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Abstract

This paper presents a simple fabrication process of Cy fullerene nanowhisker (CgoFNW) gas sensors,
and discusses a novel sensing mechanism based on dipole-induced dipole interactions between polar
gas molecules and Cg p-electron systems at room temperature. Two-electrode and FET(field-effect
transistor)-based three-electrode gas sensors were fabricated, where slit-gap-type CqoFNW-based FET
gas sensors with graphite electrodes and circular-gap-type CqoFNW-based FET gas sensors with
bamboo charcoal cloth electrodes were fabricated. Seebeck effect experiments showed the CgoFNWs
synthesized using the liquid-liquid interfacial precipitation method exhibited p-type semiconducting
properties, which was consistent with the measured semiconducting properties of the FET gas sensors.
Polar gases like methanol demonstrated distinct sensor currents, whereas the non-polar gases, such as
CCl,, exhibited no sensor response. An increase in electrical conductivity due to the reduction of the
HOMO-LUMO gap of C¢y molecules caused by the adsorption of polar molecules, along with an increase
in the adsorption probability via the dipole-induced dipole moment interactions between the polar
molecules and C¢y molecules, produces a pronounced sensor response for polar gases. The FET

sensors exhibited linear relationships between the source-drain voltage and source-drain current, as well
as between the gate voltage and source-drain current.

1. Introduction

Among multiple types of gas sensors, including resistive, optical, electrochemical, and FET (field-effect
transistor) sensors, chemiresistive gas sensors have been widely investigated due to their low cost and
ease of fabrication [1]. Various semiconducting metal oxides, carbon-based materials, and transition
metal dichalcogenides have been used as the sensing materials in chemiresistive gas sensors. In
particular, a wide range of carbon-based materials such as graphene, graphene oxide (GO), reduced GO
(rGO), and carbon nanotubes (CNTs) have been intensively investigated for the fabrication of high-
performance chemiresistive gas sensors [2, 3].

Chemiresistive CNT-based sensors have been widely studied to detect various gases such as methane,
ethanol, NO,, H,S, H,, Cl,, SO,, NH3, H,, CO,, isopropanol, CO, ethylene, benzene, water, acetone,
chloroform, isoprene, and others. CNT composites with various metals and oxides, such as Pd, Au, Rh,
Co, Pt, Zn0O, Sn0O,, TiO,, In,05, Cr,05, W03, Cu,0, and NiO, have been tested as sensing materials.
Similary, composites of graphene, rGO, and GO with various metal oxides, like TiO,, Co30,, Fe,03, SnO,,
ZnO, W03, In,04, NiO, and others, have also been investigated for chemiresistive sensing applications [2].

In addition to carbon-based chemiresistive sensors, quartz crystal microbalance (QCM) sensors using
carbon-based materials have been developed. Ethanol, butanol, isopropanol (IPA), and acetone were
detected using QCM sensors coated with graphene flakes, whereas trimethylamine, ethanol, CO, and
NO, were detected using QCM sensors based on GO or rGO [2].
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Although fullerenes are totally composed of carbon atoms, the sensor applications of fullerenes are
limited compared to CNT, graphene, GO and rGO. Cgy, molecules have been tested as chemiresistive gas

sensing materials by modifying the surface of the C¢y nanoparticles with metal oxides such as SnO, for
the detection of H,S gas [4]. QCM sensors using C¢, and Cgg-aluminum composite films have been
tested for water and ethanol gas sensing applications [5]. Bairi et al. synthesized hierarchically
structured fullerene C-, cubes (HFC) to detect volatile aromatic solvent vapors using a QCM sensor [6].
Similary, Wei et al. synthesized cornhusk-shaped Cg, fullerene crystals and fabricated a QCM sensor for
acetic acid vapor detection [7].

On the other hand, fullerene nanowhiskers (FNWs) are thin needle-like crystals of fullerene molecules
that have diameters less than 1000 nm. Among various FNWs, C¢, fullerene nanowhiskers (CgoFNWSs)

have been widely studied for applications in catalysis, electronics, energy, environmental, and biomedical
fields [8, 9]. C, fullerene nanotubes, i.e., tubular C4oFNWs, were investigated for the application of

chemical sensor by forming complexes with DNA on the surface of a glassy carbon electrode, for
dopamine detection in highly concentrated ascorbic acid in a neutral buffer solution [10].

The first application of C4oFNWs in electronic devices was a back-gate-type field effect transistor, where
the authors proposed to use C,,FNWs for gas sensing [11]. Recently, Nobuoka et al. reported FET gas
sensors employing polymerized Cg, nanowires for nitrobenzene detection via change of electrical
conductivity [12].

In contrast to C4, nanowires that were produced using the irradiation of high-energy '2°Xe?3* ions (450
MeV) [12], C¢oFNWs can be mass produced via the liquid-liquid interfacial precipitation (LLIP) method
using common tools such as glass containers and refrigerators [8, 13]. Although the electrical resistivity
of C¢oFNWs decreases with diameter [14, 15], they exhibit a high electrical resistivity in air owing to the

formation of a surface oxidation layer [16], which hinders their chemiresistive gas sensor application in
the ambient atmosphere. However, in this study, we demonstrate that the CqoFNWs sensor current can

be monitored through a high-resistance resistor connected in series with the sensing part of the
CgoFNWs at room temperature.

We fabricate a slit-gap-type FET C¢,FNW gas sensor containing a narrow linear gap filled with C¢,FNWs
and graphite electrodes. Similarly, a circular-gap-type FET C¢oFNW gas sensor was fabricated with a
narrow circular gap filled with CqqFNWs and bamboo charcoal cloth electrodes. The sensors studied

herein can be easily fabricated by using pieces of graphite foil, bamboo charcoal cloth, double-sided
adhesive tape, Scotch tape, polyimide tape, glass, or silicon substrates. No surface treatment was
required for the C¢oFNWs which was used as sensing material.

The present study focuses on
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(1) Electric current changes observed in the slit-gap-type two-electrode CqFNW sensors exposed to
various organic gasses with different electric dipole moments.

(2) Electric current changes observed in the slit-gap-type and circular-gap-type CqoFNW FET sensors

measured as functions of the source-gate and source-drain voltages when exposed to methanol and
water vapors.

The circular-gap-type C4oFNW FET sensor is a carbon-based, flexible, and environment-friendly device
with wide applications in monitoring the atmosphere, as it can be freely attached to the surface of
various test objects. We will demonstrate the sensing of water vapor, as humidity sensing plays a critical
role across a wide range of industrial and environmental applications, including food storage, agriculture,
breath analysis, and so forth.

2. Experimental Section

2.1 Synthesis of C;oFNWs and the chemicals used in
sensor experiments

The C4oFNWs were synthesized using the LLIP method combined with manual mixing, as described
previously, using a toluene solution saturated with Cgy and isopropanol [17]. C¢, powder (99.5% purity,
BBS Chemicals) was purchased from ATR Company (Japan). Toluene (299.0% pure) and isopropanol
(IPA, 299.0% pure) were purchased from Nacalai Tesque, Inc.(Japan) and used without further
purification in preparing C¢gFNWs. The synthesized C4oFNWs were vacuum-dried at room temperature
and used in the sensor experiments.

In addition to toluene and IPA, other chemicals were purchased from commercial sources and used
without further purification for the sensor experiments: ethanol (99.5% purity), methanol (99.8% purity),
benzene (99.5% purity), acetone (99.5% purity), diethyl ether (99.5% purity), m-xylene (99% purity)
(Nacalai Tesque, Inc., Japan), carbon tetrachloride (99.5% purity, Kanto Chemical Co., Inc., Japan), and
methyl ethyl ketone (= 99% purity, SK KAKEN Co., Ltd., Japan).

2.2 Structural characterization of the synthesized
CeoFNWs and the materials used as electrodes

The crystal structure of the synthesized CqFNWs was characterized using x-ray diffraction (XRD, Cu K,
Rigaku RINT-2200 HF X-ray diffractometer, Japan). The morphology of the CqoFNWs and bamboo

charcoal cloth (thickness of 140 pm) used as electrodes was observed using scanning electron
microscopy (SEM, HITACHI TM4000Plusll, Japan). The specific surface area of the synthesized C¢(FNW

was measured using Brunauer-Emmett-Teller (BET) method with N, adsorption-desorption isotherms
recorded at 77 K (autosorb-iQ, Anton Paar GmbH).
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2.3 Seebeck effect measurement of CqoFNWs

The semiconductor nature of CqoFNWs was examined via the Seebeck effect [18], using the schematic
shown in Fig. 1. As depicted in Fig. 1 (a), a p-type Si crystal (resistivity < 0.0085Qcm, 15x4x0.3 mm) with
a SiO, layer of 300 nm in thickness was used as a reference. The temperature gradient between the two
electrodes was applied by placing small ice particles near the electrodes. The change in the potential
difference between the two electrodes was measured using a digital multimeter (PC7000, Sanwa, Tokyo,
Japan).

As shown in Fig. 1 (b), C4oFNWs was filled into a glass capillary tube with an outer diameter of 1.6 mm

and an inner diameter of 1.0 mm. The temperature gradient was applied using two glass rods (6.0 mm in
diameter), A and B, connected to the capillary tube, by changing the temperature using hot water (70 °C)
and iced water (5 °C). Because of the higher electrical resistivity of the CqoFNWs, the change in potential
difference between electrodes 1 and 2 was monitored by measuring the potential difference through a
100 MQ resistor connected in series with the filled C¢qFNWs powder, using a digital multimeter. A DC
voltage of 30 V was applied using a constant-voltage power supply (PS30V5A01, AS ONE Corporation,
Japan).

2.4 Fabrication of C4oFNW gas sensors

Figures 2 (a) and (b) schematically shows a slit-gap-type two-electrode gas sensor consisting of a
CeoFNW-filled narrow gap (55 pm in width and 3 mm in length) between graphite foil electrodes
(thickness of 50 um, PATIKIL), and a polyimide spacer. The electrodes were attached to a glass substrate
of thickness 1.3 mm using double-sided adhesive tape of thickness 240 pm. A resistor of 100 MQ was
connected in series to one of the sensor electrodes, and a voltage of 30 V was applied to the sensor
through the resistor. The sensor current was calculated from the potential difference across the 100 MQ
resistor. The organic solvent was poured into a cylindrical plastic container with an inner diameter of 27
mm and a depth of 12 mm. The complete setup was enclosed within a plastic box (85x120x35 mm)
fitted with a vacuum pump, as depicted in Fig. 2 (a).

Figures 2 (c) and (d) schematically shows the slit-gap-type CqoFNW FET gas sensor with a p-type Si
back-gate electrode, similar to Fig. 2 (a). The synthesized C¢,FNW powder was filled into the slit gap
formed between the graphite foil electrodes as depicted in Fig. 2 (a). The source-drain voltage (Vgp)

ranging from 10 to 30 V was applied between the source-drain electrodes through the 100 MQ resistor
connected in series. The Vg and gate voltage (V) were applied independently, using two constant-

voltage DC power supplies, as described above. The source-drain current (Igp) was calculated by
measuring the potential difference across the 100 MQ resistor.

A circular-gap-type C4oFNW FET sensor using the C¢qFNW and bamboo charcoal cloth was fabricated as
shown in Figs. 2 (e) and (f). The SEM image of the bamboo charcoal cloth is shown in Fig. 2 (g),
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revealing that it is composed of carbon fibers with a mean diameter of 7.7 + 1.4 ym. The synthesized
CeoFNW powder was packed into a circular hole of diameter 4 mm, which was sealed with a charcoal
cloth acting as the drain electrode. Gas molecules can be exposed to C4FNW through the charcoal cloth
drain electrode. A gate electrode was placed between the source and drain electrodes, similar to a gate-
all-around (GAA) FET [19]. Igp was calculated by measuring the potential difference across the 100 MQ

resistor connected in series. The sensor placement and electrical measurement apparatus remained
similar to Fig. 2 (c). The sensor experiments were conducted at room temperature.

3. Results and Discussion

3.1 Structural characterization of the synthesized
CeoFNWs

Figure 3 (a) shows the SEM image of C,yFNWs synthesized using the LLIP method. The particle size
distribution was measured from SEM images, as shown in Figs. 3 (b), (c) and (d). The synthesized
CgoFNWs exhibit a mean length of 4.3 + 2.2 ym, a mean diameter of 630 + 180 nm nm, and a mean
aspect ratio of 6.8 + 2.7. Figure 3 (e) shows the XRD profile for the synthesized C¢,FNW, revealing a FCC
crystal structure with a lattice constant of a = 1.43 nm. This value is 0.9% greater than that of the pristine
FCC Cg crystals (a=1.4166 nm, JCPDS no. 44—-558). The specific surface area of the CqoFNW powder

calculated from BET studies was 24 m?/g.

3.2 Analysis of Seebeck effect measurement

The result of the Seebeck effect measurement is shown in Fig. 4. In Fig. 4 (a), peak A of positive
electromotive force was observed when electrode 2 was cooled by placing an ice particle, whereas peak
B of negative electromotive force was obtained when electrode 1 was cooled by placing an ice particle.
Additionally, no electromotive forces were observed at room temperature (RT). This establishes that the
sample was a p-type semiconductor as holes move from the higher temperature (HT) region to the lower
temperature (LT) region, resulting in a positive potential at electrode 2 during peak A, and at electrode 1
during peak B [18]. In Fig. 4 (b), during peak A, electrode 1 was heated to 70 °C, while electrode 2 was
cooled to 5 °C using the glass rods, which increased the potential difference. During peak B, electrode 1
was cooled to 5 °C, while electrode 2 was heated to 70 °C using the glass rods, which decreased the
potential difference. This can be explained by the p-type semiconducting nature of the C,qFNWs present
in the glass capillary tube, as inferred from Fig. 4 (a). Further, peaks C and D confirm the repeatability of
the experiment. Ng et al. demonstrated that C¢ crystals undergo a p-type doping upon exposure to
oxygen molecules [20]. Thus, the p-type semiconducting nature of the synthesized C¢,FNWs was
attributed to the surface oxidization of the CgoFNWs.

3.3 Results for the slit-gap-type C4(FNW gas sensor
exposed to organic gases
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The responses of the two-electrode slit-gap-type C¢,FNW gas sensors (depicted in Fig. 2 (a)) to organic
gases such as ethanol, methanol, CCl,, etc., were investigated. New sensors were prepared for each
experiment.

Figure 5 (a) shows the background current of approximately 10 pA from a control experiment conducted
without any adsorbate gas molecules. Figure 5 (b) shows the sensor current after exposure to ethanol,
followed by CCl,. Table 1 lists the electric dipole moments of the gases tested. Although a clear increase
in current from the background level was observed for exposure to ethanol (1.69 D), no clear peak was
detected upon exposure to CCl, (0 D). The sensor current decreased rapidly when the ethanol gas was
evacuated.

As shown in Fig. 6, the sensor current was measured repeatedly for various combinations such as
methanol and ethanol (Fig. 6 (a)), methyl ethyl ketone and methanol (Fig. 6 (b)), methanol and diethyl
ether (Fig. 6 (c)), methanol and benzene (Fig. 6 (d)), methanol and m-xylene (Fig. 6 (e)), toluene and
methanol (Fig. 6 (f)), and IPA and 1-propanol (Fig. 6 (g)). Clear peaks are observed for methanol (1.70 D),
ethanol (1.69 D), methyl ethyl ketone (2.779 D), IPA (1.58 D), 1-propanol (1.55-1.58 D), and acetone (2.88
D, Fig. 6 (h)). In contrast, no clear peaks are observed in diethyl ether (1.098 D), benzene (0 D), m-xylene
(0.33-0.37 D), or toluene (0.375 D).

With reference to Table 1, organic gasses with dipole moments greater than 1.5 D exhibited a distinct
response to the C4FNW sensors, while the organic gasses with smaller or no dipole moment showed

ambiguous or no peaks. It is to be noted that CCl, and benzene did not show any peaks although they
have higher or similar vapor pressures than ethanol and methanol which gave the clear peaks.

The electrical conductivity (o) of a Cg crystal can be calculated using the following equation,
0 = AT ¥2exp(-HLG/2KT), (1)

with A representing the Richardson constant (6 x 10° A m™?), K being the Boltzmann constant, and T
being the absolute temperature, and HLG is the HOMO-LUMO gap of a C¢; molecule [21]. Using density

functional theory (DFT), Alamri et al. showed that the HLG of a C,y molecule decreased from 1.68 eV to
0.65 eV upon the adsorption of acetone molecules on the C¢j surface, increasing its electrical
conductivity[21]. Similarly, Morad et al. used DFT to show that the adsorption of 5,6-dihydroxyindole-2-
carboxylic acid (DHICA) molecules decreased the HLG of Cg, molecules, resulting in enhanced

conductivity [22]. As acetone and DHICA molecules are polar [23], the above observation strongly implies
that the electrical conductivity of Cgq crystals increases due to the reduction of HLG value upon the

adsorption of polar molecules.

The intrinsic electric dipole moment of the C¢y molecules is zero [24]. However, as C¢; molecules are
enveloped by the 1t electron cloud, they develop a non-zero electric dipole moment due to dipole-induced
dipole interaction with the polar gas molecules [25, 26, 27]. This interaction generates an attractive force
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that increases the adsorption probability of polar gas molecules on the Cg( surface. Therefore, the peaks

observed in Fig. 6 can be attributed to the combined effects of increased electrical conductivity arising
from the reduction of HLG values of C¢y molecules and increased adsorption probability of polar gas

molecules onto the Cg, surface.

Table 1. Electric dipole moment and vapor pressure for tested gasses.

Chemical species Chemical Electric dipole moment (D, Vapor pressure (Pa) at
formura debye) 298 K

Methanol CH30H 1.70 [28] 1.68x10% [29]
Ethanol C,H:OH 1.69 [28] 7.80x103[29]
1-propanol CH4CH,CH,0H 1.55-1.58[28] 2.79%103[29]
Isopropanol (IPA) (CH53),CHOH 1.58 [28] 6.05x103 [30]
Methyl ethyl CH;COC,H;5 2.779 [28] 1.33x10%[30]
ketone

Diethyl ether (CH4CH,),0 1.098 [28] 6.65x10%[29]
Benzene CeHe 0 [31] 1.20x10% [29]
Srocnoride " oo LTt
Toluene CeHsCH3 0.375 [28] 3.78x103 [29]
Acetone (CH3),CO 288 [28] 3.04x104[29]
Water H,0 1.8546 [28] 3.14x103[29]
m-xylene CeH4(CH3), 0.33-0.37[33] 1.10x103[29]

3.4 Responses of the slit-gap-type FET C ;, FNW gas sensors prepared using Si substrates for
methanol gas

Two slit-gap-type FET C¢oFNW gas sensors, as depicted in Fig. 2 (c), were tested for the methanol gas
sensing at a Vgp of 30 V.

As shown in Fig. 7, the initial Igp after methanol exposure was less than 40 pA. The Igp value gradually
increased, stabilizing at 88 pA at 65 min of exposure, on reaching steady state. The Iy decreased
stepwise when V increased in the positive direction (Vg = 0—20 V), while it increased stepwise when Vg
increased in the negative direction (Vg = 0 — -30 V). This indicates that the sensor behaved like a p-type
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FET, which is consistent with the Seebeck measurements. The Ig decreased rapidly beyond an exposure
time of ~ 100 min owing to the evacuation of methanol gas.

Figure 8 compares the current response of another sensor with and without methanol exposure at a Vgp
of 30 V after reaching steady state. Figure 8 (a) shows the stepwise decrease in Igp for Vg values varying
between 0 and + 30V, and the stepwise increase in Igp for Vg values varying between 0 and - 30 V before
methanol exposure. Upon methanol exposure, high Igp values were observed, as shown in Fig. 8 (b),
while maintaining the stepwise dependence on V; values, similar to that in Fig. 8 (a). Figure 8 (c)
compares the sensor currents with and without methanol exposure, represented by the red and blue
lines, respectively, where R? is the COD. The Igp increased remarkably upon methanol exposure. Both
fitted curves demonstrate a linear relationship between Igp and V. The transconductance, defined as the

slope of the fitted curve, was calculated to be -5.96 pS [34], which increased significantly when the
sensor was exposed to methanol as compared with ambient air without methanol.

The methanol sensing experiment was further conducted, as shown in Fig. 9 (a), which shows the
change in Igp with respect to exposure time after reaching steady state. The data was obtained by

changing Vg for each Vgp.

Figure 9 (b) shows the relationship between the |5y and Vg for each Vg obtained by analyzing Fig. 9 (a).
Linear relationships are observed between Igy and Vgp, showing similar output conductance values of

ranging from 6.29 to 7.21 pS, where the output conductance is defined as the slope of the fitted curves
[34].

FIGURE 9. (a) Change in Igp (pA) with respect to methanol exposure time (min) obtained by changing Vg
(V) for each Vgp (V). Marked points were used for analyses. (b) Change in I, measured as a function of
Vgp for each Vg upon methanol exposure. (c) Change in Ig as a function of V for each Vgp upon
methanol exposure.

3.5 Responses of the circular-gap-type C ¢, FNW FET gas sensor prepared using the bamboo charcoal
cloth for water vapor sensing

A circular-gap-type C¢oFNW FET gas sensor, as shown in Fig. 2 (e), was used for water vapor sensing.
Figure 10 shows the change in Igp with respect to exposure time for each Vg with Vgp varying from 15-
30 V during the water vapor exposure. The Igp reached a steady state after 110 minutes of exposure.

By analyzing Fig. 10 (a), the relationships between Vg and Igp for each Vg (Fig. 10 (b)), and the
relationships between Vg and Igp for each Vg (Fig. 10 (c)) were obtained. Although the obtained
relationships are linear, the output conductance increased from 0.458 to 1.05 nS with the downward shift
of Vg in Fig. 10 (b), and the absolute transconductance increased from 0.230 to 0.563 nS with the
upward shift of Vgp in Fig. 10 (c).
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However, the observed linearity of curves suggests that the circular-gap-type CqoFNW FET sensor also
possesses a favorable transistor behavior for reading gas responses as linear changes in drain current
like the slit-gap-type C¢oFNW FET sensor. Thus, the slit-gap-type and circular-gap-type C¢cFNW FET
sensors will be positioned as the prototype models for chemiresistive gas sensors that can be operated
at room temperature and fabricated at low cost, which will be widely used in the environmental, medical
and food industry fields in the future.

4. Conclusions

(1) The slit-gap-type two-electrode C,,FNW sensors exhibited clear responses for polar gas molecules

with dipole moments greater than 1.5 D. The sensor current increases due to the reduction of HOMO-
LUMO gap of the C¢y molecules caused by the adsorption of polar molecules onto the C¢y molecules

and the attractive forces generated thereby due to the dipole-induced dipole interactions that further
increase the adsorption probability of the polar molecules onto the surface of the C¢y molecules.

(2) The slit-gap-type and circular-gap-type C¢oFNW FET sensors demonstrated linear relationships
between Vg and Igp, and Vgp and Igp for methanol sensing or water sensing.

(3) Igp decreased on increasing Vg value in the positive direction, whereas it increased on increasing Vg
value in the negative direction in both the slit-gap-type and circular-gap-type C¢oFNW FET sensors. These
observations corroborate the p-type semiconducting property of the synthesized C¢FNWs, as suggested

by Seebeck effect measurements.
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Figure 1

Schematic of the Seebeck effect measurement using (a) a p-type Si crystal, and (b) a glass capillary
tube filled with powder of CqoFNWs.
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(a) Plan view and (b) side view of the slit-gap-type two-electrode C4(FNW gas sensor with graphite foil
electrodes. (c) Plan view and (d) side view of the slit-gap-type C;oFNW FET gas sensor with a p-type Si
back gate electrode. (e) Side view and (f) plan view of the circular-gap-type C4FNW FET gas sensor
fabricated using the C4oFNW and bamboo charcoal cloth. (g) SEM image of the bamboo charcoal cloth.
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(a) SEM image of the C,,FNWs prepared using the LLIP method. Distributions of (b) length, (c) diameter,
and (d) aspect ratio (b/a) for the synthesized C,,FNWs. (e) XRD profile of the synthesized C¢(FNW
powder.
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(a) Change in the electromotive force generated by the temperature difference between electrodes 1 and
2 of (a) the p-type Si crystal, and (b) the CqFNW-filled glass capillary tube.
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Variation of sensor currents with respect to exposure time for (a) control experiment for the two-
electrode slit-type-gap C¢,FNW sensor in the ambient air without adsorbate gas molecules, and (b)
exposure to an ethanol gas followed by a CCl, gas.
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Change in Igp of the slit-gap-type FET CqoFNW sensor as a as a function of time upon methanol

exposure.
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Change in Igp (pA) of a slit-gap-type CqoFNW FET sensor with time (min) (a) before the methanol
exposure, and (b) after the methanol exposure, measured by changing Vg (V). Averaged sensor currents
indicated by the red lines were used for analyses. (c) Igp measured as a function of Vg (A) without and
(B) with methanol exposure for Vg =30 V.

Page 19/21



r =1 -2.52p%

Vg
=0V -
-3
ol 12 o :
5 0
10 |15
20
[P
Vep = 10V Vo =15V
S0, . . . , . =0 . . '
&5 0 78 e s s #0015 110
Time (min) Time (min) Time (min)
. 450
400 4
350 4
300 4
B 0]
$ =]
= ol
100
A We 195 0 s 20 218
Time (min) Time (min)
(a)
Oulput conductance 350 5
sy B Va=2V Frips AP=0883 1R =0.5991
200 ] GEy| ® VoSV [Fraips  REs0e7 ] -
T =AW TS RI=0998 m?ﬂhgm’
“Von SV [reseps R=0995 ] . 4 1_"‘?] Transconductance
- By, =W [FEBApS RA=0998 as0d s i |
® V=5 [FESpS RI=059 ] * "
AVSIOV FT15p8 R'=0999 g JRE=0gm A *oe hd
— ®Vym iV [FEMpS Re0gE O 1 = a .
g 200 8 g . boa *
d = 1 =0.992 ™ " *
r 1 = - s Vge2sv| =3 248ps
150 .. - » "y
- n= 0.983 --.____._ . v.;-m =] -2.46p5
100 3 R a Vem1W | =3 218ps
100 ] -
: V=10V ] -1saps
- - s pa s A Rinial
Voo (V) =25 =20 -1% -10 -5 0O 5 110 15 20 25
Vs (V)
(b) (c)
Figure 9

(a) Change in Igp (pA) with respect to methanol exposure time (min) obtained by changing V (V) for
each Vgp (V). Marked points were used for analyses. (b) Change in Igp measured as a function of Vg for
each Vg upon methanol exposure. (c) Change in Igp as a function of Vg for each Vg upon methanol

exposure.
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Figure 10

(a) Change in Igp (nA) with respect to exposure time for each Vg (V) measured under Vg (V) varying
from 15 to 30 V during the water vapor exposure. The peak values were obtained for individual steps by
trapezoidal approximation. (b) Change in Igp as a function of Vg for each Vg upon the water vapor
exposure. (c) Change in Igp as a function of Vg for each Vgp upon water vapor exposure.
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