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Abstract

The booming growth in environmental conditions sensing and monitoring pushes the need of
inexpensive environment sensors with small size and low power consumption. The outbreak of
COVID-19 further increases the need for fast monitoring of environment conditions. The
micro-electrical-mechanical-systems (MEMS) technologies are considered as promising
solutions to realize the required environment sensors. The mature complementary
metal-oxide-semiconductor (CMOS) process platforms available in many foundries can be
extended to fabricate MEMS sensors to offer the advantage of relatively easier
commercialization. Moreover, by leveraging the characteristics of CMOS process platforms, the
integration of multiple sensors and sensing circuits to form a compact sensing system can also
be achieved. This review paper will focus on introducing the miniaturized environmental sensing
devices implemented and integrated using the CMOS-MEMS technologies. In general, the
CMOS chips for environment sensing are firstly fabricated using the foundry-available CMOS
processes, and then the post-CMOS micromachining processes are performed to implement the
CMOS-MEMS environment sensors. This paper respectively reviews five different environment
sensors (including the infrared, pressure (barometer), humidity/temperature, and gas sensors)
using the CMOS-based MEMS technologies. The advantages and design concerns of sensors
fabricated by different CMOS and post-CMOS processes are introduced and discussed.
Moreover, the CMOS-MEMS environment sensing hub implemented through the monolithic
integration of multiple environment sensors is also introduced.

Keywords: CMOS, CMOS MEMS, environment sensor, IR sensor, barometer, humidity sensor,
gas sensor

(Some figures may appear in colour only in the online journal)

1. Introduction can help to provide vital information, for example humidity,
pressure, temperature, gas, and particle, about the surround-
The environment conditions and trends are important inform- ings_ Especia]ly due to the tremendous disruption brought
ation to not only the daily life, but also in various applica- upon by the outbreak of the novel coronavirus (COVID-19),
tions, such as the agriculture, industry, health care, and so  the increasing need for medical environmental monitoring to
on. In these applications, environmental monitoring systems enhance safety of the society during this pandemic is para-
mount. Thus, environmental monitoring is becoming a critical
need for the prosperity of present and future generations. To
* Author to whom any correspondence should be addressed. date, many different sensors have been developed to address
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the increasing need for environmental monitoring, yet, when
implemented for real-world use, these products are often faced
with challenges regarding their costs, sizes, and power con-
sumptions. These challenges will limit the adoption of these
sensors for a variety of applications, and inhibit the poten-
tial fulfillment of the rapidly growing environmental monit-
oring market. For example, due to its size, traditional humid-
ity sensing psychrometers used in meteorological stations are
unsuitable for use in applications such as handheld consumer
electronics; for the same reason, traditional industrial waste
detection systems are also hard to implement in wider envir-
onmental monitoring applications. Therefore, to leverage the
mature semiconductor technologies to implement the envir-
onment sensing devices is considered as a potential solution
to properly resolve the aforementioned challenges, such as the
issues of size, cost, power consumption, and so on.

The semiconductor fabrication technologies have been
successfully extended to realize chip-scale micro-electrical-
mechanical-systems (MEMS), including miniaturized sensors
[1, 2] and actuators [3, 4]. As brought by the considerable
advancements in the MEMS industry, numerous devices for
different applications have been developed and commercial-
ized to benefit everyday life, for example, the various MEMS
pressure sensors [5], accelerometers [6], or gyroscopes [7]
that are employed in automotive industry to enhance driving
safety and comfort. The MEMS microphones [8, 9], acceler-
ometers [7, 10], humidity sensors [11], pressure sensors [5],
have also been extensively employed in smart phones to offer
more functions as well as to enhance human-machine interac-
tions. Moreover, the smart wearable devices equipped with the
optical sensor for heart rate monitoring [12, 13] are also avail-
able now. To date, MEMS continues to provide contributions
in many applications due to its features of being miniaturized,
low cost, low power consumption, and so on. Thus, MEMS
technology is also considered as a promising approach for
the further development of environmental monitoring. Vari-
ous MEMS environment sensors have already been developed,
such as humidity [14, 15], pressure [5, 16—18], temperature
[19], infrared (IR) [20-23], gas [24, 25], etc, sensors, and have
also been commercialized into available products in [26]. In
short, MEMS will be a key enabling technology in the future
progress of environmental sensing.

Presently, various Si-based MEMS fabrication techno-
logies have been reported, for instance, the surface/bulk
micromachining [27, 28], silicon-on-insulator (SOI) and
cavity SOI processes [29], complementary metal-oxide-
semiconductor (CMOS) MEMS [30], etc. Among these fab-
rication technologies, CMOS-MEMS approach exploits the
standard commercial semiconductor process platforms to
implement micro sensors and actuators, and hence the mature
semiconductor technologies and supply chain can be leveraged
to effectively reduce the time and efforts for commercializ-
ation. Numerous CMOS-MEMS devices have been demon-
strated using different commercial platforms, for example, the
tactile sensor [31], magnetic sensor [32] and accelerometer
[33] from the TSMC (Taiwan Semiconductor Manufacturing
Co., Taiwan) 2P4M (in this review: ‘P’ and ‘M’ respectively
stand for ‘Poly-Si’ and ‘Metal’, ‘2P4M’ means the process
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Figure 1. Typical commercial standard CMOS processes:
(a) TSMC 0.35 pm 2P4M CMOS process, (b) TSMC 0.18 pm
1P6M CMOS process, and (¢) UMC 0.18 um 1P6M CMOS process.

consisted of two poly-Si and four metal layers) standard pro-
cess shown in figure 1(a), the gyroscope [34], microphones
[35] and tactile sensors [36] from the TSMC 1P6M process
displayed in figure 1(b), and the RF devices [37, 38] and fin-
gerprint sensors [39] from the UMC (United Microelectron-
ics Co., Taiwan) 0.18 ym 1P6M CMOS process depicted in
figure 1(c). By using the existing CMOS platforms, many
environmental sensing chips have also been developed, which
include sensors for the detection of temperature, pressure,
IR, gas, PM 2.5 [40], etc. Moreover, the commercially avail-
able CMOS-MEMS environment sensing chips, such as the
humidity sensor [11], barometer [41], and IR sensor [20-23],
have been demonstrated by companies. In general, the thin
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film materials inherent in the CMOS processes could enable
various sensing mechanisms such as capacitive, piezores-
istive, thermoelectric, etc, moreover, the multiple metal/
dielectric layers for the CMOS back-end-of-line (BEOL) pro-
cesses could be exploited to fabricate MEMS structures. Apart
from being able to fabricate different kinds of environmental
monitoring devices, the CMOS platform also possesses the
distinctive potential for system-on-chip (SoC) integration.
Using the CMOS platform, different MEMS devices can be
monolithically integrated onto the same chip to form ‘sensing
hubs’ or ‘partial sensors’, and can even be integrated with ded-
icated circuitry to form complete sensing systems. These bene-
fits enable the CMOS-MEMS to be especially suited for future
applications in environmental monitoring, in which the widely
available environmental monitoring devices can be selectively
integrated and fabricated depending on different applications.

Therefore, this review paper will focus on introducing
the miniaturized environmental sensing devices implemen-
ted and integrated using the CMOS-MEMS technologies.
In general, the CMOS chips for environment sensing are
firstly fabricated using the foundry-available CMOS processes
offered by the TSMC, UMC, X-FAB (X-FAB Semiconductor
Foundries AG, Germany), ams (ams AG, Austria), Semefab
(Semefab, UK), SMIC (Semiconductor Manufacturing Inter-
national Co., China), and so on. The design of these CMOS
chips has to follow the design-rules provided by foundries.
After that, the post-CMOS micromachining processes are per-
formed to implement the CMOS-MEMS environment sensors.
In this review paper, the thermoelectric and bolometer types of
CMOS-MEMS IR sensors will be discussed in section 2. After
that, section 3 will review various approaches to realize the
capacitive and piezoresistive CMOS-MEMS pressure sensors.
In addition, the design of humidity CMOS-MEMS sensors
and their integration with temperature sensors will be intro-
duced in section 4. Section 5 will show the CMOS-MEMS gas
sensors, mainly chemo-resistive type together with some other
sensing mechanisms. Each section will introduce the CMOS-
based MEMS processes and their development for these envir-
onmental sensors, and also provide the key benefits as well
as challenges of using CMOS platform for developing these
environmental sensors. Besides, the design concerns regarding
the fabrication processes and application of sensors are also
commented and summarized. Moreover, section 6 will further
discuss the monolithic integration of multiple environment
sensors to achieve the environment sensing hub by using the
CMOS-MEMS technology. Finally, conclusions and future
outlook on the overall scope of CMOS-MEMS environmental
sensors are concluded in section 7.

2. Infrared (IR) sensors

The IR sensors are used to transfer IR intensity into electrical
signal and have been widely applied in many applications
including thermometer, thermal imaging and night vision cam-
eras, motion detection, and gas sensing. MEMS IR sensors,
also known as uncooled IR sensors, are fabricated through
micromachining technologies to achieve compact device sizes,

low-power consumption, and low cost. As shown in figure 2,
the typical MEMS IR sensor consists of three components sus-
pended on the silicon substrate: the IR absorber, the thermal-
isolation structure, and the temperature sensing material/unit
(such as thermoelectric materials in figure 2(a) or diodes in
figure 2(b)). In addition, the temperature coefficient of resist-
ance (TCR) for thin films has also been applied for temper-
ature sensing. In this review, these sensing films are named
“TCR materials’ for short. In general, the incident radiation is
absorbed by IR absorbers to cause a temperature change and
further lead the variation of electrical signals through different
sensing materials/units [42—44]. Thus, the IR intensity can be
determined by the electrical signal detected by the sensor. The
CMOS platforms possess various functional materials to real-
ize different MEMS IR sensors [45—47]. The BEOL layers of
the CMOS platforms also enable the design of novel structures
for IR absorption and thermal isolation. Moreover, as being
a mature IC platform, CMOS processes are able to integrate
application specific integrated circuits (ASICs) with MEMS
IR sensors, and further push the trend of CMOS-MEMS IR
Sensors.

The gain flow charts in figure 2 indicate that a higher rising
temperature AT of the sensor contributed from the incid-
ent IR could offer a larger sensing signal for both detec-
tion mechanisms, thermoelectric and bolometric. The temper-
ature elevation AT of the sensor is influenced by: (1) the
IR absorptivity (tapsorb) and (2) the thermal resistances (Ry,)
of the sensor determined from the thermal loss through the
thermal radiation, air conduction, and solid conduction [48].
The suspended structures achieved by MEMS technologies
could prevent the significant thermal loss from the silicon
substrate. Moreover, the design of absorber structure/material
could increase the IR absorptivity, while the design of thermal-
isolation structure could enhance the thermal resistance of the
sensor. Thus, the designs of thermal-isolation and IR absorb-
ing structures/materials are critical to the temperature eleva-
tion of the sensor. The thermal loss through the air conduc-
tion can be further suppressed by the vacuum packaging. In
this review, the sensing mechanisms, thermal-isolation struc-
tures, and IR absorbing structures/materials of CMOS-MEMS
IR sensors will be discussed in the following sub-sections.
Moreover, according to the compatible and available mater-
ials for CMOS platforms, the sensing mechanisms of CMOS-
MEMS IR sensors can be characterized into thermoelectric
type [44-47,49-58] and bolometer type [43, 59-66]. Thus, the
CMOS-MEMS IR sensors based on these two different sens-
ing mechanisms will be discussed respectively.

2.1 Thermoelectric type CMOS-MEMS IR sensors

Figure 2(a) displays a typical architecture of thermoelectric
type MEMS IR sensor which consists of the IR absorber, and
the thermal-isolation structure with embedded thermoelectric
material. The absorber is supported by the thermal-isolation
structure which is anchored to the substrate. These compon-
ents are suspended on the substrate to avoid the thermal loss
by heat conduction through silicon wafer. As IR is incident on
the sensor, the temperature of the absorber will rise and lead
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Figure 2. The schematic illustrations and gain flow charts of MEMS IR sensor: (a) thermoelectric type and (b) bolometer type.

to a AT between the two ends of its support (thermal-isolation
structure). Thus, the thermoelectric material embedded in the
thermal-isolation structure could detect the temperature dif-
ference and be used to determine the absorbed IR. Such tem-
perature detection technology of thermoelectric materials is
known as the Seebeck effect [67], and the ratio of voltage dif-
ference to temperature difference is called the Seebeck coef-
ficient. Note that semiconductor materials such as the poly-Si
layer available in the CMOS platforms have a superior See-
beck coefficient.

Various thermoelectric materials are available in the CMOS
platforms such as the AlCu, P-doped poly-Si, and N-doped
poly-Si. The AICu and the P-doped poly-Si show posit-
ive Seebeck coefficient, whereas the N-doped poly-Si shows
negative Seebeck coefficient. In this regard, CMOS-MEMS
thermoelectric IR sensors (named thermocouples) based on
different combination of available thermoelectric materials are
proposed to increase the net Seebeck coefficient, including the
AICu/N-type poly-Si in figure 3(a) [46, 49, 54, 58], and the
P-type/N-type poly-Si in figure 3(b) [44, 45, 47, 50, 51, 53,
56, 57]. In addition to the conventional CMOS processes, the
thermoelectric IR sensor with P-type/N-type single crystal Si
thermocouples in figure 3(c) has been realized by using the
device layer of SOI-CMOS process [68]. The Au/N-type poly-
Si thermopile has also been developed by using the in-house
CMOS processes [52], yet Au is a prohibited material in com-
mercial CMOS foundry. It is worth to note that silicide layers
are commonly employed in the commercial CMOS platforms

to deposit on poly-Si layers for reducing the contact resist-
ance between poly-Si and metal layers. However, these lay-
ers decrease the Seebeck coefficient of poly-Si thermocouples
causing lower responsivity of CMOS-MEMS thermoelectric
IR sensors. The approach to increase the Seebeck coefficient as
well as responsivities of CMOS-MEMS IR sensors by remov-
ing silicide layers is demonstrated in [44]. Moreover, the num-
ber of thermocouples will increase the output signal of thermo-
electric IR sensors. To increase the number of thermocouples
is a design concern for the thermoelectric IR sensors.

2.1.1. Structure designs for Ry, and thermocouple arrange-
ment.  To date, various suspended mechanical structures
have been demonstrated by using the BEOL layers of CMOS
processes for different applications. This sub-section will
firstly review existing structure designs including the fully
clamped membranes [69, 70], the cantilever beams [49, 71],
and serpentine structures [50, 51, 59] for the application of
thermoelectric type CMOS-MEMS IR sensors. The design
concerns are mainly (1) the thermal resistance Ry, of the struc-
ture and (2) the number of thermocouples N to arrange in the
structure. As shown in figure 4(a), the fully clamped circular
diaphragm with its whole boundaries anchored to the Si sub-
strate (i.e. the heat sink) is employed in the designs of [69, 70].
Such a structure has also been extensively applied in MEMS
transducers [72]. Although thermal-isolation structures cannot
be clearly indicated in this design, the center and boundary
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Figure 3. The schematic illustrations of the CMOS-MEMS thermoelectric IR sensors based on different combination of thermoelectric
materials: (a) AlCu/N-type poly-Si, (b) P-type/N-type poly-Si, and (c) P-type/N-type single crystal Si.

(connected to the heat sink) of the diaphragm still exhibit tem-
perature difference (AT) after absorbing IR as depicted in
figure 4(a). Thus, the thermocouple can be arranged in radial
direction to provide the thermoelectric signal. Such design has
larger structure area to allocate thermocouples and broader
boundaries for flexible electric routings. However, the heat
loss through the broader boundary may cause a poor thermal
resistance. In terms of the fabrication processes, the back-side
Si etching [70] or the etching release holes [69] are required
to fabricate the fully-clamped diaphragm. Next, as shown in
figure 4(b), the well-known MEMS cantilever [73] is another
suspended structure for CMOS-MEMS IR sensor [71]. For
cantilever, thermal-isolation structures also cannot be clearly
distinguished. However, as shown in figure 4(b), the free-end
and fixed-end (connect to the heat sink) of the cantilever has
temperature difference (AT) after absorbing IR. Thus, the
thermocouples can be arranged along the beam-length direc-
tion to provide the thermoelectric signal. Note that, for a given
footprint A of the cantilever (A = L x W), alonger beam length
L could enhance the thermal resistance Ry, to increase the AT,
whereas a wider beam width W could increase the number N
of thermocouples. In comparison, the cantilever, with only one
edge anchored to the substrate, has higher thermal resistance
than the fully-clamped diaphragm. Moreover, the cantilever
structure can be easily released through the front-side bulk Si
etching. As shown in figure 4(c), the serpentine structures are
proposed in [55] to further facilitate the thermal resistance of
MEMS IR sensors under the same footprint. The serpentine
design could increase the equivalent length between the beam
center and the fixed-end, so that the path for heat transfer is
also increased to reduce the thermal loss of the structure. In
short, the serpentine beam acts as the thermal-isolation struc-
ture to enhance the temperature difference (AT) between the
two ends of the thermocouple. The shape and dimensions of
the serpentine structure are critical design concerns that influ-
ence the thermal resistance Ry and the number N of ther-
mocouples. In this regard, various serpentine structures have
been designed to enhance the sensing signal of thermoelectric
CMOS-MEMS IR sensor [50, 51, 59]. As shown in figure 5(a),
the novel serpentine structure was developed to increase the
thermal resistance between the center (Thign) to the boundary
(Thow)» sO as to increase the AT [50]. The serpentine structure

with embedded thermocouples is fabricated using the TSMC
0.35 um 2P4M process and then released from the Si substrate
by the XeF, isotropic etching through strip-shaped holes. The
disadvantage of this design is the reduced number N of ther-
mocouples. Figure 5(b) displays another serpentine structure,
and again the design is to find a better arrangement for the
thermal resistance Ry, and the number N of thermocouples
[51]. On the other hand, the electrical resistance as well as the
resistor noise will be increased when the length of thermo-
couple is increased with the serpentine beam length. There-
fore, to improve the signal to noise ratio of the thermoelectric
CMOS-MEMS IR sensor, the serpentine structures need to be
optimized to balance the trade-off between the thermal resist-
ance and the electrical resistance [59].

2.1.2. Material and structure designs for IR absorbing. In
addition to the thermal resistances Ry, of the suspended struc-
tures, the IR absorptivity capsors Of the absorber is another crit-
ical concern to enhance the performance of CMOS-MEMS
IR sensors. Typically, the dielectric layers inherent in the
CMOS BEOL (such as SiO, and Si3N4 films) are exploited
as the absorber for the CMOS-MEMS IR sensors [44, 52, 74].
To further enhance the IR absorption, the approaches of
adding additional structures or depositing new materials have
been investigated. As shown in figure 6(a), an additional
umbrella-like structure is fabricated and vertically integrated
with the serpentine thermal-isolation structure by using the
TSMC 0.18 ym 1P6M [44] to enhance the performance of the
IR sensor. The umbrella-like structure and the absorber are
formed by the CMOS BEOL layers. The IR absorption area
of the umbrella-like structure can be increased since no strip-
shaped holes (to increase the thermal resistance, as shown
in figure 5(a)) are required. Moreover, after the incident of
IR, the temperature elevation of the absorber is the result of
the heat transfer from the umbrella-like structure through the
post. Thus, the T;g, of thermocouples can be increased by the
design of the umbrella-like structure. However, the absorptiv-
ity of dielectric layers as well as their targeted absorption
wavelengths are still limited by the material properties. There-
fore, as displayed in figure 6(b), porous materials such as
Au-black were dropped or deposited on CMOS-MEMS IR
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Figure 4. The schematic illustrations and SEM micrographs of three structure designs for Ry, and thermocouple arrangement: (a) fully
clamped membranes [69]. Reproduced from [69]. © IOP Publishing Ltd. All rights reserved. (b) Cantilever beams [71]. Reprinted from
[71], Copyright (1989), with permission from Elsevier. (c) Serpentine structures [55]. Reprinted from [55], Copyright (2018), with

permission from Elsevier.
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(b)

Figure 5. The schematic illustrations and SEM micrographs of serpentine structures have been designed to enhance the thermoelectric IR
sensor sensing signal: (a) increase the thermal resistance between the center (Thign) to the boundary (T'ow) [50]. © [2017] IEEE. Reprinted,
with permission, from [50], and (b) increase the thermal resistance Ry, and the number N of thermocouples [51]. © [2014] IEEE. Reprinted,

with permission, from [51].

sensors to achieve high absorptivity and broadband absorp-
tion [53, 54]. Note that the compatibility of these materials
and their related processes with existing CMOS platforms is
still a concern. Moreover, various optical absorbers based on
the Fabry—Pérot interference [55, 75, 76] and the metamater-
ial [56, 57] have been adopted by CMOS-MEMS IR sensors
for absorbing IR radiation at specific wavelengths. As shown
in figure 6(c), the metamaterial (featuring in micro and nano-
structures designed based on the absorbing wavelength) are
fabricated and vertically integrated with the serpentine plate
absorber by using the TSMC 0.18 pm 1P6M process [56, 57].
With the capability of CMOS processes, the metamaterial with
structures of sub-micron linewidth can be well defined. The
design concepts in figure 6 to add extra materials or structures

to enhance the IR absorption can also be extended to the
applications of CMOS-MEMS bolometers.

2.2. Bolometer

Figure 2(b) displays a typical bolometer type MEMS IR sensor
consisted of the absorber with embedded TCR material (or
diode) and the thermal-isolation structure. Similarly, the sus-
pended absorber, supported by the thermal-isolation struc-
tures, is designed to avoid the thermal loss. As IR is incident
on the sensor, the temperature of the absorber will rise, and
the TCR material or diode embedded in the absorber could
detect the temperature variation to determine the absorbed IR
intensity. The TCR material has been employed in various
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Figure 6. The schematic illustrations and SEM micrographs of the absorber material for thermoelectric IR sensor: (a) an umbrella-like
structure with the serpentine plate absorber [44], Reproduced from [44]. © IOP Publishing Ltd. All rights reserved. (b) Au-black [54], ©
[2011] IEEE. Reprinted, with permission, from [54] and (c) metamaterial [56, 57]. © [2020] IEEE. Reprinted, with permission, from [57].
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Figure 7. The schematic illustrations and SEM micrographs of the CMOS-MEMS bolometer IR sensors based on different absorber
material: (a) the high TCR N-wells [59], © [2003] IEEE. Reprinted, with permission, from [59]. (b) amorphous silicon layer [60], Reprinted
with permission from [60] and (c) poly-SiGe [63]. Reprinted with permission from [63].

CMOS-MEMS bolometers [59—63] to detect the temperat-
ure through the electrical resistance change. The approach
to employ the voltage drop of the diode to detect temperat-
ure has also been demonstrated in CMOS-MEMS bolometers
[64-66].

The metal and semiconductor films inherent in CMOS
platforms exhibit the TCR effect and can be exploited to
fabricate the TCR-based CMOS-MEMS bolometer [77]. As
shown in figure 7(a), the high TCR N-wells (N-type diffu-
sion done in P-type substrate) available in the CMOS platform
have been exploited in [59] by the ams 0.8 pm CMOS pro-
cess to implement the CMOS-MEMS microbolometer. The
N-wells are embedded in the suspended absorber structure

made of the BEOL dielectric layers. The electrochemical
etching-stop technique was employed to protect the N-wells
during the post-CMOS bulk silicon etching. As depicted in
figure 7(b), an additional amorphous silicon layer deposited
and patterned during the post-CMOS processes was exploited
by [60] to realize microbolometers on CMOS wafers. In this
case, the amorphous silicon layer acts as the absorber as well
as the TCR sensing material. Unlike the bulk micromachined
devices shown in figure 2, an additional sacrificial layer is
also required to suspend this surface micromachined sens-
ing structure. Similar post-CMOS processes are also used to
fabricate an additional vanadium oxide structure on a CMOS
chip for microbolometers [58]. In addition to the conventional
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Figure 8. The schematic illustrations of the Fabry—Pérot structures (with antireflective and mirror layers) on the bolometer IR sensors.

CMOS platforms, the Ge-doped poly-Si (poly-SiGe) avail-
able in bipolar CMOS (BiCMOS) platform could offer high
TCR, and hence has been employed as the temperature sensing
material for CMOS-MEMS bolometers [62, 63]. As indicated
in figure 7(c), the TCR-based poly-SiGe bolometer fabricated
by the imec BiCMOS platform showed excellent performance
[63]. Moreover, the surface micromachining on the CMOS
chip shown in figures 7(b) and (c) has been extended to add
the Fabry—Pérot structure on the bolometers to enhance the IR
absorption [60, 78] As shown in figure 8, in addition to the
TCR material, additional antireflective and mirror layers were
prepared for the CMOS chip in these designs.

As for the diode-based MEMS microbolometers, it is
straightforward to exploit the temperature dependence of
diode voltage for the measurement of absorber temperature.
As shown in figure 9(a), conventional p—n diodes available
in standard CMOS platforms were fabricated and integrated
with the suspended absorber to implement the CMOS-MEMS
microbolometers [64]. The electrochemical etching-stop tech-
nology presented in [59] is also required to protect p—n diodes
during the post-CMOS bulk-silicon etching. As displayed in
figure 9(b), to replace the relatively complicated electrochem-
ical etching-stop technology, the diode-based CMOS-MEMS
bolometers fabricated on the SOI wafer using the in-house
CMOS processes are presented in [65, 66].

2.3. Summary

As summarized in table 1, this section reviews two differ-
ent types of CMOS-MEMS IR sensors, which includes the
thermoelectric and bolometric types. With the contributions
of MEMS technologies, the suspended micromachined struc-
tures are realized by the post-CMOS processes to prevent the
thermal loss from Si substrate. Moreover, special structure
designs by using the BEOL layers of CMOS processes are
achieved to enhance the IR absorption as well as the thermal
resistivity of the sensor to increase the sensing signal. For
the thermoelectric type sensors, the existing CMOS layers are

exploited to realize the thermocouples, whereas for the bolo-
meter type sensors, several functional films (with high TCR)
not inherent in CMOS platforms are employed to improve the
performance. To further enhance the IR absorption, the large
area and metamaterial absorbers have also been developed
using the BEOL CMOS layers. These two additional absorbers
demonstrate the advantages of CMOS processes: to equip with
multi-layer thin films for flexible design, and to enable small
linewidth structures for special application. In general, the sus-
pended MEMS structures are designed for thermal isolation,
and are not required to deform or move. Therefore, the poten-
tial structural deformations caused by residual stresses or the
mis-match of thermal expansion coefficients can be mitigated.

3. Pressure sensors (barometers)

Pressure sensors are one of the earliest MEMS devices to be
developed and commercialized. In addition to the well-known
tire pressure monitoring, MEMS pressure sensors have also
been developed for sensing surrounding air pressure inform-
ation (or named MEMS barometer) [79-81] in a wide range
of applications. For example, due to the rise in consumer elec-
tronics, pressure sensors have been integrated onto wearable
devices such as smart watches [82] for measuring blood pres-
sure [83, 84], but have also been integrated with inertial sens-
ing units (accelerometers, gyroscopes and magnetometers) to
form the indoor navigation module in mobile phones [85, 86].
Due to the advantages mentioned in the Introduction, pressure
sensors developed using CMOS platforms have been heavily
reported in the recent literature. Most of the reported CMOS-
MEMS pressure sensors for environment monitoring are of
the absolute type [87-89]. As shown in figure 10, compared
to a differential pressure sensor, an absolute pressure sensor
utilizes a released structure capable of deforming during pres-
sure change, in combination with a sealed chamber that serves
both as space for structural deformation, but also as a refer-
ence for detecting pressure difference. As such, two important
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Figure 9. The schematic illustrations and SEM micrographs of the diode-based CMOS-MEMS microbolometer: (a) the p—n diodes on
CMOS platform [64] © [2008] IEEE. Reprinted, with permission, from [64], and (b) the p—n diodes on SOI-CMOS platform [66].

Reproduced from [66]. © IOP Publishing Ltd. All rights reserved.

design concerns regarding absolute type CMOS-MEMS pres-
sure sensors are the methods for fabricating the structure of the
device, and the sealing of the reference pressure chamber. It is
worth to note that the pressure of reference chamber is highly
dependent on the sealing process. Moreover, according to the
idea gas law for a sealed chamber:

PV = nRT, (1

where P, V and T are respectively the chamber pressure,
volume, and temperature, # is the gas molecules amount in the
sealed chamber, and R is the ideal gas constant, the chamber
pressure P may vary with the temperature 7, and AP (cham-
ber pressure variation) is proportional with n x AT (temper-
ature change). Thus, higher vacuum condition (smaller n) in
the sealed chamber could reduce the thermal drift.

The following discussions in this section will be dedic-
ated in reviewing absolute pressure sensors fabricated using,
or in combination with, the CMOS platform. The two most
commonly employed sensing mechanism for pressure sens-
ing, the capacitive and the piezoresistive type, will be separ-
ately reviewed. In addition, for the capacitive and piezoresist-
ive sub-sections, methods for fabricating the pressure sensor
structure and methods for sealing the reference pressure cham-
ber will be discussed.

1

3.1. Capacitive pressure sensors

The most common mechanism for CMOS-MEMS pressure
sensors is the capacitive sensing mechanism. In general, the
capacitive CMOS-MEMS pressure sensor is consisted of a
released flexible structure with embedded sensing electrodes,
a reference sensing electrode anchor to the substrate or fixed
to an undeformable structure, and the gap between the two
sensing electrodes. For this sensing scheme, when a pressure
load causes a deformation of the released flexible structure, the
change in gap distance between two sensing electrodes (i.e. the
gap-closing mechanism) will induce a capacitance variation.
In this regard, the flexible structure with embedded sensing
electrode and the sensing gap are important design concerns
to enhance the sensitivity of the device. Various approaches to
fabricate and seal the absolute type capacitive CMOS-MEMS
pressure sensor will be reviewed in this sub-section.

To begin with, most reported literature on capacitive
CMOS-MEMS pressure sensors is fabricated by directly using
the CMOS layers of the platform in combination with depos-
ition for sealing the pressure chamber. By this method, the
released flexible structure, sensing electrodes, electrical rout-
ings, and the sensing gap of the pressure sensor can all be fab-
ricated using the BEOL layers of the CMOS process [90]. As
shown in figure 11, by performing post-CMOS metal wet etch-
ing to remove the sacrificial metal layers, the flexible structure
of the pressure sensor can be successfully released. Additional
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Figure 10. The schematic illustrations of MEMS pressure sensors (barometers): (a) absolute type and (b) differential type.
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Figure 11. The schematic illustrations of the post-CMOS metal wet etching for sub-micro sensing gap fabrication and sealing chamber by

sealant.

structural designs may also be incorporated through the use
of multiple sacrificial metal layers and the connecting tung-
sten vias. Moreover, the sub-micron level sensing gap can be
achieved through this approach to enhance the sensitivity of
the capacitive pressure sensor. As indicated in figure 11, the
sealant is used to seal these pressure sensors, and different
films, for example parylene, metals or other materials, can
be deposited [87-96]. Note that the vacuum condition of the
sealed chamber is determined by the pressure of film depos-
ition chamber (for example: the chamber pressure is near 10 Pa
(~75 mTorr) if sealed by the parylene [8§7-89]) and the out-
gassing from chamber walls during subsequent processes.

In [91], a capacitive pressure sensor integrated with a ring
oscillator circuit was investigated, as shown in figure 12(a).
The device was fabricated using the TSMC 0.35 ym CMOS
process combined with in-house sacrificial layer etching to
release the flexible circular diaphragm with embedded sens-
ing electrode. The fabrication process was completed by seal-
ing the reference chamber using parylene. The ring oscillator
was integrated with the sensing device to convert the capacit-
ance signal into a frequency output. Using a similar approach,
the pressure sensor from a commercial 0.35 ym 2P4M pro-
cess in [92] was fabricated and also sealed with parylene.
The pressure sensor was integrated, on-chip, with a reference
capacitor and readout circuitry to form a fully differential
readout circuit. Similar fabrication and sealing processes by
parylene were also reported in [87-89], and additional struc-
tural designs were incorporated using the BEOL layers of the
TSMC 0.18 pm 1P6M CMOS process to enhance the per-
formance of the pressure sensors. In [87], a double deform-
able diaphragm structure was presented, which was realized
by releasing the fixed electrode to allow for deformation, as

shown in figure 12(b). This design enables a larger gap dis-
tance change between the two deformable sensing electrodes
during pressure loadings. This design was shown to effectively
enhance the sensitivity of the sensor by 2.9-fold. Furthermore,
a CMOS-MEMS corrugated diaphragm was reported in [88],
as shown in figure 12(c). Corrugated structures have been util-
ized in various devices to reduce the influence of thin film
residual stress for performance improvement [97-99]. There-
fore, novel layers stacking design was proposed in [88] to
implement the corrugated diaphragm to enhance the sensitiv-
ity performance of the pressure sensor by reducing the resid-
ual stress influence of the CMOS platform. Measurement res-
ults show a near 5-fold enhancement in sensitivity and an
effective release of diaphragm residual stress. Lastly in [89],
a mechanical force-displacement transduction structure was
designed to enhance the sensitivity performance, as shown in
figure 12(d). The mechanical force-displacement design was
also defined using the CMOS BEOL layers. The released sens-
ing electrode was supported by the deformable diaphragm
above through a connecting pillar. This design could avoid the
deformation of sensing electrode during pressure loadings to
increase the sensing capacitance. By using the CMOS plat-
form and parylene deposition, absolute type capacitive pres-
sure sensors have been successfully realized with dedicated
circuitry for sensing, or with novel structural design for per-
formance enhancement.

Other than using parylene for sealing the absolute pressure
sensor chamber, materials such as metal or other materials can
also be used, as shown in figure 13. As shown in figures 13(a)
and (b), pressure sensor fabricated from the SMIC 0.18 pym
CMOS process was sealed using evaporated aluminum [93].
The deformable structure of the pressure sensor was also
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Figure 12. The schematic illustrations and SEM micrographs of the sealing processes by parylene: (a) the flexible circular diaphragm
structure [91], Reproduced from [91]. CC BY 3.0. (b) The double deformable diaphragm structure [87], © [2020] IEEE. Reprinted,
with permission, from [87]. (c) The corrugated diaphragm structure [88]. © [2017] IEEE. Reprinted, with permission, from [88] and
(d) mechanical force—displacement transduction structure [89]. Reproduced from [89]. © IOP Publishing Ltd. All rights reserved.
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Figure 13. The schematic illustrations of the absolute pressure sensor sealed by depositing various materials: (a) Al [93], (b) TEOS [94],

(c) silicon dioxide [95] and fluorosilicate glass [96].

released by the post-CMOS sacrificial layer etching. It should
be noted that the sealing process (by evaporated Al) simultan-
eously serves to form the top sensing electrode of the capa-
citive pressure sensor, and the reference chamber pressure
could reach 4-8 x 1076 Torr. The pressure sensor is integ-
rated, on-chip, with an interface circuit for capacitance-to-
digital conversion for passive radio frequency identification
(RFID) applications. Furthermore, as shown in figure 13(b),
the sensor was implemented using the in-house CMOS and
post-CMOS processes, and the chamber was sealed using
deposited tetraethyl orthosilicate (TEOS) oxide with a pres-
sure of 0.4—0.5 Torr [94]. Similarly, using the CMOS BEOL
to define the pressure sensor structure [95, 96], have demon-
strated the sealing of the reference chamber using materials
such as silicon dioxide (with a chamber pressure of 6 mTorr)
and fluorosilicate glass (with a chamber pressure of 0.5 Torr),
both by the PECVD (plasma-enhanced chemical vapor depos-
ition) process, respectively shown in figure 13(c) and (d). The
CMOS processes used to define the pressure sensor struc-
ture [95, 96] were respectively the GLOBAL-FOUNDRIES
(GlobalFoundries Inc., USA) 0.18 pm CMOS process, and
the 8 M 130 nm IBM (International Business Machines Corp.,
USA) CMOS process.

From the previous literature, it can be seen that many abso-
lute CMOS-MEMS pressure sensors are fabricated through
the etching of CMOS layers, and sealed by depositing various
different materials. In fact, the wafer bonding approaches, as
shown in figure 14, offer a simple solution to fabricate absolute

CMOS-MEMS pressure sensors. In [100] (figure 14(a)), the
structure of the pressure sensor was defined using the inher-
ent thin films of the TSMC 2P4M CMOS process. For post-
CMOS processes, the deep reactive ion etching (DRIE) pro-
cess was first used to back-side etch the silicon substrate
of CMOS chip, followed by the sensing diaphragm defini-
tion using the metal wet etching. Thus, sensors of different
sensitivity and sensing range can be achieved by varying the
stacking of metal and dielectric layers. This is the advantage
contributed by the multi-layers CMOS process. Although the
vacuum sealing is not demonstrated in [100], it is straightfor-
ward to realize the absolute pressure sensor when perform-
ing the wafer bonding in vacuum chamber. The combination
of using silicon bulk etching with bonding process to form
the absolute CMOS-MEMS pressure sensor was demonstrated
in [101]. In this study, the CMOS circuitry and structurally-
defined pressure sensing diaphragm were fabricated using the
CMOS process on a silicon wafer. Then, the etched silicon
wafer was (flip-chip) bonded onto a glass wafer with cavity,
as shown in figure 14(b). The cavity on glass could ensure a
better vacuum sealing of the two bonded wafers. Moreover,
the backside silicon etch was used to release the sensing dia-
phragm. These two studies show two different process techno-
logies to fabricate CMOS-MEMS pressure sensors: the bond-
ing process rather than deposition process was used to form
the reference pressure chamber; the backside silicon etching
rather than sacrificial layer etching was used to release the
structures.
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Figure 14. The schematic illustrations of the absolute pressure sensor sealed by bonding technique: (a) bonding with Pyrex glass [100] and
(b) anodic bonding [101]. (b) © [2002] IEEE. Reprinted, with permission, from [101].
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Figure 15. The schematic illustrations of the piezoresistive pressure sensors: (a) the backside and (b) front side Si bulk micromachining.

3.2. Piezoresistive pressure sensors

Another sensing mechanism employed for CMOS-MEMS
pressure sensor is the piezoresistive type mechanism. The
inherent poly-Si layers in CMOS platforms exhibit reasonable
gauge factor [102], and hence could be adopted as the sensing
material to realize the CMOS-MEMS piezoresistive pressure
sensors. By using the available CMOS layers combined with
post-CMOS processes such as sacrificial layers etching, and
bulk silicon etching, the deformable suspended structures with
embedded piezoresistive (poly-Si) films can be fabricated. The
piezoresistive type pressure sensor is realized after the CMOS-
MEMS chip is bonded to seal the pressure chamber. As the
suspended CMOS-MEMS structure deformed by the pressure
load, the resistance of the embedded poly-Si will be changed.

Thus, the pressure is detected by the induced resistance change
of the piezoresistive material.

The conventional process technologies to fabricate micro
piezoresistive pressure sensors on Si substrate using bulk
micromachining and bonding [103] can be applied to imple-
ment counterparts on a CMOS wafer [104, 105]. As shown
in figure 15(a), the backside Si bulk micromachining is per-
formed on the CMOS chip (with sensing circuits, poly-Si
piezoresistors, and electrical routings prepared by CMOS
processes) to define the thickness of the deformable dia-
phragm for pressure sensor. Note bonding process is required
to form the reference pressure chamber. The concept has
been demonstrated in [104] by adopting the 0.6 pm standard
CMOS process from ams foundry to implement the piezores-
istive CMOS-MEMS pressure sensors with circuitry. Another
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Figure 16. The schematic illustrations of the piezoresistive pressure sensors by different structure and platform: (a) clamped membranes

and (b) seashell diaphragm.

approach is shown in figure 15(b), where the CMOS chip
(including sensing circuits, poly-Si piezoresistors, and elec-
trical routings prepared by the CMOS processes) was car-
ried out on a thinned Si wafer (to achieve appropriate dia-
phragm thickness) that is bonded to another Si wafer (with
bulk micromachined cavity) to realize the pressure sensor. In
this case, the bonding process is used to avoid a large cavity
on pressure sensing chip [105]. The bonding of the two wafers
will complete the sealing of the reference pressure chamber.
As reported in [105], the X-FAB 1.0 yum CMOS platform has
been exploited to demonstrate the CMOS-MEMS piezoresist-
ive pressure sensor shown in figure 15(b).

In addition to the bulk Si micromachining on CMOS chip,
the CMOS-MEMS piezoresistive pressure sensors have also
been implemented using different approaches [106, 107].
In [106], a CMOS-MEMS piezoresistive pressure sensor
integrated with on-chip sensing circuit fabricated using the
Semefab 2P1M CMOS process on SOI wafer was reported, as
shown in figure 16(a). The deformable membrane of the pres-
sure sensor is fabricated using the device silicon layer of SOI
wafer; and the poly-Si layers of the CMOS process act as the
piezoresistive sensing material. The structure is released from
substrate by backside DRIE, and the reference chamber can be
achieved after the bonding. Moreover, the CMOS layers can
also be directly used as sacrificial layers to release the deform-
able structure [107]. As displayed in figure 16(b), after com-
bining the etching of sacrificial metal layers and bulk Si, the
‘seashell’ diaphragm design can be achieved to reduce its stift-
ness to enhance the sensitivity of CMOS-MEMS piezoresist-
ive pressure sensor. Note that gelatin is used to seal the etching
release holes on diaphragm, yet the sealing process remains a
concern for this design. Thus, the thin film deposition to seal
the reference pressure chamber is required to realize the abso-
lute pressure sensor.

3.3. Summary

Numerous different types of CMOS-MEMS pressure sensors
were reviewed in this section, as summarized in table 2. By
exploiting the BEOL layers of CMOS processes, including
metal, dielectric, and poly-Si films, various CMOS-MEMS
capacitive and piezoresistive pressure sensors have been
demonstrated. In addition to following the design rules and
employing the inherent materials in the standard CMOS pro-
cesses, these studies also develop novel post-CMOS processes

to fabricate different CMOS-MEMS pressure sensors. For
example, the pressure sensors with different flexible deform-
able structures such as the circular, rectangular, corrugated,
trenched plates have been developed, and various capacitive
sensing schemes such as the single and dual deformable plates
with embedded sensing electrodes and so on are also demon-
strated. Moreover, the pressure sensors used for environmental
sensing are typically the absolute type pressure sensor, and
hence the wafer bonding or thin film (parylene, metals, silicon
dioxide, etc) deposition processes were demonstrated to seal
the reference pressure chamber. It is worth to note the CMOS
process is a promising approach to realize the capacitive type
pressure sensors since the sub-micron gaps for capacitive sens-
ing and multi-layers for complicated electrical routings can
be achieved. On the other hand, due to the constraint of the
location of the available piezoresistive material in the CMOS
platform, it is vital to incorporate front-side/back-side silicon
bulk etching and/or bonding processes to release the pressure
sensing diaphragm. The CMOS-MEMS pressure sensor of dif-
ferent sensing mechanisms, such as the magnetoresistive type,
can also be achieved by depositing other functional materials
[108].

4. Humidity sensor and temperature sensor

Humidity sensors can convert surrounding humidity informa-
tion into electrical signals. Most reported literature and com-
mercial humidity sensors measure relative humidity, which is
the ratio of the actual vapor pressure of air to the saturation
vapor pressure under a certain temperature. Due to the fact that
the saturation vapor pressure of water is a function of temperat-
ure, relative humidity sensing will be affected by temperature
[109]. As such, in application, the temperature information is a
necessity to properly determine the relative humidity. To date,
the commercially available conventional humidity sensor is
either made with a dry-wet bulb temperature sensor or the hair
tension transducer which can stretch and shrink upon humid-
ity level changes [110]. Despite their ease of manufacture
and availability on the market, conventional sensors are bulky
and imprecise, limiting their adoption for wider applications.
Therefore, various MEMS technologies have also been invest-
igated and developed to design and fabricate micro humid-
ity sensors. The sensing mechanisms include resistive type
[111-113], capacitive type [88, 109, 114—124], piezo-resistive
type [125] and resonance type [126, 127], etc.
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Figure 17. The schematic illustrations and SEM micrographs of MEMS humidity sensor [118]. © [2014] IEEE. Reprinted, with permission,

from [118].

This section will review the CMOS-MEMS humidity
sensors and their monolithic integration with thermometer
as well. The basic structure of a CMOS-MEMS humidity
sensor includes the water vapor sensitive materials that absorb
external water vapor combined with a specially designed
sensing structure. Various CMOS process platforms com-
bined with appropriate post-CMOS fabrication techniques
have been exploited to realize resistive type [113], capacit-
ive type [116—124], and resonant type [126, 127] humidity
sensors. Due to the advantages of multi-layer stacking and
submicron level linewidths of CMOS processes, the CMOS-
MEMS approach has been most commonly utilized to fab-
ricate capacitive type humidity sensors. Additionally, a more
comprehensive measurement of relative humidity sensor by
integrating the humidity sensor with temperature sensor on a
single chip can be achieved by the CMOS-MEMS technolo-
gies [88, 117, 122]. The following sub-sections will focus on
capacitive humidity sensors of different sensing materials and
structures design [116—124], and also provide a brief review
for the CMOS-MEMS resistive [113] and resonant [126, 127]
type humidity sensors.

4.1. Capacitive

Figure 17 displays a typical capacitive humidity sensor con-
sisted of sensing electrodes and sensing material. In general,
the sensing material will absorb water vapor which will fur-
ther change its dielectric constant. Thus, the humidity can be
detected by the capacitance change of sensing electrodes. By
exploiting the existing BEOL thin film layers of the CMOS
processes and design rules of the CMOS processes, different
sensing electrodes can be designed and fabricated using post-
CMOS processes, and then the water vapor sensing materi-
als can be filled into the sensing electrodes. Generally speak-
ing, the design concerns for humidity sensors may include
the response time, and sensitivity [109, 111-127], etc. The
response time indicates how fast the sensor can detect two dif-
ferent humidity levels. As a result, different sensing-electrode
designs and water vapor sensing materials are developed to
enhance the performances (i.e. response time, sensitivity, etc)
of capacitive humidity sensors. This sub-section will review
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the articles concerning the sensing materials first, and then the
design of sensing electrode structures.

4.1.1 Water vapor sensing material.  Since polyimide is
a compatible material for the CMOS process, it is one of
most common sensing material for CMOS-MEMS capacit-
ive humidity sensors [88, 116, 117, 120-123]. Polyimide can
absorb water vapor due to its morphological structure [128].
Since the dielectric constant of polyimide before and after
water vapor absorption will drastically change, the output
capacitance signal of the humidity sensor will vary with the
level of water vapor absorbed by the polyimide [109]. How-
ever, as mentioned in [128], the diffusivity of water through
polyimide will be heavily influenced by fabrication condi-
tions and functional groups. Different methods for filling the
polyimide have been demonstrated, for example by using dis-
pensing [88, 116, 117, 121, 122], or by wafer level coat-
ing [120, 123]. In addition to polyimide, other water vapor
sensing materials have been investigated due to their bet-
ter diffusion coefficients or hygroscopic nanostructures, for
example the RF-aerogel [118, 119], and the polypyrrole [124].
In [118, 119], RF-aerogel is an alternative water vapor sensit-
ive polymer that exhibits high porosity, and as [124] reported,
polypyrrole also has porous nanostructure. Therefore, both
materials could accelerate the absorption of water vapor to
enhance the response time of humidity sensors. Furthermore,
RF-aerogel has a low dielectric constant, which could provide
higher capacitance changes upon water vapor absorption/
desorption [118, 119]. However, different drawbacks for these
materials limit their wider use in CMOS-MEMS humidity
sensors. For instance, even though the RF-aerogel has a bet-
ter water diffusivity performance compared to the commonly
used polyimide, it is relatively harder to prepare, due to the
need for the sol-gel method and supercritical fluid drying dur-
ing preparation [118].

4.12. Sensing electrode structure. ~ As mentioned, com-
bined with appropriate post-CMOS fabrication techniques,
various high-performing sensing electrode structure designs
for capacitive type CMOS-MEMS humidity sensors can be
implemented using the available metal layers of the CMOS
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Figure 18. The schematic illustrations of the oxide pillars structure
in the humidity sensors.

platform. The first common electrode structure design is the
vertical parallel plate (VPP) design [116-119], as shown in
figure 17. The VPP electrodes are implemented by remov-
ing one or two sacrificial metal layers, by which the space
between the two out-of-plane parallel plates can be fabric-
ated. The CMOS platform could offer two advantages for
this design. Firstly, a small (sub-micron) sensing gap between
VPP electrodes can be achieved by using the CMOS plat-
form to enhance the sensitivity of capacitive humidity sensors.
Secondly, the sensing area and electrical routings needed for
this design can be accomplished through the metal layers of
the CMOS platform. However, due to the thin film resid-
ual stresses of the CMOS-platform, warpage of the released
electrode may potentially occur [129, 130]. To compensate
this problem, supporting oxide pillar structures were used
to enhance structural rigidity of the suspended electrodes
[116-119], as shown in figure 18. Besides, the aspect ratio of
the gap (W/d in figure 17) for VPP electrodes must be con-
sidered to properly fill in the water vapor sensitive materials
[116-119].

The second commonly employed electrode structure design
for the capacitive CMOS-MEMS humidity sensor is the
interdigitated electrode (IDE), as displayed in figure 19(a).
Figure 19(b) depicts the cross-section of a typical IDE humid-
ity sensor. In this design, the sensing material is deposited
on the CMOS chip with patterned metal electrodes to detect
humidity via fringe capacitance change [123], as indicated by
dashed lines in the figure. Figure 19(c) shows another typical
design based on the IDE architecture. In this design, the par-
allel electrodes consisted of the CMOS BEOL metal layers
and via were patterned after removing sacrificial layers dur-
ing post-CMOS processes. After that, the sensing material was
filled into the gap between parallel electrodes to implement
the sensor [120-122, 124]. Compared with the VPP design,
such IDE electrodes have a more direct filling path for water
vapor sensitive material, and since no released structures are
required, the issue of residual stresses of the CMOS-platform
can be minimized. To pursue a faster response time for the
design in figure 19(c), the use of front side silicon substrate
etching [121] and double side post-CMOS processes [122]
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have been demonstrated. As shown in figure 20, after the IDE
is defined by dielectric layer etching, the silicon substrate was
removed by DRIE and isotropic etching to release the elec-
trodes [121]. This enables the vapor to diffuse from the top, as
well as the bottom of the sensing electrode, effectively enhan-
cing the response time of the sensor. As shown in the cross
section view in figure 21, the similar concept to reduce the
response time has been adopted by the humidity sensor fabric-
ated using a double side post-CMOS etching processes [122].

Moreover, as demonstrated in [117], the post-CMOS
micromachining on a CMOS chip prepared by the TSMC
0.18 um 1P6M processes could be exploited to integrate a
resistive-type temperature sensor and a humidity sensor with
VPP sensing electrodes for relative humidity measurement.
The same CMOS platform could also be leveraged to fab-
ricate and integrate a diode-type temperature sensor with the
IDE sensing electrodes humidity sensor in [122], as shown in
figure 21. In summary, the resistive-type or diode-type ther-
mometer are easily fabricated using standard CMOS process,
and hence can be further integrated with the CMOS-MEMS
humidity sensor to achieve a compact module for relative
humidity sensing.

4.2. Other sensing types

Apart from the aforementioned capacitive humidity sensors,
several other sensing mechanisms have been utilized to design
humidity sensors and have been further implemented using the
CMOS platform. More specifically, the resistivity and piezo-
resistivity of the poly-Si film inherent in the CMOS-platform
have also been utilized to develop humidity sensors of other
sensing types. For instance, as shown in figure 22(a), nanowire
WOj; prepared by sol-gel method, was adopted as the humidity
sensing material, and this water vapor sensitive material was
coated inside a micro-machined cavity (on top of the oxid-
ized poly-Si layer) after the post-CMOS process [113]. To
detect the humidity level changes, the poly-Si (on a CMOS
chip prepared by the TSMC 2P4M processes), which acts as
the sensing resistor, undergoes resistance changes when the
sensing film adsorbs or desorbs water vapor. Moreover, the
resonant type CMOS-MEMS humidity sensor were demon-
strated in [126, 127]. As displayed in figure 22(b), the poly-
silicon electro-thermal actuated cantilevers, are fabricated on
a chip prepared using the ams standard CMOS process, and
then coated with polyimide [126]. The CMOS-MEMS canti-
lever acts as a resonator for humidity sensing. As water vapor
is absorbed by the polyimide, the mass of the resonator will
change, which further leads to a change in resonating fre-
quency that can be detected by the poly-Si piezo-resistor. In
short, the humidity sensing is achieved by measuring the res-
onant frequency change of the cantilever. A similar concept
was also demonstrated in [127] by coating MgF,, a hygro-
scopic porous water vapor sensitive material, on a cantilever
structure fabricated during the post-CMOS process. The poly-
Si resistors are also used to detect the deflection of the canti-
lever structure. When the mass of sensing film changes due to
humidity level variations, the resonant frequency of the oscil-
lating micro cantilever also changes.
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Figure 19. The schematic illustrations of the interdigitated electrode (IDE) structure design for the capacitive CMOS-MEMS humidity

sensor: (a) top view and (b)—(c) cross section view.

Water vapor Sensing
sensitive electrode
materials

A A

, ‘ Capacitor

Figure 20. The schematic illustration and SEM micrograph of the CMOS-MEMS capacitive humidity sensors using dielectric layer
etching, DRIE and isotropic etching to release the electrodes [121]. © [2009] IEEE. Reprinted, with permission, from [121].

4.3. Summary

This section reviewed CMOS-MEMS humidity sensors fab-
ricated using various CMOS and post-CMOS processes, as
summarized in table 3. The review indicates that the most
common sensing mechanism for CMOS-MEMS humidity
sensors is the capacitive type [116-124], and the response
time and sensitivity are two typical indexes for performances.
In this regard, the sensing materials and sensing electrodes
are two major design concerns to enhance the performances
of capacitive type humidity sensors. The CMOS compatible
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polyimide is the primary water vapor sensing material for
CMOS-MEMS capacitive humidity sensors [88, 116, 117,
120-123]. Other materials such as RF-aerogel [118, 119] and
polypyrrole [124] have been studied to improve the response
time. In addition, based on the available CMOS platform and
the development of the post-CMOS processes, different sens-
ing electrode designs (including the VPP [116-119], and IDE
[121-123]) are demonstrated to enhance the response time
and sensitivity. Moreover, the CMOS process containing the
poly-Si layer as the piezo-resistive material together with the
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Figure 21. The schematic illustration and SEM micrograph of the CMOS-MEMS capacitive humidity sensors using double side
post-CMOS etching processes [122]. © [2020] IEEE. Reprinted, with permission, from [122].
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Figure 22. The schematic illustration and SEM micrograph of the other sensing types of humidity sensors: (a) resistivity [113] and (b)
resonant type [126]. (b) Reproduced from [126]. © IOP Publishing Ltd All rights reserved.

post-CMOS micromachining technologies could be used to
fabricate deformable and movable mechanical structures. As
a result, CMOS-MEMS humidity sensors with the resistive
type [113] and resonant type [126, 127] sensing mechanisms
have also been investigated. Since the information of ambi-
ent temperature is required to determine the relative humidity,
the CMOS-MEMS technology further showed its advantage
of monolithically integrating the thermometer and humidity
sensor on a single chip [88, 117, 122].

5. Gas sensors

The semiconductor and MEMS technologies could enable the
size and cost reduction for gas sensors and further enlarge
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their applications. Many different sensing mechanisms, such
as the chemo-resistive [131, 132], electrochemical [133, 134],
FET (field effect transistor) [135, 136], optical [137, 138],
calorimetric [139], capacitance-based [140, 141], resonant
[142], SAW (surface acoustic wave) [143], GC (gas chro-
matography) [144], holographic [145] and so on, have been
exploited to develop miniaturized micromachined gas sensors.
Presently many commercial gas sensors have been demon-
strated using the MEMS technologies [146, 147]. By lever-
aging the post-CMOS micromachining processes [90, 130]
and further depositing sensing materials, various gas sensors
with monolithically integrated sensing circuits have also been
realized using the CMOS platform. For example, as shown
in figure 23(a), the CMOS-MEMS GC SoC in [144] con-
sists of the chemo-resistive gas sensing unit and various signal
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Figure 23. The schematic illustration of (a) uGC chip and [144] (b) electrochemical sensor chip [148]. (a) © [2016] IEEE. Reprinted, with
permission, from [144]. (b) © [2018] IEEE. Reprinted, with permission, from [148].
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Figure 24. The schematic illustration and SEM micrograph of the typical chemo-resistive type gas sensor: (a) anisotropic Si etching by
Ethylene diamine-pyrocatechol-water (EDP) [156] and (b) isotropic Si etching by XeF, [157, 158]. (a) © [1993] IEEE. Reprinted, with
permission, from [156]. (b) Reproduced from [157]. CC BY NC-ND.

processing circuits such as the calibration circuit, analog to
digital converter, the micro-control unit, and so on. Another
example is the CMOS-MEMS gas sensor with potentiostat and
amperometric readout, as displayed in figure 23(b) [148]. The
gas sensors with the characteristics of multi-sensing and small
size have also been commercialized by the CMOS-MEMS
platform [149]. Moreover, the inherent materials for CMOS
processes can be exploited to fabricate the necessary com-
ponents of the gas sensor (such as the heater, thermometer,
thermos-isolation structure, etc.), and the CMOS platforms
can also provide the capability of integrating gas sensors with
readout circuits to form monolithic sensing systems. Thus, the
CMOS-MEMS technology is a promising approach for realiz-
ing environmental gas sensors. This section of the review will
firstly exhibit the most common CMOS-MEMS gas sensors
(the chemo-resistive type), and then followed by a brief dis-
cussion for other types of CMOS-MEMS gas sensors.
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5.1 Chemo-resistive type gas sensor

The typical chemo-resistive type gas sensor, as shown in
figure 24(a), consists of the following main components: gas
sensing film, heater/hotplate, and electrode. The CMOS plat-
forms offer available materials to fabricate the heater/hotplate
and electrodes, yet the additional material (typically the metal-
oxide semiconductor materials) is required to serve as the gas
sensing film. The post-CMOS micromachining processes are
used to define the shape of the structures (with embedded elec-
trodes) to accommodate the gas sensing films and also to fab-
ricate the cavity on the Si substrate for thermal-isolation. In
addition, the metal-oxide sensing film is also deposited by
the post-CMOS processes. The electrical resistivity of metal-
oxide semiconductor sensing films will change when adsorb-
ing (or desorbing) gas molecules, so the gas concentration can
be detected through the variation of resistance [150-153]. The
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Figure 25. The schematic illustration and SEM micrograph of the chemo-resistive type gas sensor by novel heater design [159]. © [2019]

IEEE. Reprinted, with permission, from [159].

heater/hotplate is used to define the operating temperature and
to enable the temperature to be evenly distributed to increase
the sensor’s selectivity of target gas [154, 155], and the elec-
trodes are utilized to readout the resistance change. Thus, the
performance of gas sensors highly depends on the structure
design for thermal management and the sensing film.

The structure design for chemo-resistive gas sensors is rel-
atively simple, which may include the design of heater and
hotplate for heating, and the design of Si cavity for thermal-
isolation. The poly-Si with its higher melting point is exploited
to fabricate the heater, and the CMOS BEOL layers (metal
and dielectric films) are used to define the electrodes and other
required components. The metal layer with its higher thermal
conductivity has also been used to fabricate the hotplate to
improve the temperature uniformity during heating. In addi-
tion, to enhance the temperature control and the power con-
sumption, the thermal isolation of sensor is a critical con-
cern for structure design. Such gas sensing architectures are
demonstrated in various designs. As shown in figure 24(a),
the CMOS-MEMS gas sensor is fabricated on a CMOS chip
prepared through the MOSIS foundry service [156]. The post-
CMOS anisotropic bulk Si etching is used to release the sensor
from the substrate for thermal isolation. Moreover, the sensing
elements, including the heater, hotplate, electrodes, and sens-
ing materials are supported by four beams to further reduce
the thermal loss through the anchors. The heater is realized
by using the oxide encapsulated poly-Si. The aluminum lay-
ers partitioned by the dielectric films are respectively used
as the hotplate, the temperature sensor (TCR-based), and the
electrodes/electrical routings. Thus, the sensor operating tem-
perature as defined by the heater can be monitored by the
TCR-based sensor. These layers (poly-Si, aluminum, dielec-
tric layers) are all inherent materials in this CMOS process.
However, the gas sensing materials are typically not avail-
able in the standard CMOS platforms. In this case, an addi-
tional thin film deposition is required in the post-CMOS pro-
cess to prepare the SnO, gas sensing layer. More details about
the deposition processes for sensing materials will be dis-
cussed later. In terms of thermal isolation, the post-CMOS
isotropic Si etching process (by XeF,) is employed in [157,
158] to release the sensor from the substrate, as shown in
figure 24(b). The CMOS chip is fabricated by the ams 0.35 pm
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standard CMOS process. Note that the sensor consists of mul-
tiple layers with different coefficient of thermal expansion
(CTE), hence the thermal deformation of suspended struc-
ture under high temperature operation is a design concern.
Moreover, the temperature elevation may cause the resist-
ance change of metal electrodes to influence measurement
results.

To properly manage the thermal influences, the heater is
an important design consideration. Figure 25 displays a gas
sensor integrated with a heater of novel design [159]. The
CMOS chip is fabricated by the TSMC 0.35 pm 2P4M stand-
ard CMOS process. As compared with [160], this design has
no contact between the heater and the interdigitated electrodes
so as to avoid thermal influences during sensing. Moreover,
this design also shortens the length of heater to reduce the res-
istance and power consumption. Note that the power consump-
tion can be further reduced by suspending the sensor through
bulk Si etching. In addition to poly-Si, the tungsten metal lay-
ers (acting as interconnect of circuits in CMOS BEOL) with
high melting point have also been employed in [161] to fab-
ricate the heater and hotplate of CMOS-MEMS gas sensor,
as shown in figure 26(a). This gas sensor is fabricated by
the X-FAB SOI-CMOS processes together with a post-CMOS
backside DRIE Si etching for thermal isolation. The insu-
lator of the SOI wafer serves as the etching stop layer for
DRIE. Note that to pattern the tungsten layer for heater or
hotplate may violate the design rules for some CMOS plat-
forms. Figure 26(b) shows another novel heater design real-
ized using the MOSFET array rather than the patterned poly-
Si layer [162]. The MOSFET heater could reach a high tem-
perature of 550 °C with a low power consumption of 16 mW
and a fast thermal time constant of <10 ms. This gas sensor is
also fabricated by the X-FAB SOI-CMOS processes and the
post-CMOS backside Si etching. Thus, the MOSFET heater
is implemented using the device Si layer of SOI. Note that
by employing the tungsten and Si layers to form the heater
[161, 162], the thermal drift caused by high temperature heat-
ing could be suppressed.

The selection of the sensing material for CMOS-MEMS
gas sensors is another critical design concern. Major consid-
erations for material selection are the thermal and deposition
issues of the sensing film. Most of the gas sensing films are
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Figure 26. The schematic illustrations of the CMOS-MEMS chemo-resistive type gas sensors based on different heating materials: (a)
tungsten heater and (b) ring MOSFET [162]. (b) Reprinted from [162], Copyright (2007), with permission from Elsevier.

not the inherent materials in the CMOS platform. These sens-
ing materials typically need high annealing and operating tem-
peratures. Since the chips fabricated by the CMOS platforms
cannot sustain long-time high-temperature heating due to the
thermal budget of the metal layers, it is important to select
appropriate sensing materials that are CMOS-compatible.
Presently, many metal-oxide semiconductor materials have
been developed for gas sensors [163], such as SnO, [164],
ZnO [165], TiO, [166], WO5 [167], In,O5 [168], etc, and
the annealing and operating temperature of these materials
vary, falling between 250°C and 550°C [169]. Therefore,
some commonly used sensing materials, such as WO;, are
not acceptable for use in CMOS-MEMS gas sensors due to
their high annealing/operating temperatures. Among the afore-
mentioned sensing films, the SnO, fulfills the thermal budget
limit of the CMOS platform, and is therefore commonly used
as the material for CMOS-MEMS gas sensors. Thus, this
review will introduce various technologies, including the sput-
tering, spray pyrolysis, or drop casting, to deposit the SnO,
as the sensing material for CMOS-MEMS gas sensors. The
sputter deposition approach is employed in [156] to prepare
the SnO, sensing material on the CMOS-MEMS chip, as
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depicted in figure 24(a). This study also indicates that the
grain sizes as well as the film properties of SnO, are influ-
enced by the processing temperature, so that the heater on this
sensor can be applied to modify the deposited film. Moreover,
the spray pyrolysis technology was used to deposit the SnO,
on the CMOS-MEMS chip [170]. As shown in figure 27(a),
this deposition method could achieve a good coverage on
the CMOS-MEMS chip with a step height of ~3 pm. The
photolithography and Ar ion etching processes have been
employed to pattern the SnO, sensing film after the post-
CMOS spray pyrolysis deposition [156, 158]. Finally, the drop
casting method is considered as a solution to deposit the sens-
ing film when the process temperature exceeds the acceptable
thermal budget of the CMOS chip. For example, as reported in
[159, 160], the sensing material (SnO,-ZnO) was synthesized
using hydrothermal synthesis method with a maximum pro-
cess temperature of 700 °C which exceeds the thermal budget
of CMOS chip. By adopting drop casting, the sensing material
can be easily deposited on the CMOS-MEMS chip, as shown
in figure 27(b). However, it should be noted that the drop cast-
ing process cannot achieve batch fabrication and the patterning
of the sensing material.
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Figure 27. The SEM micrograph of different deposition method: (a) spray pyrolysis [170] and (b) drop casting [159]. (a) Reproduced from

[170], CC BY NC-ND, and (b) Reproduced from [160]. CC BY.

5.2. Other sensing types

Apart from the aforementioned chemo-resistive approach, dif-
ferent sensing mechanisms to realize the CMOS-MEMS gas
sensors have also been demonstrated. As reported in [148],
the post-CMOS processes is illustrated in figure 28(a), which
includes the deposition/patterning of Au/Ti electrode layers
on a CMOS chip with sensing circuits, and then the cast-
ing of room-temperature-ion-liquid (RTIL) to realize the elec-
trochemical type oxygen gas sensor. Due to the elimination
of wiring parasitic and environmental noise, such CMOS-
MEMS oxygen sensor with monolithically integrated sens-
ing circuits shows an improvement in both response time
and limit of detection. Moreover, as reported in [171, 172],
the ZnO nanorod layer fabricated by the post-CMOS process
was used as the sensing material to achieve FET type gas
sensors. As shown in figure 28(b), the ZnO nanorods layer
was deposited using the hydrothermal method to connect the
interdigitated electrodes (including the control and the float-
ing electrodes) on the CMOS chip. Based on the IR or the
fluorescence quenching detections, the optical type CMOS-
MEMS gas sensors have also been demonstrated in [173—-175].
As reported in [173], the IR emitted from a light source can be
absorbed by the target gas, and hence the gas concentration can
be detected by the decayed intensity of IR. In addition to the
IR emitter, the CMOS-MEMS thermopile reported in [176] is
employed to act as the IR detector. The other optical type gas
sensor is based on fluorescence quenching [174, 175], as dis-
played in figure 28(c). When the light emitted from the light
source excites the sensing material, fluorescence will be pro-
duced. The target gas acts as the quencher to inhibit the intens-
ity of fluorescence, and hence the gas concentration can be
detected by measuring the fluorescence intensity. In [174, 175]
the post-CMOS etching on a CMOS chip (standard TSMC
0.35 pm 2P4M process) was used to fabricate the optical gas
sensor. The volume of the optical gas sensor can be reduced by
the heterogeneous integration of the light emitting LED with
the CMOS-MEMS chip.

5.3. Summary

This section shows CMOS-MEMS gas sensors fabricated
using various CMOS and post-CMOS processes, as indicated
in table 4. In addition to the most common chemo-resistive
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type gas sensors, several counterparts of different sensing
mechanisms (including the electrochemical, FET, and optical)
have also been discussed. Typically, the performances, such
as the sensitivity and power consumption of chemo-resistive
type gas sensors, are highly dependent on the sensing materi-
als and heater designs. The inherent materials in CMOS pro-
cesses offer the necessary films to fabricate the heater, hot-
plate, and electrodes of the chemo-resistive type gas sensors,
and the MEMS bulk Si etching processes could realize the
thermal-isolation cavity to further enhance sensor perform-
ances. Similar to the humidity sensors, the suspended struc-
tures of the gas sensors are fully or mostly anchored to the Si
substrate. The un-wanted deformation by the residual stresses
of CMOS BEOL films [129] and the CTE mismatch of the
metal and dielectric films [129] have minor influences on the
performances of CMOS-MEMS gas sensors. However, due to
the frequent operating at low-high temperatures, the reliability
of the structures consisted of multiple layer composite films
could be a concern. The SnO, is one of the popular metal-
oxide semiconductor sensing materials for chemo-resistive
type gas sensor, and thermal budget is a critical concern for
the post-CMOS deposition of sensing films. In addition, it
is not straightforward to deposit the sensing materials using
the batch fabrication process. On the other hand, no suspen-
ded thermal-isolation structures are required for the electro-
chemical, FET, and optical CMOS-MEMS gas sensors, these
sensors have minor impact by the CTE mismatch and residual
stresses of thin films [129].

6. Environment sensing hub

The integration of multiple sensors to form a sensing unit
could offer more robust and comprehensive information
for users. For instance, the inertial module consisted of
the accelerometer, gyroscope and magnetometer has been
demonstrated by the industry [177]. Through the fusion of
different sensing signals received from these sensors, more
accurate motion sensing can be achieved to fulfill require-
ments of indoor navigation, gesture recognition, etc. Note
that the sensors in [177] are integrated by using packaging to
offer a compact sensing module. Similarly, for environmental
monitoring, useful information can also be achieved by fus-
ing the sensing signals received from different environment
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Figure 28. The schematic illustration and SEM micrograph of the other sensing types of gas sensors: (a) electrochemical type [148]. (b)
FET type [171, 172] and optical type [175]. (a) © [2018] IEEE. Reprinted, with permission, from [148]; (b) © [2018] IEEE. Reprinted, with
permission, from [171]; (c) © [2019] IEEE. Reprinted, with permission, from [175].

sensors. Moreover, the integration of sensing information is
required for some applications, for example, as mentioned
in section 4, the temperature measurement is needed for the
humidity sensor to determine the relative humidity [117]. One
of the advantages of CMOS-MEMS technology is to enable
the monolithic integration of various sensors and their sensing
circuits on a single chip to realize an even more compact sens-
ing module. In this section, a few examples will be introduced
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to show the possibility of sensor integration to form the envir-
onment sensing hub.

As reported in [122], the standard TSMC 0.18 um 1P6M
CMOS platform together with the double-side post-CMOS
micromachining processes have been developed to imple-
ment the environment sensing hub. Figure 29(a) displays the
environment sensing hub consisted of the humidity, pressure,
and temperature sensors. The backside silicon etching could
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Figure 29. The schematic illustration and micrograph of the environment sensing hub: (a)-(b) the environment sensing hub consisted of the
humidity, pressure, and temperature sensors [88, 122]. (a) © [2020] IEEE. Reprinted, with permission, from [88]. (b) © [2020] IEEE.

Reprinted, with permission, from [122].

enable the diffusion of vapor from both sides of polyimide
to reduce the response time of humidity sensor, as discussed
in section 4 [122]. The backside silicon etching also creates
the chamber volume for the pressure sensor, as mentioned in
section 3 [122]. Moreover, the standard 7SMC 0.18 ym 1P6M
CMOS platform together with the single-side post-CMOS
micromachining processes have been developed to implement
the environment sensing hub illustrated in figure 29(b) [88].
Such an environment sensing hub is also composed of the
humidity, pressure, and temperature sensors. The suspended
flexible structures for pressure sensor and the sensing elec-
trodes for the humidity sensor are defined by the front-side
etching of sacrificial metal layers, as discussed in sections 2
and 4 [88]. The additional parylene sealing and polyimide dis-
pensing are needed for pressure and humidity sensors, respect-
ively. In short, these environment sensors are designed based
on the same process scheme, so that they can be fabricated and
monolithically integrated on the same chip. As compared with
the system-in-packaging (SiP) approach in [177], a more com-
pact environment sensing module is achieved using the SoC
solution in [88, 122].

Another example is the gas sensor design based on
the TSMC 0.35 pym 2P4AM CMOS standard process along
with the single-side post-CMOS micromachining processes
[160, 175]. Figure 28(c) shows the environment sensing hub
consisted of the vertically integrated gas and temperature
sensors [160]. The monolithically integrated thermometer
enables the on-site temperature monitoring and compensa-
tion. Similar as in for relative humidity detection, the tem-
perature information is needed for the gas sensor to avoid
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the drift of sensing signals [175]. In addition, the heater can
also be fabricated and further integrated with the gas sensor
by using the same process scheme, as displayed in figure 25
[159, 160]. In this environment sensing hub, the heater is
exploited to heat the sensing material. The heating temper-
ature of the heater can be specifically controlled, depending
on the sensing film material and target sensing gas, to provide
an enhancement in selectivity. The concept of a sensing hub
has also been extended to integrate environment with inertial
sensors for different applications. For example, the monolithic
integration of temperature, linear acceleration, and pressure
sensor has been demonstrated in [100, 178] to offer a compact
tire pressure monitoring system (TPMS). The TPMS sens-
ing module is implemented using the TSMC 0.35 pm 2P4AM
CMOS standard process together with the double-side post-
CMOS micromachining processes. In summary, the CMOS-
MEMS technologies could enable the monolithic integration
of multiple sensors, actuators, and the related driving and
sensing circuits to achieve a compact sensing hub for various
applications.

7. Conclusions and future perspectives

In conclusion, the booming growth in environmental condition
sensing and monitoring pushes the need of inexpensive envir-
onment sensors with small sizes and low power consumptions.
The outbreak of COVID-19 further increases the need for
fast monitoring of environment conditions. Thus, the MEMS
technologies are considered as promising solutions to realize
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the required environment sensors. The mature CMOS process
platforms available in many foundries can be extended to fab-
ricate MEMS sensors to offer the advantage of relatively easier
commercialization. Moreover, by leveraging the characterist-
ics of CMOS process platforms, the integration of multiple
sensors and sensing circuits to form a compact sensing system
can also be achieved. In sections 2-5, this paper respectively
reviews five different environment sensors (including the IR,
pressure (barometer), humidity/temperature, and gas sensors)
using the CMOS-based MEMS technologies. The advantages
and design concerns of sensors fabricated by different CMOS
and post-CMOS processes are introduced and commented. In
addition, section 6 further demonstrates the CMOS-MEMS
environment sensing hub through the monolithic integration
of multiple environment sensors.

The CMOS process platform with the advantages of small
line width definition and multi-layers for electrical routings are
especially promising to implement capacitive sensing devices
such as the humidity and pressure sensors, and also provide an
excellent opportunity to fabricate CMOS-MEMS IR sensors
with large number of arrays, and also fulfill the circuit integra-
tion monolithically. Thus the size of pixels and their pitches
can be reduced to improve the spatial resolution of MEMS
IR sensor arrays [60, 64, 66] for the performance enhance-
ment of thermal imagers. Furthermore, the increasing pixel
number of thermal imagers adds up the complexibility of elec-
trical routing. CMOS platforms possess multiple metal layers
and vias used in interconnection, proving high feasibility for
electrical connection of large pixel number of thermal imagers
[61, 179, 180]. Moreover, the suspended MEMS structures of
environment sensors are mainly designed for thermal isola-
tion (e.g. for the applications of IR and gas sensors) and vapor
diffusion enhancement (e.g. for the applications of humidity
sensors). Thus, except for pressure sensors, the deformation
and motion of suspended structures are not the design concerns
for most of the CMOS-MEMS environment sensors. These
structures are fully (e.g. structures in figures 17-19, and 24)
or largely (e.g. structures in figures 21, 23, and 25) anchored
to the substrate. The major drawbacks of CMOS-MEMS struc-
tures such as the existing of un-wanted deformation by the
thin film residual stresses [130] and the CTE mismatch of
the metal and dielectric films [129] have minor influences
on the performances of these environment sensors. Thus, the
CMOS-MEMS humidity sensors have been successfully com-
mercialized by Sensirion [181], and the commercial CMOS-
MEMS IR sensors have been demonstrated by [20-23]. These
products show the real applications and future perspective of
the CMOS-MEMS technologies for the environment sensors.
Nevertheless, the post-CMOS processes are still required to
fabricate the environment sensors, and the issues regarding
material and process compatibilities are critical concerns. For
example, as compared with polyimide, some sensing materials
such as RF-aerogel and polypyrrole could reduce the response
time of humidity sensors, yet their availability for the existing
mature processes remains the concern for commercialization
[118, 119]. Similarly, as limited by the process compatibil-
ity, it is not straightforward to batch fabricate the outstanding
functional material Au-black on the CMOS-MEMS IR sensors
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[54]. In addition, heating process is required during the oper-
ation of the humidity and gas sensors.

Moreover, many commercial products show the importance
or the need of devices integration. As shown in [181-184],
these humidity sensors are equipped with heater to avoid the
water vapor condensation under a high relative humidity envir-
onment. The gas sensor (IR detection) equipped with humid-
ity and temperature sensors for environment compensation
is exhibited in [188]. Thus, by leveraging the characteristics
of CMOS processes, the CMOS-MEMS technologies could
enable the monolithic integration of different sensors, actu-
ators, and sensing circuits to fulfill diversified requirements
for wide applications. For example, the monolithic integration
of heater and gas sensor using the CMOS-MEMS technolo-
gies are demonstrated in [156—160]. The monolithic integra-
tion of humidity and temperature sensors are also achieved in
[88, 89, 117]. Moreover, the CMOS-MEMS gas sensing chip
by integrating gas sensors and signal processing circuits (e.g.
the calibration circuit, analog to digital converter, the micro-
control unit, and so on) is presented in [144]. The integration
of the sensor array for gas sensing [156, 174] and IR thermal
imager [46, 51,53, 63, 64,73, 78] have also been demonstrated
by the CMOS-MEMS technologies. As a final example, the
humidity, pressure, and temperature sensors are monolithic-
ally integrated in the CMOS-MEMS chip to realize a compact
environment sensing hub [88, 89]. As a future perspective, the
CMOS-MEMS technologies could enable the integration of
various MEMS components and sensing circuits to offer dif-
ferent advantages for environment sensors, such as the device
footprint reduction, sensing signal enhancement, power con-
sumption reduction, and so on. It is also worth to note that
the yield and cost issues cannot be ignored while using the
advanced CMOS platforms for environment sensors integra-
tion. The vertical stacking of CMOS chip and MEMS compon-
ents through the wafer-level bonding would be another option
for CMOS-MEMS integration [185, 186].

Process development is a major bottleneck to commercial-
ize MEMS products. Since the CMOS platforms are mature
process schemes and can be offered by various commercial
foundries, the CMOS-MEMS technology is a cost-effective
solution to realize miniaturized environment sensors by using
the existing fabrication resources. On the other hand, as the
CMOS process scheme is approaching its physical limit-
ation, the CMOS-MEMS technology could be adopted to
extend the applications of semiconductor industries. Thus,
other than the ‘miniaturization (More Moore)’, the ‘diversi-
fication (More than Moore)’ would be another focus for semi-
conductor industries [187].
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