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ABSTRACT 

 
Concerns about indoor and outdoor air quality, industrial gas leaks, and 

medical diagnostics are driving the demand for high-performance gas sensors. 

Owing to their structural variety and large surface area, semiconductor-based gas 

sensors hold great promise. Many earlier reports have successfully obtained a 

sufficient response and sensitivity to various types of target gases. However, the 

low-frequency noise (LFN) characteristics of gas sensors have been much less 

investigated. In this dissertation, LFN characteristics of horizontal floating-gate 

(FG) field-effect-transistor (HFGFET)-type gas sensors are systematically 

investigated. The LFN characteristics of the sensors with various sensing materials, 

including In2O3, IGZO, and WO3, are analyzed. The LFN for the HFGFET-type gas 

sensors is accurately modeled based on a systematic investigation and on solid 

physical foundations. It is revealed that the charge fluctuation in both the sensing 

material and the FET transducer affects the LFN of the sensor. When the LFN of 

the sensor is determined by the charge fluctuation in the sensing material, LFN 

spectroscopy can be used to realize selective detection. On the other hand, when the 

LFN of the FET transducer is determined by the FET transducer, the sensor 

platform can be used to maximize the SNR. Depending on the application the gas 

sensor, the LFN should be well controlled, and it is important to have the proper 
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knowledge to make this engineering possible. This dissertation provides a 

fundamental foundation on which this can be achieved.  

 

Keywords: horizontal floating-gate field-effect-transistor (HFGFET)-type gas 

sensor, low-frequency noise (LFN), LFN spectroscopy, signal-to-noise ratio (SNR) 

Student number: 2017-20021 
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Chapter 1 

Introduction 

  

1.1 Study background 

1.1.1 Gas sensor technology 

Gas sensing technology offers major contributions to human society via a 

variety of applications, including environmental monitoring, medical diagnostics, 

and workplace and public safety maintenance [1]–[3]. Thus, the need for high-

performance gas sensor devices and systems has continually grown. To match the 

growing demand, the worldwide market for gas sensors has developed, with an 

estimated market value of $1.2B in 2020 that is predicted to reach $2.2B by 2026 

[4]. In gas sensing applications, sensors must have a large response and selectivity, 

high reliability, and low power consumption [5]–[7].  

Different types of sensors, such as electrochemical [8], optical [9], and 

semiconductor-based gas sensors [10], have been suggested. In spite of the optical 
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gas sensors’ rapid reaction and good selectivity for the target gas, the large size and 

expensive fabrication process make them impractical. Electrochemical gas sensors 

exhibit good selectivity but have a limited lifespan. Alternatively, semiconductor-

based gas sensors are advantageous due to their inexpensive cost, simple fabrication 

process, and high response [11]. Accordingly, numerous research has been 

undertaken to enhance the sensing performance of semiconductor-based gas sensors. 

In semiconductor-based gas sensors, metal oxides such as tin oxide [12], zinc 

oxide [13], indium oxide [14], tungsten oxide [15], and indium-zinc-gallium oxide 

[16], 2D materials such as graphene [17], transition-metal dichalcogenides 

(TMDCs) [18], black phosphorus [19], and MXene [20], and carbon nanotube 

(CNT) [21] are used as sensing materials. Numerous research has investigated the 

gas-sensing characteristics of these materials. In addition, different types of sensor 

platforms have been suggested to further increase gas-detecting performance [22]. 

Depending on the sensor platform, the degree to which the chemical interaction 

between the target gas and sensing material is translated to the sensing signal varies. 

In addition, it has been reported that the gas-detecting performance could be 
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improved by optimizing the operating mode of the sensor platform's type. [23]. 

1.1.2 HFGFET-type gas sensors 

Due to their excellent reliability, field effect transistors (FETs) have been 

widely used as sensor platforms. [11]. Moreover, due to their compatibility with 

complementary metal-oxide-semiconductor (CMOS), FET-type gas sensors can be 

integrated with CMOS integrated circuits such as signal conditioning circuitry, 

multiplexer, and embedded heater, thereby reducing power consumption and 

enabling further miniaturization. [24]. I. Eisle et al. proposed the FET-type gas 

sensor with a suspended gate configuration that forms an air gap between the gate 

and insulator above the channel [25]. However, the fabrication procedure for the 

suspended gate is difficult, and the air's low dielectric constant results in a low 

coupling ratio. To boost the coupling ratio, a large sensing area (gate area) is 

necessary, hence expanding the sensor footprint [26]–[29].  

The horizontal floating-gate FET (HFGFET)-type gas sensor has been 

presented as a sensor platform to the above-mentioned problems [30]. The 

following is the structure of the HFGFET-type sensor. The FG is protected by a 
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passivation layer composed of SiO2/Si3N4/SiO2 (O/N/O, 10 nm/20 nm/10 nm), and 

the CG is formed in an interdigitated pattern with the FG. On the O/N/O layer 

covering the FG, the interdigitated pattern that will be electrically coupled to the 

CG and the sensing material is deposited [31], [32]. Consequently, the interdigitated 

pattern raises the coupling ratio of CG and FG, enhancing the sensing capability 

[33]–[36]. In addition, because the sensing material is deposited at the last stage of 

production, the platform is free of any contamination that may have resulted from 

the deposition of the sensing material [37]. 

1.1.3 LFN in gas sensors 

On the basis of the suggested HFGFET-type gas sensor, a number of sensing 

materials, including metal oxide, 2D material, and electrolyte, have been 

investigated to increase the response [30]. Not just in HFGFET-type gas sensors, 

but in sensor research in general, the emphasis has been on the response. The vast 

majority of prior research evaluated the response under various conditions, such as 

changes in operating temperature and humidity level and long-term exposure to 

ambient gases. In addition, several investigations have concentrated on the 
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geometric morphologies of sensing materials, such as nanotubes [38], nanodots [39], 

nanosheets [40], nanowires [41], core-shell nanoparticles [42], and core-shell 

hollow spheres [43]. However, in the majority of research that examines the limit 

of detection (LoD) of sensors based on the response, a critical factor has been 

neglected. In a number of studies, the LoDs of sensors are established by extending 

the response to the gas concentration at which the value of the response becomes 

one [44]. However, the noise of the sensing signal also affects the LoD of sensors 

[45]. Consequently, sensor noise should also be considered while evaluating LoD. 

In this respect, the signal-to-noise ratio (SNR) is a more relevant figure-of-merit 

than the response. However, the noise characteristics of gas sensors have only been 

investigated in a limited number of studies. Even when sensor noise is considered 

during SNR and LoD analysis, the physical origin of the noise or noise-generating 

process has not been systematically studied in prior research [46].  

Due to the slow sensing speed of semiconductor-based gas sensors, the noise 

of the sensing signal is dictated by specific forms of low-frequency noise (LFN), 

such as 1/f noise and random telegraph noise (RTN) [47]–[50]. In particular, it is 
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expected that the LFN will play a greater role in the future design and operation of 

sensors. There is a growing interest in the fabrication of integrated circuits for 

intelligent sensing systems[51], [52]. For the widespread integration of sensor 

arrays into integrated systems, the sensors must be compact and have a high SNR. 

In highly scaled-down gas sensors, the 1/f noise is enlarged inversely proportionate 

to sensor size [53]–[56]. Consequently, when the sensor is incorporated into an edge 

device, a greater LFN would significantly reduce the sensor's sensing capability 

[57]–[59]. Consequently, it is essential to research the LFN of gas sensors 

thoroughly and to determine the noise-generation process and management 

strategies [60]. Nevertheless, despite its relevance and importance, the LFN has 

gotten far less study attention in gas sensor development [61]–[64]. According to 

Web of Knowledge search results from October 2022, there are a total of 79,420 

articles on "gas sensors." Notably, "response" (26,403), "sensitivity" (24,414), and 

"selectivity" were the most prevalent study topics (10,734). In contrast, only a small 

number of publications discuss "low-frequency noise" (142) or the "signal-to-noise 

ratio" (681). The numbers in parentheses indicate the number of articles retrieved 
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by a search for the terms enclosed in quotation marks. These findings quantitatively 

indicate the need for LFN research in gas sensing applications. 

 

1.2 Purpose of research 

The bulk of research on semiconductor-based gas sensors was devoted to 

elucidating the gas-detecting process in various sensing materials, including metal 

oxide [65], graphene [66], and TMDC [67]. These investigations focused on the 

response, sensitivity, and selectivity of the sensors, regardless of the types of 

sensing materials they examined. However, no comprehensive study has been 

conducted on the LFN properties of gas sensors. This dissertation provides a 

comprehensive investigation of the LFN in semiconductor-based gas sensors, 

including characterizations of the LFN in resistor-type and HFGFET-type gas 

sensors, the effects of the process conditions of the sensing materials on the LFN, 

optimization of the SNR with consideration of the LFN, and LFN spectroscopy for 

selective detection of the target gas. In this dissertation, the genesis of the LFN in 

gas sensors and how it can be measured and controlled will be extensively studied. 
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1.3 Dissertation outline 

This dissertation is organized as follows. Chapter 1 outlines the background of 

the study, providing an introduction to gas sensor technology. In addition, the 

importance of the sensor platform is demonstrated with a focus on the HFGFET-

type gas sensor. Subsequently, the need to investigate the LFN in gas sensors is 

explained. The purpose of the research and the outline of the dissertation are also 

introduced. In chapter 2, the structure and fabrication process of the resistor- and 

HFGFET-type gas sensors are explained. Two different types of sensor platforms 

are fabricated on the same wafer, making a fair comparison possible. In chapter 3, 

the LFN characteristics of the resistor-type and HFGFET-type gas sensors with 

In2O3 sensing layer are investigated. Here, the comprehensive comparison of LFN 

between the HFGFET- and resistor-type gas sensors is examined. Furthermore, the 

effects of different process conditions of sensing materials on LFN characteristics 

in each sensor are investigated. In chapter 4, the LFN characteristics of the 

HFGFET-type gas sensors with WO3 sensing layer are investigated. Here, the 
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different noise source in HFGFET-type gas sensor is demonstrated. Chapter 5 

proposes a method to evaluate and compare the SNR of gas sensors with resistor- 

and HFGFET-type gas sensors. Furthermore, the optimization of SNR in each 

sensor platform is provided. The conclusion of the thesis is presented in Chapter 6.  
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Chapter 2 

Fabrication of sensor platform 

 

2.1 Sensor structure  

Using silicon-based CMOS process technology, it is simple to incorporate 

several types of gas sensors onto the same substrate. In this dissertation, the resistor- 

and HFGFET-type gas sensors are fabricated on the same wafer, and their properties 

are rigorously investigated and compared. The structures of resistor- and HFGFET-

type gas sensors are depicted as top SEM images in Fig. 2.1(a) and (b), respectively 

[68]. The resistor-type gas sensors have interdigitated metals as electrodes on which 

 

Fig. 2.1. Top SEM image of the resistor-type sensor, HFGFET-type sensor, and 

HFGFET-type gas sensor with embedded micro-heater 
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the sensing material is deposited [50]. The size of the resistor-type gas sensor is 

100×125 μm2 and the distance between the metal electrodes is 2 μm. In the 

HFGFET-type gas sensors, the CG and FG are horizontally interdigitated from each 

other, and the sensing layer is formed between the two gates. The embedded micro-

heater can be adopted to further improve the sensing characteristics. The top SEM 

image of the HFGFET-type gas sensor with the micro-heater is shown in Fig. 2(c) . 

Note that the sensing layer works as a part of the gate. In addition, the O/N/O layer, 

particularly the N layer, functions as a passivation layer to prevent outside 

pollutants from entering the FET channel.  

2.2 Fabrication process  

For a fair comparison, both resistor- and HFGFET-type sensors are fabricated 

on the same wafer by sharing the manufacturing process steps. Figs. 2.2(a)-(e) 

depict schematic cross-sectional views of important process phases cut along the 

dashed lines A-A' and B-B' in Fig. 2.1(a) and (b), respectively. On a 6-inch Si wafer, 
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the gas sensors are produced utilizing five photomasks and CMOS manufacturing 

process technology. Patterning a nitride layer generated on the SiO2 layer (pad oxide) 

developed on an n-type Si substrate defines active areas (a). The nitride is then 

removed, and a 550-nm-thick oxide is formed (b). The pad oxide is eliminated, and 

a SiO2 layer is produced as a sacrifice. After performing ion implantation for 

 

Fig. 2.2. Schematic of the fabrication process of the resistor- and FET-type gas 

sensors.  
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threshold control, the sacrificial layer is eliminated. After developing a 10 nm thick 

gate oxide, n+ polycrystalline Si is deposited to generate the FG (or gate electrode 

for conventional FETs) (c). Then, an O/N/O passivation layer is produced (d). Cr 

(30 nm) and Au (50 nm) layers are successively produced as the CG, source, and 

drain electrodes for FET-type gas sensors and electrodes for resistor-type gas 

sensors after defining contact holes (e). Then, materials for sensing are placed (f). 

The FG n+ polysilicon is also used as a micro-heater. Covering this heater is 

produced beneath the CG in the direction of the multi-fingered FG. To form an air 

gap underneath the embedded micro-heater, the O/N/O passivation layer, field 

oxide, and Si substrate are anisotropically and isotropically dry etched, respectively. 
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Chapter 3 

Comparison of LFN characteristics in sensors with 

different sensor platforms 

 

3.1 Measurement setup and sensing material characterization  

Fig. 3.1 depicts a schematic representation of the gas sensing and LFN 

measuring system. Using a semiconductor parameter analyzer (B1500A) and a 

probe station with a test chamber, chuck, gas input, and gas exit, the gas-detecting 

properties of the sensors are evaluated. Target gas is used, and gas flow is regulated 

by a mass flow controller (MFC). In order to regulate the gas concentration, the 

target gas is mixed with dry air with a relative humidity of 4% before being 

introduced into the test chamber. At 180 oC, the response to H2S gas molecules is 

measured. A low noise current amplifier (SR570) and signal analyzer (35670A) are 

used to assess the LFN power spectral density of the sensors.  
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The SR570 supplies the voltage applied to the electrodes of the resistor-type gas 

sensor. B1500A and SR570 provide the gate voltage and drain bias of the FET-type 

gas sensor, respectively. The drain current of the FET-type gas sensor is linked to 

the SR570, which transforms the current variation into a voltage fluctuation. The 

35670A transforms the dynamic signal from the SR570 into a power spectral density. 

 

3.2 Sensing material characterization  

Thin films of 12 nm thick In2O3 are produced by radio frequency 

magnetron sputtering using an In2O3 target with a purity of 99.99% (4N). The 

 

Fig. 3.1. Schematic diagram of H2S gas response and LFN measurement system. 
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substrate temperature is set to 20 oC, and the sputtering pressure is set at 5 mTorr. 

The films are deposited in two distinct atmospheres (Ar (30 sccm) and Ar/O2 (30 

sccm/3 sccm) mixed atmosphere) in order to examine the impact of sensing material 

conditions on the LFN properties. The presence of oxygen molecules in the 

environment lowers the deposition rate of the sensing material (from 1.1 /s to 0.72 

/sec). To stabilize the chemical composition and crystalline structure, the deposited 

sensing material is subjected to a 100-second heat annealing treatment at 200 oC. 

Fig. 3.2(a) and (b) show SEM images of In2O3 layers deposited in Ar and Ar/O2 

mixed atmospheres, respectively. Fig. 3.2(c) depicts the Energy Dispersive X-ray 

Spectroscopy (EDS) examination of the In2O3 films. 

 

Fig. 3.2. Top SEM image of In2O3 deposited on (a) Ar and (b) Ar/O2 mixed 

ambient conditions. (c) EDS spectrum analysis of In2O3 deposited under the Ar 

ambient conditions. 
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3.3 Resistor-type gas sensors 

Fig. 3.3(a) shows the current-voltage (I-V) curves of the resistor-type gas 

sensor with the In2O3 fabricated in the Ar and Ar/O2 ambient conditions. The curves 

are measured at 27 and 180 oC. The conductivity of the resistor-type gas sensor 

produced in an Ar environment is roughly 103 times greater than that produced in 

an Ar/O2 atmosphere. When the sensing material is placed in an Ar/O2 environment, 

oxygen vacancies that function as a doubly charged donor and provide electrons are 

decreased [69]. At 180 oC, the conductivity of a resistor-type gas sensor created in 

an Ar environment remains unchanged, but the conductivity of a resistor-type gas 

sensor prepared in an Ar/O2 atmosphere rises ten times. The larger carrier 

concentration in the former results in the degeneracy of free carriers, rendering the 

temperature-independent conductivity of In2O3. At 180 oC, however, the 

conductivity of the latter material with non-degenerate properties rises owing to a 

reduction in impurity scattering. Fig. 3.3(b) depicts the SI of the resistor-type gas 
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sensor at various bias circumstances. The V is changed from 0.2 V to 1.0 V in 0.2 

V increments). In the low-frequency domain, the behavior of resistor-type gas 

sensors is 1/f noise [70]–[73]. The LFN of polycrystalline resistors has been 

 

Fig. 3.3. (a) Current-voltage (I-V) curves of the resistor-type gas sensors 

measured at 27oC and 180oC. (b) SI of the resistor-type gas sensor produced in 

the Ar/O2 ambient condition. (c) SI/I
2 of the resistor-type gas sensors. The inset 

shows the log-log plot of the RSHEET versus the SI/I
2 sampled at 40 Hz. (d) SI/I

2 

sampled at 40 Hz and 100 Hz versus the V. 
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observed to have 1/f noise owing to bulk mobility fluctuation (BMF) at the grain 

boundaries. The grain boundary, which traps carriers and produces the space-charge 

potential barrier, has a huge number of defects. When the carriers pass over the 

grain boundaries, the potential barrier arbitrarily obstructs the carrier movement, 

causing the mobility to vary. The LFN of the polycrystalline resistor is expressed 

as [74] 

𝑆𝐼

𝐼2
=
𝛼𝐻

𝑓𝑁
                                                                                                                                  

where 𝛼𝐻 is the Hooge’s parameter and N is the total number of carriers. 

The SI/I
2 of resistor-type gas sensors are shown in Fig. 3.3(c). The 

magnitude of normalized 1/f noise of the resistor-type gas sensor produced in an 

Ar/O2 environment is about seventy-five times more than that of the sensor made 

in an Ar atmosphere. The ratio of the normalized noise to the sheet resistance 

(RSHEET). The RSHEETs of In2O3 deposited in the Ar atmosphere and the Ar/O2 

atmosphere are, correspondingly, 1.7103 Ω/square and 8.5105 Ω /square. The inset 

of Fig. 3.3(c) shows the RSHEET against the SI/I
2 at 40 Hz, with a slope of 0.70. The 

barrier heights of the grain boundaries are obtained by using the following equation 
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[42]. 

𝑅𝑆𝐻𝐸𝐸𝑇 = 𝑐𝑜𝑛𝑠𝑡. √𝑇𝑒𝑥 𝑝 (
𝑞𝜙𝐵

𝑘𝑇
).  

The higher potential barrier height at the grain borders increases the normalized 1/f 

noise. Fig. 3.3(d) shows the SI/I
2 sampled at 40 Hz and 100 Hz versus V. Note that 

there is no bias dependency in the normalized noise power spectral densities of 

resistor-type gas sensors. 

 

3.4 HFGFET-type gas sensors 

Fig. 3.4(a) shows drain current-CG voltage (ID-VCG) curves of the FET-type 

gas sensor measured at 27 and 180 oC. The off-current is elevated at 180 oC due to 

leakage current from the source/drain to the substrate junction. Fig. 3.4(b) shows 

output characteristics (ID-VDS) curves at 27 oC. Fig. 3.4(c) shows the FET-type gas 

sensor’s SID measured at 27 oC measured at different operating regions. The 1/f 𝛾 (𝛾 

~ 0.9 to 1.1) characteristic is evident in the FET-type gas sensors. The 1/f noise of 

FETs is generated by either the carrier number fluctuation (CNF) [75] or Hooge’s 

mobility fluctuation (HMF) [45]. The CNF model predicts that 1/f noise is produced 
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due to the trapping and detrapping of carriers at the gate oxide/Si channel interface. 

Each defect has its own time constant, whose value is determined by the distance 

from the Si/SiO2 interface. In the low-frequency domain, these defects cause 

Lorentzian noise due to generation and recombination. A succession of closely 

Fig. 3.4. (a) Drain current-CG voltage (ID-VCG) curves of the FET-type gas 

sensor measured at 23 and 180 oC. (b) Drain current-drain-to-source voltage (ID-

VDS) curves measured at 27 oC. (c) SID of the FET-type gas sensor at 27 oC 

measured in different operating regions. (d) SID/ID
2 versus ID of the FET-type 

gas sensors and poly-Si gate FET used as a sensor platform. (e) Doping 

concentration versus distance of the FET. 
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spaced defects results in 1/f noise. In the CNF model, the frequency exponent 

depends on the gate bias due to the energy and location dependence of the trap 

density. The CNF model is given as [75] 

𝑆𝐼𝐷

𝐼𝐷
2 = (

𝑔𝑚

𝐼𝐷
)2𝑆𝑉𝑓𝑏  

with 

𝑆𝑉𝑓𝑏 =
𝑞2𝑁𝑡𝑘𝑇𝜆

𝑊𝐿𝐶𝑂𝑥
2𝑓

                                                                                                                                                                          

where SID/ID
2 is the normalized noise power spectral density of the drain current, 

SVfb is the power spectral density of flat band voltage fluctuation, Nt is the volume 

trap density, 𝜆  is the oxide tunneling attenuation distance, and COX is the gate 

oxide capacitance per unit area.  

In the case where the LFN is generated by the carrier mobility scattering at 

the bulk of the channel, the behavior of LFN is explained by the HMF model. The 

carrier mobility is perturbed by scattering centers with variable scattering cross-

sections, and the absence of a dominant scattering center causes 1/f noise in the low 

frequency domain. The HMF model is given as [76] 
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𝑆𝐼𝐷

𝐼𝐷
2 =

𝛼𝐻

𝑓𝑁
=

𝑞𝛼𝐻

𝑊𝐿𝑄𝑖𝑓
=
𝛼𝐻𝜇𝑒𝑓𝑓2𝑘𝑇

𝑓𝐿2𝐼𝐷
                                                                                                                                                

where 𝑄𝑖  is the inversion charge density per unit area (C/cm2), 𝜇𝑒𝑓𝑓  is the 

effective carrier mobility. Whether the FET follows CNF or HMF model can be 

determined by the log-log plot of the drain current versus the normalized drain 

current noise sampled at a fixed frequency. 

The SID/ID
2 at a fixed frequency changes according to the (gm/ID)2 in the 

plot when the CNF is the dominant noise model. On the other hand, the HMF model 

shows that the slope of the plot is -1. Fig. 3.4(d) shows that SID/ID
2 of 40 Hz 

decreases with a slope of -1 power of the ID as the operation region of FET-type gas 

sensors moves from the subthreshold to the saturation and linear regions. The result 

shows that HMF is the main LFN-generating mechanism. Here, the legends "Ar" 

and "Ar/O2" denote the LFN of FET-type gas sensors with varying sensing material 

processing conditions. The legend "Poly-gate" denotes the noise characteristics of 

a p-type MOSFET, which is used as a sensor platform. Fig. 3.4(d) depicts the noise 

characteristics of the p-type MOSFET using triangle symbols. The LFN 

characteristics are almost identical to those of the FET-type gas sensors illustrated 
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by the circle and square. Note that the p-type MOSFET and the HFGFET-type gas 

sensor are fabricated on the same Si substrate and have identical channel 

dimensions (W/L = 2 μm/2 μm). The result indicates that the sensing material 

deposition condition has no effect on the noise of the FET-type gas sensor. The p-

type MOSFET channel noise determines the LFN properties of a FET-type gas 

sensor. As seen in Fig. 3.4(e), the TCAD process simulation validates that the 

channel is generated 20 nm from the gate oxide-Si channel contact, suggesting that 

the FET-type gas sensors exhibit buried channel properties. As a result, charge 

fluctuations are mostly caused by scattering in the crystalline silicon bulk rather 

than trapping/detrapping at the interface. 

 

3.5 Quantitative comparison 

In this section, we quantitatively compare the LFN of resistor- and FET-

type gas sensors using αH. The left y-axis of Fig. 3.5(a) compares S/I2 of these 

sensors. It is observed that the noise of the FET-type sensor is at least ~10 times 

smaller than that of the resistor-type sensor. The 1/f noise of the semiconductor 
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device is known to increase as the size of the device decreases, so normalized LFN 

power spectra should be normalized again with the sizes of the sensors for a fair 

comparison between the resistor- and the FET-type gas sensors [48]. When 

comparing the two sensor types, the right y-axis in Fig. 3.5 reveals that the 

normalized 1/f noise of resistor-type gas sensors is at least 104 greater than that of 

FET-type gas sensors. Different conduction characteristics are responsible for the 

large disparity in normalized 1/f noise between the two sensor types. In resistor-

 

Fig. 3.5. Current normalized power spectral densities the resistor- and the FET-

type gas sensors. The y2 axis shows the size normalized results of the sensors. 
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type gas sensors, the polycrystalline In2O3 sensing layer serves as the current route, 

whereas in FET-type gas sensors, the current path is physically isolated from the 

sensing layer. The LFN of the buried channel structure FET-type gas sensor occurs 

at the single-crystal Si substrate. Since the magnitude of scatterings in a crystalline 

structure are much less than in a polycrystalline one, this is a major benefit of the 

FET-type gas sensors. However, this is not a feature of every FET-based gas sensor. 

For example, the bottom gate TFT-type gas sensor has a current route in the 

polycrystalline sensing material because the current passes through the sensing 

material layer. When TFTs are operating in the subthreshold region, the 

polycrystalline bulk quality influences device performance, leading to an increase 

in 1/f noise. 
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Chapter 4 

LFN characteristics of HFGFET-type gas 

sensors with tungsten oxide sensing layer 

 

4.1 Sensing material characterization 

At 20 oC, the sputtering technique is used to deposit an n-type semiconducting 

 

Fig. 4.1. (a) Top SEM image and (b) GIXRD of the WO3 thin film, respectively. 

(c) Wide-scan XPS spectrum, high resolution XPS spectra of (e) O 1s and (f) 

W, respectively. 
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WO3 that is 20 nm thick. Fig. 4.1(a) and (b), correspondingly, show a top SEM 

image and the grazing incidence X-ray diffraction analysis (GIXRD) of WO3 

deposited between the CG and FG [77]. These results demonstrate the deposited 

film is amorphous. Fig. 4.1(c), (d), and (e), correspondingly, displays the wide-scan 

and high-resolution X-ray photoelectron spectroscopy (XPS) spectra of O 1s and 

W 4f, respectively. The W:O composition ratio is 1:3 in a quantitative study based 

on the spectral area.  

 

4.2 LFN characteristics 

The transfer characteristics of the HFGFET-type gas sensor with a WO3 sensing 

layer as a parameter of T are shown in Fig. 4.2(a). The sensor exhibits conventional 

p-type FET properties, with a subthreshold swing (SS) of 90 mV at 27 oC and a 

threshold voltage (Vth) of 0.28 V. The curves for the poly-Si gate FET that served 

as the sensor platform were measured at 27 oC and are shown by open symbols. 

Due to the different work functions of poly-Si and WO3, the sensor with WO3 has 
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a lower Vth than a poly-Si gate FET.  

 

Fig. 4.2. (a) ID-VCG curves of a FET-type gas sensor with a WO3 measured at 

different temperatures. The open symbols denote the ID-VCG of the poly-Si gate 

FET. (b) SID/ID
2 and (c) f × SID/ID

2 versus f measured at different VCGs. (d) The 

ID amplitude distribution is shown in the inset. (e) Equivalent circuit diagram of 

the FET-type gas sensor. (f) SID/ID
2 sampled at 10 Hz and (gm/ID)2 multiplied by 

a constant versus ID of the sensor. (g) PIV measurement bias scheme. ID-VCG 

and ID-VGS of the (h-1) FET-type gas sensor and (h-2) poly-Si gate FET 

measured with DC and PIV measurements as a parameter of ton values, 

respectively. 

 

-2 -1 0 1 2
10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

|I
D
| 

(A
)

VCG (V)

T

 27 oC

 100 oC

 150 oC

 200 oC

Poly-Si 

gate FET

Sensor 

w/ WO3

10 100 1000 10000
10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

T = 20 oC

1/f 2 noise

VCG increases

S
ID

/I
D

2
(1

/H
z
)

Frequency (Hz)

1/f 1 noise

10 100 1000 10000
10-9

10-8

10-7

10-6

10-5

10-4

10-3

1/f 1 noise

T = 20 oC

fc

f 
x

 S
ID

/I
D

2
 (

H
z
/H

z
)

Frequency (Hz)

(a) (b) (c)

10-8 10-7 10-6 10-5
10-9

10-8

10-7

10-6

10-5

Sensor w/ WOx

 SID/ID
2 (f = 10 Hz)

ID (A)

S
ID

/I
D

2
 (

1
/H

Z
)

101

102

103

104

105

HMF

ID
-1

CNF Constant x (gm/ID)2

C
o

n
s

ta
n

t 
x

 (
g

m
/I

D
)2

(d)

0 5 10 15 20 25 30
170

172

174

176

178

180

182

184

186

188

190

192

194

I D
 (

n
A

)

Time (sec)

189 190 191
0

20

40

60

80

100

120 tread = 10-3 sec 

C
o

u
n

t

ID (nA)

(e)

VCG

CG CONO

Cp

VFG

VDS

CoxRG

RC Network

(f)

FET 
Channel

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
10-12

10-11

10-10

10-9

10-8

10-7

10-6

Sensor w/ WOx

    toff = 100 ms

  ton (sec)

 10-3

 10-4

 10-5

 10-6

 DC

I D
 (

A
)

VCG (V)

-1.5 -1.0 -0.5 0.0 0.5
10-12

10-11

10-10

10-9

10-8

10-7

10-6

 DC

Poly Si gate FET

        toff =100 ms
I D

 (
A

)

VGS (V)

  ton (sec)

 10-6

(g) (h-1) (h-2)



30 

 

The SID/ID
2s under various bias settings are shown in Fig. 4.2(b) as a function 

of frequency (f). VCG increases from -0.5 V to 0.5 V, while VDS is set at -0.1 V. Fig. 

4.2(c) depicts the Lorentzian curve with a corner frequency (fc) at f = 100 Hz for 

the FET-type gas sensor with the WO3 sensing layer. The main source of Lorentzian 

noise is random telegraph noise (RTN), which is produced when carriers in a FET 

channel are trapped or released from traps within a gate oxide. However, RTN is 

unable to account for the Lorentzian noise behavior of the HFGFET-type gas sensor. 

The reason for this is as follows: 1) The p-type FET in the FET transducer features 

a buried channel structure, with the conductive channel forming around 20 nm away 

from the gate oxide. The behavior of SID/ID
2 in the FET transducer differs from that 

of (gm/ID)2 with respect to ID, demonstrating that the poly-Si gate FET's LFN 

properties are independent of the CNF. Therefore, it is unlikely that the process of 

carriers being trapped in or released from oxide traps would be the primary factor 

affecting the sensor's overall LFN properties. 2) The gate bias has a significant 

impact on the kinetics of the trapping and detrapping process, and as a result, fc 

exhibits bias dependency if the RTN is the main reason for the Lorentzian-like noise 
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[78]. But when VCG rises, the fc of the FET-type gas sensor remains constant. In 

addition, the fluctuation of ID over time under the bias condition where the 

Lorentzian-like noise is seen is shown in Fig. 4.2(d). The related ID amplitude 

distribution (Inset of Figure 4.2(d)) confirms that ID does not exhibit discrete current 

fluctuations in this instance, but ID has a Gaussian distribution. These results 

confirm that the Lorentzian-like noise is not generated from the RTN. 

The sensing material deposited between the CG and FG in FET-type gas 

sensors may also be taken into account as a potential noise source. A FET-type gas 

sensor's equivalent circuit design is shown in Fig. 4.2(e). The capacitances of the 

sensing layer, the O/N/O layer, the gate oxide, and the parasitic capacitance are 

denoted as CG, CONO, Cox, and CP, respectively. The sensing material's resistance is 

RG. The voltage coupled between the CG and FG changes when there are charge 

fluctuations in the sensing material, which in turn causes ID to vary. The charge 

fluctuation in the sensing material comes from two sources: 1) Variation in the 

adsorbed gas's number; and 2) Variation in charge as a result of carrier exchange 

between the sensing material and the adsorbed gas molecules. 
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1) First, we consider the number fluctuation of the adsorbed gas, the behavior 

of which can be understood with an analogy of the generation-recombination (G-R) 

[49]. By using the same method as for the G-R noise, it is possible to obtain the 

PSD of the gate voltage caused by adsorption and desorption. The PSD has a very 

low fc, however, since gas molecules adsorb to and desorb from the sensing material 

at a very slow rate. According to the previous study, fc typically has a value of 10-2 

Hz [79]. As a result, it is not plausible to reconcile the adsorption/desorption noise 

of gas molecules with the LFN characteristics of the HFGFET-type gas sensors. 

2) The charge fluctuation caused by the carrier exchange between the 

molecules that have been adsorbed and the sensing material must also be taken into 

account. A local diffusion current is created during the carrier exchange process. 

∆𝐼𝑔,𝑠𝑒𝑛𝑠𝑖𝑛𝑔2
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

4𝑘𝑇

𝑅𝐺
. (3) 

Fig. 4.2(e) demonstrates the existence of a parallel combination of RG and CG-based 

resistor-capacitor (RC) network in the sensing material. The transfer function of the 

RC network may convert the local current noise to voltage noise. The transfer 

function is expressed as 
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H(s) =  
1

1+𝑠𝑅𝐺𝐶𝑒𝑞
  (4) 

where  

𝐶𝑒𝑞 = 𝐶𝐺 + 𝐶𝑝 + 𝐶𝑂𝑁𝑂.  (5) 

Thus, the voltage noise PSD (∆𝑉𝑔,𝑠𝑒𝑛𝑠𝑖𝑛𝑔2
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) is given by 

∆𝑉𝑔,𝑠𝑒𝑛𝑠𝑖𝑛𝑔2
2(𝑓)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = |𝐻(𝑠)|2∆𝐼𝑔,𝑠𝑒𝑛𝑠𝑖𝑛𝑔2

2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =
4𝑘𝑇𝑅𝐺

1+(2𝜋𝑅𝐺𝐶𝑒𝑞𝑓)2
. (6) 

Accordingly, ∆𝑉𝑔,𝑠𝑒𝑛𝑠𝑖𝑛𝑔2
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   has the shape of a low-pass filter with a corner 

frequency (fc,2) of 1/RGCeq. When ∆𝑉𝑔,𝑠𝑒𝑛𝑠𝑖𝑛𝑔
2(𝑓)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ is reflected in the drain current 

fluctuation, its amplitude is multiplied by gm
2. When the drain current variation 

reflects ∆𝑉𝑔,𝑠𝑒𝑛𝑠𝑖𝑛𝑔
2(𝑓)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅, its amplitude is amplified by gm

2. Fig. 4.2(f) shows SID/ID
2 

sampled at 10 Hz and (gm/ID)2 multiplied by the constant versus ID of the sensor. 

Here, SID/ID
2 and (gm/ID)2 show the same behavior with respect to ID, verifying that 

Equation 8 is well fitted to the noise of the sensor. The fact that SID's magnitude is 

greater than the FET intrinsic 1/f noise is what causes the Lorentzian-like noise. As 

shown in Fig. 4.2(b), the magnitude of measured SID/ID
2 is substantially bigger than 

the SID,FET/ID,FET
2. 

We perform pulsed I-V (PIV) measurements of the FET-type gas sensor and 
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contrast these results with those of a poly-Si gate FET to confirm the presence of 

the RC network in the sensing material area. The biasing scheme used for the PIV 

measurement is shown in Fig. 4.2(g). The ID-VCG of the FET-type gas sensor is 

shown in Fig. 4.2(h-1), together with DC and pulsed I-V (PIV) readings at different 

ton values. The PIV measurement yields a substantially bigger off-current value for 

the FET-type gas sensor than does the DC measurement. This is a result of the 

WGFMU module's lower limit in the present measurement (100 pA). The RC delay 

in the sensing material causes the SS to increase with a drop in ton. The findings of 

the LFN measurement are consistent with the delay in the ID-VGS curves seen by 

PIV. As demonstrated in Fig. 4.2(h-2), the poly-Si gate FET does not exhibit a rise 

in SS, in contrast to the FET-type gas sensor, even at a ton value of 10-6 s. 

Here, it's crucial to explain why, in contrast to indium oxide, the noise created 

in the WO3 is higher than that in the FET channel. Please note that LFN 

characteristics of HFGFET-type gas sensors using In2O3 were shown in Chapter 3; 
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the FET transducer determines the noise of the sensor. Such different LFN 

characteristics are caused by the RC network in the sensing materials. The 

resistance of a reducible metal oxide varies greatly depending on the energy level 

of the oxygen vacancy. Oxygen vacancies serve as an electron donors and boost the 

conductivity of n-type metal oxides [69].  In order to verify the properties of 

 

Fig. 4.3. (a) Noise-generation mechanism in the HFGFET-type gas sensors. 

Band structures and corresponding IPR of the electronic states of (b-1) 

amorphous WO3 and (b-2) amorphous WO3-x, respectively. The dashed lines 

indicate the EF of the materials in each case. (c) Amorphous structure of WO3. 

The calculated band structures and corresponding IPR of the electronic states of 

(d-1) amorphous In2O3 and (d-2) amorphous In2O3-x, respectively. 
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oxygen vacancy in WO3, a DFT analysis is conducted. The computed band structure 

and inverse participation ratio (IPR) of the electrical structure of amorphous WO3 

and WO3-x, respectively, are shown in Fig. 4.3(b-1) and (b-2). Fig. 4.3(c) shows the 

comparable amorphous WO3. The valence band maximum (VBM) and conduction 

band minimum (CBM) show minor dispersions in WO3 and WO3-x. The states are 

also localized, as seen by the high IPR value. High IPR values may be seen close 

to the CBM even when there is an oxygen vacancy. The clustered IPR shown by the 

dashed circle in Fig. 4.3(b-2) confirms that the oxygen vacancies in WO3 function 

as a deep donor. No matter how amorphous the structure or where the oxygen 

vacancy is located, WO3's oxygen vacancy functions as a deep donor.  

The ideal material condition appropriate for LFN spectroscopy is given based 

on these findings. On the one hand, the LFN of the sensor is governed by the FET 

channel when the resistance of the metal oxide is too low (such as in In2O3). It is 

difficult to employ LFN as a sensing feature for selective detection in this situation 

because the LFN of the sensor is the same regardless of the gas response. On the 

other hand, if the resistance is too high, the fc will be too small, which will take a 
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long time to acquire and will delay the detection of the target gas. Therefore, it's 

crucial to choose a sensing material with a resistance value that's neither too high 

nor too low. According to this viewpoint, the best material for selective detection in 

FET-type gas sensors is WO3 with a deep level oxygen vacancy. 

 

4.3 Selective gas detection via LFN spectroscopy 

In this section, we demonstrate how the gas response affects the LFN 

properties of the FET-type gas sensor. Because the sensing material determines the 

LFN characteristics of the FET-type gas sensor using WO3, exposure to various 

target gases will result in distinct LFN characteristics, which may be used to assess 

the selectivity of the sensor. A T value greater than 100 oC is often necessary for 

metal oxide sensing materials to interact with the target gases. In light of this, the 

impacts of T on the sensors' LFN properties are examined. The validity of the noise 
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model is confirmed by examining the impacts of T. The SID/ID
2 of the FET-type gas 

sensor is shown as a parameter of T in Fig. 4.4(a). A 400 nA of ID value was used 

to measure the PSDs. Plotted in Fig. 4.4(b) is SID/ID
2multiplied by frequency versus 

frequency. 

With rising T, the maximum value of f × SID/ID
2, which corresponds to the fc, 

 

Fig. 4.4. (a) SID/ID
2 and (b) f ×  SID/ID

2 of the HFGFET-type gas sensors 

measured at different Ts. (c) SID/ID
2 of the poly-Si gate FET versus f measured 

at different Ts. (d) SVG of the sensors exposed to different gases: Dry air as a 

reference, NO2, H2S, and CO gases for target gases. (e) ln(fc) versus 1/kBT of 

the sensor exposed to different gases: under ambient dry air, NO2, H2S, and CO 

gases. (d) Ea of the dry air, NO2, CO, H2S gases.  
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moves to a higher frequency. The reduction in RG with increasing T may be used to 

explain the rise in the fc. Due to an increase in carrier concentration and a drop in 

potential barrier height at the grain boundaries, the resistance in semiconducting 

metal oxide decreases as T increases. The SID/ID
2of the poly-Si gate FET is shown 

against f as a parameter of T in Fig. 4.4(c). The poly-Si gate FET exhibits 1/f noise 

behavior regardless of how T varies, in contrast to the FET-type gas sensors. These 

findings further show that the sensing medium, not the FET transducer, determines 

the LFN properties of the sensor. 

The SVG of a FET-type gas sensor is shown in Fig. 4.4(d) under various 

environmental circumstances, including dry air as a reference and NO2, H2S, and 

CO. At 200 oC, the PSDs are measured. A change in fc that can be readily seen when 

the sensor is exposed to several target gases may be exploited as a characteristic 

sensing feature to achieve selective detection. This happens because the RC 

network and, therefore, fc vary when WO3 is exposed to various gases. The noise 

activation energy (Ea) is determined from the slope of the Arrhenius plot (ln(fc) vs 

1/kBT) in Fig. 4.4(e) since the characteristic time exponentially varies on T. Different 
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Ea values for various gases emerge from the gas sensing kinetics' influence on the 

characteristic time of the charge fluctuation. Figure 4.4(f) displays the Ea value for 

each target gas, which was calculated from the slope of the curve between fc and 

1/kBT. 

For each target gas, the Eas are extracted at four distinct gas concentrations. 

The Ea values of each of the target gases are the same regardless of the change in 

gas concentration, proving the efficacy of LFN spectroscopy for selective detection. 

For the gases O2, NO2, CO, and H2S, the Ea values calculated from the Arrhenius 

plot are 0.59, 0.45, 0.35, and 0.40 eV, respectively. The target gases are easily 

separated since the Ea values are easily distinct. Noise spectroscopy provides a 

significant advantage over traditional sensor technology in that selective detection 

is accomplished with a single sensor without using a dense array of sensors. 
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Chapter 5 

Optimization of signal-to-noise ratio 

 

5.1 Quantitative evaluation of SNR in gas sensing applications 

Until far, research on gas sensors has mostly focused on increasing the 

magnitudes of the response of different sensing materials, as well as the sensor 

platforms and measurement conditions. However, one must determine the lowest 

observable signal that a sensor can accurately detect to assess the LoD of sensors. 

It is significant to highlight that the noise of the sensor determines the smallest 

change that can be resolved. The noise sources of sensors can be measured, 

characterized, and predicted using an analysis of the LFN. So, while assessing the 

LoD and choosing the ideal manufacturing and operating conditions, the LFN must 

be considered. As a result, the SNR, which also incorporates the LFN, is a more 

reliable measure for assessing the LoD than the response, which only takes the 

signal's size into consideration. A signal-to-noise ratio (SNR) of at least three is 
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required in order to be deemed meaningful, as per IUPAC regulations [80]. The 

SNR is defined as 

SNR =
∆𝐼

𝛿𝐼
=

𝐼𝑔−𝐼𝑎

√∫ 𝑆𝐼(𝑓)𝑑𝑓
𝑓2
𝑓1

=
𝐼𝑔−𝐼𝑎

√𝐵𝑊×√𝑆𝐼(𝑓=1𝐻𝑧)
                                                                        

where ΔI is the signal generated from the gas reaction; δΙ is the root-mean-square 

noise amplitude; Ig and Ia are the currents of the sensor after and before the gas 

reaction, respectively; SI (f = 1 Hz) is PSD of the current noise at a frequency of 1 

Hz; and BW is a bandwidth-related term that depends on the largest (f 2) and 

smallest (f 1) frequencies sampled; BW = ln(f2/f1). Note that √𝐵𝑊  ranges from 

about 3.5 to 3.8 in typical gas sensing measurements. The amplitude of the 1/f noise 

is many orders bigger than the thermal noise in the observed BW range; hence the 

LFN decides the δΙ. In order to accurately predict a lower bound on the sensor's 

detection limit, an estimate of the SNR must be based on a precise measurement of 

the PSD of 1/f noise. 
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5.2 SNR optimization 

5.2.1 Sensing material characterization 

Due to its low noise characteristics, In2O3 is employed as a sensing material 

and deposited under various circumstances to improve the SNR of HFGFET-type 

gas sensors. In order to confirm the advantage of HFGFET-type gas sensors in terms 

of SNR, the SNR of the sensor is compared to that of the resistor-type gas sensors. 

By employing an In2O3 target (99.99% (4N)) and an RF magnetron, 30 nm 

of In2O3 thin films are deposited. At 30 sccm, 20 oC, and 5 mTorr, respectively, the 

argon flow rate, substrate temperature, and sputtering pressure are all established. 

In2O3 films are fabricated at different RF powers (50, 70, 100, 150, and 230 W). 

The deposition rate of In2O3 film rises from 28.8 to 144 /min with an increase in RF 

power, as shown in Fig. 5.1(a) [81]. Higher RF power increases the plasma's argon 

ion content and the target's bombardment. As a result, the rate of deposition rises 

along with the number of atoms blasted from the In2O3 target. Fig. 5.1(b) shows 
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sheet resistances (RSHEETs) of the films prepared at various RF power. The RSHEETs 

of In2O3 films decrease as RF power increases when fabricated at low RF powers 

(50, 70, and 100 W). The In2O3 film's grain size enlarges as the RF power rises 

because the ion cluster energy increases prior to their collision with the substrate. 

As a result, there are fewer grain boundaries, which reduces the dispersion of charge 

carriers at the grain borders and raises the conductivity of the film. However, when 

In2O3 films are deposited using high RF power (150 and 230 W), the RSHEET of the 

In2O3 film rises. It seems that an excessive RF power supply causes the In2O3 film 

 

Fig. 5.1. (a) Deposition rate and (b) RSHEET of the films versus RF power. Top 

SEM images of In2O3 films deposited at RF powers of (c) 50 W, (d) 100 W, and 

(e) 230 W. 
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to have a high defect density and smaller grain size. The RSHEET of In2O3 films rises 

when carriers scatter at more grain boundaries. Additionally, the homogeneity of 

the In2O3 film is worse when it is deposited at high RF energies than when it is 

deposited at low RF values. The top SEM images of In2O3 films deposited at various 

RF powers are shown in Fig. 5.1(c)-(e).  

5.2.2 Comparison of LFN characteristics between resistor- and 

HFGFET-type gas sensors 

The resistor-type gas sensors' transfer characteristics (I-V), as measured at 

27 oC, are shown in Fig. 5.2(a). The resistor-type gas sensor's conductivity increases 

as the RF power used to deposit In2O3 layer rises from 50 to 70 and 100 W. The 

conductivity then declines as the RF power rises from 100 to 150 and 230 W. In2O3 

sensing layer resistor-type gas sensors with normalized LFN power spectra (SI/I
2) 

that were deposited at various RF powers are shown in Fig. 5.2(b). Gas sensors 

made of resistors exhibit 1/f noise behavior. Fig. 5.2(c) exhibits the SI versus I of 

the sensor deposited at 100 W. It is feasible to compare the LFN characteristics of 

the sensors with In2O3 prepared at various RF powers because the noise power is 
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proportional to the I2. 1/f noise behavior in poly-Si originates from the carrier 

mobility fluctuation (CMF) at the grain boundaries. Fig. 5.2(d) shows a SI/I
2 

sampled at 40 Hz versus RSHEET of resistor-type gas sensors. The outcome is 

separated into two groups based on two distinct slopes of 100 W. The SI/I
2 

diminishes proportionately to RSHEET when the sensing material is deposited at low 

RF power. On the other hand, sensors with sensing material deposited at high RF 

power exhibit an increase in normalized noise that is proportional to RSHEET
2. The 

proportionality of the normalized noise to RSHEET or RSHEET
2 is used to determine 

whether the LFN comes from the bulk or the interface for homogeneous metals and 

semiconductors [82]. The result shows that at an RF power of around 100 W, the 

origin of the 1/f noise changes from the bulk of the sensing material to the interface 
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between the sensing material and the O/N/O layer. The bulk quality of the In2O3 

film affects the LFN properties of resistor-type gas sensors with low RF power 

sensing layer deposition. The CMF at the grain boundary grows as the In2O3 film's 

 

Fig. 5. 2. (a) Current-voltage (I-V) curves of the resistor-type gas sensors 

fabricated at different RF sputtering powers. (b) SI/I
2 of the sensors fabricated 

at different RF sputtering powers. (c) SI versus I of the sensor having the In2O3 

with an RF power of 100 W. (d) SI/I
2 sampled at 40 Hz versus RSHEET. 
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grain size shrinks and grain boundary scattering rises with decreasing RF power. 

Contrarily, in the case of resistor-type gas sensors with the sensing layer deposited 

at high RF power, the LFN properties are mostly governed by the interface between 

 

Fig. 5. 3. (a) Drain current-CG voltage curves of FET-type gas sensor measured 

at various temperatures. (b) Equivalent circuit of the FET-type gas sensor along 

the dash-dot line B-B’. (c) SID versus frequency of the sensor deposited at an RF 

power of 100 W. The VCG is changed while the VDS is fixed. (d) SID/ID
2 versus 

drain current of FET-type gas sensors. 
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the In2O3 and the O/N/O. The damaged interfaces excessively scatter carriers in the 

In2O3 film to contribute to extra CMF, which raises 1/f noise [82]. The results 

indicate that the interface quality that may be damaged during the deposition should 

thus also be taken into account when fabricating resistor-type gas sensors, even if 

the majority of previous research concentrates on the surface of the sensing material 

that interacts with the target gas. 

Transfer characteristics of a FET-type gas sensor with sensing material 

deposited at an RF power of 100 W are shown in Fig. 5.3(a) and evaluated at 

different temperatures. A FET-type gas sensor equivalent circuit is shown in Fig. 

5.3(b). The FET-type gas sensor's LFN power spectra with the sensing layer 

deposited at an RF power of 100 W at various operating regions are shown in Fig. 

5.3(c). At 27 oC, the spectra are measured. A log-log plot of the drain current of 

FET-type gas sensors' normalized drain current noise recorded at 40 Hz is shown in 

Fig. 5.3(d). The slope of -1 in the figure, which is evidence that HMF is the cause 

of the 1/f noise in FET-type gas sensors, supports this theory. The inherent noise 

spectra of FET-type gas sensors have the same LFN properties regardless of the RF 
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power used to deposit the sensing material. Contrary to resistor-type gas sensors, 

FET-type gas sensors' LFN properties are unaffected by the circumstances of 

sensing material deposition. It can be shown that the LFN characteristics of the 

FET-type gas sensor are dictated by the channel noise of the p-type MOSFET since 

the noise characteristics of the p-type MOSFET with FG as its gate electrode are 

essentially identical to those of the FET-type gas sensors with sensing material. 

5.2.3 Comparison of signal-to-noise ratio between resistor- and 

FET-type gas sensors 

In the majority of the research, the current of the sensor is used as a signal, 

and the response is defined as follows: 

R(%) = |
𝐼𝑔−𝐼𝑜

𝐼𝑜
| × 100                                                                                                                                                                       

where Ig and Io are the currents after and before the interaction of sensors with target 

gas, respectively.  

In Fig. 5.4(a), the upper and lower windows on the y-axis show the signal 

response (ΔI) and root-mean-square current noise amplitude (δI) of resistor-type 

gas sensors with In2O3 deposited at various RF powers. Note that all sensors show 
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no significant change in conductivity at 180 oC. ΔI and δI are measured after 

resistor-type gas sensors are exposed to 50 ppm of H2S for 100 seconds at 180 oC.  

The signal response (ΔI) and root-mean-square current noise amplitude (δI) 

of resistor-type gas sensors with In2O3 prepared at different RF powers are shown 

in the upper and lower windows on the y-axis in Fig. 5.4(a). After resistor-type gas 

sensors are subjected to 50 ppm of H2S for 100 seconds at 180 oC, the measurement 

is conducted. Oxygen is chemisorbed as a charged species in an environment with 

dry air. The acceptor role of chemisorbed oxygen species traps electrons, reducing 

In2O3's conductivity. H2S gas molecules interact with adsorbed oxygen and 

hydroxyl species after coming into contact with In2O3 and release the absorbed 

electron back to the material, increasing the conductivity of the In2O3 layer. The 

extra fluctuation produced by the adsorbed gas may cause the normalized 1/f noise 
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to rise when the resistor-type gas sensors are exposed to the target gas. To assess 

and compare the LFN features during the gas reaction in both resistor- and FET-

type gas sensors, we developed the gas-to-air-noise-ratio (GANR). The ratio of 

normalized LFN at a fixed frequency before and after the gas reaction is known as 

 

Fig. 5.4. (a) ΔI and δI of resistor-type gas sensors versus I deposited at different 

RF powers. (b) GANRs of the sensors versus RF power. (c) SNR versus I of the 

sensors versus RF power. (d) Response versus I of the sensors with different RF 

powers. 
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the GANR. The GANRs of resistor-type gas sensors are shown in Fig. 5.4(b). The 

range of GANRs is 1.35 to 2.24. The SNR and response of resistor-type gas sensors 

with changes in I are shown in Figs. 5.4(c) and (d), respectively. The SNR of the 

resistor-type gas sensors has a constant value independent, as illustrated in Fig. 

5.4(c). The behavior of noise to RF power behaves in a manner similar to that of 

the In2O3 film's RSHEET. A larger surface-to-volume ratio of the In2O3 film is 

produced by smaller grains, which enhances response. SNR behaves differently 

from the response when it comes to RF power, however. The bigger δI in the former 

cancels out the larger response in the latter. It is shown that when RF power 

increases, noise determines the SNR more so than response. 

Transconductance (gm) curves and signal responses (ΔID) of HFGFET-type 

gas sensors with In2O3 deposited at different RF powers are shown in the upper and 

lower windows on the y-axis. gms are measured at 180 oC and ΔIDs are measured 
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after the FET-type gas sensors are exposed to 50 ppm of H2S at 180 oC for 100 

seconds. Regardless of RF power, the gms of FET-type gas sensors show similar 

values. gm rises when the operating area crosses the threshold from the subthreshold 

to the linear zone. The gm reaches saturation and then falls off around the ID of ~1 

μA.  

H2S molecules provide electrons to In2O3 during the interaction with the 

 

Fig. 5.5. (a) gm and ΔID versus ID of the FET-type gas sensors with different RF 

powers. (b) ΔVFG versus RF power. (c) δΙD of the sensors versus ID. (d) SNR, (e) 

response, and (f) Response× SNR versus ID of the sensors with different RF 

powers, respectively.  
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sensing materials, and this increases the capacitance Cs at the interface between the 

sensing material and the O/N/O layer by narrowing the depletion area. Then the CG 

and FG's coupling ratio rises. At the same time, however, H2S gas molecules that 

have been positively ionized at the interface between the In2O3 and O/N/O layer 

cause the negative charges to be induced at the FG and O/N/O layer interfaces, 

causing the positive charge to be induced at the FG and gate interface. As a result, 

there are fewer holes in the channel, which reduces the ID magnitude. This change 

is seen in the MOSFET's gm, as illustrated in Fig. 5.5(a). The Vx is subject to change 

in effective charge generated from the gas reaction and can be expressed as 

∆𝑉𝑋 =
𝛥𝑄𝑒𝑓𝑓

𝐶𝑒𝑞
                                                                               

where ΔQeff is the total effective charge generated from the reaction between the 

In2O3 and H2S gas molecules and Ceq is the equivalent small-signal capacitance 

between node VX and small signal ground. 

𝐶𝑒𝑞 = 𝐶𝑆 + (
1

𝐶𝑂𝑁𝑂
−1+(𝐶𝑝+𝐶𝐺)

−1).  

ΔVX is almost equal to the ΔVFG because the O/N/O capacitance (CONO) is larger 

than the capacitance (CG) between the FG and the channel due to the wide area of 
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FG. Note that Cp is much smaller than CG. A positive ΔVFG generated from the ΔQeff 

results in a negative ΔID in the p-type MOSFET and ΔID can be expressed as 

∆𝐼𝐷 = 𝑔𝑚∆𝑉𝐹𝐺.                                                                              

ΔID and gm exhibit the same behavior with regard to ID, as illustrated in Fig. 5.5(a). 

Figure 5.5(b) depicts the ΔVFG with RF power variations. The relationship between 

ΔVFG behavior and RF power is dependent on the In2O3 film's grain size. The In2O3 

film has the lowest grain size and the highest surface-to-volume ratio when the 

sensing material is deposited at a 50 W RF power, resulting in the highest ΔVFG. 

The root-mean-square drain current noise amplitude of FET-type gas 

sensors (δΙD) versus ID at different RF powers is shown in a log-log plot in Figure 

5.5(c). The inherent device noises of FET-type gas sensors are the same independent 

of the state of the deposition of the sensing material, as illustrated in Fig. 5.5(c). 

Additionally, the LFN characteristics of the FET-type gas sensors are identical 

before and after they are exposed to H2S gas molecules, proving the GANRs of the 

FET-type gas sensors are 1. As a result, δΙD in the FET-type gas sensors remains 

constant despite changes in RF power. The SNR of FET-type gas sensors with 
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respect to ID is shown as a parameter of RF power in Fig. 5.5(d). With the exception 

of the fact that the ΔID exhibiting the highest SNR (200 nA, which equates to a VCG 

of Vth-0.12 V) is smaller than the ID exhibiting the highest ID (1.0 A, which equates 

to a VCG of Vth-0.68 V), SNR behaves in all circumstances in a manner comparable 

to that of ΔID with regard to ID. This is such that the δΙ constantly increases with a 

slope of 0.5 power of ID, while the ΔID saturates and then drops in the linear area. 

SNR's behavior in relation to RF power mirrors that of the ΔVFG. The sensing 

material has the highest SNR when it is deposited at 50 W of RF power and the 

lowest SNR when deposited at 100 W. The FET-type gas sensor's δID is independent 

of the circumstances under which the sensing material is deposited; hence SNR is 

greatest when the ΔVFG is greatest. According to Fig. 5.5(e), the behavior of 

response to RF power is the same as that of ΔVFG to RF power. Due to this, when 

the sensing material is deposited at an RF power of 50 W, as opposed to the resistor-

type gas sensor, both response and SNR are at their maximum. In FET-type gas 

sensors, the operating zones with the maximum response and SNR vary from one 

another: The subthreshold area has the highest response, but the linear region has 
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the highest SNR. Response and SNR are multiplied by one another to determine the 

ideal operating area while concurrently accounting for response and SNR behavior, 

as illustrated in Fig. 5.5(f). The findings demonstrate that the response's SNR is 

greatest when the FET-type gas sensor's operating area is set to around 100 nA, an 

ID that corresponds to a VCG of Vth. 

The SNR is used to compare the performance of resistor- and FET-type gas 

 

Fig. 5.6. (a) Comparison of SNR between the resistor- and HFGFET-type gas 

sensors. The upper and lower inserts show the transient gas reaction behavior of 

resistor- and FET-type gas sensors under the condition where the SNR of each 

sensor is largest (100 W for resistor-type gas sensors and 50 W for FET-type gas 

sensors), respectively. (b) SNR per unit channel area (SNR/μm2) versus RF 

power of resistor- and FET-type gas sensors. 
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sensors. Fig. 5.6(a)'s top and lower inserts demonstrate how resistor- and FET-type 

gas sensors behave during transient gas reactions. The concentration of H2S gas 

varies from 10 to 40 ppm. The resistor-type gas sensor's bias voltage is 1 V. The 

FET-type gas sensor's VCG and VDS are tuned at 0.4 and -0.1 V, respectively, where 

the response × SNR is greatest. In order to determine the sensors' LOD, the SNR 

of resistor- and FET-type gas sensors determined at different H2S gas concentrations 

is shown in Fig. 5.6(a). The theoretical LOD that corresponds to the SNR value of 

3 is determined using the linear extrapolation approach since the gas measuring 

equipment in our testing apparatus has a limit of 2.5 ppm. Resistor- and FET-type 

gas sensors have respective LODs of 21 and 67 ppb. The findings show that the 

sensors can accurately detect extremely low gas concentrations without a strong 

response, provided they are built and operated with care for noise. Because the SNR 

of the sensor is related to the square root of the conductive channel area, it is 

necessary to normalize the SNR to the size of each sensor in order to compare the 

SNR of resistor- and FET-type gas sensors fairly [73]. The SNR per unit channel 

area (SNR/ μm2) of resistor- and FET-type gas sensors is shown in Fig. 5.6(b) as 



60 

 

RF power varies. Compared to resistor-type gas sensors, FET-type gas sensors have 

an SNR that is at least three times (when In2O3 is deposited at an RF power of 100 

W) and up to 100 times (deposited at 230 W). This is due to the fact that, although 

having a poorer response than resistor-type gas sensors, FET-type gas sensors with 

a sensing layer and current route (MOSFET channel) that are separated produce far 

less noise. There is no trade-off relationship between response and noise because of 

the structural uniqueness of FET-type gas sensors. Therefore, the FET-type sensors 

are chosen as a sensor platform to replace the resistor-type gas sensor if a high SNR 

is needed. 

 

5.3 Optimization of SNR in HFGFET using transducer and bias 

condition optimizations 

5.3.1 Sensing material characterization 

By improving the transducer structure, SNR in HFGFET-type gas sensors 

can be significantly improved. In this section, an RF magnetron sputtering 

technique is employed to create a 30 nm-thick n-type semiconducting IGZO thin 

film that is used as a sensing material. Substrate temperature, chamber pressure, an 
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Ar gas flow rate, and RF power are all set at 27oC, 5 mTorr, 30 sccm, and 50 W, 

respectively, during the sputtering process.  

5.3.2 Comparison of LFN characteristics between the sensors with 

buried and surface channel FETs 

The sensor with an n-type FET has an advantage in terms of response 

because the n-type FET has a bigger gm than the p-type FET. The n-type FET, 

however, has significant 1/f noise. By altering the channel implantation situation, it 

is possible to convert the n-type FET's surface channel structure to a buried channel 

structure, which lowers the LFN [34]. The LFN produced by the CNF at the 

interface may be greatly decreased since the buried channel is built far from the 

gate oxide-Si substrate interface. In addition to LFN, it has been shown that the 

electrical properties of FETs with surface channel and buried channel designs vary, 
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including gm, drain-induced barrier lowering, and thermal stability. As a result, a 

thorough analysis and comparison of the detecting capabilities of FET-type gas 

sensors with surface and buried channel topologies is necessary. 

The transfer characteristics of the sensors with buried and surface channel 

FETs are shown in Fig. 5.7(a) [83]. The VDS is set at 0.1 and 1.0 V. Due to the 

excellent gate control capabilities of FET transducers, both sensors exhibit a high 

 

Fig. 5.7. Drain current-CG voltage (ID-VCG) and (b) gm of the sensors with buried 

and surface channel FETs. The VDS is set at 0.1 and 1.0 V. (c) Transconductance 

efficiency (gm/ID) of the sensors with buried and surface channel FETs versus 

drain current (ID). (d) Maximum gm/ID of the sensors with buried and surface 

channel FETs versus Tchuck. (e) IH versus VH measured by the DC I-V method. 

(f) TH versus VH. 
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on-off-current-ratio. Due to the implantation of the buried channel, the sensor with 

the buried channel FET has a lower Vth than the one with the surface channel. The 

sensor with the buried channel FET may thus function with a lower VCG and use 

less power. In comparison to the sensor with the surface channel FET, the sensor 

with the buried channel FET exhibits a lower maximum transconductance (gm, max) 

(Fig. 5.7(b)). Because the channel position is constructed distant from the gate 

oxide-Si substrate interface, the buried channel FET has poorer gate controllability 

[18]. However, the buried channel FET exhibits a slightly greater gm/ID linked with 

the subthreshold swing (SS), as shown in Fig. 5.7(c). The SSs of the surface and 

buried channel FETs are 132 and 151 mV/dec, respectively. This is so that the 

buried channel FET's conductive channel is constructed far from the interface 

between the silicon substrate's gate oxide and interface states. The maximal gm/ID 

with increasing Tchuck is shown in Fig. 5.7(d). The gm/ID of the FET transducer has 

a significant impact on the response of the FET-type gas sensor. The response of the 

FET-type gas sensor is significantly worsened by the decrease of the gm/ID with 

rising temperature caused by the increased carrier dispersion in the FET channel. 
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The gm/ID value drops more than six times when the Tchuck approaches 200 oC in 

both buried and surface channel FETs, as illustrated in Fig. 5.7(d). Our research 

team suggested a localized poly-Si micro-heater to address this issue; it can only 

increase the temperature of the sensing region while maintaining the FET channel's 

temperature at ambient temperature. This is due to the fact that the air gap created 

by the undercut keeps the micro heater's distance from the FET channel, thermally 

isolating the FET. As a result, it is possible to increase the temperature needed for 

the gas reaction without harming the gm/ID. The current of the micro-heater (IH) vs 

VH as determined by the DC I-V technique is shown in Fig. 5.7(e). The resistance 

temperature detection (RTD) technique is used to acquire TH [26].  

Fig. 5.8(a) shows the normalized drain current noise spectral density 

(SID/ID
2) of the sensors with buried and surface channel FETs as a function of 

frequency. Both sensors have 1/f γ noise behavior with γ ~ 1.0. The 1/f noise 

behavior in FET devices can be either explained by the CNF or HMF. In the case 

of CNF, the 1/f noise that exceeds the thermal noise in the low-frequency range is 

generated from the carrier trapping/detrapping at the gate oxide-Si substrate 
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interface.  

The sensors with buried and surface channel FETs are shown with the 

SID/ID
2 of the sensors as a function of frequency in Fig. 5.8(a). Either the CNF or 

the HMF may be used to describe the 1/f noise behavior in FET devices. The slope 

between -1 and -2 indicates that the 1/f noise is generated from the CNF with 

correlated mobility fluctuation (CMF). According to Ghibaudo et al., CMF is a 

consequence of the trapped/detrapped carriers in the gate oxide affecting both the 

carrier mobility and the inversion charge density via the Coulombic interaction. 

[50]. The log-log plot of the SID/ID
2 versus VOV, a parameter of the channel topology, 

is shown in Fig. 5.8(b). Both sensors have a power-law relationship between the 

 

Fig. 5.8. (a) SID/ID
2 of the sensors with buried and channel FETs versus 

frequency. (b) SID/ID
2

 sampled at 10 Hz versus VOV (c) √𝑆vg versus VOV of the 

sensors with buried and surface channel FETs. 
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SID/ID
2sampled at 10 Hz and the VOV, but their slopes are different. While the CNF 

(slope of -2.13) is primarily where the 1/f noise of the surface channel FET 

originates, the CNF and CMF are where the 1/f noise of the buried channel 

originates (slope of -1.23). The LFN properties are further examined using the CMF 

model. The CMF model is given as: 

𝑆𝐼𝐷

𝐼𝐷
2 = (1 + 𝛼c𝜇eff𝐶ox𝐼D 𝑔m)

2 (
𝑔m

𝐼D
)2𝑆Vfb (5) 

with 

𝑆Vfb =
𝑞2𝑁t𝑘𝑇𝜆

𝑊𝐿𝐶ox
2𝑓

           (6) 

where αc is a Coulomb scattering parameter, μeff is the effective carrier mobility, 

SVfb is the power spectral density of flat band voltage fluctuation, Nt is the volume 

trap density, and 𝜆 is the oxide tunneling attenuation distance. In the linear region, 

the gate voltage spectral density (Svg) can be expressed as  

𝑆vg =
𝑆ID

𝑔m2
= [1 + 𝛼c𝜇eff𝐶ox(𝑉gs − 𝑉th)]

2𝑆Vfb.                 (7) 

Fig. 5.8(c) exhibits the √𝑆vg as a function of gate overdrive voltage (VOV) 

of the sensors with buried and surface channel FETs. The sensors with buried and 

surface channel FETs have the SVfb of 4.54× 10-10 and the 2.73× 10-9 V2/Hz, 
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respectively. In the case of the sensor with the surface channel FET, the Svg does not 

depend on the VOV, which means that the value of αc is close to zero. This is because 

the 1/f noise of surface channel FET is mostly generated by the CNF. On the other 

hand, the buried channel FET has an αc of 1.3×10-9 Vs/C, showing the presence of 

the CMF. 

The SVfb of the sensors with buried channel FETs and surface channel FETs, 

respectively, is 4.54×10-10 and the 2.73×10-9 V2/Hz. The Svg does not rely on the 

VOV in the case of the sensor with the surface channel FET, indicating that the value 

of αc is near zero. This is so because the CNF mostly produces the 1/f noise of 

surface channel FETs. The buried channel FET, on the other hand, has an αc value 

of 1.3×10-9 Vs/C, indicating the existence of the CMF. 

5.3.3 Comparison of NO2 gas response between the sensors with 

buried and surface channel FETs 

 Now, we examine the FET-type gas sensor's NO2 gas detection 

capabilities. For a reasonable degree of response and recovery when the IGZO thin 

film is utilized as a sensing material to detect NO2, an operating temperature of 
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above 100 oC is necessary. The response of the sensor with buried channel FET to 

500 ppb of NO2 versus VH is shown in Fig. 5.9(a). When the VH is set to 1.75 V, the 

sensor response is the largest. The response of the sensors with buried and surface 

 

Fig. 5.9. Response versus VH of the sensor with buried channel FET. The 500 

ppb of NO2 is exposed to the sensor. (b) Response versus VOV measured at 

different NO2 gas concentrations. (c) ΔVFG versus NO2 gas concentration of the 

sensor with buried channel FET. The solid and open symbols represent the ΔVFG 

under dry and humid air ambience, respectively. (d) ΔVFG versus NO2 gas 

concentration of the sensors measured at four independent samples 
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channel FETs as a parameter of NO2 gas concentration is shown in Fig. 5.9(b). Due 

to its greater gm/ID, the response of the sensor with buried channel FET is slightly 

bigger than that of surface channel FET. The sensor with buried channel FET's ΔVFG 

versus NO2 concentration is shown in Fig. 5.9(c). The sensors exhibit hysteresis-

free behaviors and no memory effect. The log-log plot of the ΔVFG versus NO2 

concentration as a parameter of the channel topology for four different samples is 

shown in Fig. 5.9(d). 

5.3.4 Comparison of signal-to-noise ratio gas response between the 

sensors with buried and surface channel FETs 

The SNR of the sensors with the buried and surface channel FETs is 

calculated by changing VDSs and VCGs. The linear mode (VDS = 0.1 V) and saturation 
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mode (VDS = 1.0 V) are represented by two VDS values. Fig. 5.10(a) displays the 

SNR per unit ΔVFG of the sensors using buried and surface channel FETs. At both 

VDSs of 0.1 and 1.0 V, the surface channel sensor exhibits no influence of SNR on 

the operating region. This is because SVfb is a weak function of VDS when the CNF 

Fig. 5.10. SNR per unit ΔVFG versus VOV of the sensors calculated at VDS of 0.1 

and 1.0 V. (b) Maximum SNR versus VDS of the sensors with different channel 

structures. (c) gm versus VCG measured at different VDSs. (d) Optimal VOV where 

the largest gm and SNR are observed versus VDS. 
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generates the 1/f noise of the surface channel FET [27].  

Additionally, SID/ID
2 behavior is proportional to (gm/ID)2. As a result, SNR 

exhibits no region dependency, and both ΔID and δID are proportional to gm. On the 

other hand, since the gm grows more abruptly with rising VCG than the ID, the 

behavior of SNR in buried channel FETs follows that of gm. As a result, the VCG, 

which is almost the same as the location where the gm is the biggest, is where the 

SNR of the sensor with buried channel FET is at its highest. Because the ID likewise 

rises with increasing VCG, there is little difference between VCGs when the gm and 

SNR are the maxima. The buried channel has the largest SNR when the FET 

operates at VOV = 0 V for VDS = 0.1 V. Also, as the gm is proportional to VDS in the 

linear region, the signal can be increased by increasing VDS. Additionally, because 

the gm in the linear region is proportional to VDS, an increase of VDS boosts the signal. 

If the VDS is greater than kT/q, the 1/f noise produced mostly by the HMF is 

independent of VDS [28]. Therefore, raising the VDS will result in further 

improvement of the SNR. The highest SNR versus VDS is shown as a channel 

structure parameter in Fig. 5.10(b). The sensor with the surface channel has no 
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dependency on the VDS, but the SNR of the sensor with the buried channel FET rises 

with increasing VDS. The gm curves of the sensor with buried channel FET as a 

parameter of VDS are shown in Fig. 5.10(c). The VDS and VCG in the sensor can be 

controlled using a buried channel FET to enhance SNR, as shown in Fig. 5.11(d).  

The log-log plot of the SNR of the sensors with buried and surface channel 

FETs against NO2 gas concentration is shown in Fig. 5.11(a). The sensor with the 

buried channel FET has the larger SNR across all gas concentrations. The LOD of 

the sensor is determined from the power-law dependency between SNR and NO2 

 

Fig. 5.11. SNR versus NO2 gas concentration of the sensors. (b) Evaluated LOD 

versus f1 of the sensors. 

 

2 3 4 5 6 7
2

3

4

5

6

7

8

9

10

 ln(SNR) = 0.65*ln(Conc.)+3.30

 ln(SNR) = 0.66*ln(Conc.)+5.51

 Surface channel

 Buried channel

ln
(S

N
R

)

ln(NO2 Conc.) (ppb)

0.1 1 10
10-4

10-3

10-2

10-1

100

101

VDS = 1.0 V

 Surface channel 

 Buried channel

L
O

D
 (

p
p

b
)

f1 (Hz)

(a) (b)



73 

 

gas concentration. The LODs of the sensor with surface and buried channel FETs 

are 0.03 ppb and 1.25 ppt, respectively, in the frequency range of 10 Hz to 1600 Hz. 

The LOD is obtained for the sensor with the surface channel FET at VOV = 0 V and 

VDS = 0.1 V and for the sensor with the buried channel FET at VOV = 0.83 V and 

VDS = 1.0 V. It is also investigated how much the LOD of the buried channel FET 

depends on the BW. The LOD obtained at different measurement bandwidths is 

shown as a channel structure parameter in Fig. 5.11(b). At a constant f2 of 1600 Hz, 

the f1 fluctuates between 0.1 and 10 Hz. When the f1 is reduced from 10 to 0.1 Hz 

in the instance of the sensor with the buried channel FET, the LOD of the sensor 

rises from 1.25 to 44.2 ppt. 

We demonstrated that in the fabrication of FET-type gas sensors, not only 

the response but also the noise should be taken into account. The LFN properties 

should be taken into account while designing and fabricating the transducer. The 

significance of noise reduction has long been acknowledged in biosensors or 

pressure sensors. Accordingly, the improvement of the LFN properties of the 

transducer has received significant attention. However, studies on gas sensors have 
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not paid enough attention to optimizing the LFN properties in the FET transducer. 

To close this gap, we examined how the FET channel structure affects the LFN 

properties. We also examined how channel structure and operating bias parameters 

could be optimized to increase the SNR and LOD of FET-type gas sensors. The 

SNR of the buried channel sensor is around ten times greater, even if the response 

of the sensors with buried and surface channel FETs is not noticeably different. 

Because there is less noise generated from the Si/SiO2 interface in the buried 

channel FET, it has a higher SNR than the surface channel FET. This study offers 

crucial instructions for fabricating low-noise sensors and optimizing the operation 

of HFGFET-type gas sensors. 
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Chapter 6 

Conclusions 

In this dissertation, the LFN characteristics of the HFGFET-type gas sensors 

are demonstrated. Effects of different sensing materials (In2O3 and WO3) and sensor 

platforms (resistor- and HFGFET-type gas sensors) on LFN characteristics of 

sensors are investigated, which allows revealing the noise-generating mechanisms 

in the HFGFET-type gas sensors. There are two main noise-generating mechanisms 

in the HFGFET-type gas sensors: charge fluctuation generated 1) from the carrier 

scattering at the FET transducer used as a sensor platform and 2) from the sensing 

material. When the magnitude of resistance of sensing material is small as in the 

case of In2O3, the LFN characteristics of the HFGFET-type gas sensors are 

determined by the charge fluctuation at the channel of the FET transducer. In this 

case, depending on the structure of the FET transducer (surface or buried channel), 

the 1/f noise of the sensor differs; CNF or HMF. When the LFN of the HFGFET-

type gas sensor is determined by the FET channel, the magnitude of 1/f noise of the 
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HFGFET-type gas sensor is much smaller than that of the resistor-type gas sensors. 

Thus, the larger SNR and lower LoD can be achieved by adopting the HFGFET-

type gas sensors as a sensor platform. In the case where the resistance of the sensing 

material is large as WO3, the LFN of the HFGFET-type gas sensors is determined 

by the charge fluctuation at the sensing material. The charge fluctuation is generated 

from the carrier exchange between the sensing material and gas molecules. 

Accordingly, the shot noise is generated, and this noise is transferred to the voltage 

fluctuation by the RC network inside the sensing material. Thus, the PSD of the 

sensor has the form of the Lorentzian-like noise whose fc is determined by the RC 

network. In this case, the LFN characteristics of the HFGFET-type gas sensors can 

be utilized to realize selective detection. LFN spectroscopy to selectively detect the 

target gas is presented.  

As aforementioned, the majority of previous studies on gas sensors focused on 

response, selectivity, and sensitivity. However, as this dissertation demonstrated, 

the LFN of sensors plays a significant role in various performances of the sensors. 

LFN in gas sensors may need to be reduced to accomplish large SNR and low LoD, 
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or to be utilized for selectivity, depending on the application. Thus, the LFN should 

be carefully regulated depending on the application of the gas sensor, and it's crucial 

to have the right expertise to make this engineering feasible. This dissertation offers 

a solid platform on which this can be achieved. 
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초    록 

 

실내외 공기 질, 산업용 가스 누출 및 의료 진단에 대한 관심과 필요

가 증가함에 따라 고성능 가스 센서에 대한 수요가 증가하고 있다. 이

에 따라 다양한 가스 센서의 종류가 연구되고 있으며, 그 중 반도체 기

반 가스 센서는 우수한 성능과 함께 다양한 어플리케이션에 성공적으로 

활용되고 있다. 대부분의 선행 연구에서는 반도체 기반 가스 센서의 감

지 물질 구조를 나노 구조로 변형하거나 촉매를 도핑함으로써 검출 가

스에 대한 충분한 반응성 및 민감성을 향상시키는 데 집중해왔다. 그러

나 반도체 기반 가스 센서의 저주파 노이즈 특성에 대한 분석은 부족한 

상황이다. 본 논문에서는 수평형 플로팅 게이트를 가지는 전계 효과 트

랜지스터(HFGFET)형 가스 센서의 저주파 노이즈 특성을 분석한다. 센

서의 플랫폼으로 채택된 HFGFET는 컨트롤 게이트와 플로팅 게이트가 

수평으로 마주보고 있으며, 그 위에 감지 물질이 증착되는 구조를 가진

다. 본 논문에서는 산화 인듐, 산화 인듐-갈륨-징크, 산화 텅스텐 등의 

다양한 감지 물질이 증착된 HFGFET형 센서의 저주파 노이즈를 측정한

다. 측정된 결과에 대한 체계적이고 견고한 물리적 분석을 기반으로 

HFGFET형 가스 센서의 저주파 노이즈 모델을 제안한다. 제안된 노이즈 

모델에 따르면 HFGFET형 가스 센서의 노이즈는 감지 물질과 FET 트랜

스듀서의 전하 변동에 의해 결정된다. HFGFET형 센서의 저주파 노이즈

가 감지 물질의 전하 변동에 의해 결정될 때 저주파 노이즈 분석을 사

용하여 선택적 감지를 실현할 수 있다. 반면 센서의 저주파 노이즈가 
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FET 트랜스듀서에 의해 결정되는 경우에는 최적의 신호 대 잡음 비를 

성취할 수 있는 플랫폼으로 활용될 수 있다. 가스 센서의 저주파 노이

즈는 신호 대 잡음 비 개선을 위해 최소화하고 무조건적으로 제거되어

야 하는 요소도 아니며 모든 상황에서 선택성을 실현하는 데 사용할 수 

있는 만능 감지 특성도 아니다. 필요한 어플리케이션에 따라 저주파 노

이즈는 잘 제어되어야 하며, 이 엔지니어링을 가능하게 하려면 저주파 

노이즈에 대한 깊은 지식을 갖는 것이 중요하다. 본 논문은 이를 달성

할 수 있는 토대를 제공한다. 

 

주요어 : 수평형 플로팅 게이트를 가지는 전계 효과 트랜지스터

(HFGFET)형 가스 센서의 저주파 노이즈, 저주파 잡음(LFN), LFN 분광

법, 신호 대 잡음비 
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