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ABSTRACT

Recently, with the rapid development of industrialization, indoor and outdoor
air pollution has deteriorated due to harmful gases emitted from transportation and
building materials. Accordingly, there is an increasing need for gas sensing systems
to monitor indoor and outdoor air quality. With this increased demand, many
research groups have studied various gas sensor platforms, such as optical,
electrochemical, and semiconductor-type gas sensors. Among them, resistor-type
gas sensors have been mainly studied since they have the advantages of large
response, simple process, and low cost. However, the resistor-type gas sensor has a
disadvantage in that the size and power consumption of the sensor should be
increased for sufficient operating current and sensitivity. Thus, our research group
proposed a FET-type gas sensor with a horizontal floating-gate to solve this
limitation of the resistor-type sensor. The FET-type gas sensor can operate with low
power and integrate with CMOS-based interface circuits and processors since it is
compatible with conventional CMOS-based processes.

In this dissertation, interface circuits using a gas sensor platform compatible
with conventional CMOS processes are proposed. The gas sensor platform includes
FET-type gas sensors with n- and p-channel, FET elements, and resistor-type gas

sensors fabricated on the same substrate. Especially in this dissertation, interface



circuits composed of complementary gas sensors are proposed. The current of the
complementary gas sensors is changed in opposite directions in the same gas
response. We compare the characteristics of various amplifier circuits in terms of
sensitivity and signal-to-noise ratio (SNR) to prove the superiority of the amplifier
circuit composed of complementary gas sensors. Also, the electrical and sensing
characteristics of an inverter circuit with nFET- and pFET-type gas sensors are
investigated. The pulse width modulated behavior of the inverter circuit is also
confirmed. The pulse width of the output voltage in the inverter circuit is adjusted
according to the type and concentration of the gas molecules.

The proposed interface circuit with gas sensors prevents an increase in noise
and power consumption in the transmission of the sensor signal to the interface
circuit since the gas sensor and interface circuits are fabricated on the same
substrate. Also, the pulse width modulated behavior of the inverter circuit is

expected to be the basis for future intelligent gas sensing systems.

Keywords: FET-type gas sensor, Amplifier circuit, CMOS, Inverter circuit,

Complementary, Low frequency noise

Student number: 2017-24278
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Chapter 1

Introduction

1.1 Study background
1.1.1 Gas sensing technology

Recently, many people have been exposed to harmful gases daily as indoor and
outdoor air quality has deteriorated. With rapid industrialization and socialization,
toxic gases are emitted from automobiles and factories outdoors, and VOC gases
from building materials are emitted indoors [1-3]. These toxic gases from air
pollution cause several diseases, such as sickhouse syndrome [4-5]. In addition,
demand for gas sensors is increasing in various fields, such as food freshness checks
and diagnosing people’s diseases [6-7]. Requirements such as mobility, selectivity,
long-term reliability, and price should be met for the application of gas sensors in
various fields. Many research groups have studied various types of gas sensors,

such as optical [8-10], electrochemical [11-13], and semiconductor-type [14-16], to



satisfy these requirements.

At a specific light source wavelength, the gas molecules have their own

absorption characteristics. Therefore, the optical gas sensor detects target gas using

the principle that only a specific wavelength of light is absorbed by the gas

molecules when exposed to various wavelengths of light sources [17]. The optical

gas sensor has the advantage of high selectivity and fast response time since the

optical gas sensor operates according to the intrinsic properties of the gas without a

chemical reaction between the gas molecules and the gas sensor [18]. On the other

hand, the optical gas sensor has limitations in terms of size, portability, and price.

Electrochemical gas sensors detect gas molecules by redox reactions at the

electrode [19]. The redox reaction at the working electrode causes the current of

potential difference between the working electrode and the reference electrode.

Electrochemical gas sensors have the advantage of being sensitive to low

concentrations of gas molecules. However, since the electrochemical gas sensor

uses an electrolyte, it has a short lifespan and requires periodic maintenance of the

electrolyte [20].



A semiconductor-type gas sensor detects a target gas using a sensing material

whose electrical properties change by the reaction between the gas molecules and

the sensing material. Among semiconductor-type gas sensors, a resistor-type gas

sensor has been studied the most because of its simple fabrication process and low

price. Various sensing materials, such as metal oxides (MOX) [21-23], carbon

nanomaterials [24-26], and Transition Metal Dichalcogenides (TMDCs) [27-29],

have been applied to the resistor-type gas sensor. However, the resistor-type gas

sensor has a large size for sufficient operating current and sensitivity, which also

increases power consumption [30]. In addition, the resistor-type sensor is

incompatible with the conventional silicon-based CMOS process. To overcome the

limitations, our laboratory has proposed a horizontal floating gate FET-type gas

sensor, as shown in Fig 1.1 [31,32]. The FET-type gas sensor has a horizontal

floating-gate (FG) interdigitated with a control-gate (CQG), so it has a high coupling

ratio. In addition, the FET-type gas sensor can be operated with low power

consumption using a micro-heater that locally heats the sensing layer [33].

Especially the FET-type gas sensor can be integrated with CMOS-based interface



circuits and processors since it is compatible with the conventional CMOS process

[34].

1.1.2 Interface circuit of gas sensors

Gas sensing systems roughly consist of gas sensors, interface circuits, and
processors [35,36]. In the gas sensing system, the gas sensors detect gas molecules
and generate and transfer the sensing signal to the interface circuits. The interface
circuits amplify and pre-process the signal from the gas sensors and transfer it to
the processor. Most semiconductor-type gas sensors are incompatible with the
conventional silicon (Si) CMOS process [36]. Thus, there are not enough studies to
integrate the gas sensors with the CMOS-based interface circuits and the processors.
For this reason, the gas sensors are manufactured separately from the CMOS-based
interface circuits and processors in the conventional gas-sensing system. However,
as the signal is transmitted to the processor through many interface circuits, the
signal noise increases and the power consumed by the gas-sensing system also

increases [36]. Therefore, it is essential to integrate the gas sensor and CMOS



circuitry on the same substrate to analyze the sensor signal more stably and

accurately [36]. Also, integrating the gas sensor and CMOS circuitry is

advantageous for mass production, making the unit chip cheaper.

In the gas response, most conventional semiconductor-type gas sensors

produce a current signal. However, as mentioned above, the noise of the sensor

signal increases as it passes through the interface circuit. Thus, a voltage signal is

preferred over the current signal for superior noise immunity of the sensor signal

[37]. The most studied resistor-type gas sensors convert the current signal to the

voltage signal using a voltage dividing or Wheatstone bridge circuit, as shown in

Fig. 1.2 [38-40]. The voltage-dividing circuit can be fabricated by a simple

fabrication process. To accommodate significant fluctuations in the resistance ofthe

sensing material, the circuit should use a reference resistor with considerable

resistance [40]. Also, simple circuits such as voltage dividing and bridge circuits

cannot be used due to dynamic range limitations in the interface circuits. Thus,

complex multi-scale circuits such as transresistance amplifier (TRA) are used,

which consume a lot of power, as shown in Fig. 1.3. The reported TFT-type gas



sensor uses a fixed resistor or TFT load to consist of an amplifier circuit for

conversion to a voltage output [41-43]. The amplifier circuit using a fixed resistor

has a limitation: a resistor should be manufactured separately from the TFT-type

gas sensors [41]. In the reported amplifier circuits, since the TFT load is fabricated

using TFT sensors with a passivation layer, it is large and incompatible with the

CMOS process [42].

(a) SnOx (Sensing layer)
Control gate
loating gate I

SiOo
\ : /r—‘ Si3N4 (Passivation layer)
Active 7
SiO:2 (Gate oxide)

Sensing layer Si Sub.

Fig. 1.1. Top scanning electron microscopy (SEM) image and schematic view of an

HFGFET-type gas sensor [31].
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1.2 Purpose of research

The interface circuit of the gas sensing system has been studied separately from
the gas sensor since most gas sensors are incompatible with the conventional Si
CMOS process. However, as mentioned above, research is needed to integrate the
interface circuit and the gas sensor on the same substrate due to increased noise and
power consumption. Moreover, it is necessary to study the interface circuit related
to the gas sensor to implement an intelligent sensor system such as neuromorphic
computing or in-sensor computing technology. So far, some simple amplifier
circuits with a gas sensor have been studied, but the circuit configuration is limited
because of their incompatibility with the CMOS process. Since the gas sensor
platform proposed by our research group is compatible with the Si CMOS process,
various circuit configurations can be fabricated.

In this dissertation, interface circuits composed of complementary sensors are
proposed—a current of the complementary sensors changes in the opposite
direction in the gas response. The proposed interface circuits are fabricated using

Si CMOS process technology. Thus, the nFET-, pFET-, resistor-type gas sensors,



and FET elements can be fabricated with only 10 photomasks on the same substrate.

First, the excellence of the amplifier circuit with complementary sensors is

demonstrated by comparing the electrical and gas sensing characteristics of

different amplifier circuits. In addition, the signal-to-noise ratio of the amplifier

circuit is derived by analyzing the low-frequency noise characteristics. The

electrical and gas sensing characteristics of the inverter circuit composed of nFET-

and pFET-type sensors are also analyzed. Moreover, the pulse width modulated

operation according to the type and concentration of the gas molecules is proposed

using the inverter circuit with gas sensors. Finally, it is verified that various sensing

materials can be introduced into the interface circuit by investigating the sensing

characteristics of the gas sensor with various sensing materials.



1.3 Dissertation outline

This dissertation is organized as follows. Chapter 1 presents the need for gas

sensor technology and introduces various types of gas sensors. Then, the need for

research to integrate CMOS-based interface circuits and processors with gas

sensors is covered. Moreover, the limitations of conventional studies on interface

circuits composed of gas sensors are presented in this chapter. The purpose of the

research and the outline of the dissertation are also provided, respectively. Chapter

2 describes the structure and fabrication process of the CMOS-based interface

circuit composed of the FET- and resistor-type gas sensors with the CMOS

transistors sensors. Chapter 3 presents the electrical and sensing characteristics of

the fabricated nFET-, pFET-, and resistor-type gas sensors. Then, the electrical and

sensing characteristics of the amplifier circuit composed of the FET-type gas

sensors with the resistor-type gas sensor or FET load are investigated. Moreover,

low-frequency noise characteristics of the amplifier circuits are also investigated in

this chapter. In chapter 4, the electrical and sensing characteristics of the inverter

circuit composed of the nFET- and pFET-type gas sensors are described. Moreover,

10



this chapter contains the application of the inverter circuit for pulse width

modulated behavior. Finally, Chapter 6 presents the conclusion of the study.

11



Chapter 2

Circuit structure and fabrication

2.1 Circuit structure

Figs. 2.1 show the top SEM image and 3-D schematic birds’ eye view of the
interface circuits composed of different types of gas sensors. Fig. 2.1(a) and (b)
show the top SEM image and 3-D schematic birds’ eye view of the amplifier circuit
composed of the FET-type gas sensor with FET load. In this amplifier circuit, the
FET load has the same type of channel doping as the FET-type gas sensor. The
pFET-type sensor has complementary sensing characteristics to the resistor- and
nFET-type sensors. Thus, the amplifier circuit in Fig. 2.1(c) and (d) consists of the
FET- and resistor-type gas sensor. Fig. 2.1(e) and (f) show the microscopic image
and 3-D schematic birds’ eye view of the CMOS inverter circuit composed of the
nFET- and pFET-type gas sensors. The nFET-, pFET-, resistor-type sensors, and

FET elements constituting these interface circuits are fabricated on the same

12



substrate using a standard 0.5 um Si CMOS process technology. Figs. 2.2 show the

3-D schematic birds’ eye view of the nFET- and pFET-type gas sensors and FET

load and resistor-type gas sensors in the interface circuits. As shown in Fig. 2.2, the

horizontal placement and interdigitation of the control-gate (CG) and floating-gate

(FG) in the FET-type gas sensors. The coupling ratio of the FET-type gas sensors is

increased by the interdigitated pattern of the CG and FG.

The sensing layers of the gas sensors in the interface circuits are deposited

simultaneously. Also, it is possible to use different sensing materials for each sensor

using additional photomasks. In this dissertation, In2Os films are deposited on the

sensing layer of the gas sensors constituting the interface circuits. Fig. 2.3(a) shows

the SEM image of the InoO3 sensing materials. As shown in Fig. 2.3(a), the target

gas can pass through the sensing layer since the sensing layer to reach the

In,05/Si0; interface is sufficiently porous. Electron dispersive X-ray spectroscopy

(EDS) is performed to identify the components of the In,Os sensing layer (Fig.

2.3(b)). The constituents are present in the same composition ratio as the inherent

values of In203 film, according to the X-ray peak of the EDS.
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Fig. 2.1. Top SEM image and 3-D schematic birds’ eye view of the amplifier circuit

composed of the FET-type gas sensor with (a)-(b) FET load and (c)-(d) resistor-

type gas sensor. (e) Microscopic image and (f) 3-D schematic birds’ eye view of

the CMOS inverter circuit composed of the nFET- and pFET-type gas sensors.
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Fig. 2.2. (a) 3-D schematic birds’ eye view of the nFET- and pFET-type gas sensors,

FET load, and resistor-type gas sensors in the proposed interface circuits. Cross

sectional view of the (b) nFET- and (c) pFET-type gas sensors cut along A-A’ and

B-B’, respectively.
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Fig. 2.3. (a) SEM image and (b) EDS spectrum of the InO3 sensing layer deposited

on the gas sensors.
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2.2 Circuit fabrication

The Si CMOS gas sensor platform constituting interface circuits is fabricated

using standard Si CMOS process technology with no more than ten photomasks.

Also, nFET- and pFET-type gas sensors are fabricated on the same substrate using

a well formation process. Figs. 2.4 and 2.5 show the key process flow and schematic

diagram of the key process steps. The detailed fabrication process of the gas sensor

platform is as follows.

6 inch p-type bulk Si wafer n* implant (5t mask, (d))
n-well implant (15t mask) p+ implant (6th mask, (d))
Drive-in process RTP

Oxidation/nitride deposition

? 2" mask, (a))

3 Passivation layer deposition

(G/N/O, (e))

~

O B+ field implant (34 mask)

Field oxide formation
(LOCOS process, (b))

oY

I Contact hole etch (7th mask)
)

Metal deposition (8t mask, (f))

Channel implant for PMOS Air gap formation for micro-heater

(9th mask, (g))

~

)

Channel implant for NMOS
) Sensing layer deposition
(10th mask, (h))

o~

Gate oxide formation

n* poly Si deposition

(4t mask, (c)) ? Post-deposition annealing

Fig. 2.4. Fabrication process flow of the Si CMOS gas sensor platform constituting

interface circuits. Here, (a)-(h) correspond to Fig. 2.5(a)-(h).
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The standard wafer cleaning process, including SPM, APM, HPM, and DHF
cleaning, was used to clean a 6-inch p-type bulk Si wafer with (100) orientation.
The reference markers were patterned by the photolithography and inductively
coupled plasma (ICP) dry etching processes to align more compactly between the
patterns to be formed. Next, the n-well formation process was performed for pFET-
type devices, including pFET-type gas sensor and pFET load (Fig. 2.5(a)). To create
sacrificial oxide, which protects the substrate from damage in the ion implantation
process, a 10 nm-thick SiO» layer was first formed by low-pressure chemical vapor
deposition (LPCVD). After the n-well implantation process (P*, 120 keV, 3x10'2
cm™), the drive-in process was performed at 1100 °C for 11 h. Then, a 10 nm-thick
SiO> layer and a 150 nm-thick SizN4 layer were deposited and patterned to define
the active regions of the FET. The B* field implantation was carried out, which
penetrates the thick oxide and increases the doping concentration at the silicon
interface, protecting the thick oxide field regions of nFET-type devices, including
nFET-type gas sensor and nFET load. As the process of the local oxidation of silicon
(LOCOS) technique, a 550 nm-thick SiO; layer for the formation of field oxide was
thermally grown at 1000 °C for 1h 55 min. After removing the SiO> and Si3N4 layers,
the thermal oxidation process was performed to remove the white-ribbon-shaped
residues. Then, the thermal oxide was removed except for a 10 nm-thick sacrificial
oxide layer for the channel implantation process (Fig. 2.5(b)). The n- and p-channel

implantation of the FET devices was carried out to adjust the electrical
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characteristics, including the Vi of the FET devices. A 10 nm-thick SiO; was
thermally grown at 850 °C for 40 min. And then, a 300 nm-thick n* doped poly-Si
for FG and micro-heater was deposited by the LPCVD (Fig. 2.5(c)). Then, the
arsenic and boron ions are implanted to form source/drain (S/D) regions of the
nFET- and pFET-type devices (Fig. 2.5(d)). The body implantation of the nFET-
and pFET-type devices were simultaneously performed with the S/D implantation
of the pFET- and nFET-type devices, respectively. The rapid thermal process (RTP)
was performed, and then, the O/N/O passivation layer (10 nm/20nm/ 10 nm) was
deposited by the thermal oxidation and LPCVD (Fig. 2.5(¢)). After the contact hole
formation, a Ti/TiN/AI/TiN metal stack (20 nm/20 nm/50 nm/10 nm) was deposited
by the sputtering method (Fig. 2.5(f)). To make an air gap under the micro-heater
of the FET-type gas sensors, the dry etching was performed anisotropically in the
first etching process and isotropically in the second etching process. After the
formation of the air gap (Fig. 2.5(g)), the H» alloy was performed in a 5 % of
hydrogen (H2) ambience at 400 °C for 10 min.

Finally, the sensing layer is deposited on the interdigitated CG-FG pattern.
Since most sensing materials, such as carbon nanomaterials and TMDCs, are
incompatible with the conventional Si CMOS process, the sensing layers of the gas
sensors in the interface circuits are formed in the final step of the fabrication process.
Thus, the CMOS-based sensor platform can be protected from contamination

during the formation ofthe sensing layer. In this dissertation, the In,O3 sensing layer
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is deposited by a radio-frequency (RF) magnetron sputter method (Fig. 2.5(h)). The
argon/oxygen (Ar/O2) flow rates, sputtering pressure, RF power, substrate
temperature, and process time were set to 30 sccm/3 sccm, 5 mTorr, 50 W, 20 °C,
and 10 min, respectively. The thickness of the deposited In,Os film is ~13 nm. After
the sputtering, the post-deposition annealing (PDA) was finally performed to

crystallize the In,O3 film in a vacuum at 300 °C for 10 min.

nFET sensor  nFET load PFET sensor R-type sensor

Fig. 2.5. (a)-(f) Cross sectional view of the fabrication process of the Si CMOS-

based interface circuit with gas sensors.
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Chapter 3

Characteristics of amplifier circuits

3.1 Electrical and sensing characteristics of unit sensors

In this dissertation, the nFET- and pFET-type gas sensors and n- and p-channel
FETs of the amplifier circuits were fabricated on the same substrate. The electrical
characteristics of the FET-type gas sensors and FET elements are analyzed using a
semiconductor parameter analyzer (B1500A, Agilent). Fig. 3.1(a) and (b) show the
transfer (/p-Vcg) curves of the nFET- and pFET-type gas sensors as a parameter of
the operating temperature (20 °C ~ 160 °C). As the operating temperature increases,
the off current (/ofr) increases since a leakage current increases at the junction of the
source/drain and the substrate at higher operating temperatures [44]. Fig. 3.2(a) and
(b) show the transfer curves of the load FETs and FET-type gas sensors with n- and
p-channel at 20 °C and 160 °C. The W/Ls of the nFET- and pFET-type gas sensors

are 1 pm/1 pm. And the W/Ls of the load FETs with n- and p-channel are 1 pm/4

20



um. The fabricated FET devices have flash memory functionality because of their

CG and FG. Fig. 3.3(a) and (b) show the flash memory functionality of the FET-

type gas sensors and FET elements under the different program voltage (¥pom) and

erase voltage (Vers) at 20 °C. The Vprom or Vers was applied to the CG for 5 sec,

and the body, source, and drain of the flash memories were grounded

simultaneously. When the positive Vpgm is applied to the CG, the transfer curve of

the nFET and nFET-type gas sensor moves to the positive bias direction. On the

other hand, the transfer curve of the nFET devices moves to the negative bias

direction by the negative Vers (Fig. 3.3(a)). Fig. 3.3(b) shows the flash memory

functionality of the pFET and pFET-type gas sensor. The bias condition for the

program/erase in the pFET devices is opposite to that in the #nFET devices. The

tunable Vi of the FET elements facilitates the calibration of sensor signals and

adjustment of the operating point of the FET elements in a read-out circuitry, such

as a transimpedance amplifier (TIA). The resistor-type gas sensor was also

fabricated on the same substrate with the FETs and FET-type gas sensors. Fig. 3.4

shows I-V curve of the resistor-type gas sensor at 20 °C and 160 °C.
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Fig. 3.1. Ip-Vcg curves of the fabricated (a) nFET-type and (b) pFET-type gas sensor

as a parameter of the operating temperature (20 °C ~160 °C).
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(a) 10° [ Solid : nF'ET-type sen'sor
Open : nFET load ]
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Fig. 3.2. Ip-Vcgcurves of the fabricated (a) nFET and nFET-type gas sensor and (b)

pFET and pFET-type gas sensor at 20 °C and 160 °C.
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Fig. 3.3. Program/Erase characteristics of the (a) nFET- and (b) pFET-type gas

sensors under the different Vpgm and Vers at 20 °C.
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Fig. 3.4. I-V characteristics of the fabricated resistor-type gas sensor with In,O3

sensing layer at 20 °C and 160 °C.

Fig. 3.5 shows the energy band diagram of the pFET-type gas sensor in the
atmosphere of dry air and NO, gas. Fig. 3.6(a) and (b) show the transient ID
behaviors of the nFET- and pFET-type gas sensors according to the NO> gas
concentration. When the gas sensors are exposed to the NO; gas, the NO, gas is
adsorbed on the n-type In,O3 sensing layer and steals electrons from the sensing
layer as an oxidizing gas [45]. The adsorbed NO> gas molecules are ionized at the

interface between the InoO3 sensing layer and the O/N/O passivation layer. At this
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interface, the ionized gas molecules deplete the sensing layer and function as an

effective negative charge [46]. The threshold voltage (Vm) of the FET-type gas

sensor moves to the positive bias direction as a result of this negative charge

inducing a positive charge in the FET channel. Therefore, as shown in Fig. 3.6(a)

and (b), the drain current of the nFET- and pFET-type sensor decreases and

increases when exposed to the NO> gas, respectively. The transient Ip behavior of

the resistor-type gas sensor at 160 °C according to the NO> concentration. As

mentioned above, the resistance of the In203 sensing material partially depleted by

the negatively ionized NO> gas molecules increases, and then, the current of the

resistor-type sensor decreases. Fig. 3.8 shows the response of nFET- and pFET-type

gas sensors and the resistor-type gas sensor to NO> concentration. The response of

these gas sensors is nonlinear and follows Langmuir’s theory [47].

On the other hand, H>S gas molecules are known as reducing gas [48]. As a

reducing gas, the H>S gas molecules donate electrons to the In,Os sensing layer. At

the interface between the sensing layer and passivation layer, ionized H,S gas

molecules induce a negative charge in the FET channel by acting as an effective
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positive charge. Thus, the Vi, of the FET-type gas sensor moves to the negative bias
direction. As shown in Fig. 3.9(a) and (b), the drain current increases in the nFET-
type sensor and decreases in the pFET-type sensor, as opposed to the NO> gas, when
exposed to the HoS gas. As opposed to the NO> gas, HoS gas molecules reduce the
depletion region of the n-type InoOs sensing layer. Thus, the resistance of the
resistor-type sensor decreases, and then, the current of the resistor-type sensor

increases when exposed to the H,S gas, as shown in Fig. 3.10.

Assume S S — Air
equilibrium state. — NO,
=]
OIN|O (o] Inducing
._, J positive charges
A
) e,
FG | [ Ee
CG In,0, NO;) Bulk Si (n-type)
sensing layer ~ E,
T ey =
|
Ap !
i ke
1

=
1
1

Fig. 3.5. Energy band diagram of the fabricated FET-type gas sensor when exposed

to air and NO» gas ambience. Ap is additionally introduced below.
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Fig. 3.6. Transient sensing characteristics of the (a) nFET-type and (b) pFET-type
gas sensor as a parameter of NO> gas concentration (0 ppb ~ 400 ppb) at 160 °C.
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Fig. 3.7. Transient sensing characteristics of the resistor-type

parameter of NO> gas concentration (0 ppb ~ 400 ppb) at 160 °C.
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Fig. 3.8. Response of nFET-type and pFET-type gas sensors and a resistor-type gas

sensor versus NO» concentration. All responses follow Langmuir theory.
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Fig. 3.9. Transient sensing characteristics of the (a) nFET-type and (b) pFET-type

gas sensor as a parameter of H>S gas concentration (25 ppm ~ 50 ppm) at 180 °C.
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3.2 Electrical characteristics of amplifier circuits

In this dissertation, the electrical and sensing characteristics of four different
amplifier circuits are proposed and analyzed. The four different circuits in this
dissertation are n- and p-type amplifier circuits with FET loads and n- and p-type
amplifier circuits with resistor-type (R-type) sensors. First, an n-type amplifier
circuit with FET load is composed of the nFET-type gas sensor with load FET with
n-channel. Fig. 3.11(a) shows the transfer curve (Vou-Vin) of the n-type amplifier
circuit with FET load. As shown in Fig. 3.11(a), the transfer curve is changed
according to the bias voltage applied to the CG of the FET load (/%) since the
electrical characteristics of the FET load with different V4. Fig. 3.11(b) shows the
gain (= Vou/Vin) of the n-type amplifier circuit with FET load versus Vi, as a
parameter of V. The voltage gain curve of the amplifier circuit versus Vi, has a
maximum at a specific Vin. In addition, the amplifier circuit has the highest
maximum gain at /= 0.8 V and Vi, = 0.12 V since the amplifier gain is influenced
by V. Fig. 3.12(a) shows the Vou-Vin curves of the p-type amplifier circuit with FET

load consisting of the pFET-type gas sensor with pFET load. As shown in Fig.
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3.12(a), the transfer curve is also changed according to the V4. Fig. 3.12(b) shows

the gain (= Vou/Vin) of the p-type amplifier circuit with FET load versus Vi, as a

parameter of Vb The p-type amplifier circuit with FET load has the highest

maximum gain at » = -1.0 V and Vi, = -0.26 V. Since the voltage gain of the

amplifier circuit affects the sensitivity in the response, the sensing characteristics

are analyzed at the /%, where the voltage gain is maximum. Fig. 3.13(a) shows the

Vour-Vin and voltage gain of the n-type amplifier circuit with a resistor-type sensor.

The amplifier circuit consists of the nFET- and the resistor-type sensors. The

maximum voltage gain of the n-type amplifier circuit with the resistor-type sensor

is approximately 4.78 V/V at Vi, = 0.12 V. Fig. 3.13(b) shows the Vou-Vin and

voltage gain of the amplifier circuit consisting of the pFET- and the resistor-type

sensors. The maximum voltage gain of the p-type amplifier circuit with the resistor-

type sensor is 4.82 V/V at Viy = 0.24 V, which is almost similar to the gain of the n-

type amplifier circuit with the resistor-type sensor.
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3.3 Sensing characteristics of amplifier circuits

Fig. 3.14(a) shows the transfer curves of the n-type amplifier circuit with FET
load according to the NO:> concentration. Insets in Fig. 3.14(a) show the
configuration of the amplifier circuit. Since the Vi of the nFET-type sensor moves
to the positive bias direction by reaction with the NO» gas, the drain current of the
sensor decreases. Thus, the voltage across the n-type FET load decreases and the
Vout of the circuit increases to reduce the current flowing through the circuit. Fig.
3.14(b) shows Vout,gas-Voutair (~AVout) versus Vin obtained from the transfer curves in
Fig. 3.14(a). When exposed to 500ppb of NO, gas, the maximum |AVou] is
approximately 220 mV. In here, Voutair and Vourgas are the output voltage of the
amplifier circuit in air and gas ambience, respectively. Fig. 3.15(a) shows the
transfer curves of the p-type amplifier circuit with FET load according to the NO:
concentration. Insets in Fig. 3.15(a) show the amplifier circuit configuration. The
drain current of the pFET-type sensor increases as the NO» gas concentration
increases. Therefore, the voltage across the p-type FET load and the Vo increases

to increase the current flowing through the circuit. Fig. 3.15(b) shows AV of the
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amplifier circuit versus Vi, in which the maximum |A Vo is approximately 200 mV.

Fig. 3.16(a) and (b) show the |AVou| of the n- and p-type amplifier circuits with FET

loads versus NO> concentration as a parameter of Vin. In the transition region of the

amplifier circuits, the nFET- and pFET-type sensors operate as a current source

since the FET-type sensors operate in the saturation region. And the FET loads have

a fixed resistance. Therefore, |AVou| of the amplifier circuits follows Langmuir’s

theory, like a current change of the FET-type sensor.

Fig. 3.17(a) shows the transfer curves (Vour-Vin) of the n-type amplifier circuit

with a resistor-type sensor as a parameter of NO> concentration. The current in

nFET- and resistor-type gas sensors decreases by reaction with the NO; gas

molecules. Since the nFET-type sensor operates in the saturation region, its current

is unaffected by Vou, and the current flowing through the circuit is determined by

the nFET-type gas sensor. And, the current of these two sensors in the circuit should

be the same since the nFET- and resistor-type gas sensor is connected into a series.

But, the response of the resistor-type gas sensor is larger than that of the nFET-type

gas sensor. To compensate difference of the sensitivity, the voltage across the
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resistor-type sensor increases. Therefore, Vou of the circuit should be decreased as

NO: gas concentration increases. Fig. 3.17(b) shows the |AVo| versus Vin of the n-

type amplifier circuit with FET load as a parameter of NO: gas concentration. When

exposed to 500 ppb of NO> gas, the maximum |A Vo is approximately 827 mV.

Fig. 3.18(a) shows the transfer curves of the p-type amplifier circuit with

resistor-type sensor as a parameter of NO, gas concentration. The current of the

pFET-type and resistor-type sensors in the amplifier circuit will try to increase and

decrease, respectively, by reaction with the NO> gas molecules. The current flowing

in the amplifier circuit increases since the current is determined by the pFET-type

sensor, which is operating in the saturation region. But, the resistance of'the resistor-

type sensor increases in the NO> gas response. Therefore, compared to the other

amplifier circuit, the voltage across the resistor-type sensor increases (~FVout increase)

more significantly in this circuit. The complementary sensing characteristics of the

pFET- and resistor-type sensor improve the sensitivity of the p-type amplifier circuit

with resistor-type sensor. Fig. 3.18(b) shows the |AVou| versus Vin of the p-type

amplifier circuit with resistor-type sensor as a parameter of NO2 gas concentration.
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When exposed to 500 ppb of NO> gas, the maximum [AVoy is 947mV, which is
relatively large compared to other amplifier circuits.

Fig. 3.19(a) and (b) show |AVou of the n-type and p-type amplifier circuits with
resistor-type sensors versus NO> concentration as a parameter of Vin. At a specific
input voltage, |AVou increases almost linearly as NO» concentration increases. This
linear sensitivity allows the amplifier circuit to detect a wide range of gas
concentrations. Also, it simplifies the peripheral circuit, which is very useful for
reducing power consumption. As shown in Fig. 3.19(a), the |AVou| of the n-type
amplifier circuit with resistor-type sensor versus NO> concentration at Viz=-0.42 V
is close to linear (R*= 0.989) and its slope is 0.582 mV/ppb. In Fig. 3.19(b), the p-
type amplifier circuit with resistor-type sensor has a good linearity (R*= 0.985) and
a higher sensitivity of 2.2 mV/ppb at a Vi= 0.66 V. It also can detect low

concentration gas with an even higher sensitivity of 8.96 mV/ppb at V= 0.6 V.
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Fig. 3.14. (a) Transfer curves of the amplifier circuit consisting of an nFET-type gas
sensor and an nFET load as a parameter of NO> concentration. The inset shows the
circuit diagram of the amplifier circuit. (b) Vout,gas - Voutair Of the n-type amplifier

circuit with FET load versus Vi, as a parameter of NO2 concentration.
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Fig. 3.15. (a) Transfer curves of the amplifier circuit consisting of a pFET-type gas

sensor and a pFET load as a parameter of NO» concentration. The inset shows the

circuit diagram of the amplifier circuit. (b) Vout,gas - Voutair of the p-type amplifier

circuit with FET load versus Vi, as a parameter of NO2 concentration.

42



vout,gas'vout,air (mV)

200

-
a
o

-
o
o

a
o

T=160°C

\

—a—V;, =-0.24 V4
——V,, =012V
V,,=0V
—v—V,, =012V
——V, =024V

0 100 200 300 400
NO, concentration (ppb)

o

] 1
| T=160°C

——V, =-0.12V
V=0V

—v—V, =012V

——V, =024V

100 200 300 200
NO, concentration (ppb)

[N
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circuit with FET load versus NO> concentration as a parameter of V. The curves

in these figures follow the Langmuir’s theory.
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Fig. 3.17. (a) Transfer curves of the amplifier circuit consisting of the nFET- and
resistor-type gas sensors as a parameter of NO; concentration. The currents of both
sensors in the amplifier circuit change in same direction by the NO» gas reaction.
(b) Vout,gas - Voutair of the n-type amplifier circuit with resistor-type sensor versus Vin

as a parameter of NO> concentration.
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Fig. 3.18. (a) Transfer curves of the amplifier circuit consisting of the pFET- and
resistor-type gas sensors as a parameter of NO; concentration. The currents of both
sensors in the amplifier circuit change in opposite directions by the NO; gas

reaction. (b) Voutgas - Voutair of the p-type amplifier circuit with resistor-type sensor

versus Vin as a parameter of NO; concentration.
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Fig. 3.19. Voutgas - Voutair Of (2) the n-type and (b) p-type amplifier circuit with R-
type sensors versus NO; concentration. The |Vouigas - Voutair] versus NO»
concentration in the n-type circuit is close to linear (R*= 0.989) at Vi, = -0.42 V and
its slope is 0.582 mV/ppb. The Vout,gas - Voutair in the p-type circuit is close to linear

(R?=0.985) at Vin = 0.66 V and its slope is 2.2 mV/ppb.
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3.4 Low frequency noise characteristics of amplifier circuits

The normalized current noise power spectral density (Si//?) of the resistor-type
gas sensor and n* doped poly-Si resistor is shown in Fig. 3.20(a). The poly-Si
resistor exhibits very little thermal noise, whereas the resistor-type sensor shows
considerable low frequency (1/f) noise because the carrier mobility varies greatly at
the In2O3 thin-film grain boundaries. Also, the current noise power spectral density
(S1) of the resistor-type sensor is unaffected by the voltage across the sensor (Fig.
3.20(b)). The normalized drain current noise power spectral density (Sip//p”) of the
nFET- and the pFET-type gas sensors is investigated (Fig. 3.21(a)). Fig. 3.21(b)
shows the log-log plot of Sip/In’s of the FET-type sensors sampled at 10 Hz versus
Ip. The physical origin of the low frequency noise in the nFET-type gas sensors is
verified by the carrier number fluctuation (CNF). The CNF model is represented as

[49]:

q*KT N

SID _ (Imy2
- (ID) WLCoyf’

Ip?

(1)
where Nt is volume trap density, A is the tunneling attenuation coefficient in

the gate oxide, and Cox is the gate oxide capacitance per unit area. The Sip/Ip? of the
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nFET-type sensor with respect to /p exhibits the same characteristics as (gw/Ip)2, as
illustrated in Fig. 3.21(b), demonstrating that the CNF is the physical origin of the
1/f noise. As shown in Fig. 3.21(b), Sip/Ip* has a slight deviation from (gm/Ip)?,
which is due to the existence of correlated mobility fluctuation [50].

The physical origin of the low frequency noise in the pFET-type gas sensor is

verified by Hooge’s mobility fluctuation (HMF). The HMF model is represented as

[51]:
SI_D _ aH”effZRT
Ip? "~ fIL2Ip (2)

where perr is the effective carrier mobility. The Sip/Ip® of the pFET-type sensor
with regard to Ip is proportional to /p”' demonstrating that the 1/f noise originated
from the HMF (Fig. 3.21(b)). The 1/f noise of the nFET-type sensor shows about
ten times more than that of the pFET-type sensor since the 1/f noise of the nFET-
type sensor is originated from the CNF at the Si-SiO> interface, whereas that of the
pFET-type sensor is originated from the HMF in the Si bulk. Since the signal-to-
noise ratio (SNR) of a gas sensor determines the signal resolution and the limit of

detection (LOD), it is important to investigate the SNR of a gas sensor to optimize

48



sensing performance. Also, the SNR of the amplifier circuit consisting of the gas

sensors should be investigated. The SNR of the amplifier circuit is defined as

SNR — |AVout| _ |Vout,gas_Vout,air| (3)
SV, ’
out f;lz SVoutdf

where 6 Vou: is the root-mean-square output voltage noise amplitude, Svou: is the
power spectral density of output voltage, and fi and f> correspond to low- and high-
frequency cutoff, respectively. Since the noise sources of the devices constituting
the amplifier circuit are uncorrelated, the Svout of the amplifier circuit is derived by
adding the voltage noise power of the FET-type gas sensor and load (FET load or
resistor-type sensor). The voltage noise power of the devices can be calculated by
adding current noise power divided by the square of the corresponding output
conductance in each element [52]. It is important to note that Svour cannot be
determined simply by dividing the load current noise by the square of the inverter
output conductance (gout). The |AVou| and Svour as a function of Vi, of the n-type and
p-type amplifier circuits with FET loads are investigated as shown in Fig. 3.22(a)
and (b), respectively. The Svour of the amplifier circuit consisting of the FET-type

sensor and FET load is expressed as
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Svout = Sy.sensor *+ Svioaq = 525 4 Jibloas ©
where Svsensor and Svioad are the voltage noise power of the FET-type gas sensor and
FET load, and gysensor and ga,joad are the output conductance of the FET-type gas
sensor and FET load. The Svou of the n-type amplifier circuit with FET load is not
changed depending on Vi, as shown in Fig. 3.22(a). On the other hand, the gm is the
highest at Vix near 0 V, where the Svout 0f the p-type amplifier circuit with FET load
is the smallest (Fig. 3.22(b)). The |AVou| and Svou as a function of Vi, of the n-type
and p-type amplifier circuits with the resistor-type sensors are shown in Fig. 3.23(a)
and (b). The Svout of the amplifier circuit consisting of the FET- and resistor-type
sensor is expressed as
Svout = Sv,r + Svrer = R1n203251 + ;1702 (5)
where Svr and Svrer are the voltage noise power of the resistor- and FET-type
gas sensors and gq is the output conductance of the FET-type gas sensor. Since the
current flowing through the resistor-type sensor increase while the Rino3 remains

constant, the Svr increases as Vi, increases. As shown in Fig. 3.23(b), the Syou 18

determined by the LFN of the resistor-type gas sensor. The Svour of the amplifier
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circuit is defined by the sensor with the higher voltage noise since the noise sources
of the FET- and resistor-type gas sensors are uncorrelated. Compared to the FET-
type sensor, whose conductance is determined by crystalline Si, the resistor-type
sensor shows large 1/f noise because its low frequency noise is determined by
polycrystalline InoO3. The SNRs as a function of Vi, of four different amplifier
circuits are compared (Fig. 3.24). The SNRs of the amplifier circuits are obtained
by dividing the |AVou| with the square root of Svout. As the Svout is constant regardless
of Vin, the behavior of SNR in the n-type amplifier circuit with FET load follows
the behavior of the |AVou. At Vin around 0 V, where gm is the largest, the SNR of
the p-type amplifier circuit with FET load is largest. On the other hand, the SNRs
of the n-type and p-type amplifier circuits with resistor-type sensors are mainly
determined by the noise behavior of the resistor-type sensor. As a result, the SNR
of the amplifier circuits with the resistor-type sensor is the largest when the noise
of the resistor-type sensor is the smallest. The p-type amplifier circuit with the
resistor-type sensor has an excellent SNR of 10° at Vi, in the range of 0.6 V to 0.66

V with good linearity (R*>0.98) and high sensitivity up to 8.96 mV/ppb.
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Fig. 3.20. (a) Normalized current noise power spectral densities (Si//’s) of resistor-
type sensor and n' poly-Si resistor measured at 160 °C. The resistor-type sensor

with an In,O;3 sensing material exhibits 1/f noise behavior. (b) The log-log plot of



(b)

S,/I,2 (1/Hz)

]

[ ~~._ 1/f noise

S

nFET-type sensor
—— pFET-type sensor 1

In air
101 @Vee =V
[ T=160°C
10 100 1000
Frequency (Hz)
7 u T=160°C
107 " f=10 Hz1
=D In air
° LA
\\.\ l;\
108} >, 4
‘;\ ’D-1 [
\.\
10-9 3 \"s .\\‘ i9 -
‘x. \’D
\. | KN
\\. ;\
40| ® nFET-type sensor W o
10 e pFET-type sensor
108 107 108 103
Ih (R)
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log-log plot of Sin/In’s sampled at 10 Hz versus /.
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Svouts of the amplifier circuits are mainly determined by the noise of the resistor-
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Chapter 4

Inverter circuit composed of gas sensors

4.1 Electrical and sensing characteristics of inverter circuit

A CMOS inverter circuit with gas sensors is fabricated, connecting the nFET-
and pFET-type gas sensors in series. Fig. 4.1 shows the transfer (Vou-Vin) curves of
the fabricated inverter circuit with nFET- and pFET-type sensors as a parameter of
the Vop (0.8 V ~ 2.0 V) at 20 °C. In this inverter circuit, the W/Ls of the nFET- and
pFET-type sensors are 2 pum/2 um and 2 um/1 pm, respectively. As shown in Fig.
4.1, the inverter circuit shows excellent inverting performance with the abrupt
transition. The logic transition of the inverter circuit occurs at the switching
threshold voltage where the Vin and Vou are equal. The voltage gain of the inverter
circuit is approximately 35 at Vpp = 1.5 V.

Fig. 4.2 shows a schematic illustration deriving operating points of the CMOS

inverter circuit before and after the NO gas response using load-line analysis. The
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current flowing through the nFET- and pFET-type sensors in the inverter circuit

should be the same. Therefore, Vou is determined at the point where the currents of

the nFET- and pFET-type sensors are the same in the load-line analysis. In Fig. 4.2,

the solid and dotted lines indicate the transfer curve (|Ip|-Vps) of the FET-type

sensors before and after gas response, respectively. As mentioned above, the current

of'the nFET-type sensor decreases, and that of the pFET-type sensor increases when

the inverter circuit is exposed to NO» gas. Therefore, the Vou: determined by the

load-line analysis is shifted to the positive bias direction, as shown in Fig. 4.2. Fig.

4.3(a) shows the transfer curve (Vou-Vin) of the inverter circuit composed of the

nFET- and pFET-type sensors as a parameter of NO> gas concentration (0 ppb ~ 500

ppb) at 120 °C. As the inverter circuit responds to NO» gas, the transfer curve of the

inverter circuit is shifted to the positive bias direction. Then, the output voltage of

the circuit increases at the same input voltage. The output voltage of the inverter

circuit changes as much as the sum of the current changes of both FET-type sensors

since the currents of both FET-type sensors change due to gas response. Therefore,

the amount of change in the output voltage due to gas response is larger than that
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of a circuit consisting of only one sensor. The AVout of the inverter circuit is 1.44

Vata Vppof 1.5 V when exposed to 500 ppb of NO; gas.

On the other hand, the current of the nFET-type sensor increases, and that of

the pFET-type sensor decreases when the inverter circuit is exposed to H»S gas. Fig.

4.4 shows a schematic illustration deriving operating points of the CMOS inverter

circuit before and after the H>S gas response using load-line analysis. In Fig. 4.4,

the solid and dotted lines indicate the transfer curve (|/p|-Vps) of the FET-type

sensors before and after gas response, respectively. As shown in Fig. 4.4, the Vou

determined by the load-line analysis is shifted to the negative bias direction when

exposed to H>S gas. Fig. 4.5(a) shows the transfer curve (Vour-Vin) of the inverter

circuit composed of the nFET- and pFET-type sensors as a parameter of H>S gas

concentration (0 ppm ~ 50 ppm) at 160 °C. As the inverter circuit responds to NO:

gas, the transfer curve of the inverter circuit is shifted to the negative bias direction.

Then, the output voltage of the circuit decreases at the same input voltage. The

AVout of the inverter circuit is 1.44 V at a V'ppof 1.5 V when exposed to 50 ppm of

H>S gas.
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Fig. 4.1. Transfer (Vou-Vin) curves of the fabricated CMOS inverter with nFET- and

pFET-type gas sensor as a parameter of the V'pp at room temperature.
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Fig. 4.2. Schematic illustration deriving operating points of the CMOS inverter

circuit before and after NO; gas response using load-line analysis.
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Fig. 4.3. (a) Transfer curves of the inverter circuit consisting of the nFET- and

pFET-type gas sensors as a parameter of NO, concentration (0 ppb ~ 500 ppb) at

120 °C. (b) AVout (= Voutgas - Voutair) of the inverter circuit versus Vi, as a parameter

of NO; concentration.
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4.2 Application of inverter circuit

Fig. 4.6(a) shows the circuit schematic of the inverter circuit composed of the
FET-type gas sensors for PWM operation. A triangular wave with a period of 200
ms is applied to the input of the inverter circuit. When a triangular wave is applied,
the inverter circuit generates a logic pulse as an output voltage, as shown in Fig.
4.6(a). Fig. 4.6(b) shows the pulse schematic diagram of input and output voltage
with different switching thresholds. As shown in Fig. 4.6(b), the width of the output
voltage pulse is determined by the switching threshold voltage of the inverter circuit.
As mentioned above, the switching threshold of the inverter circuit output voltage
is changed by the sensor reaction when the inverter circuit is exposed to the gas
molecules. The direction and degree of the switching threshold are adjusted
according to the type and concentration of the gas molecules. Therefore, as shown
in Fig. 4.6(b), the inverter circuit shows pulse width modulated behavior, in which
the width of the output voltage pulse changes according to the type and
concentration of the gas molecules.

Fig. 4.7(a) and (b) show Vin and Vou in the transient analysis of the CMOS
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inverter circuit when exposed to different concentrations of the NO; gas (0 ppb ~

500 ppb). When exposed to the NO» gas, the transfer curve of the inverter circuit is

shifted to the positive bias direction (Fig. 4.5(a)). As shown in Fig. 4.6(a), the

switching threshold of the inverter circuit increases as the NO2 gas concentration

increases. Accordingly, the pulse width of the Vou decreases according to the NO:

gas concentration. As shown in Fig. 4.6(b), the pulse width of the output voltage is

adjusted by 36.29 ms as the NO» concentration changes from 0 ppb to 500 ppb.

Fig. 4.7(a) and (b) show Vin and Vou in the transient analysis of the CMOS

inverter circuit when exposed to different concentrations of the H2S gas (0 ppm ~

50 ppm). When exposed to the H»S gas, the transfer curve of the inverter circuit is

shifted to the negative bias direction. As shown in Fig. 4.7(a), the switching

threshold of the inverter circuit decreases as the H>S gas concentration increases as

opposed to the NO> gas reaction. Accordingly, the pulse width of the Vou increases

according to the H2S gas concentration. As shown in Fig. 4.7(b), the pulse width of

the output voltage is adjusted by 13.42 ms as the H>S concentration changes from

0 ppm to 50 ppm.
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Fig. 4.6. (a) Circuit schematic of the inverter circuit composed of the FET-type gas
sensors for PWM operation. (b) Pulse schematic diagram of input voltage (Vin) and
Vour with different switching thresholds. When a triangular wave is applied to the
input of the inverter circuit, the pulse width of the output voltage (Vou) is

determined by the switching threshold.
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Fig. 4.7. (a) Input voltage (Vin) and (b) output voltage (Vour) in the transient analysis

of the CMOS inverter circuit when exposed to different concentrations of the NO»

gas (0 ppb ~ 500 ppb). In Fig. 4.7(a), dotted lines indicate the switching threshold

of the circuit as a parameter of the NO> gas concentration.
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" B kit



Chapter 5

Conclusions

In this dissertation, the interface circuits using a gas sensor platform compatible
with the conventional CMOS process are proposed. Especially in this dissertation,
the interface circuits composed of complementary sensors are proposed. The nFET-
and pFET-type gas sensors, FET elements, and resistor-type gas sensors are
fabricated on the same substrate. The current of the complementary sensors is
changed in the opposite direction in the same gas response. The electrical, gas
sensing, and low-frequency noise characteristics of four different amplifier circuits
are compared. When exposed to NO; gas, the current of FET- and resistor-type gas
sensors decreases, but the current of pFET-type gas sensor increases. The resistor-
type sensor has more large sensitivity to the same concentration of NO> gas than
the nFET- and pFET-type sensors.

When comparing the sensing characteristics of amplifier circuits, the amplifier
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circuits with the resistor-type sensor as a load has more large sensitivity. The pFET-

type sensor has complementary sensing characteristics to the resistor-type sensor.

Accordingly, the amplifier circuit with the pFET- and resistor-type sensors has the

highest sensitivity. The output voltage of the amplifier circuit with the resistor-type

sensor as a load is linear versus NO; gas concentration. Furthermore, the low-

frequency noise characteristics of the amplifier circuit are analyzed. The Syou of the

amplifier circuit with the resistor-type sensor is determined by the noise behavior

of the resistor-type sensor, making Svour Of the circuit higher. Even so, the p-type

amplifier circuit with a resistor-type sensor has a relatively excellent SNR, good

linearity, and high sensitivity up to 8.96 mV/ppb.

The CMOS inverter circuit with nFET- and pFET-type sensors is manufactured,

and the electrical and sensing characteristics are analyzed. The inverter circuit

exhibits excellent inverting performances with a high voltage gain (> 35). Since the

pFET-type sensor also has complementary sensing characteristics to the nFET-type

sensor, the inverter circuit also has considerable sensitivity, like the p-type amplifier

circuit with a resistor-type sensor. Also, the pulse width modulated behavior of the
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inverter circuit is confirmed. The pulse width of the output voltage in the inverter

circuit is adjusted by the type and concentration of the gas molecules.

The sensitivity of an interface circuit composed of gas sensors having

complementary sensing characteristics, such as the combination of a pFET- and

resistor-type sensor and a pFET- and nFET-type sensor, is higher than that of other

circuits. A p-type amplifier circuit with a resistor-type sensor shows linear

sensitivity over a wide range of gas concentrations. On the other hand, the CMOS

inverter circuit with a gas sensor has a more significant voltage gain than the

amplifier circuit, so it has high sensitivity. However, the concentration range of the

target gas that can be distinguished by the change in the output voltage of the circuit

is limited since the transition region is narrow. Therefore, the p-type amplifier

circuit with a resistor-type sensor can be used as an analog circuit that detects a

wide range of gas concentrations. The CMOS inverter circuit can be used as a logic

circuit, such as PWM operation according to gas reaction. Research on various

interface circuits composed of gas sensors is expected to be the basis for future

intelligent olfactory systems.
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Appendix A

Various sensing materials

A.1 Tungsten disulfide (WO3)

The transient response of the FET-type gas sensor to NO» gas between 200 ppb
and 500 ppb at 180 °C is shown in Fig. A.1. In sputtering procedure, the WO3
sensing layer of the FET-type gas sensor is deposited at an oxygen flow rate of 3
sccm with 30 sccm argon gas. Since NO; gas is an oxidizing gas, the NO» gas
molecules which adsorbed on the WOs sensing layer take electrons from the sensing
layer [45]. As a result of the NO, gas molecules becoming ionized, ionized gas
molecules act as an effective negative charge to generate a positive charge in the
channel of the FET-type gas sensor [46]. Therefore, the FET-type gas sensor’s
threshold voltage (V) is moved in the positive direction, and the drain current of
the sensor increases. As NO» concentration increases from 200 ppb to 500 ppb,

sensitivity of the gas sensors with WO3 sensing layer increases as shown in Fig. A.1.
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A comparison of the FET-type gas sensor’s sensing characteristics for three

different target gases (NO., H>S, and SO3) is shown in Fig. A.2. The reponse of the

gas sensor for HoS and SO; gas are 4.84 % and 6.29%, respectively. Even though

the concentration of NO: gas is only 500 ppb, the response of the gas sensor to NO2

gas is more considerable than other gases (Fig. A.2). Thus, the FET-type gas sensor

with WOs sensing layer has the highest selectivity for NO» gas.

-200 {==:e—NO, in
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= 320
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! —=—200 ppb
380r : —e— 400 ppb
Temp.=180°C ! 500 ppb
-400 L L 1 )
0 100 200 300 400

Time (sec)

Fig. A.1. Transient sensing characteristics of the FET-type gas sensor with WO;

sensing layer at 180 °C. The WOj sensing layer of the gas sensor is deposited at an

oxygen flow rate of 3 sccm with 30 sccm argon gas in the sputtering process.
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Fig. A.2. Comparison of the response of the FET-type gas sensor to the three
different gases (NO2, H2S, and SO;). The concentration of the NO, gas is 500ppb,

and that of other gases is 50 ppm.

A.2 Graphene quantum dots (GQDs)

Fig. A.2 transfer curves (Ip—Vcg) of the FET-type humidity sensor with
graphene quantum dots (GQDs) as a parameter of the relative humidity from 3.4%
RH to 81.3% RH at 20 °C. The transfer curve is moved in the negative bias as the
relative humidity increases from 3.4% to 81.3%. The H>O molecules are

chemisorbed on the GQDs sensing layer at low relative humidity [53,54]. The H>O
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molecules are poor oxidizing and reducing agents; therefore, how the H>O

molecules behave depends on the surroundings [55]. The H>O molecules donate

electrons to the GQDs sensing layer since the H>O molecules act as an electron

donor. As a result, the resistance of the GQDs sensing layer, a p-type material,

increases [55-57]. The water molecules are adsorbed at the interface between ONO

covering the FG and GQDs and then adsorbed water molecules are positively

ionized. The positively ionized water molecules induce negative charges in the

channel of the FET [58]. Thus, the threshold voltage (V) of the humidity sensor is

moved in a negative bias direction. Then, the drain current of the pFET-type

humidity sensor decreases as the relative humidity increases. The water molecules

are physisorbed on the chemisorbed water molecules through hydrogen bonds as

the relative humidity increases [53]. Multilayer water molecules are adsorbed when

the relative humidity increases further and gradually shows liquid-like behaviors.

The physisorbed water molecules in the liquid multilayer are ionized into the H;O"

ions as charge carriers under the electrostatic fields. Ionic conductivity generated

by the Grotthus chain reaction enables proton hopping between adjacent water
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molecules [53]. The physisorbed water molecules can induce dipoles at the surface

of the GQDs sensing layer. The work-function of the sensing layer is uniformly

shifted upwards by a certain amount as a result of the induced dipoles [59,60]. Thus,

as well as at low relative humidity, the Vi of the humidity sensor is shifted to the

negative bias direction, and then /Ip decreases at high relative humidity.

We analyze the reproducibility and long-term stability of the FET-type

humidity sensor with the GQDs sensing layer. By repeatedly injecting the dry and

humid air (81.3% RH) into the test chamber, the reproducibility of the humidity

sensor is analyzed. Fig. A.4 shows the humidity sensing properties of the humidity

sensor remain unchanged even after repeated short-term operation. The long-term

stability of the humidity sensor is evaluated by injecting humid air with different

relative humidity (28.3, 47.2, 62.1, and 81.3 %RH) once every month for five

months (Fig. A.4). The humidity sensor has been exposed to the air for five months

except when measuring the humidity sensing properties. As shown in Fig. A.4, even

after more than five months, the response of the humidity sensor is almost constant

in all ranges of relative humidity.
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Fig. A.4. Long-term stability of the humidity sensor to the humid air. The response

of the humidity sensor has no noticeable variation in all ranges of relative humidity

levels even after more than five months.
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