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Abstract

The growing demand for intelligent environmental monitoring is driving the advancement
of high-performance, low-cost, and highly integrated gas sensors. Silicon-compatible semi-
conductor gas sensors provide a promising platform to achieve this goal by leveraging their
compatibility with complementary metal-oxide semiconductor (CMOS) processes. The
established mass-manufacturing capabilities of micro-electromechanical systems (MEMS)
and the high sensitivity and signal amplification characteristics of field effect transistors
(FETs) in recent years have made the development of next-generation sensing devices feasi-
ble. In this review, we systematically summarize the latest advances in silicon-compatible
gas sensors, with a focus on MEMS and FET technologies. We discuss their sensing mech-
anisms and performance optimization strategies, and further highlight the evolution of
gas sensor technology toward on-chip intelligent olfactory systems that integrate sensing,
computing, and storage capabilities.

Keywords: gas sensors; silicon-compatible; micro-electromechanical systems; field effect
transistor; intelligent olfactory systems

1. Introduction

Gas sensing technology plays an increasingly critical role in fields such as environ-
mental monitoring, industrial safety, medical diagnosis, and smart homes [1-3]. With the
deep integration of Internet of Things (IoT) and Artificial Intelligence (Al) technologies,
the market has raised more urgent demands for high-performance gas sensors featuring
low power consumption, miniaturization, and ease of system integration. Currently, metal
oxide semiconductor gas sensors represented by companies such as Figaro, Sensirion, Bosch
Sensortec, AMS, SGX Sensortech, and WinSen have become mainstream in applications
like indoor air quality monitoring and flammable/explosive gas leak detection [4,5], owing
to their mature fabrication processes and relatively stable performance. However, these
sensors rely on traditional metal oxide sensing materials, which typically require opera-
tion at high temperatures to achieve effective response [6,7]. This results in high power
consumption and severely limits their widespread adoption in emerging scenarios such as
portable devices and large-scale sensor networks.

To overcome the power consumption bottleneck associated with high-temperature
operation, silicon-compatible gas sensors are regarded as a highly promising development
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direction [8-10]. This technological approach not only inherits the advantages of micro-
electromechanical systems processes in miniaturization and integration but also aims to
achieve a balance between high performance and low power consumption through the
synergistic innovation of sensing mechanisms and material systems. The technological
evolution is chiefly driven along two core pathways: the miniaturization path via micro-
electromechanical systems (MEMS) and the mechanism innovation path utilizing field
effect transistor (FET) architectures. Among these, MEMS-type gas sensors achieve a
significant reduction in operating temperature and power consumption while maintaining
performance through continuous optimization of micro-hotplate structures and sensitive
materials [11,12]. FET-type gas sensors bring a fundamental breakthrough at the level of
signal transduction mechanisms. They leverage gate voltage to effectively modulate the
channel current, thereby amplifying the interaction between gas molecules and the sensitive
material into significant electrical signal variations [13-15]. This enables the attainment of
extremely high sensitivity and ultra-low detection limits.

Numerous studies have reviewed gas sensors from diverse perspectives [16-22]. For
instance, Stamenkovic et al. comprehensively summarized the material systems and cor-
responding fabrication processes of semiconductor gas sensors [23]; Zhao focused on
low-power metal oxide semiconductor gas sensors [24]; Li et al. focused on metal oxide
CMOS-MEMS gas sensors based on the monolithic approach; Xia et al. systematically
reviewed the progress in sensitive materials, modification methods, and manufacturing
techniques for MEMS sensors targeting specific gases [25]; Ali et al. focused on gas sensors
developed using MEMS technology and their applications [26]; Lee et al. systematically
outlined the device structures and integration advantages of FET-type gas sensors [27];
Wan et al. examined the working principles and performance modulation of semiconductor
nanowire field effect transistor gas sensors [28]; Filipovic et al. highlighted the application
potential of two-dimensional materials in CMOS-integrated gas sensors [10]. Fan et al.
systematically compared different types of sensors and their suitability for robotic appli-
cations [29]. These studies have collectively laid a crucial foundation for understanding
the materials, devices, fabrication processes, and applications of gas sensors, each from the
perspective of specific technological pathways or material systems.

Building on this foundation, this review aims to provide a more integrated and
forward-looking perspective by systematically summarizes recent advances in silicon-
compatible gas sensors. Particular focus is placed on examining the device architectures,
sensing mechanisms, performance optimization, and integration strategies associated with
MEMS and FET technologies. Furthermore, this paper explores the technological pathways
in their intelligent evolution, particularly how artificial olfactory systems achieve high-
throughput and high-precision analysis of complex gas environments through hardware
array integration, virtual signal analysis, and sensing/storage/computing-integrated archi-
tectures. Finally, we provide an outlook on future trends in technological convergence and
application expansion in this field.

2. MEMS-Type Gas Sensors

The technological evolution of semiconductor gas sensors is fundamentally reflected
in the profound transformation of their form factor, size, and power consumption over the
past four decades [18,30]. Early-generation sensors based on ceramic tube substrates, due
to their high operating temperatures, typically suffered from large volume and high power
consumption [31], making them unsuitable for high-density integration applications. To
overcome these limitations, gas sensors have begun migrating to silicon-based platforms
(Figure 1) [11,12,32-36]. Silicon-compatible technology delivers excellent mechanical sta-
bility and thermal conductivity, while also enabling seamless compatibility with standard
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integrated circuit processes. This lays a solid foundation for the miniaturization, low-power
operation, and on-chip system integration of these sensors [37].
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Figure 1. (a) MEMS device architecture fabricated via spray pyrolysis. Reprinted with permission
from ref. [32]. (b) Low-power MEMS gas sensor array composed of SnO;, WO3, and In,O3 nanofibers
prepared by EHD printing. Reprinted with permission from ref. [12]. (c) Schematic diagram of
high-throughput uniform semiconductor metal oxide (SMO) gas sensors fabricated by glancing angle
deposition (GLAD). Reprinted with permission from ref. [11]. (d) Schematic of a black phosphorus
FET device. Reprinted with permission from ref. [33]. (e) Device structure of a Pt-In,O3 FET-type
sensor. Reprinted with permission from ref. [34]. (f) Schematic of a chemically sensitive field effect
transistor (CS-FET) chip. Reprinted with permission from ref. [35]. (g) Three-dimensional view of the
proposed interdigital capacitive coupling structure. Reprinted with permission from ref. [36].

2.1. Structure and Gas-Sensing Mechanism

Serving as an interface between electronic systems and physical, chemical, and biolog-
ical parameters [18], MEMS technology enables significant reductions in sensor volume,
power consumption, and manufacturing costs, while enhancing on-chip integration with
other functional components. Among the various technological approaches for silicon-
compatible gas sensors, MEMS technology has emerged as a key pathway driving the
evolution of gas sensors towards intelligent sensing chips, owing to its unique advantages
in constructing three-dimensional microstructures and achieving thermal management
and low power consumption [38,39]. Currently, gas sensors based on MEMS technology
commonly employ metal oxide semiconductors (MOS) as the core sensing material [12,40],
forming MEMS MOS gas sensors.

The core structure of MEMS MOS gas sensors lies in the silicon-based integration of
high-performance gas-sensitive materials with micro-hotplates. The micro-hotplate, serving
as the key supporting and heating unit, typically consists of a silicon substrate, a support
layer, a micro-heater, and test electrodes. Owing to its small core area and low thermal
mass, MEMS gas sensors exhibit significant advantages in terms of power consumption
and thermal response speed. From the early closed-membrane structure, which effectively
reduces heat loss [41], to the subsequently developed suspended-membrane structure that
further optimizes heating efficiency and response time [42], the structural evolution of
these sensors has directly driven their continuous performance enhancement.

Regarding the gas-sensing mechanism, MEMS MOS gas sensors rely on metal oxide
semiconductor materials undergoing surface redox reactions with target gases under the
high-temperature environment provided by the micro-hotplate. Taking a typical n-type
semiconductor as an example [43], in air, oxygen molecules adsorb onto the material surface
and capture conduction band electrons, forming an electron depletion layer that leads to
increased resistance. When exposed to reducing gases, the gases react with the adsorbed
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oxygen, releasing electrons, which narrows the depletion layer and subsequently lowers
the resistance. The response behavior of p-type semiconductors is the opposite.

This macroscopic electrical response is rooted in the complex interplay between mi-
croscopic defects in the material and gas—surface interactions. Specifically, the gas-sensing
performance of metal oxide semiconductors is fundamentally linked to their intrinsic
internal defects. Oxygen vacancies, serving as crucial donor defects, directly influence
the baseline carrier concentration of the material. Under the high-temperature operating
conditions maintained by the micro-hotplate, carriers are effectively excited, providing the
foundation for high-sensitivity detection.

From a band theory perspective, the chemisorption of oxygen on the material surface
forms a surface potential barrier, whose height and width modulate the transport behavior
of bulk electrons [44]. For widely used polycrystalline nanomaterials, the Schottky barrier
formed at grain boundaries acts as the primary controlling factor for resistance. When
reducing gases react with surface-adsorbed oxygen, they release electrons into the material,
thereby lowering the barrier height and narrowing the depletion layer, manifesting macro-
scopically as a decrease in resistance. This chain mechanism of constitutes the physical core
of the gas-sensing behavior in metal oxide semiconductors.

2.2. Sensor Performance Optimization and Integration Strategies

The ongoing advancement of MEMS gas sensors is driven by two parallel forces: the
stringent demands of high-volume commercial applications and the pursuit of advanced
functionality for complex-scene analysis. In mass-market applications, the primary ob-
jective typically involves detecting specific target gases or simple gas mixtures using a
single sensor. Representative scenarios include monitoring thermal runaway in lithium-ion
batteries, detecting methane leaks, and controlling automotive ventilation systems. In these
contexts, commercially available MEMS metal oxide semiconductor sensors (such as the
Sensirion SGP series and Sciosense ENS160) demonstrate good performance, enabled by
their highly optimized material formulations and integrated digital interfaces. In contrast,
the research discussed in this section increasingly aims to overcome the inherent limita-
tions of such commercial devices, targeting enhanced sensitivity/selectivity for trace gases,
multi-gas analysis via sensor arrays, and on-chip integration of independently controlled
sensing units—capabilities that remain largely at the laboratory or niche-product stage.

To achieve these distinct objectives, performance optimization proceeds along
two interdependent fronts: material engineering and integration process innovation.
In terms of materials, research has evolved from macro bulk materials towards mi-
cro/nanostructures. Since the discovery of the gas-sensitive properties of ZnO [45], re-
searchers have successfully developed a variety of high-performance materials [46], includ-
ing n-type SnO, [47], WO3 [48,49], In,O3 [50,51], as well as p-type NiO [52] and CuO [53].
Notably, material morphology has progressed from early thick films and thin films to
porous nanomaterials prepared by sol-gel, wet-chemical processes, and glancing angle de-
position (GLAD) [54-56]. Their significantly increased specific surface area and abundant
surface-active sites have substantially enhanced gas-sensing performance. For instance,
CuO/WO3 hierarchical hollow microspheres assembled from irregular nanosheets and
synthesized via ultrasonic wet-chemical etching have been reported [49]. Their three-
dimensional porous network provides abundant gas-accessible interfaces, resulting in a
response to xylene approximately five times higher than that of pure WOj3. Recently, Jang
et al. employed GLAD to fabricate Pd-modified WO3; nanorods [56], which form vertically
aligned porous array structures that effectively enhance hydrogen diffusion and surface
contact, thereby achieving faster response and higher sensitivity. Such structurally opti-
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mized materials exhibit significantly enlarged specific surface areas and abundant active
sites, leading to substantial improvements in gas-sensing performance.

The key to performance breakthroughs lies in the precise engineering of material
surfaces and interfaces, with noble metal functionalization and heterojunction construction
being two core strategies [40,57,58]. Noble metal modification primarily operates through
electronic sensitization, where the catalytic dissociation of gas molecules on the noble metal
surface triggers interface charge transfer. This alters the work function and modulates
the height of the sensitive Schottky barrier formed at the metal-semiconductor junction,
thereby amplifying the electrical signal. For example, Gao et al. developed a Pt-loaded
SnO; nanoparticle sensor that achieved a 2.75-fold enhancement in response to toluene
and a dramatic reduction in response time from 54 s to 5.4 s [59]. This improvement stems
from the catalytic oxidation of toluene on the Pt nanoparticles and their role in modulating
the surface electronic structure through charge transfer, both of which collectively enhance
gas-sensing kinetics and signal magnitude. On the other hand, heterojunction engineer-
ing leverages the built-in electric field at the interface to enhance charge separation and
transport [60], thereby significantly boosting sensing performance. Zhang et al. finely
tuned the band structure of the NiO/ZnO p-n heterojunction by adjusting its compo-
sition ratio, enabling a sensor array to selectively distinguish multiple volatile organic
compounds (VOCs) [61]. Furthermore, Zhou et al. demonstrated that their CeO,/CuO
n—p heterojunction significantly enhanced the H,S response while also conferring excellent
humidity tolerance and low-oxygen adaptability via interfacial synergy [62]. These studies
demonstrate that precise interfacial design can simultaneously achieve high sensitivity,
high selectivity, and high environmental robustness.

Simultaneous with material advancements is the continuous progress in MEMS micro-
hotplate technology. Through the optimization of bulk micromachining and surface micro-
machining processes, the performance of micro-hotplates has been significantly enhanced.
Specifically, optimizing the fabrication processes for heating electrodes and dielectric layers
can effectively reduce device power consumption [63]; designing novel electrode geome-
tries and heating methods improves temperature uniformity within the active area [64];
and the introduction of support structures like silicon islands significantly enhances the
mechanical and thermal stability of the micro-hotplate while maintaining low power
consumption [65].

However, the respective advantages of sensitive materials and micro-hotplates often
struggle to achieve synergistic enhancement in high-performance sensing chips, with the
core bottleneck being the integration challenge between the two. The traditional “fabricate
micro-hotplate first, then transfer material” integration approach has distinct limitations.
When using thin-film processes for localized deposition, the three-dimensional suspended
structure of the micro-hotplate presents challenges for photolithographic patterning. Con-
versely, blanket deposition can lead to pad coverage and signal crosstalk issues, and the
resulting films are often too dense, offering limited sensitivity. Alternatively, the transfer of
nanomaterials synthesized via wet chemical methods faces problems such as insufficient
material positioning accuracy, potential damage to the cantilever structure by the paste,
and poor compatibility with standard MEMS processes.

To overcome this bottleneck, researchers have developed various integration strategies,
the core of which lies in solving the challenges of material positioning and shaping on
three-dimensional microstructures [66]. Based on the relationship between the material
deposition/synthesis process and the micro-hotplate, these strategies can be broadly cat-
egorized into three representative technological pathways, which have seen significant
progress in recent years.
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The first is the direct deposition route based on micro-/nano-patterning techniques.
The goal of this route is to achieve the patterned deposition of sensitive materials on the
micro-hotplate surface. From the early sputtering techniques combined with physical
masks [67] to later-developed direct-write/direct-print technologies like flame aerosol
deposition [68], efforts have consistently focused on improving pattern resolution, film
porosity, and process compatibility. Recently, researchers have further proposed a wafer-
level integration strategy combining mask-assisted magnetron sputtering with atomic
layer deposition [69]. As shown in Figure 2a, this method involves the precise patterned
deposition of sensitive thin films, followed by the controlled modification with catalytic
nanoparticles using atomic layer deposition technology. This ultimately results in the
fabrication of a MEMS hydrogen sensing chip with a wide detection range (0.5~500 ppm),
high resolution, and excellent consistency (Figure 2b), demonstrating the potential of this
route for large-scale manufacturing.

The second route involves utilizing the micro-hotplate to induce in situ synthesis. This
approach employs the micro-hotplate itself as a localized heat source to trigger chemical
reactions through controlled heating, enabling the in situ and selective growth of sensitive
materials in predetermined areas. Early work by the S. Semancik team demonstrated
self-lithographic deposition of materials like SnO; and ZnO by driving chemical vapor
deposition of precursors through localized heating on a micro-hotplate array [70]. Further-
more, integrating localized joule heating with microfluidic laminar flow technology [71]
allows for the synthesis of heterogeneous nanomaterial arrays, which exhibit promising
sensing performance towards gases such as NO, and CO. Recently developed localized self-
heating aerosol-assisted chemical vapor deposition technology enables the direct growth of
differentially functionalized nanomaterials on a monolithically integrated MEMS micro-
array (Figure 2c) [72]. Gas-sensing tests reveal that this micro-array shows stable and
reproducible responses to reducing gases like H,, CO, and EtOH (Figure 2d), providing an
efficient and low-cost solution for integrating multiple sensing units on a single chip.

The third is the route of precise integration of pre-fabricated materials based on
micro/nanomanipulation. This approach aims to accurately integrate pre-synthesized,
performance-optimized nanoscale sensitive materials into specific areas of the microhot-
plate using advanced micro/nanomanipulation techniques. Depending on the manipu-
lation principles, it is primarily divided into two categories: guided assembly and direct
transfer printing. In guided assembly, early studies utilized electric field manipulation or
pre-deposited catalysts to guide the growth of nanowires at specific locations [26,73]. Mean-
while, using dielectrophoretic force to directionally assemble pre-synthesized nanoparticles
into nanogap electrodes represents a more direct method for interface optimization, which
can significantly enhance device sensitivity [74].

In direct transfer printing, micro/nanoprinting technology demonstrates strong pro-
cess flexibility. For example, based on electrohydrodynamic (EHD) printing technology,
metal oxide nanofiber inks can be precisely patterned onto suspended MEMS platforms to
construct low-power sensor arrays [12]. Recently, this field has achieved breakthroughs in
both materials and processes. Chen et al. through an innovative active colloidal polymer-
directed method, successfully synthesized mesoporous SnO, nanospheres modified with
single atoms [75], which were then used to formulate high-performance sensing inks. Us-
ing high-precision inkjet printing technology (Figure 2e), wafer-level, high-throughput
(150 units/minute) patterned deposition can be achieved on MEMS micro-hotplates.
The prepared sensors exhibited exceptional sensitivity (5.6 times higher than commer-
cial sensors for 50 ppb ethanol) and excellent device-to-device consistency (coefficient of
variation < 8.8%) (Figure 2f), demonstrating the great potential of the material manufacturing—
performance co-optimization strategy.

https://doi.org/10.3390 /chemosensors14030070


https://doi.org/10.3390/chemosensors14030070

Chemosensors 2026, 14, 70

7 of 22

-~ 20
® (b) g‘ 16 1.2 s Unit: ppm 500

g < lzl.l._S‘IF:‘ 150°C 40 |
S i
| s
E 0 203 JJJ \_/ -
g
E
2
2 150
K4 200250 40 & %

0 1000 2000 3000 4000 5000
Time (s)

© (@)

104 H, H CO |4 EtOH

= ~* Membrane
U=y 1mm<imm

Sensing-active area
400 um x 400 um

Sensor response

Array of microsensors

_» TO-8 package

Rh/mSn0O, CV:4.3%
1000 4
g
4
8 Pd,/mSn0O, CV : 54%
g — PdmSnC
B %
4 Pt/mSnO, CV :6.9%
o
mSnO, CV:88%
200 =
0 1500 3000 4500

Time (s)

Ink-jet printing of GS-ink

Figure 2. (a) Patterned deposition of a SnO; thin film in the central sensing region via mask-assisted
magnetron sputtering. Reprinted with permission from ref. [69]. (b) Dynamic response of the sensing
chip to hydrogen at concentrations ranging from 0.5 to 500 ppm, measured at 150 °C. Reprinted
with permission from ref. [69]. (c) Optical micrograph of a single microsensor platform highlighting
its sensitive active area. Reprinted with permission from ref. [72]. (d) Response characteristics
of the sensor toward hydrogen (20, 80, 200, 500 ppm), carbon monoxide (40, 80, 200, 500 ppm),
and ethanol (20, 40, 60, 80 ppm). Reprinted with permission from ref. [72]. (e) Optical image of
the printed MEMS chip. Reprinted with permission from ref. [75]. (f) Excellent device-to-device
resistance reproducibility demonstrated by the Pt/mSnO,-based sensor. Reprinted with permission
from ref. [75].

These sophisticated integration pathways represent significant strides in overcoming
the material-process compatibility bottleneck. Nevertheless, it remains challenging to
seamlessly merge the low power consumption and batch-manufacturing merits of MEMS
devices with the high sensitivity and rapid response characteristics of sensitive materials
for the reliable analysis of gases in complex, dynamic environments. Ultilizing sensor
arrays to address the issue of gas cross-sensitivity is an effective strategy. However, the
integration density of current arrays is generally insufficient. The resulting large spatial
separation can cause sensors at different positions to perceive varying gas concentrations,
thereby compromising identification accuracy. Furthermore, most high-density arrays lack
independent temperature control capability, which greatly limits their application potential.
Therefore, developing on-chip, high-density sensing arrays with independent temperature
control has become a crucial direction for enabling accurate and complex gas analysis.
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3. FET-Type Gas Sensors
3.1. Structure and Gas-Sensing Mechanism

While MEMS MOS gas sensors have achieved widespread commercial success, FET
gas sensors represent a distinct pathway where laboratory-scale breakthroughs have yet
to translate broadly into mass-market products. To clearly delineate the technological
distinctions between these two platforms, Table 1 summarizes their key characteristics
across several performance and application metrics.

Table 1. Comparison of Typical MEMS-type gas sensors and FET-type gas sensors.

Aspect MEMS-Type Gas Sensors FET-Type Gas Sensors
. . Chemiresistive (surface Field effect modulation (threshold
Sensing Principle .
resistance change) voltage, transconductance, etc.)
Typical Operating Temperature Operation typically at 150—400 °C Room temperature ~150 °C
Power Consumption High (dominated by micro-heater, Very Low (uW to nW range,
~10-100 mW) primarily electronic)
Detection Limit ppm to ppb level R o amlntiom &
CMOS Compatibility & High (mature MEMS processes, Very High (transistor-native, monolithic
Integration Level post-CMOS integration) integration feasible)
Commercialization Status Mature Emerging/Lab-focused

The defining advantage of FET gas sensors lies in their unique signal transduction and
amplification mechanism [27,76]. They utilize the gate voltage to modulate the channel
current, achieving electrical signal amplification through the conductive channel formed at
the gate dielectric/semiconductor interface. The interaction between gas molecules and
the sensing layer significantly modulates multidimensional electrical parameters of the
device, such as threshold voltage, transconductance, or mobility. These minute changes
can be efficiently amplified by the FET’s characteristic three-terminal structure, thereby
enabling detection limits to reach the parts-per-billion (ppb) or even sub-ppb level [77].
This provides a new technological pathway for high-precision gas detection.

Based on the spatial position and functional role of the sensing layer within the device,
FET gas sensors are primarily categorized into two fundamental configurations: channel-
sensitive and gate-sensitive types [30,78]. In the channel-sensitive structure, the sensing
material directly serves as the active layer of the conductive channel. Therefore, low-
dimensional nanomaterials with excellent conductive properties are typically employed,
such as carbon nanotubes [79-81], silicon nanowires [82,83], graphene [84-86], MoS, [87,88],
black phosphorus [89], IGZO [90-93], and conductive organic polymers [94-96]. Research
indicates that different low-dimensional materials possess distinct advantages in gas sensing.

In 2007, Novoselov’s team pioneered the use of mechanically exfoliated graphene to
fabricate a graphene field effect transistor (GFET) for NO, detection [97]. Graphene exhibits
exceptionally high carrier mobility at room temperature, which facilitates efficient conduc-
tion of subtle charge variations. Combined with its ultra-low electrical noise characteristics,
even single-molecule adsorption can induce a significant change in conductivity. With fur-
ther investigation, the application of two-dimensional material systems in gas sensing has
been significantly expanded. For instance, MoS; FETs, after optimization of layer numbers,
have achieved highly sensitive detection of NO; at 20 ppb [98]. Black phosphorus FETs
leverage their unique electronic structure to demonstrate ultra-low detection capabilities
for NO, at 5 ppb at room temperature [33].

Gate-sensitive FETs adopt a more sophisticated structural design by physically sep-
arating the sensing layer from the conductive channel [99,100], effectively enhancing the
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device’s long-term stability in complex environments. A typical example of such a structure
can be traced back to the palladium gate FET hydrogen sensor proposed in 1975 [101].
With the advancement of micro/nanofabrication technology, this structure has undergone
significant technical innovation. Mohammad Fahad et al. developed a CMOS-compatible
Chemically Sensitive Field Effect Transistor (CS-FET) [35]. This design employs a 3.5 nm
ultra-thin silicon channel and Ni-Pd as an ultra-thin chemically sensitive layer, achieving
high sensitivity (~600%) for detecting 0.5% Hj at room temperature. Building on this, Javey
et al. further optimized the gate—channel coupling design [102]. By utilizing an ultra-thin
sensing layer composed of Ni and Pd, they maximized capacitive coupling between the
sensing layer and the channel, thereby generating a high response (>1000%) with low
power consumption (<50 W) to 0.5% H; gas at room temperature.

However, the traditional capacitive coupling mechanism is inherently limited by the
physical isolation between the sensing layer and the channel. To overcome this bottleneck,
the latest research proposes a revolutionary signal transduction mechanism based on an
electron trapping effect. As shown in Figure 3a, this work constructed a silicon nanowire
field effect transistor with a nano-air-gap gate (SINW-NAG FET), where palladium nanopar-
ticles (PANPs) were deposited on the channel surface as the sensing layer [103]. When
the thickness of the SiO, passivation layer was reduced to 2 nm, channel electrons could
directly tunnel to and reach equilibrium with the PANPs. The reaction of hydrogen with
the PANPs altered their energy level distribution (Figure 3b), breaking the equilibrium
and triggering a dynamic electron trapping/release process between the channel and the
nanoparticles, thereby achieving highly efficient signal transduction for hydrogen. This
innovative mechanism enabled the sensor to exhibit record-high sensitivity (3600%/ppm),
an ultra-low detection limit (4.4 ppb), and extremely low power consumption (~300 nW) at
room temperature, while maintaining good selectivity and response speed (Figure 3c).

Compared to traditional metal-gate sensors, semiconductor gate-sensitive FET gas
sensors combine the superior gas-sensing properties of semiconductor materials with the
high transconductance advantage of field effect transistors, significantly expanding their
detection capability for a variety of gases [104-107]. For example, a gate structure based
on Pt/InyO3 enables precise monitoring of oxygen [34]. Constructing a ZnO FET with an
interdigitated floating-gate structure [108] effectively increased the coupling area between
the control gate and the floating gate, leading to a significant enhancement in NO, gas
sensing performance at room temperature. Furthermore, the carbon nanotube floating-gate
field effect transistor (FG FET) developed by Zhang et al. employed a Y,0O3 dielectric layer
and a Pd/WS; floating gate (Figure 3d) [109]. This device achieved a detection limit of
10 ppb for NO; at room temperature and exhibited excellent selectivity. When a visible-
light-assisted mode was introduced, the sensor demonstrated complete recovery capability
and stable humidity resistance within a 10~70% relative humidity range (Figure 3e,f). By
flexibly replacing the floating-gate material, this architecture has been successfully applied
to the detection of various gases including HCHO [110], toluene [81], H,S [111], and
NHj [112]. It shows promising platform scalability and environmental adaptability, laying
a technical foundation for the development of multifunctional integrated sensing systems.

It is noteworthy that, apart from traditional high-k dielectric materials like Y03,
novel polymer electrolyte materials also offer new perspectives for the design of the di-
electric layer in FET sensors. The side-gate FET (S-FET) gas sensor developed by Li et al.
innovatively employs PVDF-HFP /[EMIM][TFSI] ionogel as the dielectric sensing layer
(Figure 3g) [113], leveraging the electric double-layer capacitance changes induced by H,S
gas adsorption to modulate the channel current. Compared to conventional solid-state
dielectric layers, this ionogel dielectric possesses unique bulk adsorption properties. Gas
molecules can permeate its internal structure, leading to a significant capacitive response
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by altering ion mobility (Figure 3h). This sensor achieved highly sensitive detection of
20 ppb H;S at room temperature. Furthermore, due to the hydrophobic nature of the iono-
gel, it maintained excellent stability across a 0~90% relative humidity range (Figure 3i). This

work opens a new pathway for developing gas sensors with high interference resistance
and low power consumption.
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Figure 3. (a) 3D schematic of a silicon nanowire nanoscale air-gap FET (SINW-NAG FET) for hydrogen
detection. Reprinted with permission from ref. [103]. (b) Schematic of the SINW-NAG FET with a
2 nm SiO; passivation layer under hydrogen exposure and its equivalent circuit. Reprinted with
permission from ref. [103]. (c) Real-time detection of hydrogen at various concentrations at room
temperature. Reprinted with permission from ref. [103]. (d) Schematic of a floating-gate FET (FG
FET) sensor and a photograph of the packaged FG FET sensor chip. Reprinted with permission from
ref. [109]. (e) Response and recovery curves of a WS,-FET sensor and a Pd/WS,-FET sensor exposed
to NO; concentrations ranging from 10 to 1000 ppb. Reprinted with permission from ref. [109].
(f) Response and recovery ratios of WS,-FET and Pd/WS,-FET sensors under relative humidity (RH)
conditions ranging from 10% to 70%. Reprinted with permission from ref. [109]. (g) Schematic and
optical image of a side-gate FET (S-FET) sensor structure. Reprinted with permission from ref. [113].
(h) Schematic of the electric double-layer structure and the change in source—drain current after HyS
adsorption in a humid environment. Reprinted with permission from ref. [113]. (i) Effect of ambient
humidity on H,S sensing characteristics. Reprinted with permission from ref. [113].

This structural classification based on the spatial positioning of functional layers
reflects the diversity in the design philosophy of FET gas sensors, providing clear technical
pathways for device optimization tailored to different application scenarios. Ranging from
the directly interacting channel-sensitive type to the physically isolated gate-sensitive type,
sensors achieve a multi-dimensional balance among sensitivity, stability, and applicability,
thereby driving the continuous advancement of gas sensing technology.

3.2. Performance Optimization and Multiparameter Strategies for Gas-Sensing Characteristics

Similar to MEMS gas sensors, the performance enhancement of FET-type gas sensors
is fundamentally driven by innovations across two classic dimensions: material (sur-
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face/interface) engineering and device architecture. It is worth noting that the unique
advantage of FET sensors lies in their inherent field effect tunability, which provides a more
direct strategy for performance optimization.

The material engineering level, surface modification and heterojunction construc-
tion have become key strategies for enhancing the gas-sensing characteristics of FET gas
sensors. Through rational material design and compositing, the sensitivity, selectivity,
and stability of sensors can be effectively regulated. Noble metal modification is a classic
method for improving the gas-sensing properties of materials [114]. Studies have shown
that modifying the carbon nanotube channel surface with noble metal nanoparticles can
significantly enhance its response sensitivity to NHj3 [112]. Similar surface engineering
strategies have demonstrated significant effects in other material systems. For example,
a graphene FET sensor modified with cobalt phthalocyanine (Figure 4a) [115] is used for
high-sensitivity, high-selectivity detection of trace NO, in ambient air. This sensor utilizes
cobalt phthalocyanine as a gas recognition receptor, which is uniformly modified onto the
graphene surface via m-interactions. It achieves quantitative detection of NO; at the ppb
level at room temperature, even under high humidity conditions, with a detection limit as
low as 2 ppb (Figure 4b,c).

Heterojunction construction offers a richer design dimension for enhancing sensor
performance. It has been reported that loading metal-organic framework materials onto
MoS, to form a heterojunction leverages their porous properties to selectively enrich
target gas molecules, thereby lowering the device’s detection limit for NH3 by an order
of magnitude [116]. Expanding on this strategy, Salama et al. designed a heterojunction
structure comprising PDVT-10 and a three-dimensional MOF (Figure 4d) [117], which
served as the conductive channel of a thin-film transistor. In this design, the porous MOF
acts as a specific pre-concentration layer for NO;, and the heterojunction formed with
the PDVT-10 semiconductor promotes interfacial charge transfer (Figure 4e), significantly
enhancing the channel current response. As shown in Figure 4f, this sensor achieved a low
detection limit of 8.25 ppb for NO, with a high sensitivity of 680 nA/ppb, representing a
700% performance improvement compared to a pure PDVT-10 device. It also exhibited
excellent stability, reproducibility, and long-term reliability across a wide humidity range
of 5~90%.

At the structural design level, innovations in gate engineering provide critical degrees
of freedom for performance modulation. Novel device architectures are continuously
emerging. For instance, a Z-gate tunnel field effect transistor employing a SiGe source
region and a conductive polymer gate achieved a peak sensitivity of 5.65 x 10° towards
chloroform, representing a four-fold improvement over traditional devices [118]. Fur-
thermore, it is noteworthy that a structure has been reported utilizing a carbon nanotube
channel with a Pd top-gate electrode for hydrogen sensing. This top gate, along with
a TapO5/Y,0s5 dielectric layer, forms a dual-gate configuration in conjunction with the
underlying SiO, /Si back gate (Figure 5a) [119]. By leveraging the capacitance asymmetry
between the top-gate and back-gate dielectrics, the device achieves built-in signal amplifi-
cation through capacitive coupling. This significantly enhanced the hydrogen sensitivity
from 6.4 mV /ppm to 80 mV /ppm, far exceeding that of a conventional single-gate mode
(Figure 5b,c). Similarly, Liu et al. integrated PbS quantum dots with the floating-gate struc-
ture of a GaAs HEMT, enabling highly sensitive detection of NO, through the capacitive
coupling effect of the quantum dots [120].

Gate voltage modulation serves as a crucial optimization tool, significantly enhancing
sensor performance by adjusting the channel potential. Zhou et al. constructed a gate-
tunable sensing channel by combining MOF materials with 2D MoS,. By modulating the
back-gate voltage, they increased the NHj; response by 22.48 times, achieving a response
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as high as 3303% to 100 ppm NHj at a —10 V gate bias [116]. Recently, Liu et al. further
proposed a dual-gate modulation mechanism based on a PbS quantum dot/MoS; hetero-
junction (Figure 5d,e). This approach utilizes the capacitive coupling effect of quantum
dots to introduce a gas-sensitive top-gate modulation to the MoS; channel, which works
synergistically with the back-gate. At a back-gate voltage of 60 V, the device exhibited a
response of 63.1 to 1 ppm NO; with a detection limit as low as 0.6 ppb, while the output
current increased by three orders of magnitude (Figure 5f) [121]. External field modula-
tion strategies provide additional dimensions for performance optimization. A ReS; FET
sensor, through the synergistic regulation of light illumination and gate voltage, utilized
wavelength selectivity to modulate carrier concentration, achieving highly selective de-
tection of acetone (sensitivity of 4.34% ppm ') while maintaining stable performance for
30 days [105]. This optoelectronic co-modulation provides a new technological pathway
for identifying specific gases in complex environments [122].
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Figure 4. (a) Interaction mechanism between NO; gas and a graphene FET modified with Co-
phthalocyanine. Reprinted with permission from ref. [115]. (b) Transfer characteristics of the
Co-phthalocyanine modified graphene FET after introducing varying concentrations of NO, in
a nitrogen atmosphere. Reprinted with permission from ref. [115]. (c) Transfer characteristics of
the Co-phthalocyanine modified graphene FET upon exposure to NO; in air at 40% RH. Reprinted
with permission from ref. [115]. (d) Schematic illustrating the interaction between NO, gas and the
MOF-A /PDVT-10 organic field effect transistor (OFET) device. Reprinted with permission from
ref. [117]. (e) Response mechanism of the MOF-A /PDVT-10 OFET device to NO,. Reprinted with
permission from ref. [117]. (f) Real-time response curve of the MOF-A /PDVT-10 OFET device un-

der exposure to NO; concentrations ranging from 25 ppb to 50 ppm. Reprinted with permission
from ref. [117].

With the advancement of artificial intelligence technology, FET gas sensors are rapidly
evolving towards intelligence and multifunctionality. By integrating multidimensional
sensing data with neural network algorithms, real-time analysis and concentration pre-
diction of complex gas mixtures can be achieved. Furthermore, the emergence of flexible
FET gas sensors expands their application prospects in wearable devices. Their integra-
tion with microfluidic technology has enabled the continuous monitoring of biomarker
gases. These innovative directions fully demonstrate the immense application potential

of FET gas sensors in fields such as environmental monitoring, medical diagnosis, and
industrial safety.
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Figure 5. (a) Schematic structure of a dual-gate FET sensor. Reprinted with permission from
ref. [119]. (b) Output characteristics measured via the back-gate as a function of top-gate voltage
(Vrg)- Reprinted with permission from ref. [119]. (c¢) Comparison of hydrogen sensor sensitivity
based on the work function principle with previously reported data. Reprinted with permission from
ref. [119]. (d) Schematic structure of a PbS quantum dots/MoS, thin-film transistor (TFT) gas sensor.
Reprinted with permission from ref. [121]. (e) Circuit schematic of the PbS quantum dots/MoS, TFT
gas sensor. Reprinted with permission from ref. [121]. (f) Gas-sensitive response of the 3.09 nm
PbS quantum dots/MoS, TFT as a function of gate voltage (V). Reprinted with permission
from ref. [121].

4. Artificial Olfactory Systems and Complex Scene Analysis

Accurate identification and quantification of specific components within complex
gaseous environments is critical for applications in environmental monitoring, indus-
trial safety, and medical diagnostics [123,124]. Most commercially available single-chip
MOX sensors or small-scale arrays, which are typically designed for specific application
scenarios, remain inadequate for the precise identification and quantification of compo-
nents in complex gas mixtures. To overcome these limitations, artificial olfactory systems
are dedicated to constructing a configurable sensing and analytical framework capable
of addressing a broader range of highly complex gas mixtures. The field is currently
undergoing a paradigm shift, evolving from discrete systems reliant on external process-
ing units toward intelligent chip-based architectures that integrate sensing, storage, and
computing functions.

Multi-dimensional signal acquisition and array construction form the foundation of
a system’s perceptual capability. On one hand, directly constructing arrays by integrat-
ing different sensing materials on a wafer is a straightforward method. For example, a
wafer-scale gas sensor array based on carbon nanotube field effect transistors has been
reported [125] (Figure 6a). By integrating four different sensing gate materials, it achieved
simultaneous identification of various indoor hazardous gases such as NH3, H,S, and
HCHO (Figure 6b-d). In a latest report, Ai et al. integrated nine carbon nanotube-metal ox-
ide composite sensors onto an ultra-compact MEMS chip with an area of only 3 mm? [126],
creating a high-density array. This was further integrated with readout circuits and ad-
vanced algorithms, and deployed on a smartphone platform, resulting in a portable pocket
electronic nose capable of millisecond-level, low-power operation.

On the other hand, the inherent multidimensional electrical characteristics of FET
devices provide an important foundation for constructing virtual arrays [127,128]. San-
galetti et al. developed an electronic nose system based on a graphene field effect transistor
(GFET) [129]. By sweeping the gate voltage to obtain the complete transfer characteristic
curve, the current responses at different bias points along the curve were treated as inde-
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pendent outputs of virtual sensors. Combined with data augmentation techniques and
deep learning algorithms, this system achieved high-accuracy identification and discrim-
ination of NH3, NO,, and their mixtures using only a single GFET. Compared with the
traditional resistive readout mode, the sensitivity was enhanced by 20-fold, significantly
simplifying the hardware architecture and system integration complexity. Furthermore,
Liu et al. analyzed the electronic processes involved in gas—solid interface interactions
and innovatively proposed an odor encoding method based on receptor function factors
and transducer function factors (Figure 6e) [130]. This method was successfully applied to
differentiate various oxidizing gases using quantum dot and black phosphorus thin-film
transistors (Figure 6f,g). Furthermore, research on the low-frequency noise characteristics of
CMOS-integrated FET gas sensors has found that their noise spectral features (e.g., corner
frequency, amplitude) exhibit chemical specificity to gas types, serving as a unique noise
fingerprint [131]. This implies that high-selectivity gas identification can be achieved with-
out complex material modifications or multi-device arrays, but through in-depth analysis
of the noise spectrum from a single device. This provides a novel hardware-minimalist
paradigm for overcoming cross-sensitivity.
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Figure 6. (a) Schematic diagram of the gas-sensitive sensor chip (GSC) comprising four distinct
regions. Reprinted with permission from ref. [125]. (b) Response signals of the GSC to varying
concentrations of the NH3 gas. Reprinted with permission from ref. [125]. (c¢) Schematic of the
Linear Discriminant Analysis (LDA) algorithm applied for discriminating three different target gases
based on the sensor chip signals. Reprinted with permission from ref. [125]. (d) LDA distribution
plot for classification of two categories of mixed gases using the sensor chip data. Reprinted with
permission from ref. [125]. (e) Schematic illustrating the principle of odor-specific encoding with
a single FET. Reprinted with permission from ref. [130]. (f) Two-dimensional response matrix of a
PbS colloidal quantum dots TFT sensor to different oxidative gas concentrations, based on receptor
function factor and transduction function factor analysis. Reprinted with permission from ref. [130].
(g) Three-dimensional odor space mapping of the PbS colloidal quantum dots TFT sensor under
exposure to varying oxidative gas concentrations. Reprinted with permission from ref. [130].

With the advancement of device technology, emerging intelligent sensory units are
gradually deepening the integration of sensing functions with memory and processing
capabilities. Kong et al. proposed an amorphous chemiresistive gas sensor. Based on a
Ti/TiO, /Pt structure [132], this device utilizes the selective modulation of oxygen vacancies
by oxidizing and reducing gases for identification and possesses the ability to store the
history of gas exposure, offering potential for sensing-computation integrated systems.
Another study developed an olfactory-inspired in-sensor organic electrochemical transistor
(OI-OECT) for a multimodal neuromorphic olfactory system (Figure 7a) [133]. Using p-type
organic semiconductor material p(g2T-T) as the channel and combining it with an ion
gel electrolyte, this device achieves tunable gas memory characteristics at low operating
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voltages, capable of mimicking typical neural behaviors such as inhibitory postsynaptic
currents and paired-pulse facilitation. By modulating the gate voltage (0 V and —1 V), the
device can transition from short-term memory to long-term memory and adjust the memory
strength based on the duration, concentration, and interval of gas pulses (Figure 7b—d),
simulating the cumulative damage effect of the human body to harmful gases.
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Figure 7. (a) Schematic diagram of the olfactory-inspired in-sensor organic electrochemical transistor
(OI-OECT) with gate voltage tunability. Reprinted with permission from ref. [133]. (b) Typical
paired-pulse facilitation (PPF) behavior induced by dual gas pulses (20 ppm NHj, pulse width:
20 s, interval: 200 s). Reprinted with permission from ref. [133]. (c) PPF index as a function of pulse
interval (20 ppm NH3, 20 s) under a gate voltage of V; = 0 V. Reprinted with permission from
ref. [133]. (d) Gas memory characteristics regulated by pulse parameters (pulse interval: 20 s, 20 ppm
NH3) and gate voltage. Reprinted with permission from ref. [133]. (e) Optical micrograph of the
artificial olfactory system (AOS). Reprinted with permission from ref. [134]. (f) Schematic illustration
of the AOS architecture. Reprinted with permission from ref. [134]. (g) Transient response curves of
AVt during the spoilage process of chicken filet (inset shows photographs of the sample at different
states). Reprinted with permission from ref. [134]. (h) Method for food status classification using the
three-channel outputs of the AOS as binary signals. Reprinted with permission from ref. [134].

At the information processing level, the evolutionary path of technology is equally
clear. In discrete architectures, from traditional methods like support vector machines
(SVM) and principal component analysis (PCA) to advanced spatiotemporal deep learning
models [135-138], powerful algorithms are key to analyzing array data and achieving
accurate identification. However, to fundamentally reduce latency and power consump-
tion, the research focus has shifted towards enabling computation through the hardware
itself. Among these efforts, the near-sensor computing architecture integrates a FET gas
sensor array and an AND-type non-volatile memory array on the same chip, achieving the
integration of sensing and computing functions (Figure 7e) [134]. This system employs ZnO
thin films as the gas-sensitive material, exhibiting high sensitivity (detection limit below
0.01 ppm) to food spoilage indicator gases NH; and HjS. Eight sensing units operating at
different temperatures form a differentiated gas response pattern. Leveraging in-memory
computing technology, the system can directly perform linear combination processing on
the sensor signals (Figure 7f), outputting a current signal linearly related to gas concentra-
tion. This enables real-time, continuous monitoring of food spoilage processes, such as in
chicken (Figure 7g,h).

Furthermore, in the field of neuromorphic computing, research has employed devices
like carbon nanotube (CNT) neuro-transistors to simulate the excitation inhibition regula-
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tion mechanism of biological olfaction at the hardware level [139]. Gas adsorption triggers
excitatory synaptic currents, accomplishing cumulative memory of gas concentration;
meanwhile, programmable ultraviolet light serves as an inhibitory signal to promote gas
desorption, enabling autonomous system recovery and reset. This allows for suprathresh-
old alarm triggering without the intervention of an external processor.

In summary, through the synergistic development of multi-dimensional sensing hard-
ware, intelligent device innovation, and integrated sensing—storage-computing architec-
tures, artificial olfactory systems based on silicon-compatible gas sensors are continu-
ously overcoming the bottleneck of cross-sensitivity. This lays a solid technical founda-
tion for realizing their application in real-time, reliable, and low-power analysis within
complex scenarios.

5. Conclusions

Driven by the parallel advancement of MEMS and FET technological pathways,
silicon-compatible semiconductor gas sensors have emerged as a pivotal platform for
high-performance gas detection, successfully integrating the key attributes of miniatur-
ization, low power consumption, and high sensitivity. The MEMS approach, by mono-
lithically integrating micromachined transducers (e.g., micro-hotplates) with silicon-based
fabrication processes, has decisively addressed the historical challenges of high-power
consumption and poor manufacturability in traditional sensors, enabling wafer-scale pro-
duction with excellent uniformity. In parallel, FET-based sensors leverage their intrinsic
electrical amplification and field effect tunability to offer unparalleled advantages in low-
power, room-temperature operation, ultra-low detection limits, and the generation of
multi-parameter response signatures for enhanced selectivity. Collectively, these technolo-
gies are transforming gas sensing from simple transducers into intelligent nodes capable of
complex analysis.

Looking forward, the further development of silicon-compatible gas sensors will fo-
cus on heterogeneous functional integration and on-chip system intelligence. Realizing
this vision will require overcoming several persistent technical bottlenecks. In terms of
thermal management, thermoelectric crosstalk is a critical challenge in high-density inte-
grated systems. In hybrid MEMS-FET structures or dense sensor arrays, heat generated
by micro-hotplates can interfere with the electrical characteristics of adjacent sensitive cir-
cuits. Optimizing thermal isolation microstructures (e.g., suspended membranes, isolation
trenches) and adopting time-multiplexed strategies to separate heating from sensing phases
can effectively suppress thermal-coupling-induced signal distortion, offering a feasible
pathway toward high-performance heterogeneously integrated systems.

At the same time, the long-term stability of sensors is crucial for their reliability and
service life. Aging of sensitive materials and interference from complex environments can
lead to gradual baseline drift, undermining the reliability of long-term monitoring. To
addpress this, core—shell structures and surface passivation layers can be applied at the ma-
terial level to improve intrinsic stability, while integrating reference sensors with adaptive
correction algorithms at the system level enables real-time drift monitoring and compensa-
tion. Furthermore, on-chip self-calibration and batch-to-batch consistency are essential for
scalable deployment. Conventional calibration methods relying on external standard gases
are ill-suited to large-scale application needs. Future progress will depend on embedding
miniaturized reference units on-chip, along with self-calibration algorithms based on envi-
ronmental data and transfer learning, allowing sensors to perform autonomous calibration
and parameter compensation in real-world environments. Advances in wafer-level testing
and trimming technologies will also provide key manufacturing support for achieving
inter-chip performance uniformity and enabling reliable mass-scale adoption.
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By achieving substantive breakthroughs in the above bottlenecks and promoting the
co-development of novel sensing materials with silicon-compatible integration processes,
gas-sensing technology will ultimately evolve toward fully integrated smart olfactory
system-on-chip. Such chips will not only possess high-precision, multi-parameter sensing
capabilities but will also integrate lightweight artificial intelligence algorithms to implement
sensing-memory—computing integrated edge intelligence. These low-power, highly reliable
intelligent sensing systems will provide core technical support for cutting-edge fields such
as personalized health monitoring, real-time environmental sensing, industrial safety early
warning, and the Internet of Things, empowering precise decision-making and dependable
services in complex and dynamic environments.
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