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ABSTRACT

Recently, there has been an increased demand for low cost, highly sensitive
and selective gas sensing devices. Graphene, single atomic layer of graphite,
has been considered as very attractive as gas sensor device application (The
graphene have higher sensitivities for NO2 and NH3.). In the past few years,
there have been mechanical exfoliation method using scotch tape and many
chemical approaches to synthesize large-scale graphene have been developed,
including epitaxial growth on silicon carbide at high temperature (1450 oC),
formation of graphene in ultra-high vacuum environment and chemical vapor
deposition (CVD).

Recently it becomes increasingly important to form high-

quality graphene layer at lower process temperature to be applied to flexible
electronics. As a good candidate, Inductively-Coupled Plasma Chemical Vapor
Deposition (ICP-CVD) was used to form graphene at 650 oC. However, there
have been no reports on gas sensitivity and temperature effect of graphene FET
by ICP-CVD method.

In this master’s thesis, we report gas sensitivity and effect of temperature (T)
and relativity humidity (RH) on gas sensitivity of the bottom-gate graphene
FETs with single atomic layer of channel graphene fabricated by ICP-CVD
method. The graphene FETs have relatively higher sensitivities for NH3 (~20%
at 50 ppm) and NO2 (~30% at 50 ppm). Other gases such as CH4, C3H8, H2S,
and SO2 show a sensitivity of less than ~10% at even 104 ppm. The sensitivity
of graphene exposed to nitrogen oxide (NO2) and ammonia (NH3) was
increased with increasing temperature and humidity. For NO2 gas, the graphene
FET shows increasing ID with increasing T and also increasing ID with
increasing humidity. However, the FET shows opposite trend with the T and
humidity for NH3 gas. We observed that gases produce distinguishably
different effects on the low-frequency noise spectra of graphene. These
characterizations could be used to design more reliable graphene gas senor
Keywords: graphene, gas sensor, selectivity, bottom gate FET, inductively
coupled plasma chemical vapor deposition (ICP-CVD), temperature,
humidity, low frequency noise.
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1. Introduction

Zero band gap graphene (a single atomic layer of graphite sheet) have
awakened an enormous interest in this two- dimensional material. Owing to its
unique structural, mechanical and electronic properties, graphene is considered
as most attractive candidates for next generation electronic device application,
ranging from chemical sensor, DNA sequencing, and transparent electrodes [1].
In the past few years, there have been mechanical exfoliation method using
scotch tape [2] and many chemical approaches to synthesize large-scale
graphene have been developed, including epitaxial growth on silicon carbide at
high temperature (1450 oC), formation of graphene in ultra-high vacuum
environment

and chemical vapor deposition (CVD) [3]. Recently, there has

been an increased interest in highly sensitive and selective gas sensing devices to
detect air contaminants released from industrial complexes and automobiles
because they have caused smog and lung diseases such as asthma [4]. As one of
1

sensing materials for future gas sensors, single-layer graphene has been applied
to the channel material in FET type gas sensor which detects the conductivity
change upon adsorption of gases (NO2, NH3) [1]. In [1], the graphene was
prepared by a mechanical exfoliation method and authors reported only the
sensitivity. The sensitivity was studied with temperature in graphene FET where
the graphene was implemented by a mechanical exfoliation [5], epitaxial growth
on silicon carbide at high temperature [6] and CVD method [7]. Recently it
becomes increasingly important to form high-quality graphene layer at lower
process temperature to be applied to flexible electronics. As a good candidate,
ICP-CVD was used to form graphene at 650 oC. There have been no reports on
sensitivity and temperature effect of graphene FET by ICP-CVD method.
Moreover, the gas sensitivity and the sensing property on humidity have not
been reported in detail.
In chapter 2, the fabrication process and surface characterization of
graphene are introduced. The Raman spectroscopy and optical transmittance
spectroscopy were used for characterizing the single layer graphene.
2

In chapter 3, we quantitatively analyzed the gas sensing characterization of
graphene such gas sensitivity, effect of temperature and humidity on NO2 and
NH3 gas sensitivity. The mechanism of gas sensing on graphene are researched.

3

2.

Fabrication

Process

and

Surface

characterization

2.1 Fabrication Process

Key fabrication process steps and resultant device structure are shown in Fig.
1. HfO2 (30 nm) is deposited by Atomic Layer Deposition (ALD) method as gate
dielectric on the heavily doped 6-inch N-type silicon wafer which is used as
bottom-gate electrode. Then, source and drain electrodes are formed by electronbeam evaporation of Cr/Au. Finally, the oxygen plasma etching was adapted for
the definition of graphene channel. The graphene layer was formed by using
plasma assisted CVD at a low temperature of 650 oC. More detailed explanation
on the process can be found in [8]. Graphene in this study are synthesized by
inductively coupled plasma enhanced chemical vapor deposition (ICP-CVD) on
a Cu thin film substrate. During the growth process, the substrate is heated to
4

650◦C within 10 min under ~10−7 torr, then treated with H2 plasma. After
purging with Ar for a couple of minutes, C2H2 is added (C2H2: Ar = 1: 40) for
graphene growth at the same temperature. For the graphene transfer,
graphene/metal/SiO2/Si substrate was spin-coated with PMMA (Aldrich, 950 A4)
and attached a pressure sensitive adhesive ultraviolet tape. Peeling the tape
against the Si wafer physically separates the tape/PMMA/graphene/metal layer
due to poor adhesion of the metal film and SiO2. After etching of the underlying
Ni/Cu by soaking in FeCl3 and cleaning in water, the tape/PMMA/graphene
layer was pressed onto the HfOx (30 nm)/Si substrate with pre-patterned
electrodes (Cr/Au of 10/90 nm). The successive removal of the tape and PMMA
in methanol and acetone, respectively, leaves only the graphene layer over the
pre-patterned marks. Graphene is etched to rectangular shape by O2 plasma.

5

Fig.1. Cross-sectional views of key fabrication steps. Heavily doped N++ Si
substrate is used a bottom-gate.

6

2.2 Surface characterization
Raman spectrum and optical transmittance of the graphene grown by using the
ICP-CVD are shown in [8], [9]. Fig2. Shows single layer graphene was
confirmed by Raman spectroscopy with a single Lorentzian fit of a 2D peak at
2700 cm-1. The 2D name originally comes from the fact that 2D band is located
at Raman shift of 2700 cm-1 which is twice the value of the Raman shift of D
band (1350 cm-1) [8][9]. The I2D/IG (intensity of 2D peak / intensity of G peak)
ratio for graphene exceed 4, conforming single layer graphene film [10]. In
addition, we observed relatively weak D peak intensity (ID/IG), which indicates
the minimum level of structural defects in our samples. Fig3. Shows optical
transmittance data also could be known method to evaluate layer number with
2.3% reduction of one layer at 550 nm and our sample shows exactly 97.7%
transmittance [11]. Those clearly indicate that the transferred graphene is a
single layer and has high-purity carbon in the graphene films. The channel
length and width of the graphene FETs are 8 m and 2 m, respectively.

7

Fig. 2 (a) The optical image of transferred graphene onto SiO2. Raman mapping
and distribution of 50 μm x 50 μm area 2D/G ratio (c, e) and D/G ratio (d, f)[9]
8

Fig. 3. (Color online) (a) Raman spectroscopy on a device. Inset: Optical
microscope image of a device. (b) Light transmittance through CVD grown
single layer graphene/glass [8].

9

3. Analysis of Gas sensing Characteristic on
Bottom Gate Graphene FET

3.1 Gas sensing on bottom gate graphene FET
To measure gas sensitivity, the wafer including graphene FETs was placed
inside a sealed chamber in which gas supply line and pump line are connected.
Electrical measurement was carried out using an Agilent 4155C. NO2, NH3
prepared by intermixing calibrated commercial gases with nitrogen (N2) are used
and humid gas was obtained by flowing nitrogen through a bubbler. Different
relative humidity levels and gases concentration were controlled with a mass
flow controller (MFC). In this experiment, NO2, NH3, H2S, SO2, CH4, and C3H8
prepared by intermixing calibrated commercial gases with N2 are used. We
measured ID-VGS (the conductivity vs gate bias) characteristic at room
temperature under one atmospheric pressure after exposing the device to a
specific gas for 1 hour (saturation state) in a chamber.
We measured ID-VGS transfer curve at room temperature under one
10

atmospheric pressure after exposing the graphene devices to air. The transfer
curve exhibits asymmetric behavior and p-type MOS characteristic. Generally,
CVD grown graphene shows the asymmetric behavior in hole and electron
conduction along with the Dirac point shift. Graphene in this study was exposed
in the air and hole doping due to the oxygen and water molecule could be
considered according to the temperature dependence[16]. The origin of this
behavior might be caused by a combination of the neutrality point misalignment
at the electrode/channel interface and the nonconstant DOS (Density of State) of
the graphene by chemical doping (hole and electron)[17]. In engineering point of
view, sensing area of all gas sensors must be exposed practically in the air to
detect a target gas. So we measure our graphene FETs not in vacuum (low
pressure) but in air (atmospheric pressure). Gate bias (VGS) scans from -5 V to 5
V at VDS = -10 mV.
Six devices are used to investigate sensing property for 6 different gases
mentioned above. Fig.4 shows ID-VGS curves of the graphene FETs as a
parameter of gas concentration (ppm) at a fixed VDS of -10 mV. The channel
11

length and width of the graphene FETs are 8 m and 2 m, respectively. We can
observe clearly the sensitivity with a specific gas and summarize the results in
Fig. 5. Fig.5 (a) and (b) show the gas concentration dependency of conductivity
change (sensitivity) measured at a VGS of -3 V for 6 different gases. Here the
conductivity change is defined as

( I D

 I D 0 ) / I D 0   100%

(1)

Where the drain current change (ID-ID0) with respect to that in N2 (reference
drain current: ID0) at VGS = -3 V. ID is the drain current with a concentration of a
gas. With increasing gas concentration, the conductivity of graphene exposed to
NO2 increases, whereas the conductivity for other gases decreases. NO2 and NH3
absorbed on graphene act as acceptor and donor, respectively [1]. Both gases
show relatively large sensitivity. In the case of SO2 and H2S, there is little change
in conductivity. Since CH4 and C3H8 gases show even smaller sensitivity than
that of SO2 and H2S gases, the concentration is increased up to 104 ppm.
However, both CH4 and C3H8 gases show the sensitivity less than ~ 8 % at 104
ppm.
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3.2 Effect of Temperature and Humidity on NO2 and
NH3 Gas Sensitivity of Bottom-Gate Graphene FETs

Fig. 6 shows the T dependency of conductivity change for two different target
gases (NO2, and NH3). In each measurement, we used fresh graphene FET to
rule out any problem which can be generated during repeated measurement. As a
control ID-VGS curve, we first measure ID-VGS curve in N2 ambient for each
sample, and then measure conductivity change with a target gas. As mentioned
above, the conductivity change is defined as (1) where ID is a drain current at
VGS=-3 V with different temperature (T) or relative humidity (RH), and ID0 is the
ID (@VGS =-3 V) under the first condition of a target gas (for example, NO2 at
298K or 0% of RH). Graphene gas sensor in this work shows about 20 - 30 %
conductivity change for both NO2 and NH3 as the concentration changes from 0
to 50 ppm. The gases used in this experiment are N2 (pure), NO2 (10 ppm) and
NH3 (50ppm), respectively. In this experiment, we found the conductivity
17

change with T (298 K ~ 373 K). The drain current (ID) of graphene exposed to
NO2 increases, whereas the drain current for NH3 decreases as shown in Fig. 6 (a)
and (b), respectively, because NO2 and NH3 absorbed on graphene act as
accepter and donor, respectively [1]. As the T increases, graphene FETs in this
work show increasing ID for NO2 gas (a) and decreasing ID for NH3 gas (b) in
magnitude. Conductivity change with T obtained by using (1) is shown in Fig. 6
(c). Solid square and circle symbols represent the changes with T for NO2 and
NH3, respectively. The conductivity change of graphene FETs in N2 ambient
decreased with a rate of ~0.1 %/oC because the graphene has a metallic property.
By subtracting the conductivity change with T in N2 ambient, we could extract
the conductivity changes for NO2 and NH3 gases as indicated by triangle and
inverse triangle symbols. In Fig. 6 (c), as T increases, ID for NO2 gas increases
although the metallic property decreases the ID while the ID decreases more
significantly in NH3 ambient than in N2 ambient with increasing T. Conductivity
change seems to be related to the amount of hole (NO2) and electron (NH3)
charge transfer and to the nature of the surface interaction of the gas and
18

graphene by the increased T [14].

-5

VDS = -10 mV

ID (A)

-6

NH3 (50 ppm)

-7

298 K, 313 K,
333 K, 353K,
373 K

-8
-9
-10

N2 @ 298 K
-5

-4

-3

-2

-1

0

(b)
1

2

3

4

5

VGS (V)

VDS = -10 mV

ID (A)

-2

NO2 (10 ppm)

-3

298 K, 313 K
333 K, 353 K
373 K

-4

N2 @ 298K
-5

-4

-3

-2

-1

(a)
0

1

VGS (V)
19

2

3

4

5

Conductivity Change (%)

24

NO2

18

NO 2 w/o N 2 T effect

NH 3

NH 3 w/o N 2 T effect

12
6
0
-6
-12

(c)
300

320

340

360

380

Temperature (K)
Fig.6. I-V characteristics for graphene FETs exposed to 10 ppm NO2 (a) and 50
ppm NH3 (b) as a parameter of temperature. Conductivity change versus
temperature is shown for both gases (c). A target gas without N2 T effect means
that the conductivity change with T in N2 ambient is excluded.

20

Fig. 7 shows the humidity dependency of conductivity change for two target
gases (NO2 and NH3). The RH was changed from 0 % (mixed gas) to 90 % at
room temperature. As the RH increases, graphene FETs in this work show
increasing ID for NO2 gas (a) and decreasing ID for NH3 gas (b). In Fig. 7 (c), we
can observe the conductivity changes for NO2 and NH3 gases with RH as
represented by solid square and circle symbols, respectively. As the RH
increases, graphene FETs in N2 ambient increased with a rate of ~0.58 %/%
because the humidity absorbed on graphene acts as accepter. Fig. 7 (c) also
shows the conductivity changes for NO2 (triangle symbols) and NH3 (inverse
triangle symbols) gases by excluding the change with RH in N2 ambient. Since
the humidity and NO2 act as acceptor, their effects are added. In case of NH3, the
conductivity change increases with the increase of RH. Humidity and NH3 have
the opposite effect on the conductivity of graphene: humidity and NH3 act as
accepter and donor, respectively. Therefore we can expect that the RH effect
cancels out the effect of NH3 and the ID change is expected to be quite small.
However, NH3 and humidity form ammonium hydroxide (NH4OH) by the
21

reaction in the chamber. Since the NH4OH absorbed on graphene acts as donor
[15], the conductivity change of graphene exposed to ammonia increases
negatively with increasing RH.
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5. Conclusion

In this master’s thesis, we have investigated gas sensing characteristic of
Bottom gate FETs with single atomic graphene layer grown on 6-inch wafer
using low temperature ICP-CVD method at 650 oC. We quantitatively analyzed
sensitivity of various gases (H2S, NH3, NO2, SO2, CH4, C3H8), temperature and
humidity effects for at NO2 and NH3 gases. The devices showed relatively large
conductivity change (20%~30% at 50 ppm) for both NO2 (positive change) and
NH3 (negative change) gases. With increasing temperature, the drain current
increases for NO2 but decreases for NH3 by the increased surface interaction due
to increased temperature. NO2 and humidity acted as acceptor on the graphene
and their effects were added. It was found that NH3 reacts with humidity to form
NH4OH which acts as donor on the graphene and consequently the drain current
decreases. The bottom-gate graphene FETs fabricated by using ICP-CVD could
be low cost and high sensitive gas sensors.
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초

록

최근 높은 민감도 및 선택성을 가지고 제조 비용이 낮은 가스센서
의 수요가 증가하고 있다. 이러한 특성을 가진 가스센서를 구현하기
위해 현재 그라핀(grpahene)의 가스 반응에 대한 연구를 진행 중에
있다.

(그라핀은

이산화질소(NO2)와

암모니아(NH3)에

큰

민감도

(Sensitivity)를 가진다.) 현재 그라핀 제작 방법으로는 스카치테이프를
이용한 exfoliation방법, 실리콘카바이드(SiC)기판을 높은 온도로 가열
하여 그라핀을 제조하는 방법 및 최근 높은 진공도에서 탄화수소를 촉
매 금속에 흐리는 화학적 기상 증착 방법을 이용한 방식이 개발되었다.
최근에는 낮은 온도에서 고품질의 그라핀 제조 방법으로 inductively
coupled plasma chemical vapor deposition (ICP-CVD)를 이용한 연
구가 진행 되고 있다. ICP-CVD방법은 약 650도에서 공정이 가능하다.
하지만 ICP-CVD 방법으로 제조된 그라핀의 가스 반응 특성 및 가스
반응시 온도 및 습도가 민감도에 미치는 영향에 대해서는 자세한 연구
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결과가 아직까지 보고되지 않았다.
본 논문에서는 ICP-CVD 방법으로 제조된 Bottom게이트 구조의 그
라핀 FET를 이용하여 가스 반응의 민감도 및 가스 반응시 온도 및
습도의 영향에 대한 연구를 진행하였다. 실험 결과 그라핀은 암모니아
(농도가 50ppm 일때 대략 20 %정도) 및 이산화질소(농도가 50ppm
일때 대략 30 %정도)에서 상대 적으로 높은 가스 민감도가 나타났다.
황화수소(H2S), 이산화황(SO2), 메탄(CH4) 프로판(C3H8)에서는 반응이
크게 나타나지 않았다. 심지어 메탄 및 프로판은 각각의 가스 농도가
10000ppm 에서도 민감도가 10 %가 미만으로 나타났다. 그라핀이 일
정 이산화질소 및 암모니아 농도에서 각각의 가스와 반응할 때 온도
및 수분이 증가하면 민감도가 증가하는 결과를 나타내었다. 이산화 질
소에서는 온도 및 수분이 증가하면 그라핀의 드레인 전류를 증가 시켰
다. 하지만 암모니아에서는 반응 온도 및 수분이 증가하면 이산화 질
소와는 반대 경향이 나타났다.

이런 가스반응 특성들은 신뢰성 있는

그라핀 가스 센서 설계에 사용될 수 있을 것으로 예상된다.
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