case
of biosensors similar to the ones described in this paper, a biocompatible coating is required to both
seal the structure and guarantee its reliable operation once implanted. However, a characterization
of the uncoated DUT provides significant advantages: First, the evaluation of the sensor sensitivity
loss and offset change as a result of the coating [5]. Second, the acquisition of performance data from
the bulk sensor highlights the need for further design adjustments, prior to its monolithic integration.
Third, the possibility of double-checking the sensor response (before and after coating) helps to improve
its reliability, being a critical aspect for the development of implantable electronic devices. Finally,
non-requiring pressure-controlled environments for testing setups provides a significant cost-saving
solution for the sensor characterization problem [5].

Hence, the performance parameters of non-coated MEMS pressure biosensors cannot be collected
from pressure-based measurements, so another method based on an alternative excitation signal must
be used. It must be highlighted that the sensor response to this substitute stimulus has to be formerly
modelled analytically and/or numerically, in order to allow the validation of the collected experimental
data. In this sense, a novel approach for the characterization of uncoated MEMS pressure biosensors,
based on an atomic force microscope operating in contact mode, is proposed in this paper. The atomic
force microscope (AFM) is a relatively common laboratory instrument, and this methodology takes
advantage of its highly sensitive optical lever detection system and ability to position a probe with
nanometer precision, in order to apply a known concentrated load directly on the center of the upper
and flexible plate of the sensor. By this way, the deflection of the sensor can be calculated according to
the concept shown in Figure 1.

Figure 1. Concept of sensor characterization by the atomic force microscope (AFM) operation in contact
mode (not to scale). MEMS—micro-electro-mechanical systems.
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In this work two prototypes of capacitive MEMS pressure sensors, with circular and square
shapes, have been fabricated using PolyMUMPS technology. This MEMS fabrication technology has
been selected for being mature and generalist, in the sense that it can accommodate different MEMS
structures and also allows sensor prototyping without coating.

The bending of the AFM probe can be calculated by Hook’s law:

F = kAFM·Δz (1)

where F is the force applied by the AFM probe, kAFM is its spring constant, and Δz is the relative
displacement of the probe from the equilibrium position where the applied force is zero.

Assuming that once the equilibrium has been reached, the forces acting on the AFM probe and the
sensor under test are the same. Thus, it can be stated that kAFMdAFM = kMEMSdMEMS, where dAFM
and dMEMS are the AFM and sensor deflections, respectively. Considering an AFM piezo vertical
displacement dpiezo during the measurement required to move the sample position, it is noticeable that
dpiezo combines both the AFM probe and MEMS sensor displacements, as shown in Figure 1. Thus,
the resulting sensor displacement dMEMS can be calculated as follows [6–9]:

dMEMS = dpiezo − dAFM (2)

In Patil et al. [6], an AFM in contact mode is used for the characterization and calibration of a
piezoresistive pressure sensor designed for tactile sensing applications. In this paper, the probe-tip
was modified by attaching a spherical soda-lime glass particle to its end so as to increase the contact
area and simulate a uniform pressure application.

The goal of Alici et al. [7] is to characterize the stiffness of microfabricated cantilevers by utilizing
an AFM to develop a static deflection measurement method. More specifically, the AFM is used to
apply a known load at the end of a polymer microactuator so as to determine the spring constant from
the resulting displacement and a reference calibration method. In this sense, the paper emphasizes the
need of a previous calibration step to determine the spring constant of the AFM cantilever.

On the other hand, Rollier et al. [8] take advantage of the AFM features to obtain measurements of
force and resonant frequency so that the value of the tensile residual stress of silicon nitride membranes
could be extracted. Thus, the objective of this works lies in developing a non-destructive method that
permits to improve the low stress silicon nitride deposition process and to optimize released membrane
fabrication, not to characterize the behavior of the membrane itself as part of a sensing device.

To summarize, and as stated in Pustan et al. [9], AFMs can be utilized to evaluate the
mechanical properties of micro/nanoscale structures and nanomaterials used in MEMS and
NanoElectroMechanical Systems (NEMS). More specifically, this work concludes that the dependency
between an acting force and the sample deflection is determined by the AFM static mode, and from
that data, the stiffness of the microcantilever can be computed. Moreover, the modulus of elasticity of
the material is derived by nanoidentation. Besides, AFM-based measurements have been reported to
be of great use to characterize pressure sensors, for example, of the piezoresistive type [6]. However,
no literature has been found that treated the problem of both analytically and Finite Element (FE)
modelling the deflection versus force behavior of non-coated capacitive MEMS pressure biosensors,
together with their experimental characterizing using an AFM in contact mode, used to apply a force
that permits to estimate the corresponding deflection of the top plate and, thus its sensitivity.

The complete design and characterization process of the MEMS capacitive sensor explained in
this work also includes an extensive modelling stage, in which analytical and finite element models
have been developed, and are described in Section 2 of this document. This section also includes a
description of how a computer-aided design tool specifically developed for capacitive MEMS pressure
sensors would guide the designer through the main steps of the process, from the specifications and
technology, to the FE model and Cadence layout of the sensor, ready to be sent to the manufacturer.
Finally, Section 3 presents the experimental measurements obtained with the AFM compared with
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the simulation data provided by the analytical and FE models. The results are further discussed in
the final section to evaluate the efficiency of the AFM-based characterization method, as well as to
propose areas of potential improvement.

2. Materials and Methods

2.1. Capacitive MEMS Pressure Sensor Modelling

The simplest implementation of a pressure monitoring-based iStent, as show in Figure 2a, can be
built by attaching one or several MEMS capacitive pressure sensors to the longitudinal ends of
a commercially available stent. The device functionality is based on the blood pressure detection
performed by the sensors, reflecting on proportional changes in their equivalent capacitance [3,4].
Thus, MEMS sensors act as pressure-dependent capacitances, which, attached to the coil-like stent
structure, form an LC-tank whose resonant frequency is modulated by the pressure inside the vessel.
An external handheld device is required to perform the wireless communication with the iStent,
via inductive coupling techniques, when placed close enough to the implant location.

The topology of a capacitive MEMS pressure sensor, as described in Figure 2b, comprises a fully
clamped suspended top plate with thickness tm, separated a distance of tg from a backplate fixed to
the substrate. As can be noticed, this topology resembles the traditional parallel-plate capacitor build,
so its nominal capacitance is ruled by Equation (3):

C0 = εrε0
A
tg

(3)

where εr is the relative permittivity of the medium between the plates, ε0 is the dielectric permittivity
of vacuum, and A and tg are the overlapping area and gap distance between the plates, respectively.

Once a sufficient load p is applied to the sensor, the suspended plate is forced to bend towards
the backplate, in such a way that their separation is reduced and the equivalent capacitance CS is
increased. Hence, the resulting load-dependent capacitance can be analytically modeled by Equation
(4), where parameter w(x, y, p) refers to the local top-plate deflection.

CS =
∫ ∫

A

εrε0dxdy
tg − w(x, y, p)

(4)

 
 

(a) (b) 

Top plate
tg

p

w0 tm

Silicon substrate

Figure 2. Building parts of a passive pressure sensing iStent. (a) Lateral view of the iStent implanted
inside a blood vessel; (b) cross-sectional view of a MEMS capacitive pressure sensor.

2.1.1. Square Sensor Modelling

As extensively reported in Mechanics books and scientific papers, the governing differential
equation for the deflection of a thin plate in cartesian coordinates can be expressed as follows [10,11]:

∂4w
∂x4 + 2

∂4w
∂x2∂y2 +

∂4w
∂y4 =

p
D

(5)
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where w(x, y) is the deflection of the square plate at any place, p is a distributed load applied to the
upper surface of the plate, and D is referred as the flexural rigidity of the plate and can be defined
as follows:

D =
Et3

m
12(1 − v2)

(6)

with E and v being the modulus of elasticity and Poisson’s ratio of the plate material, respectively.
In the case of a fully-clamped square plate with side lengths b = a and thickness tm, such as the

one showed in Figure 3a, the following set of constraints describe the plate bending behavior and can
be used to solve the differential equation noted in (5).

w(x = ± a
2

, y) = 0 (7)

w(x, y = ± b
2
) = 0 (8)

∂w
∂x

(x = ± a
2

, y) = 0 (9)

∂w
∂x

(x, y = ± b
2
) = 0 (10)

Once a single concentrated load is applied to the center of the square plate (Figure 3b), its deflection
equation can be calculated by combining the solutions for three independent problems [10–12]. First,
w1 is the bending solution for a simply supported rectangular plate under a concentrated load located
at its center, and can be expressed as follows:

w1(x, y) = pa2

2π3D ∑
m=1,3,5,...

1
m3 cos mπx

a [(tanh am − am
cosh2 am

) cos mπy
a − sinh mπy

a

−tanh am
mπy

a sinh mπy
a + mπy

a cosh mπy
a ]

(11)

where the geometry parameters am and βm, defined as am = mπb/2a and βm = mπa/2b, can be
reduced to mπ/2 for the case of a square plate with sides a = b.

 
(a) (b) 

b

a

x

y

(0,0)

a/ 2

z

F

tm

x

Figure 3. Schematic representation of a rectangular plate under a central concentrated load. (a) Top
view of the plate; (b) cross-sectional view of the plate.

Additionally, w2 and w3 are the bending solutions for a simply supported plate with distributed
bending moments applied along the edges y = ±b/2 and x = ±a/2, respectively. The applied edge
moments are calculated to guarantee a slope at the boundaries equal to zero, as imposed by constraints
(9) and (10).

Hence, each aforementioned solution can be defined as follows:

w2(x, y) = − a2

2π2D ∑
m=1,3,5,...

Am
(−1)

m−1
2

m2 cosh am
cos mπx

a [mπy
a sinh mπy

a

−am tanh am cosh mπy
a ]

(12)
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and

w3(x, y) = − b2

2π2D ∑
m=1,3,5,...

Bm
(−1)

m−1
2

m2 cosh βm
cos mπy

b [mπx
b sinh mπx

b

−βm tanh βm cosh mπx
b ]

(13)

The coefficients Am and Bm can be determined from the fully-clamped plate constraints
(9) and (10), or the condition of cancelling the slope at the plate boundaries. Hence, the most
significant Am and Bm values for a square plate, given in Table 1, can be numerically calculated
by successive approximations.

To conclude, the combination of Equations (11)–(13) leads to the final bending solution:

w(x, y) = w1(x, y) + w2(x, y) + w3(x, y) (14)

Table 1. Values of Am and Bm parameters for a square plate [12].

m Am Bm

1 −0.1025 · p −0.1025 · p
3 0.0263 · p 0.0263 · p
5 0.0042 · p 0.0042 · p
7 0.0015 · p 0.0015 · p
9 0.00055 · p 0.00055 · p

11 0.00021 · p 0.00021 · p
13 0.00006 · p 0.000006 · p

2.1.2. Circular Sensor Modelling

Similar to the case of a square plate, the analytical bending solution for a fully-clamped circular
thin plate under a concentrated central force has been widely studied in the literature [10,11]. Hence,
differential Equation (5) determining plate deflection can be rearranged in polar coordinates [10,11],
and easily applied to a circular plate, such as the one included in Figure 4.

∇4
r w ≡ (

∂2

∂r2 +
1
r

∂

∂r
+

1
r2

∂2

∂θ2 )(
∂2w
∂r2 +

1
r

∂w
∂r

+
1
r2

∂2w
∂θ2 ) =

p
D

(15)

with w(r, θ) being the bending of the circular plate in polar coordinates, and p the distributed load
applied to its upper surface. Moreover, the boundary constraints for the plate center and perimeter
(r = a) can be expressed as follows:

w(r = a, θ) = 0 (16)

and
∂w
∂r

(r = a, θ) = 0 (17)

Unlike the previous case, the bending solution for the fully clamped circular sensor can be
obtained in a purely analytical way. By differentiating the bending solution for a simply supported
plate and forcing the slope to nullify at the boundary, as imposed by (17), it is possible to calculate the
bending moments along the plate edges. The final solution can be calculated by adding the deflection
produced by the moments along the edges to the initial simply supported bending equation, obtaining
the following expression:

w(r, θ) =
pr2

8πD
ln

r
a
+

p
16πD

(a2 − r2) (18)

120



Micromachines 2018, 9, 342

 
(a) (b) 

x

y

(0,0)
a

(r, )

x

a

z

F

tm

Figure 4. Schematic representation of a circular plate under a central concentrated load. (a) Top view
of the plate; (b) cross-sectional view of the plate.

2.1.3. Modelling Results Comparison

In order to characterize the accuracy of the bending solutions presented in the previous
subsections, the responses provided by analytical equations have been compared with the ones
obtained from equivalent finite elements (FE) models; so that the full scale error (FSE) between both
modelling approaches could be calculated.

Two capacitive polysilicon-based (E = 169 GPa; v = 0.22) MEMS pressure sensors, circular and
square-shaped, have been designed. A self-developed computed aided design (CAD) tool described
in Section 2.2 has been used for this purpose. An initial design constraint has been imposed to both
sensors, forcing their dimensioning to reach an equal nominal capacitance of C0 = 0.6 pF.

As can be seen in Tables 2 and 3, two different FE models with variable complexity have been
developed in ANSYS, in order to perform displacement versus force simulations and compare the
resulting bending data with the response anticipated by the analytical expressions (14) and (18). A first
FE model, referred as “simple”, consists of a flat square or circular plate fully clamped along its edges.
This model requires low computational time in ANSYS to achieve a complete bending characterization
of the sensor, because of its relatively low complexity. On the other hand, the second FE model,
named “complex”, presents the exact same topology as the prototype sensor fabricated in PolyMUMPS
technology. In this case, hole and dimple elements have been added because of the requirement
imposed by the manufacturer for diaphragms larger than 30 μm× 30 μm [13]. The former elements are
square-shaped through-holes with a side length of Lhole = 5 μm, required to provide shorter release
etch paths for the removal of the sacrificial layer, as can be seen in Figure 5. The latter elements are
polysilicon elements of tdimple = 0.75 μm height, placed under the suspended diaphragm in order
to limit the contact surface and reduce the plate stiction occurrence [13], as showcased in Figure 6.
Moreover, a lateral opening of side Lopen = 50 μm has been added to the top plate anchoring structure,
in order to facilitate the bottom plate electrical routing to the sensor bonding PADS. As expected,
the greater complexity of this later model provokes a significant increase of the simulation time
required to characterize its bending versus force behavior in ANSYS. However, the “complex” FE
model produces more accurate results, showcasing an increased sensor sensitivity to the applied
load, caused by the presence of hole cavities on the top plate; as well as a realistic contact point
between the plates obtained under the presence of dimple elements, which reduce the plates gap in
tdimple = 0.75 μm [13].
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Table 2. Design specifications for the square sensor’s analytical and finite element (FE) models.

Parameter Analytic Model FE Simple Model FE Complex Model

Force (F) 0–3 μN 0–3 μN 0–3 μN
Top plate side (atop = btop) 410 μm 410 μm 410 μm

Bottom plate side (abottom = bbottom) 410 μm 390 μm 390 μm
Plates gap (tg) 2 μm 2 μm 2 μm

Top plates thickness (tm) 2 μm 2 μm 2 μm
Number of holes 0 0 144

Number of dimples 0 0 169
Side aperture 0 0 50 μm

Table 3. Design specifications for the circular sensor’s analytical and FE models.

Parameter Analytic Model FE Simple Model FE Complex Model

Force (F) 0–3 μN 0–3 μN 0–3 μN
Top plate radius (atop) 220 μm 220 μm 220 μm

Bottom plate radius (abottom) 220 μm 210 μm 210 μm
Plates gap (tg) 2 μm 2 μm 2 μm

Top plates thickness (tm) 2 μm 2 μm 2 μm
Number of holes 0 0 479

Number of dimples 0 0 267
Side aperture 0 0 50 μm

Figure 5. View of the transversal cut at x = 0 μm for a PolyMUMPS squared sensor, based on a top
bottom plate configuration with sides abottom = 390 μm and atop = 410 μm, respectively.

Figure 6. View of the transversal cut at x = 13.75 μm for a PolyMUMPS squared sensor, based on a top
bottom plate configuration with sides abottom = 390 μm and atop = 410 μm, respectively.

As a result of the aforementioned modelling, Figures 7 and 8 show the maximum bending
estimation against the concentrated force applied to the sensors described in Tables 2 and 3, respectively.
Both the analytical and FE responses are presented in each figure to ease the comparison between
models. Additionally, the full scale error value is provided to quantify the mismatch between both
models. According to the collected results, it can be stated that the analytical expressions (14) and (18)
tend to underestimate the bending of the plates, when compared with the results of the FE models.
However, because of their easy translation to the mathematical software (Matlab) and their fast
evaluation, the analytical approach can still be considered an accurate-enough method to estimate the
sensor behavior in an efficient way, previous to the FE model implementation in ANSYS. Alternative
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numerical approximation methods can be used to enhance the achieved exactitude, at the expense of
immediacy, increased complexity, and higher computing requirements.

  

(a) (b) 

Figure 7. Maximum deflection versus central force for a fully clamped square plate. (a) Analytical
model and finite element (FE) simple model results; (b) analytical model and FE complex model results.

  

(a) (b) 

Figure 8. Maximum deflection versus central force for a fully clamped circular plate. (a) Analytical
model and FE simple model results; (b) analytical model and FE complex model results.

2.2. CardioMEMS Design Tool

MEMS sensor design flow, as shown in Figure 9a, comprises three main stages. First, a rough
sensor design proposal is obtained by the evaluation of a set of analytical expressions, while satisfying
the initial design constraints. Second, the sensor realistic 3D structure is implemented in a modelling
software for FE analysis; in order to perform the necessary simulations to achieve an accurate
characterization of the device behavior. Finally, the third stage involves the sensor layout description
in the corresponding technology layers being sent to the manufacturer. CardioMEMS Design (CMD)
is a Matlab-based computer aided design (CAD) tool developed with the aim of automating the
aforementioned design steps, as well as providing a friendly interface to guide the user through the
sensor design process [14,15]. Thus, as exposed in Figure 9b, CMD provides as outputs the set of
files required to export the designed sensor to ANSYS and Cadence Virtuoso working environments,
to perform different FE analyses and build the sensor layer description, respectively.

The use of CMD to perform the complete design of a capacitive MEMS pressure sensor for
ISR-monitoring iStents is described next, in order to present its functionalities and features. First, as can
be seen in Figure 10, CMD requires the definition of various input parameters to provide an initial
sensor design, including the selection of a fabrication technology included in the database, the preferred
sensor topology, the maximum pressure to be borne by the transducer, and the desired width of the
line used to physically connect the sensor to the bonding PADs.
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(a) (b) 

Figure 9. CardioMEMS Design (CMD) functionalities overview. (a) MEMS sensor design flow,
highlighting those stages covered by CMD; (b) CMD output folders generated to export the designed
sensor to ANSYS and Cadence Virtuoso.

Figure 10. CardioMEMS Design (CMD) main screen, with its working areas and main
functionalities displayed.

In the case of our prototype sensors, the selected MEMS technology has been PolyMUMPS
by MEMSCAP, a mature and reliable surface-micromachining fabrication process, developed to
accommodate a wide variety of MEMS structures. PolyMUMPS uses eight masks to define the
topology of seven physical layers: three polysilicon layers, a metal (Au) layer, and two phospho-silicate
glass (PSG) sacrificial layers [13]. It is important to keep in mind that the information about any
new fabrication process must be added to the CMD database to allow for the use of that particular
technology. Second, any MEMS pressure sensors intended to be used for mild ISR detection in a
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distal ramification of the pulmonary artery must face pressures in the range of P = [0, 60] mmHg [16],
while presenting the maximum achievable sensitivity to pressure changes. Thus, a circular sensor
topology has been chosen initially, because of its higher sensitivity compared with a squared-shaped
sensor of the same area [14]. Finally, a 40 μm wide Polysilicon line has been selected to physically
connect the sensor to the bonding PADs. Table 4 includes a summary of the input parameters
introduced in CMD’s Design Constraints Area.

Table 4. CardioMEMS Design (CMD)-input parameters selected to perform the sensor design.

Parameter Value

Fabrication technology 1 PolyMUMPS
Diaphragm shape Circular

Detectable pressure range 0 to 60 mmHg
Line to PAD width 40 μm

1 The fabrication technology must be included in the program database.

Once the input parameters have been defined, CMD determines the optimum sensor radius
a by evaluation of the analytical equations for the deflection of a circular or square plate under a
uniformly applied pressure. Internally, the program considers that the peak deflection, the contact
between the suspended top plate and the fixed back plate, is achieved when the maximum pressure is
applied to the sensor, thus imposing an additional constraint of w0 = tg. As can be seen in Figure 10,
the main performance parameters for the proposed sensor are displayed in the analytical output area
of the program, including the sensor radius (a), its maximum deflection (w0) and deflection versus
pressure sensitivity (Sw0

P ), together with its nominal (C0) and maximum capacitances (CMAX) and
the capacitance versus pressure sensitivity (SCS

P ). Because of the relative simplicity of the analytical
models used, every time one of the input parameters is modified, the output parameters are quickly
recalculated and shown to the user. This allow the designer to evaluate different sensor technologies,
topologies, and pressure ranges, getting an initial estimation of their performance in an efficient and
agile way.

The Layout & Code bottom in the CMD main screen becomes active right after the initial design
proposal has been presented to the user. By clicking on it, CMD internally performs a design
adjustment; now taking into account the set of design rules provided by the technology manufacturer.
Additionally, CMD considers the functional limitations from both ANSYS and Cadence Virtuoso while
performing the design rearrangement, in order to guarantee its compatibility with both environments.

In the case of PolyMUMPS sensors, the optimum location for both holes and dimples is
selected by CMD through the evaluation of a geometric distribution algorithm, based on Delaunay
triangulation theory [17]. This algorithm minimizes the number of elements added to the structure,
while guarantying the fulfillment of the design rules imposed by the technology. The rearranged
sensor design is presented to the user in the sensor Layout Estimation Area, providing a top view of
the layout displaying all the required technology layers for its fabrication, as shown in Figure 10.

Additionally, CMD saves relevant statistical information about the layers geometry.
This information is accessible by the Statistics button in the program control area, as indicated in
Figure 10, only after the Layout & Code operation has concluded.

Figure 11 includes a summary of the statistical data analyzed by the program for a
PolyMUMPS-based sensor design. More concretely, Figure 11a provides the number of vertices used to
polygonise the sensor defining layouts, which is a Cadence Virtuoso limiting operation factor. As can
be noted, CMD fixes the number of vertices to a maximum value of 200 per layer, so Cadence Virtuoso
constraints are not infringed. Moreover, CMD takes into account the spacing limitations between
hole and dimple elements, defined in the provided PolyMUMPS documentation as dhole = [3, 30] μm
and ddimple ≤ 3 μm, respectively [13]. The distance distribution for each type of element is displayed
in Figure 11c,d; while Figure 11b indicates the total number of elements added to the basic sensor
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structure. This set of data is provided to the designer in order to quickly check that the design
restrictions established by both the manufacturer and the software suites are thoroughly satisfied.

Figure 11. Sensor statistics provided by CMD, including (a) number of vertices for each
fabrication technology layer; (b) number of “hole” and “dimple” elements included in the sensor
structure; (c) distance distribution between “hole” elements; and (d) distance distribution between
“dimple” elements.

As previously mentioned, and illustrated in Figure 9b, one of the main goals of CMD is to facilitate
the sensor design translation to ANSYS and Cadence Virtuoso, so that the final stages of the design
flow can be completed. Hence, after each design completion, CMD generates two output folders,
denoted as codeAnsys and codeCadence, comprising a series of files suitable to automatically export the
sensor design to those platforms.

The codeAnsys folder contains seven files, with three of them being auto-executable files, while the
remaining four files have an auxiliary purpose. Those three main batch code files, once individually
loaded in ANSYS, build the 3D solid model of the sensor, optimize its FE meshing, and perform
different simulations to completely characterize the device behavior. For instance, one of the files
configures the program solver to calculate the sensor deflection and equivalent capacitance for a
uniformly applied pressure in the intended operation range of P = [0, PMAX ] mmHg Similarly,
a second main file sets the solver to evaluate the sensor deflection and capacitance under the presence
of a central force load (F), similar to the one that can be applied by an AFM microscope operating in
contact mode [6–9]; and described in detail in Section 2.1. Finally, the last main code file arranges a
modal analysis to determine the natural frequencies of the structure.

In Figure 12, the central deflection and capacitance versus pressure simulation results are
summed up. As can be observed, the simulation results given by ANSYS diverge slightly from
those anticipated by the set of analytical expressions [14]. It must be acknowledged by the user that
CMD proposes an initial rough sensor geometry based on the evaluation of analytical/numerical
equations, because of their high computational efficiency. On the other hand, the CMD-rearranged
design built in ANSYS presents higher complexity, mainly due to the addition of hole and dimple
elements, responsible for reducing the stiffness of the movable plate [14] and limiting the effective gap
distance to t′g = tg − tdimple = 1.25 μm, respectively. Furthermore, as detailed in Figures 5 and 6,
the realistic sensor model requires a moderately smaller backplate compared with the suspended
one, which negatively affects the sensor nominal capacitance (Figure 12b). It can be perceived how
the increased complexity of the structure contributes to locating the contact point in the range of
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measurable pressures; meaning that the initial sensor proposal underestimates the device sensitivity.
However, for some applications, it can be desired to force the sensor operation entirely in contact
mode, so a lineal capacitance response can be achieved [18]. The designer can take advantage of this
behavior, being able to get exponential or linear capacitance versus pressure responses just by properly
selecting the maximum detectable pressure at the beginning of the design flow.

 
(a) 

 
(b) 

Figure 12. Comparison between the analytical and FEM models for circular MEMS pressure sensor
with top plate radius of atop = 220 μm. (a) center deflection versus pressure response; (b) capacitance
versus pressure response.

The codeCadence folder contains a unique auto executable SKILL batch file, supported by eighteen
auxiliary files used to individually define the geometry of each fabrication layer. After being loaded
in Cadence Virtuoso, the main batch file conducts the drawing of the necessary layers to create an
adequate GDSII stream format file to be sent to the manufacturer. Figure 13a shows the layout view of
the prototype sensor automatically built in Candence Virtuoso’s Layout Suite; where the bonding PADs
are the only elements manually added by the designer. Besides, for comparison purposes, Figure 13b
presents a scanning electron microscope (SEM) image of the fabricated sensor, defined by the layout
in Figure 13a.

 
 

(a) (b) 

Figure 13. Final design stages for a circular MEMS pressure sensor with top plate radius of
atop = 220 μm. (a) Cadence Virtuoso layout view, generated through the SKILL batch files provided
by CMD; (b) scanning Electron Microscope (SEM) picture of the fabricated sensor.

3. Results

The deflection versus force response of two prototype PolyMUMPS square and circular pressure
sensors, referred to as S02_V03 and S03_V03, respectively, has been experimentally characterized using
the atomic force micorscope model XE-100 by Park Systems (Figure 14a). These measurements were
developed at the Centro Tecnológico de Componentes, CTC (Technological Centre of Components) in
Santander, where the AFM machine is located.

The microscope mounts a probe PPP-NCHR with a spring constant of nominal value
kAFM = 42 N/m, and a tolerance range of [10, 130] N/m, as specified by the manufacturer.
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The AFM has been configured to apply a maximum force of FMAX = 3 μN to the sensor plate,
in order to obtain a force (F) against piezo displacement (ZSCAN) curve similar to the one displayed
in Figure 14b. Both sensors have been measured a total of 20 times, and during each individual
measurement, the piezo displacement is varied in 4096 steps; so the resulting data set can be considered
statistically significant.

 
(a) (b) 

Figure 14. Experimental characterization equipment and sample measurement. (a) AFM model
XE-100 by Park Systems; (b) sample contact mode measurement performed on a prototype circular
MEMS sensor.

Figure 15a,b include the whole set of AFM measurements carried out for the square and circular
sensors experimental characterization, respectively. Both graphs present the statistical data of sensor
deflection for each applied force, displaying its average value, the 25th and 75th percentiles, and the
extreme collected values. With this information, a least-squares fitting procedure has been applied
to obtain a linear approximation for the aforementioned data, probing the maximum deflection to be
proportional to the applied force as predicted by analytical and FE simulation.

Besides probing the linearity of the sensor response under a central force, the experimental results
also demonstrate that maximum deflections for both geometries are almost equal, as predicted with
the analytical and FE models. Although in a different scale, both graphs in Figure 8 show that each
maximum deflection value obtained with the “complex” FE model for the circular sensor matches its
square counterpart. Similarly, the abovementioned linear approximation of the measurements carried
out with the AFM (Figure 15) demonstrates this same behavior by showing a similar proportionality
constant between maximum deflection and force for both the square and the circular plate.

 

(a) (b) 

Figure 15. Experimental measurements of the sensor deflection versus a concentrated central force, assuming
a AFM cantilever spring constant of kAFM = 42 N/m. (a) For a square sensor; (b) for a circular sensor.
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However, the experimental measurements bring out a higher sensor sensitivity than expected
from both FE and analytical models. This result can be explained if the impact of the spring constant
value is quantified, as done in Figure 16. These two graphs show how the selection of a spring constant
value for the probe significantly affects the final result for the maximum deflection of both square and
circular geometries of the sensor. As an example, the tolerance range set by the manufacturer goes
from 10 to 130 N/m, but values below 25 N/m would lead to unreasonable negative deflection results.

 
(a) 

 
(b) 

Figure 16. AFM cantilever spring constant influence over the estimation of sensor deflection. (a) Square
sensor analysis; (b) circular sensor analysis.

Figure 17 provides an explanation for this equal behavior in spite of considering different
geometries for the sensor. In this figure, the stress distribution under the same central force for
both cases is depicted. As can be seen, this force is not big enough to induce significant stress outside
the immediate vicinity of the plate center, where the geometrical constraints of both types of sensors
have no effect and both behave as if they were circular.

 
(a) 

 
(b) 

Figure 17. ANSYS results for the sensor stress distribution in MPa under an applied concentrated
force of FMAX = 3 μN at the top plate center. (a) Square sensor stress distribution; (b) circular sensor
stress distribution.

4. Discussion

In this work a novel characterization method for prototypes of capacitive MEMS pressure sensors
using an AFM has been presented. This approach takes advantage of a relatively common laboratory
instrument, applied to a non-coated prototype for biomedical applications, where sensitivity and
reliability are critical. Hence, this methodology helps to reduce the cost of the testing setup while
ensuring accuracy and increasing reliability. The AFM has been configured in contact mode to apply a
concentrated force on the center of the top plate of the sensor, in order to obtain a force versus piezo
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vertical displacement from which the maximum deflection of the plate under concentrated load can
be determined.

Two prototypes of MEMS sensors with different geometries (circular and square) have been
submitted to AFM characterization, and the resulting experimental data have been compared
with simulation results developed on both analytical and FE models. Regarding these last ones,
two different FE models with variable complexity have been developed to perform deflection versus
force simulations and compare the resulting bending data to the response anticipated by the analytical
expressions. A first FE model, referred as “simple”, requires low computational time as it consists only
of a flat square or circular plate fully clamped along its edges. The second FE model, named “complex”,
presents the exact same topology as the prototype sensor fabricated in PolyMUMPS technology and it
includes hole and dimple elements as required by the manufacturer.

The complete design of both prototypes of capacitive MEMS pressure sensors for ISR follow-up
has been developed with a Matlab-based computer aided design (CAD) tool called CardioMEMS
Design (CMD). This software tool automates the design steps, as well as provides a friendly interface
to guide the user through this process that comprises three main stages: rough sensor design based
on analytical expressions satisfying the initial specifications; sensor realistic 3D FE model; and sensor
layout description in the corresponding technology layers to be sent to the manufacturer.

In light of the experimental results obtained by the AFM, the predicted linear behavior of
the maximum deflection as a function of a concentrated load has been demonstrated. Besides
that, the data extracted from AFM measurements also confirms that deflection values for both
geometries of the sensor are almost equal within the applied force range. The similar stress distribution
in the vicinity of the plate center that was extracted by simulation on FE models explain that
geometry-independent response.

Nevertheless, the experimental measurements show a deviation in the absolute values for the
maximum deflection compared with what was expected from both FE and analytical models. In this
regard, the calculation method for sensor displacement is highly dependent on the spring constant,
as demonstrated in the Section 3. To overcome this limitation in obtaining accurate absolute deflection
values, a reference stiffness calibration method for the AFM probe could be applied.

As possible lines for future work, besides the application of the aforementioned calibration
method, it will be interesting to study how this methodology can be adapted to analyze the sensor
behavior against fatigue-caused aging.
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Abstract: Considering the isotropic release process of nanoelectromechanical systems (NEMSs),
defining the active region of NEM memory switches is one of the most challenging process
technologies for the implementation of monolithic-three-dimensional (M3D) CMOS–NEM hybrid
circuits. In this paper, we propose a novel encapsulation method of NEM memory switches. It uses
alumina (Al2O3) passivation layers which are fully compatible with the CMOS baseline process.
The Al2O3 bottom passivation layer can protect intermetal dielectric (IMD) and metal interconnection
layers from the vapor hydrogen fluoride (HF) etching process. Thus, the controllable formation of the
cavity for the mechanical movement of NEM devices can be achieved without causing any damage
to CMOS baseline circuits as well as metal interconnection lines. As a result, NEM memory switches
can be located in any place and metal layer of an M3D CMOS–NEM hybrid chip, which makes circuit
design easier and more volume efficient. The feasibility of our proposed method is verified based on
experimental results.

Keywords: CMOS–NEMS; NEMS; NEM memory switch; encapsulation; M3D

1. Introduction

Complementary metal-oxide-semiconductor–nanoelectromechanical (CMOS–NEM) hybrid
circuits have been researched intensively thanks to their unique advantages: low power consumption,
high performance, low fabrication cost and high chip density [1–9]. Some pioneering experimental
results of CMOS–NEM hybrid circuits have been reported [2,5]. They have NEM devices on the top of
a chip or in CMOS back-end-of-line (BEOL) metal interconnection layers. For the implementation of
monolithic-three-dimensional (M3D) CMOS–NEM hybrid circuits, the release process is important
to form the atmospheric or vacuum environment for the mechanical motion of NEM memory
switches whose operating mechanisms have already been explained elsewhere [1,2]. Generally,
the release process is performed by using vapor hydrogen fluoride (HF) etching. By using the
vapor HF etching, the inter-metal-dielectric (IMD) layers such as the tetraethyl orthosilicate (TEOS)
layers, which surround NEM devices, can be effectively removed with high selectivity toward metal
layers [10]. However, a conventional release process using vapor HF etching can cause catastrophic
influences on IMD and metal interconnection layers because it is an isotropic etching process: NEM
structures and adjacent metal interconnection lines collapse due to the widespread removal of IMD
layers. Thus, as shown in Figure 1a,b, it is difficult to place the metal interconnection lines around
NEM memory switches, which will be called the “dead zone” in this manuscript. The existence of the
dead zone makes M3D CMOS–NEM hybrid circuit design difficult and volume inefficient.

To minimize the dead zone surrounding NEM devices, this manuscript proposes a novel
CMOS-process-compatible encapsulation method as shown in Figure 1c. In the proposed method,
NEM memory switches are encapsulated by alumina (Al2O3) bottom/top passivation layers. The TEOS
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lower/upper sacrificial layers encapsulated by the Al2O3 bottom/top passivation layers are selectively
removed by vapor HF etching while the rest of the regions are protected. Thus, the controllable
formation of a cavity is feasible for the mechanical movement of NEM devices without damaging
CMOS baseline circuits and metal interconnect lines. From now, this cavity will be called the “active
region” of a NEM memory switch. To sum up, because our proposed encapsulation method defines
the active regions of NEM devices without generating dead zones, they can be placed in any metal
interconnection layers. To confirm the proposed method, prototype encapsulated NEM memory
switches are implemented.

Figure 1. Conceptual views of (a) a nanoelectromechanical (NEM) memory switch only on the top
layer, (b) a NEM memory switch in the CMOS back-end-of-line (BEOL) metal layers and (c) the
proposed encapsulated NEM memory switches for monolithic-three-dimensional (M3D) CMOS–NEM
hybrid circuits.

2. Encapsulation Process

Figure 2 shows the key process steps of the encapsulated nanoelectromechanical (NEM)
memory switches. First, a 50-nm-thick silicon dioxide (SiO2) layer is grown by wet oxidation. Then,
a 500-nm-thick aluminum (Al) layer is sputtered and patterned by inductively coupled plasma
(ICP) etching. The Al patterns correspond to the metal interconnect lines of CMOS baseline
circuits. Third, a 500-nm-thick tetraethyl orthosilicate (TEOS) inter-metal-dielectric (IMD) layer is
deposited and patterned by plasma-enhanced chemical vapor deposition (PECVD) and magnetically
enhanced reactive ion etching (MERIE) processes, respectively, to define the active regions of NEM
memory switches. Subsequently, a 200-nm-thick Al2O3 bottom passivation layer is deposited by
a multisputtering process. The Al2O3 bottom passivation layer protects the metal interconnection lines
and IMD layers from the following vapor hydrogen fluoride (HF) etch at atmospheric pressure [11–13].
Fifth, a 200-nm-thick TEOS layer is deposited as a lower sacrificial layer. Next, a 500-nm-thick Al
layer is deposited and patterned to form NEM memory switches. During the patterning process,
the 85-nm-wide airgap between the movable cantilever beam and selection lines is formed by a focus
ion beam (FIB) process while the rest of the patterns are defined by a conventional stepper. Seventh,
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a 500-nm-thick TEOS layer is deposited and patterned as an upper sacrificial layer. It should be
noted that the active regions of NEM memory switches are defined and filled by the lower and upper
sacrificial layers. Eighth, a 200-nm-thick Al2O3 top passivation layer is deposited to encapsulate
the active regions of NEM memory switches. Subsequently, small-sized etch holes are patterned
on the Al2O3 top passivation layer by the FIB process. Tenth, the lower and upper TEOS sacrificial
layers are removed through the etch holes by vapor HF etching at 40 ◦C and 15 min. Finally, a thick
TEOS IMD layer is deposited on the Al2O3 top passivation layer to form the cavity surrounding
NEM memory switches which acts as the active region. The encapsulated active regions are in the
vacuum condition depending on TEOS deposition conditions. This encapsulation method is fully
CMOS-process-compatible, which can be easily applied to the fabrication of M3D CMOS–NEM
hybrid circuits.

Figure 2. Key process steps of the encapsulated nanoelectromechanical (NEM) memory switches.
(a) Al deposition and patterning for the formation of metal interconnection lines; (b) Tetraethyl
orthosilicate (TEOS) deposition and patterning for inter-metal-dielectric (IMD) formation; (c) Al2O3

bottom passivation layer deposition; (d) Lower TEOS sacrificial layer deposition and patterning; (e) Al
deposition and patterning for the formation of a NEM memory switch; (f) Upper TEOS sacrificial
layer deposition and pattern; (g) Al2O3 top passivation layer deposition and etch hole formation;
(h) Removal of the lower/upper sacrificial layers through etch holes by using vapor hydrogen fluoride
(HF) etching; (i) TEOS deposition for cavity sealing.

For cavity formation, the etch holes should have the aspect ratio high enough to prevent TEOS
from filling the cavity again through the etch holes. Figure 3 shows scanning electron microscopy
(SEM, Thermo Fisher Scientific, Waltham, MA, USA) cross-sectional images of etch holes. In order
to form the etch holes with various aspect ratios, two FIB process conditions have been adjusted:
beam current and target diameter. The aspect ratio of the etch holes in Figure 3a–b are measured to
be 0.79 (beam current = 50 pA and target diameter = 160 nm) and 1.01 (beam current = 10 pA and
target diameter = 160 nm), respectively. It is interesting that two different layers are observed below
the Al2O3 top passivation layer in those two cases. The former is a thin TEOS layer which is originated
from the unwanted TEOS inflow through the etch holes. It is problematic in that it prevents the motion
of a cantilever beam of a NEM memory switch. On the contrary, the latter results from the redeposition
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process during the FIB sample cutting process for SEM measurement, which does not exist in the main
samples [14]. Thus, to suppress TEOS inflow, the aspect ratio of the etch holes needs to be increased.
If the aspect ratio is increased up to 1.14 (beam current = 10 pA and target diameter = 80 nm) as shown
in Figure 3c, no unwanted TEOS inflow is observed. Only the redeposition layer originated from the
FIB sample cutting process is formed under the Al2O3 top passivation layer.

Figure 3. Cross-sectional scanning electron microscopy (SEM) images of etch holes with the variation
of the beam current and target diameter of the focus ion beam (FIB) process. (a) Aspect ratio = 0.79
when beam current is 50 pA and target diameter is 160 nm; (b) Aspect ratio = 1.01 when beam current
is 10 pA and target diameter is 160 nm. (c) Aspect ratio = 1.14 when beam current is 10 pA and target
diameter is 80 nm.

3. Results and Discussion

Figure 4 shows the SEM images of the fabricated NEM memory switch encapsulated in a cavity.
Figure 4a–f show the NEM memory switches before and after vapor hydrogen fluoride (HF) etching,
respectively. The active region of the encapsulated NEM memory switch is formed well next to the
metal interconnection lines, as shown in Figure 4. Figure 4b,c confirm that Al2O3 top and bottom
passivation layers wrap the NEM memory switch and lower/upper tetraethyl orthosilicate (TEOS)
sacrificial layers. Figure 4d–f show that the TEOS lower/upper sacrificial layers are successfully
removed by vapor HF etching. In Figure 4e, it is confirmed that the sacrificial layers are completely
removed by vapor HF without damaging the cavity regions. This forms the active region of the NEM
memory switch, allowing activation between metal layers. Especially, Figure 4e shows the successful
implementation of the NEM memory switch in a cavity. On the other hand, Figure 4f shows that the
inter-metal-dielectric (IMD) layer out of the cavity is also removed by vapor HF etching, which means
that the Al2O3 bottom passivation layer fails to protect the IMD layer from vapor HF etching. It is
because vapor HF can penetrate into the Al2O3 layer following grain boundaries if the Al2O3 layer is
formed by the sputtering process. Thus, in order to increase the film density of the Al2O3 passivation
layer, an atomic layer deposition (ALD) process is used rather than a sputtering process. Figure 5a–d
show the transmission electron microscopy (TEM) images of the test sample using a 20-nm-thick
ALD-deposited Al2O3 layer before and after 1-, 5- and 15-min vapor HF etching at 40 ◦C, respectively.
As predicted, it is observed that the SiO2 IMD layer is completely protected by the ALD-deposited
Al2O3 layer.
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Figure 4. (a) Nanoelectromechanical (NEM) memory switch and metal interconnection lines; (b) NEM
memory switch and (c) metal interconnection lines before vapor hydrogen fluoride (HF) etching;
(d) NEM memory switch and metal interconnection lines; (e) NEM memory switch and (f) metal
interconnection lines after vapor HF etching.

Figure 5. Transmission electron microscopy (TEM) images of an atomic layer deposition (ALD)-deposited
Al2O3 layer (a) before and after (b) 1-min, (c) 5-min and (d) 15-min vapor hydrogen fluoride
(HF) etching.

Figure 6 shows the current vs voltage curves of the fabricated NEM memory switch encapsulated
in a cavity. It shows the reasonable nonvolatile switching operation between selection line 1 (L1) and
selection line 2 (L2). The endurance cycle number is ~11 times due to the weak mechanical property
of aluminum. In the first switching operation, the voltage difference between the movable cantilever
beam and L1 (VL1) becomes higher than the pull-in voltage (Vpull-in), and then the movable cantilever
beam is stuck onto L1, which is called State 1. In this case, because the adhesion force (Fad) is larger than
the restoring spring force of the movable cantilever beam (Fr), the movable beam remains in contact
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with L1 even when VL1 is 0 V [15]. Thus, the nonvolatile data signal storage can be achieved. In the
second switching operation, the voltage difference between the movable cantilever beam and L2 (VL2)
becomes higher than the switching voltage (Vswit), and then the location of the beam tip is changed
from L1 to L2, which is called State 2. During the measurement, maximum current level was limited to
suppress microwelding effects. Poor endurance cycle number can be improved by downscaling the
dimension of NEM memory switches and changing beam materials [15,16].

Figure 6. Current vs voltage curves of the fabricated nanoelectromechanical (NEM) memory switch
encapsulated in a cavity.

4. Conclusions

In this work, a fabrication method to encapsulate an NEM memory switch for CMOS–NEM hybrid
circuits is proposed by using a commercial CMOS process and materials. Specification of the stable
encapsulated NEM memory switch is successfully confirmed based on the prototype fabrication and
measurement results. By applying the proposed method confirmed in this work, the active regions of
NEM memory switches can be formed without damaging CMOS baseline circuits as well as the metal
interconnect lines. Because NEM memory switches can be located in any place and metal layer, the
design of M3D CMOS–NEM hybrid chips can be easier and more volume efficient. It should be noted
that our proposed encapsulation method can be applied to any kind of NEM device, including NEM
switches, as long as they are fabricated by a CMOS backend process. For more uniform and reliable
processes, a reduced-pressure vapor HF etcher can be used rather than the atmospheric-pressure vapor
HF etcher used in this work. Therefore, the proposed fabrication process can lay the groundwork for
commercialization of M3D CMOS–NEM hybrid circuits.
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Abstract: Micro-electromechanical system (MEMS) magnetic sensors are widely used in the
nanosatellites field. We proposed a novel high-precision miniaturized three-axis digital tunneling
magnetic resistance-type (TMR) sensor. The design of the three-axis digital magnetic sensor
includes a low-noise sensitive element and high-performance interface circuit. The TMR sensor
element can achieve a background noise of 150 pT/Hz1/2 by the vertical modulation film at a
modulation frequency of 5 kHz. The interface circuit is mainly composed of an analog front-end
current feedback instrumentation amplifier (CFIA) with chopper structure and a fully differential
4th-order Sigma-Delta (ΣΔ) analog to digital converter (ADC). The low-frequency 1/f noise of the
TMR magnetic sensor are reduced by the input-stage and system-stage chopper. The dynamic
element matching (DEM) is applied to average out the mismatch between the input and feedback
transconductor so as to improve the gain accuracy and gain drift. The digital output is achieved by a
switched-capacitor ΣΔ ADC. The interface circuit is implemented by a 0.35 μm CMOS technology.
The performance test of the TMR magnetic sensor system shows that: at a 5 V operating voltage,
the sensor can achieve a power consumption of 120 mW, a full scale of ±1 Guass, a bias error of
0.01% full scale (FS), a nonlinearity of x-axis 0.13% FS, y-axis 0.11% FS, z-axis 0.15% FS and a noise
density of x-axis 250 pT/Hz1/2 (at 1 Hz), y-axis 240 pT/Hz1/2 (at 1 Hz), z-axis 250 pT/Hz1/2 (at 1 Hz),
respectively. This work has a less power consumption, a smaller size, and higher resolution than
other miniaturized magnetometers by comparison.

Keywords: MEMS; interface circuit; chopper instrumentation amplifier; Sigma-Delta

1. Introduction

The earth is a huge magnetic source and scatters around the weak magnetic field (about 50 μT).
So, there is a specific relationship between the size, direction of the magnetic field, and
geographical position. We can achieve the high-precision GPS navigation by obtaining accurate
geomagnetic field information. It is strategic and tactical for concealed combat equipment (such as
submarines, stealth aircraft, etc.) [1]. The ferromagnetic objects (such as ore, magnetic conducting
metal, armored vehicles, warships, submarines, etc.) can change the distribution of the geomagnetic
field and generate anomaly magnetic field. If we can accurately measure the anomaly magnetic field,
we can get the location, size, and other information of the target object [2]. As shown in Figure 1,
the magnetic detection system plays an important role in the nano-satellite, unmanned aerial vehicle
antisubmarine, ammunition fuze, geological exploration, mine clearance, and traffic monitoring. In the
geomagnetic field detection, the signal amplitude of geomagnetic field and anomaly magnetic field are
very weak, the signal frequency is very low (about 1 Hz).

Micromachines 2018, 9, 121; doi:10.3390/mi9030121 www.mdpi.com/journal/micromachines139
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Figure 1. The high-precision miniaturized magnetometer in military and civilian field.

Miniaturization high-performance magnetometers based on AMR (anisotropic magnetic
resistance), GMR (giant magnetic resistance), and TMR (tunneling magnetic resistance) are widely
used in military and civilian field. It is difficult to improve the change rate of magneto-resistance
based on the principle of anisotropic scattering. TMR based on tunneling current has a lager change
rate of magneto-resistance compared with GMR and AMR. The TMR magnetometer has a higher
sensitivity and a wider linear range as the third generation magneto-resistance sensor, but it has a
lager noise at low-frequency than GMR and AMR because of tunneling effect. At present, the research
on TMR sensors still stays on the study of sensitive surface materials. The research on reducing 1/f
noise of TMR sensor and digital interface Application Specific Integrated Circuit (ASIC) for TMR
sensors has not been reported. The study of a digital magnetometer based on TMR effect is significant.
In the nanosatellites’ space application field, magnetic sensors are widely used for attitude control.
Because of miniaturization and low power consumption the magnetic resistance-type sensor is selected
in most nanosatellites [3]. Magnetic sensors based on very large scale integration (VLSI) can combine
with MEMS magnetic sensitive element. Honeywell manufactures several sensors based on AMR:
one-axis HMC1021, two-axis sensors (HMC1022), and three-axis analog output (HMC1043) and
digital output (HMR2300) with an integrated Application Specific Integrated Circuit (ASIC) [4–6].
For texample, in 2004, the ION-F (Ionospheric Observation Nanosatellie Formation) mission consists
of three nanosatellites that were built at Utah State University and University of Washington. The four
one-axis HMC1021 sensors are used for the attitude determination in NANOSAT-01 and NANOSAT-1B.
This sensor has a linearity error of 0.4% FS, a noise density of 48 nV/Hz1/2 and a sensitivity of
1 mV/V/Guass [7]. In 2009, the three-axis HMC1043 was applied in Spanish OPTOS satellite. It has a
resolution of 13 nT and a noise density of 50 nV/Hz1/2. The power consumption is increased to a total
number of 500 mW.

As shown in Figure 2, the nano-satellites applied the Honeywell HMR2300 sensor: DawgStar
satellite (University of Washington, Seattle, WA, USA), USUSat (Ohio State University, Columbus, OH,
USA) and HokieSat (Virginia Tech, Blacksburg, VA, USA) [8]. The three-axis magnetometer HMR2300
with digital output can directly communicate with the computer. Three-axis independent structure can
directionally detect the magnetic field of x-axis, y-axis, z-axis. The change voltage signal is amplified
by the front-stage amplifier and converted to the digital signal by a 16-bit ADC. The sampling rate of
input data, output format, average reading, and zero-bias offset can be set. The measure range is up
to ±2 Gauss; the resolution is 6.7 nT; the sampling speed is 10–157 sampling points/s the three-axis
digital output is BCD or binary code; the baud rate can be chosen 9600 or 19,200; the serial port can be
chosen standard RS485 or RS232 for single-point reading; the volume is 70 × 37 × 24 mm3; and, the
power consumption is 400 mW. It has a higher resolution and a better linearity error of 0.1–0.5% FS,
but it has a big volume because of detection circuit and digital processing circuit [9,10]. Because of
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low sensitivity and linearity based on AMR and low-performance detection circuit in HMR2300, the
precision of the magnetometer cannot be improved. But, in TMR sensors, the 1/f noise problem
should be solved. The 1/f noise that is caused by a magnetic mechanism is always an important
factor in affecting low-frequency magnetic detection capability of TMR sensors. According to the
recently domestic and foreign research reports, high-frequency modulation method based on magnetic
signal is the majority method to reduce 1/f noise in the miniaturized magnetoresistive sensor. In most
of the micro/nano-satellite satellites miniaturization magnetic sensors are equipped with discrete
devices, which have large volume and high power consumption. According to previous studies, the
researchers used MgO materials as the barrier layer to improve the sensitivity of the TMR sensor, but
the low-frequency noise cannot be reduced. The periodic modulation of the magnetic elements in
the sensor at the chopping frequency have been proposed and tested for AMR and GMR. Here, we
investigate the application of chopping techniques for TMR magnetic elements. The research on high
performance digital interface ASIC for TMR sensors has not been reported. The study of high-precision
miniaturized three-axis digital magnetic sensor system is necessary and significant.

Figure 2. The HMR2300 magnetometer in Nano-satellite field.

In this paper, we propose a high-precision miniaturized three-axis digital TMR magnetic sensor
for nanosatellites’ space application. The TMR sensor element can achieve a background noise of
150 pT/Hz1/2 by the vertical modulation film. The analog front-end interface and digital ASIC chip for
the tunneling magneto-resistive sensor are implemented by 0.35 μm mixed signal 5 V CMOS technology.
The performance test of the TMR magnetic sensor system shows that: lower power consumption
(120 mW), higher resolution (250 pT/Hz1/2 (at 1 Hz)), better linearity (lower than 0.2% FS), and smaller
volume (25 × 25 × 10 mm3) than other miniaturized magneto-resistance sensor.

The tunneling magneto-resistance sensor element, current feedback instrumentation amplifier
with chopper technique, Sigma-Delta modulator and digital decimation filter are introduced and
designed in Section 2. In Section 3, we show a vertical modulation film structure and a detailed
ASIC interface circuit. The performance can be improved by chopper technique, offset reduction
loop technique, and dynamic element matching. The performance parameters of ASIC are tested
by the experiments. Finally, Section 4 concludes the study of MEMS/TMR three-axis integrated
magnetometer prototype and testing results, which shows that the performance of miniaturized TMR
digital magnetometer has great advantages in the application of nano-satellite field.
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2. Materials and Methods

2.1. Materials

The tunneling magneto-resistance sensor element with the multilaminar structure is from
Multidimension Technologies (Suzhou, China). The TMR sensor interface circuit is fabricated by
0.35 μm CMOS process and cooperated with Shanghai Huahong Integrated Circuit (Shanghai, China).

2.2. Tunneling Magnetic Resistance-Type Sensor Element

The sensitive structure part of tunneling magneto-resistive sensor mainly consists of Pinning
Layer, Tunnel Barrier, and Free Layer. The pinning layer is composed of a ferromagnetic layer and an
anti-ferromagnetic layer (AFM Layer). The exchange coupling between the ferromagnetic layer and
the anti-ferromagnetic layer determines the direction of the magnetic moment of the ferromagnetic
layer; the tunneling barrier layer is usually composed of MgO or Al2O3, located in the upper part of the
anti-ferromagnetic layer [11]. As shown in Figure 3a, the arrows represent the direction of the magnetic
moment of the pinning layer and the free layer. The magnetic moment of the pinning layer is relatively
fixed under the action of the magnetic field. The magnetic moment of the free layer is relatively free
and rotatable to the magnetic moment of the pinning layer, and it will turn over with the change of the
magnetic field. The typical thickness of each film layer is between 0.1 and 10 nm [12]. The magnetic
sensor system is mainly composed of magnetic resistance-type sensitive element and CMOS readout
integrated circuit. The sensitive element concludes 32 magnetic tunneling junctions (MTJ). The unit area
resistance value RA of the magnetic tunneling junction is 2.5 kΩ/μm2, the area of magnetic tunneling
junctions is 50 μm2. In this paper, the thickness of free layer/barrier layer/pinning layer is 10/1/10 nm.
The multilayer structure of MTJ is Ta/Ru/Ta/PtMn/CoFe/Ru/CoFeB/MgO/CoFeB/NiFe/Ru/Ta,
which structure is cooperated with Multidimension Technology Company. The thin film is deposited
by magnetron sputtering. The MgO material is used as the barrier layer so that TMR element is more
sensitive and higher resolution [13–16]. The Wheatstone bridge configuration is composed of four
active TMR arrays that are applied by the thin film process, as shown in Figure 3a. The three-axis TMR
sensitive element is built by stereoscopic orthogonal package.

Figure 3. Cont.
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Figure 3. (a) Tunneling magnetic resistance-type sensitive structure, the physical printed circuit board
(PCB) diagram is underneath the blue arrow (b) Three-axis digital tunneling magnetic resistance-type
(TMR) sensor interface circuit System block diagram, the closed-loop feedback control of digital
progress is shown in the dotted box (c) The fully differential 4th-order Sigma-Delta modulator.

2.3. Instrumentation Amplifier with Chopper Technique

The output signal of TMR sensors is at a low-frequency (about 1 Hz) and a millivolt range.
Therefore, they need amplifiers to boost such a signal to be compatible with the input ranges of
Sigma-Delta Analog-to-Digital Converters. Although the differential output voltage signal of the TMR
sensors (Vin) can be as small as a few millivolts, the common-mode (CM) voltage VCM depending on
the application can be much larger and even vary at the range of a few volts during the operation,
as shown in Figure 3b. To accommodate this variable CM voltage, an Instrumentation Amplifier is
generally used for the read-out circuit of the sensors [17–19]. To accurately process the millivolt-level
signal of the TMR sensor, the input referred error of the current feedback instrumentation amplifier
(CFIA) should be at the microvolt or nanovolt-level [20–24]. To reduce 1/f noise, the chopper technique
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is applied in the circuit. To cope with varied CM voltage, the CFIA should have a common-mode
rejection ratio (CMRR) greater than 120 dB. Furthermore, this CFIA is critical since it determines the
overall performance of the read-out IC. To sum up, the main functions of this amplifier:

• Amplify the weak differential voltage (Vin);
• Low offset, low noise and low corner frequency (<5 mHz);
• High common-mode rejection ratio (>120 dB); and,
• High input impedance for TMR sensor.

2.4. Sigma-Delta Modulator and Digital Decimation Filter

Figure 3b shows the ASIC part of the TMR magnetic sensor system. The output of the CFIA
is digitized by a fully differential 4th-order Sigma-Delta ADC, which consists of a ΣΔ modulator
and a decimation filter [25–27]. The circuit structure and sequence diagram of the fully differential
modulator is as shown in Figure 3c. In order to achieve low noise and low offset, the chopper and
correlated double sampling technique are both applied in the first stage integrator. The modulator
can achieve a better noise suppression performance at low frequency [28,29]. The one-bit quantizer is
achieved by the dynamic comparator. The output of the comparator is as a control signal to control
feedback reference voltage Vref+ and Vref− in the first stage integrator. As shown in Figure 3c, wherein
P1 and P2 are the two-phase non-overlapping clock, P1 is active-high, P2 is active-low. The shutdown
time of P1d is later than P1, The shutdown time of P2d is later than P2, it can effectively suppress
the influence of charge injection and clock-feedthrough in the switched-capacitor circuit. The fully
differential structure can effectively suppress even harmonics of ΣΔ ADC [30].

3. Result and Discussion

3.1. Noise Matching

Noise matching between the TMR sensor element, the instrumentation amplifier and the ΣΔ
modulator is important effect on the precision of the TMR sensor system. The CFIA is critical in
the interface circuit since it mainly determines the overall noise performance. The equivalent input
noise of CFIA should be less than or equal to the TMR sensor element. To maintain the signal to
noise ratio (SNR) of CFIA, the target resolution of the Sigma-Delta ADC is more than 18 bits and the
background noise is less than −140 dB. The power spectrum density of each part is shown in Figure 4.
The closed-loop gain of CFIA is 26 dB.

Figure 4. The noise performance of TMR sensor element, instrumentation amplifier and
Sigma-Delta modulator.
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3.2. Noise Characteristics of CFIA with TMR Sensor Element

The 1/f noise caused by magnetic mechanism is always an important factor in affecting
low-frequency magnetic detection capability of TMR sensor. Here, we used the high frequency
modulation method based on magnetic signal to reduce the low frequency 1/f noise of TMR
sensor element. The flux modulation structure is as shown in Figure 5. The TMR sensor element is
achieved to modulate by the vertical modulation film. The vertical modulation film based on the
dynamic magnetic signal idea can directly modulate the measured magnetic field by the high-frequency
vibratory machine-electric-magnetic microstructures. When the vertical modulation film is close
to the TMR sensitivity element, the magnetic line of force is easier to pass through the vertical
modulation film. The magnetic field will rapidly weaken near the TMR sensitivity element, as
shown in Figure 5b. On the other hand, the vertical modulation film is far away from the TMR
sensitivity element. The magnetic line of force tends to pass through the TMR sensitivity element.
The shunting action of the vertical modulation film will decrease and the magnetic field near the
TMR sensitivity element will be restored. Therefore, when the driving structure is in the case of
high-frequency vibration, the periodic high-frequency vibration of the vertical modulation film is
accompanied by the driving structure. The magnetic field near the TMR sensitivity element will
be modulated. The TMR sensitivity element can detect an alternating magnetic field at this time
because of the periodic high-frequency vibration. The finite element simulation of magnetic field
with the vertical modulation film is shown in Figure 5b,c. The TMR sensor element can achieve a
background noise of 150 pT/Hz1/2 at a modulation frequency of 5 kHz.

Figure 5. (a) The flux modulation micro-structure (b) TMR sensor with flux concentrators and choppers
at OFF position (c) The choppers at ON position, the green line represents the size and direction of the
magnetic field in the simulation.

3.3. Noise Characteristics of CFIA with Chopper Technique

Because the low-frequency 1/f noise of TMR sensors is the main noise, we use the vertical
modulation film structure to reduce 1/f noise of the TMR element. But, in the circuit the 1/f noise of
CFIA is large at low-frequency. This chopper method is effective. The relationship between the cutoff
frequency of the chopper constituted of the analog switch and the input capacitance:

1
2πRSCG

=
1

2πμnCoxCG
W
L (VGS − VTH)

= 8 fchop (1)
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After the voltage noise of the analog switch is modulated by chopper-stabilized. The high
frequency (fchop) noise is modulated to low frequency, the equivalent input voltage noise density can
be shown:

Vn( f ) ≈ μnCox
W

16π2LCG( f − fchop)

√
K f

WLCOX( f − fchop)
· VOS (2)

W
L

=
1

16πμnCoxCG(VVCC − Vin+ − VTH) fchop
(3)

Equations (2) and (3) shows that the relationship between the voltage noise density of analog
switches, the chopper stabilized amplifier’s input offset voltage and the size of analog switches. At the
same time, the minimum area of the analog switch is limited. In terms of tunneling magneto-resistive
sensors’ weak signal, the 1/f noise and KT/C noise are considered in the design of TMR interface
ASIC [31–33]. In order to suppress the excessive noise, high-voltage CMOS technology of the
high-amplitude clock feed-through and charge injection circuit are applied. In addition, the factors
affecting the noise characteristics of the chopper switches are as below: charge leakage, parasitic
capacitance, IC substrate coupling noise, voltage stability of the drive signal, and the external electric
field sensitive electrodes [34,35]. The factors have been considered and optimization. In order to
further reduce offset, system-level chopper can also suppress the CFIA’s 1/f noise. The 1/f noise
corner frequency is reduced from 10 to 0.3 Hz by the input-stage chopper. As long as the system-level
chopper frequency is more than 10 kHz, the residual 1/f noise is suppressed. The simulating noise
spectrum of various 1/f noise suppression techniques is shown as Figure 6b. The combination of
the input-stage chopper and system-level chopper can achieve the best 1/f noise characteristics in
the interface circuit. This front-end readout circuit can achieve mHz-level corner frequency and
nanovolt-level offset. To improve gain accuracy, the dynamic element matching (DEM) is used for
averaging out the mismatch between the input and feedback transconductors. The input-stage chopper
frequency is 30 kHz, the resulting ripple is suppressed by a continuous-time ripple reduction loop
(RRL), as shown in Figure 6a. The spectrum analyzer HP35670A (Hewlett-Packard, Palo Artaud,
CA, USA) shows that the closed-loop gain is 26 dB, the unit gain bandwidth is 50 kHz (the signal
bandwidth is 0–1 kHz), and the equivalent input noise density is 14.6 nV/Hz1/2, as shown in Figure 6c.

Figure 6. Cont.
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Figure 6. (a) Current feedback instrumentation amplifier (CFIA) circuit structure with ripple reduction
loop (b) Simulating noise spectrum of with various noise chopper techniques (c) The power spectrum
noise of CFIA.

The corner frequency of operational amplifier 1/f noise is usually about 10 kHz. To achieve a
corner frequency of 1 mHz, the chopper technology of input-stage amplifier is applied. Meanwhile,
the corner frequency of the second-stage equivalent to the first-stage should also be less than 1 mHz.
Therefore, the input-stage DC gain A01 is required:

A01 ≥ 20 log10
10 kHz
1 mHz

= 140 dB (4)

At the same time, the larger DC gain can effectively suppress the noise and the nonlinearity
of the post-stage. The design of input-stage transconductance Gm1 and the current feedback
transconductance Gm2 is particularly important, which determines the overall performance of the
CFIA. To get higher gain accuracy, the circuit and layout are designed to satisfy the size and symmetry.
The circuit structure of the input-stage chopper amplifier is shown in Figure 7a. A fully differential
folded cascode structure with common-mode feedback is applied in the input-stage circuit. The circuit
uses gain-booster (Vn and Vp) technology to improve the gain, and the circuit structure of Vn and Vp

is shown in Figure 7b,c.

 

Figure 7. Cont.
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Figure 7. (a) Input stage transconductance operational amplifier with common-mode feedback circuit
(b) Gain booster Vn; and, (c) Gain booster Vp.

3.4. Noise Characteristics of Sigma-Delta Modulator

In order to maintain the SNR of CFIA, the noise performance of the Sigma-Delta modulator at
an over sampling ratio (OSR) of 128 is as shown in Figure 4. The target performance of Sigma-Delta
modulator: a background noise of less than −140 dB within a 1 kHz signal bandwidth; a SNR of more
than 110 dB; an effective number of bits more than 18 bits; a harmonic distortion of less than −110 dB.
To obtain a conversion time less than 0.2 s, the required sampling frequency is only 30 kHz, which is
equal to the chopper frequency of the CFIA. In order to test the noise characteristics of Sigma-Delta
modulator, the Sigma-Delta modulator is implemented by standard 0.35 μm CMOS process. The testing
system of the Sigma-Delta modulator is as shown in Figure 8a in this paper. The 5 V power supply
is provided by Agilent 3631A (Agilent Technologies Inc, Santa Clara, CA, USA); a clock control
signal is provided by the Tektronix AFG3102 function signal generator (Tek Technology Company,
Shanghai, China); the analog input signal is provided by the Agilent 35670 (Agilent Technologies Inc,
Santa Clara, CA, USA); the digital output signal is collected by the logic analyzer Agilent 16804A
(Agilent Technologies Inc, Santa Clara, CA, USA), and then the power spectral density (PSD) analysis
of the Sigma-Delta is implemented by FFT of Matlab (R2016a, MathWorks, Natick, MA, USA).
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Figure 8. (a) The testing system of Sigma-Delta modulator Application Specific Integrated Circuit
(ASIC); (b) The PSD of Sigma-Delta modulator; (c) The transient response of Sigma-Delta modulator;
and, (d) Transient response after local amplification.

The sampling frequency is 1 MHz and the Sigma-Delta modulator bandwidth is 3.9 kHz. The input
signal with a frequency of 30 Hz and an amplitude of −13 dB full scale is provided by the analog
signal source. The output bit flow (65,536 points) of the designed Sigma-Delta modulator is collected
by the Agilent logic analyzer 16804A (Agilent Technologies Inc, Santa Clara, CA, USA) for FFT
transformation, and the output spectrum of Sigma-Delta modulator is as shown in Figure 8b. The test
results show that the modulator can achieve a dynamic range of 118 dB, a SNR of 115 dB; an effective
number of bits of 18.8 bits; a harmonic distortion of −110 dB in the signal bandwidth; an output
background noise of −141 dB; the design of reference voltage is 2.5 V, so that the signal bandwidth
equivalent input noise voltage density is 198.6 nV/Hz1/2.

We verify the function of the modulator before testing the performance. The digital bit stream
output is collected from the Sigma-Delta modulator by the oscilloscope Agilent MSO9104A (Agilent
Technologies Inc, Santa Clara, CA, USA). The transient response of the modulator is as shown in
Figure 8c,d. The input signal, the clock signal, and the digital output signal are in turn in the Figure 8c,d.
From the transient waveform we can get that the modulator can achieve analog digital conversion
function. We can verify the correctness of its function from the test results.

3.5. Design of Digital Decimation Filter

In view of the design of Sigma-Delta ADC post-stage digital filter, the three stages cascade
structure (the CIC filter, CIC compensation, and finite impulse response (FIR) low-pass filter) is selected.
After oversampling and noise shaping, the digital signal should be sampling down and filtered.
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The sampling frequency is reduced to Nyquist frequency. The three stages cascade circuit structure
is applied in the filter. The first-stage uses a cascade integral comb (CIC) filter for primary filtering
and reducing to a factor of 32 desample frequency; the second-stage uses a CIC compensation filter
for ripple compensation and reducing to a factor of 2 desample frequency; the third-stage uses a FIR
Half-band filter for high-frequency noise filtering and reducing to a factor of 2 desample frequency.
For maximum linearity, it employs a single-bit feedback DAC. The digital signal process chip
STM32F405DSC (STMicroelectronicsis Company, Geneva, Switzerland) used for the temperature
and linearity compensation. The data transmission to upper computer is achieved by MAX232ESE
(Maxim Integrated Products, San Jose, CA, USA). The interface communication mode is SPI and RS232.
The 4th-order topology structure is applied in the front-stage Sigma-Delta modulator, the first-stage
CIC filter cascading number should be L + 1 [36–38]. The digital decimation filter model is as shown in
Figure 9a. The frequency response of the first-stage CIC filter is shown in Figure 9b. From the diagram,
we can see that the 5th-order cascade CIC filter can achieve a sidelobe amplitude attenuation of 70 dB
and effectively suppresses the out noise of frequency band. Figure 9c shows the CIC compensation
filter (decimation factor R = 32, differential delay factor M = 1, L = 5) cascaded band-pass amplitude
response, we can be get that at the normalized frequency w = 0.005π, the amplitude can achieve
−0.457 dB and −0.001 dB before and after compensation, respectively. The CIC compensation filter
can flat the pass-band amplitude and make the transition zone become narrower. In order to further
suppress high frequency noise, the FIR filter should have a narrow transition band. The FIR half-band
filter has a sampling frequency of 15.6 kHz; a pass-band cut-off frequency of 3 kHz; a stop-band
cut-off frequency of 3.5 kHz, and a pass-band attenuation of 0.001 dB. Figure 9d shows the amplitude
frequency response of the half-band filter. The digital signal processing modulation is based on
micro-processor software programming, so that the digital decimation filter is realized. The function
verification software compiler code is transplanted to the micro-processor.

 

 

Figure 9. Cont.
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Figure 9. (a) Digital decimation filter model (b) Frequency response of first-stage cascade integral
comb (CIC) filter (c) Passband amplitude response of CIC before and after compensation (d) Amplitude
response of finite impulse response (FIR) low-pass filter.

3.6. The Test of Three-Axis Digital TMR Magnetometer

The test platform of the three-axis digital TMR magnetic sensor system is shown in Figure 10a.
The interface circuit of the TMR sensor system was implemented in a standard 0.35 μm CMOS process.
The printed circuit board (PCB) and ASIC photograph of the tunneling magneto-resistive sensor
interface chip is shown in Figure 10b. The aluminum house is used for avoiding magnetic interference.
The size of the digital TMR magnetic sensor system is only 25 × 25 × 10 mm3. The 5 V power
supply is supported by the Agilent E3631 and the power dissipation of the TMR sensor system
is 120 mW. The magnetic field is adjustable by the constant-current source Kenwood PW36-1.5ADP
(Kenwood Electronics Company, Akaho, Japan). The three-axis fluxgate magnetometer FVM-400
(MEDA Company High-resolution fluxgate, Solna Municipality, Sweden) is useful for measuring the
value of magnetic field. The whole test is in a three-layer shield environmental, as shown in Figure 10a.
The magnetic signal is shown on personal computer (PC) by RS232 so that we can test the bias drift,
linearity and noise performance of the TMR sensor system. The bias drift test of the TMR sensor system
is at a zero-magnetic field environmental. The output data of the TMR sensor system is collected by PC.
The TMR sensor system can achieve a bias error of 0.01% FS by standard deviation calculation.

The test of the three-axis linearity is as shown in Figure 11 by the fitting straight line at ±1 Guass
full scale (1 Guass = 105 nT). The test results of the three-axis linearity are x-axis 0.13% FS, y-axis 0.11%
FS, z-axis 0.15% FS, respectively. The PSD of the TMR magnetometer is processed by a standard Matlab
program. The TMR magnetometer system achieves a noise density of x-axis 250 pT/Hz1/2 (at 1 Hz),
y-axis 240 pT/Hz1/2 (at 1 Hz), z-axis 240 pT/Hz1/2 (at 1 Hz) respectively, which is limited by the
low-frequency noise of the TMR sensor element.
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Figure 10. (a) The test platform of the three-axis digital magnetic sensor system (b) The photograph of
printed circuit board (PCB) and ASIC chip (c) The data collection by RS232 in PC.
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Figure 11. (a) The linearity and noise test of TMR magnetometer x-axis (b) The linearity and noise test
of TMR magnetometer y-axis (c) The linearity and noise test of TMR magnetometer z-axis.

4. Conclusions

We proposed a high-precision miniaturized three-axis digital tunneling magnetic resistance-type
sensor for nanosatellites’ space application. The vacuum-packaged sensitive element by flux chopper
can achieve a low background noise of less than 150 pT/Hz1/2 (at 1 Hz). The interface circuit is
implemented by a standard 0.35 μm 5 V CMOS process. The measurement results show that the
TMR sensor system can achieve a better performance as below: at 5 V operating voltage, the sensor
system can achieve a power consumption of 120 mW, a full scale of ±1 Guass, a bias error of 0.01% FS,
a nonlinearity of x-axis 0.13% FS, y-axis 0.11% FS, z-axis 0.15% FS, and a noise density of x-axis
250 pT/Hz1/2 (at 1 Hz), y-axis 240 pT/Hz1/2 (at 1 Hz), z-axis 250 pT/Hz1/2 (at 1 Hz), respectively.
The performance of the TMR sensor element and interface circuit are both beyond Honeywell HMR2300.
This magnetic sensor system satisfies the performance requirements in nanosatellites’ space application.
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As shown in Table 1, this work based on the TMR sensitive structure is compared with other
miniaturized magneto-resistive type magnetometers. Honeywell’s HMR2300 based on the AMR
sensitive structure is one of the most widely used in the U.S. GMR50 and G93 are the results of
the new research and development in 2017 based on GMR sensitive structure, which have great
reference value. Through the comparison of these magnetometers, the TMR magnetometer in this
paper has the advantages of low noise, low power consumption and high linearity. The technical index
of comprehensive performance can reach a certain level.

Table 1. Comparison of this work with other magneto-resistive magnetometers.

Miniaturized
Magnetometer

Digital
Output

Power/Range
(V/Guass)

Consumption
(mW)

Noliearity
(%FS)

Noise Level
(nT/Hz1/2)

Sensitivity
Axis

HMR2300 Yes 12 V/±1–2 G 400 0.1–0.5 6.67 3
GMR50 Yes 5 V/±1–4.5 G 200 0.5 10–50 1

G93 Yes 5 V/±1 G 380 0.5 10 3
This work Yes 5 V/±1 G 120 0.11 0.25 3
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