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Abstract: CO, monitoring is important for achieving net-zero emissions. Here, we report on a CO; gas
sensor based on an Iny O3 thin-film transistor (TFT), which is expected to realize both low-temperature
operation and high sensitivity. The effect of channel thickness on TFT performance is well known;
however, its effect on CO; sensitivity has not been fully investigated. We fabricated In,O3 TFTs of
various thicknesses to evaluate the effect of channel thickness on CO, sensitivity. Consequently,
TFT gas sensors with thinner channels exhibited higher CO; sensitivity. This is because the surface
effect is more prominent for a thinner film, suggesting that charge transfer between gas molecules
and the channel surface through gas adsorption has a significant impact on changes in the TFT
parameters in the subthreshold region. The results showed that the InpO3 TFT in thin channels is a
promising candidate for CO;-sensitive TFT gas sensors and is useful for understanding an effect of
gas adsorption in oxide TFTs with a very thin channel as well.

Keywords: gas sensor; CO;y; In;Oj3; thin-film transistor; channel thickness

1. Introduction

CO;, monitoring is important in many industries, including petrochemicals, combus-
tion control, medicine, agriculture, food, and chemical plants, as well as in terms of the
environment [1,2], and is currently required to achieve net-zero emissions. Therefore, the
demand for CO; gas sensors has increased in many applications. Although several studies
have reported on CO, detection methods [3], semiconductor gas sensors are expected to
become one of the most important electronic devices that can achieve sustainable devel-
opment owing to their small size, high sensitivity, relatively easy fabrication, and low
power consumption [4].

The most typical semiconductor gas sensor is the two-terminal type. An advantage
of this type of sensor is its facile fabrication owing to its simple configuration. When gas
molecules are adsorbed onto oxide semiconductor surfaces and grain boundaries, charge
transfer occurs at the interfaces, resulting in the formation of a depletion layer or potential
barrier. The change in its electrical resistance due to charge transfer indicates the presence
of gas molecules [5]. Because reducing gases such as NO and CO are highly reactive, the
electrical conductivity changes significantly due to charge transfer from the semiconductor
surface [6]. However, some difficulties persist in terms of CO, detection because CO; is
chemically stable. As a result, thermal assistance is generally required to activate charge
transfer. Therefore, sensitivity enhancement of CO; detection has been performed by
introducing basic oxides such as CaO and La,Oj3 into oxide semiconductors [7-9] or by
increasing the adsorption surface area using nanomaterials [10,11]. However, because the
operating temperature is 300 °C or higher, achieving both a lower operating temperature
and higher sensitivity is difficult.

A highly sensitive semiconductor gas sensor using a transistor structure has been
proposed to address this issue. Such a sensor detects gases by changing its parameters in
the subthreshold region; therefore, it is capable of highly sensitive detection of trace gases
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and operates at low temperatures. CO; sensing at relatively low operating temperatures
has been reported using ionic electrolytes [12,13] and a GaN-based high-electron-mobility
transistor (HEMT) [14,15]. However, these structures and fabrication processes are very
complex. For example, with ionic electrolytes, it is very hard to integrate sensor components.
An HEMT is an important part of a chip sensor and has been widely used for gas sensor
application, but the off-state current is rather high. This is not good for realization of a low-
power-consumption integrated circuit (IC). On the other hand, an oxide thin-film transistor
(TFT) without a passivation layer structure in which the surface of the semiconductor
channel is exposed to the atmosphere has been proposed for gas sensor application [16,17].
Oxide TFTs show a low off-state current and have a very simple structure, possibly leading
to the realization of low-power-consumption sensor ICs.

Although many oxide semiconductors for TFTs have been developed, InyO3-based
materials whose electrical properties change depending on the surrounding atmosphere
are suitable for the active channel of such TFT sensors [18,19], and actual sensing of gases
such as NOy and H; has been reported [20-22]. Recently, review papers on In,O3 transistor-
based gas sensors have been published overviewing their history, working principles,
synthesis, and future applications [23,24]. Paghi et al. summarized a gas sensor based on
an In,O3 nanowire field-effect transistor, which can serve a large reaction surface compared
to a flat and smooth semiconductor device. Shah et al. also proposed nanostructured InyOs
lending an advantage to gas sensor applications. Thanks to the large surface area, good
prospects in trace-gas detection are expected. CO; sensing with high sensitivity, however,
is still difficult using a transistor-type gas sensor not only in nanostructured In,O3 but
also other oxide TFTs such as SnO; and ZnO [25,26]. Under these circumstances, we
demonstrated CO, detection using In,O3 TFT at a relatively low operating temperature of
150 °C, focusing on the crystal structure of the channel surface [27]. We previously reported
that in addition to the effect of the measurement environment on TFT characteristics, 0>~
and H* impurities incorporated in the film induce a degradation in electron conduction,
and this increases with an increase in the film thickness [28]. Gao et al. estimated the
degradation tendency of intrinsic mobility and subthreshold slope with an increase in the
film thickness [29]. This trend is affected by the measurement environment, and while
the fluctuations are noticeable in vacuum with small amounts of surface-adsorbed gases,
they are small in an atmospheric environment. In other words, the dependence of TFT
parameters on film thickness owing to the measurement environment is an important factor
that needs to be clarified for TFT gas sensors. In this study, we fabricated an open-channel-
type TFT with a back-gate structure using various InyO3 channel thicknesses and examined
the correlation between the channel thickness and CO; gas sensitivity.

2. Device Fabrication and Characterization

A bottom-gate TFT was fabricated on a Si substrate with a 200 nm-thick thermally
grown oxide layer. Before the deposition of the active channel, the substrate was ultra-
sonically cleaned in acetone and isopropyl alcohol and irradiated using an excimer lamp
(wavelength: 172 nm) for 15 min to remove any organic residue. The In,O3 channel was
deposited via RF magnetron sputtering at room temperature using a 4N-purity, 3-inch-
diameter InyO3 ceramic target. The thickness of the active channel formed through a stencil
shadow mask in the range of 5-50 nm was adjusted by varying the deposition time. The
film thickness was measured using a surface profilometer (Dektak XT-E). The O, /(Ar +
Oy) ratio, RF power, and working pressure were fixed at 25%, 50 W, and 0.24 Pa, respec-
tively. The background pressure was evacuated to less than ~4 x 10~% Pa. Subsequently,
Cu-source and drain electrodes (f = 150 nm) were deposited via electron-beam evaporation
through a stencil shadow mask. The channel width (W) and the length (L) were fixed
at 1000 pm and 350 pm, respectively. Subsequently, the as-deposited In,O3; TFTs were
annealed at 150 °C in air for 30 min. The binding states of the In,Oj3 film were analyzed
by XPS (JEOL JPS-9030, Tokyo, Japan) with Mg Ka radiation (1.2536 keV), and the XPS
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spectrum was calibrated using the C 1s peaks (284.6 eV) from amorphous hydrocarbon
contamination of the sample surface.

The fabricated TFT sensor was characterized in a vacuum probe station under an inert
N, atmosphere, which was then replaced with a CO, atmosphere. The sensor was heated
at 150 °C during measurement using perfluoropolyether heat-transfer fluid (Galden HT-
200, Solvay Specialty Polymers, Bollate, Italy), and all environments were at atmospheric
pressure during the characterization of the gas sensitivity. The current-voltage (I-V)
characteristics of the fabricated TFTs were measured using a semiconductor parameter
analyzer (Agilent 4156A, Santa Clara, CA, USA). A schematic cross-sectional diagram of
the TFT and setup are shown in Figure 1.
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Figure 1. Schematic diagram of fabricated TFT and measurement setup.

3. Results and Discussion
3.1. Channel Thickness-Dependent Transfer Characteristics at Room Temperature

Figure 2 shows the channel thickness-dependent transfer characteristics of InyO3
TFTs. The maximum drain current (Ip max) increases with a decrease in the thickness. In
general, surface and interface scattering become more prominent with a decrease in the
channel thickness, thereby decreasing the mobility [30,31]. However, in this study, Ip max
increased and threshold voltage (Vy,) shifted negatively with a decrease in the thickness.
The degradation of Ip max is possibly due to the decreased carrier concentration caused by
the positively charged ions incorporated in the In,O3 channel. In magnetron sputtering,
which uses non-equilibrium reactions, the unintentional incorporation of unwanted ions
such as Ar* has been reported [32-34], and the number of positively charged ions in the
film increases with an increase in the film thickness [35]. Then, the ions recombine with
electrons, resulting in decreased carrier concentration. In other words, the increase in
ID max With a decrease in the film thickness can be considered to indicate that the carrier
concentration is getting closer to an original intrinsic carrier density. The negative shift of
the V', is thus reasonably understood by an increase in carrier concentration. The reason
that the anormal phenomenon of contradictory relationship between channel thickness
and Vy, might come from the short target-substrate distance of our sputtering system [36],
which could incorporate large number of impurities during sputtering deposition. Because
carrier concentration of the channel strongly influences the TFT performance, this is a
significant finding that is directly related to the sensitivity of gas sensor devices that utilize
charge transfer between the channel surface and adsorbed gas molecules.
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Figure 2. Thickness-dependent transfer characteristics of InyO3 TFTs at room temperature.

3.2. Typical Transfer Characteristics of InyO3 TFTs under Ny and CO, Atmosphere

In semiconductor gas sensors, the surface is activated by heating during measurement
to enhance reactivity with the surrounding gas [6]. However, the electrical properties
of In,O3 TFTs change significantly depending on the measurement temperature [37]. To
examine the temperature dependence of TFT properties, we varied the stage temperature
from room temperature (20 °C) to 150 °C and measured the TFT properties. Figure 3 shows
the temperature-dependent transfer characteristics of the InyO3 TFT under an inert Ny
atmosphere. In this case, we focused on the 5 nm-thick TFT. Other TFTs also showed the
same tendency. To compare the characteristics at each measurement temperature, a series
of TFT parameters, i.e., Vi, on- and off-state current ratio (Ion/Ioff), subthreshold swing
(SS), and field-effect mobility in the linear regime (ppg), were estimated. Vy, is defined as
the intersection point of the horizontal axis and the tangential line drawn from the point of
maximum slope in the linear transfer characteristics in Figure 3a. Ion/Io¢ Was extracted
from the ratio of the on-state current (maximum Ip) and off-state current (minimum Ip) in
Figure 3b. SS and upg were computed using the following equations [38—40]:

55 = (*”?’%)4 (1)

_dp L 1
HFE = 3vC W Vo (2)

where Vg and V are the gate and drain voltage, respectively, L and W are the channel
length and width, respectively, and C; is the gate capacitance per unit area, which in this
case is estimated to be 1.73 x 1078 F/cm? based on a dielectric constant of 3.9 for SiO,.
As the temperature increased, Vy, shifted in a negative direction and the Ion /I and SS
deteriorated (Table 1).

Figure 4 shows the XPS spectrum of the O 1s core level in the InyO3 thin film
(t =100 nm). The background due to inelastically scattered electrons was subtracted using
the Shirley method. Generally, the O 1s spectrum of In,O3 can be deconvoluted into three
peaks at 529.5, 530.6, and 531.8 eV, which are assigned to the In-O bonds on metal oxides
(M-O), an oxygen-deficient region (related to the V), and chemisorbed OH™ species on the
surface (M-OH), respectively [41]. The estimated peak area ratio for M-O, Vg and M-OH
is 74.12%, 14.63%, and 11.25%, respectively. However, a slight downshift of ~0.5 eV for
the M-O component was observed in our InyOz. This shift is possibly caused by electron
transfer [42], resulting in decreased carrier density compared to the standard In,Os. As
we mentioned above, our oxide films may incorporate Ar* impurities, and they cause a
decrease in carrier concentration. The XPS result therefore indicates ion impurities incor-
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porated during sputtering capture of electrons in the film. In an In,O3; semiconductor,
oxygen vacancies (Vo) are easily created [43,44] and form both shallow donor and deep
trap levels [38]. Thermally activated electrons can transition from deep-level trap sites
to the conduction band [45]. Therefore, the deterioration in electrical properties with an
increase in temperature is caused by the activation of Vo-derived electrons, which increases
the carrier density.
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Figure 3. Temperature-dependent transfer characteristics of the 5 nm-thick InpO3 TFT: (a) linear and
(b) semi-logarithmic plots. Measurements were performed under a N, atmosphere.

Table 1. Extracted Vi, Ion/Iog, SS, and ppg for InpOs TFTs with a thickness of 5 nm, which were
measured at different temperatures.

Temperature (°C) Vin (V) Ton/I o SS (Videc) ugg (cm?/Vs)
20 —16.4 54 x 108 1.28 98.9
50 -219 5.6 x 107 2.33 80.0
75 —20.5 1.3 x 107 3.53 75.8
100 —20.6 49 x 10° 3.18 64.2
125 —32.8 1.1 x 100 3.41 454
150 —67.0 4.8 x 10* 3.59 18.3
=l M-O (528.9 eV)
Vo (530.5 eV)

- M-OH (531.5 eV
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Figure 4. Typical XPS spectrum of O 1s core level in the InyOj3 thin film. The open circles are the
obtained raw data, and the solid black line is the best-fitted result. The peak fitting was performed
using the pseudo-Voigt function.
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Because the fabricated In,O3 TFT exhibited on/off behavior even when it was heated
to 150 °C, we measured the transfer characteristics under different N, and CO, atmospheres,
as shown in Figure 5. A decrease in the off-current was confirmed under a CO, atmosphere,
indicating CO, detection. Because the decrease in the current exhibited a gate-voltage
dependence, we plotted the current reduction ratio as a function of the gate voltage. Figure 6
shows the relationships between CO, sensitivity and gate voltage and between the SS value
under a N atmosphere and gate voltage. The CO; sensitivity was estimated from the ratio
of Ip under N, (Inp) and CO; (Icop) atmospheres. The highest CO, sensitivity was obtained
in the subthreshold region of the small SS value. Although the operating temperature
of the TFT-type CO, sensor we fabricated still needs thermal activation, lowering the
temperature should be considered for future application. Singh and Zou proposed that
functionalization of the In,O3 surface with metal nanoparticles is effective in enhancing
gas sensitivity, achieving room temperature sensing [46,47]. Thus, functionalization will
be an efficient direction for further reducing energy consumption for In,Os TFT-based
CO, sensors.
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Figure 5. Transfer characteristics of the 5 nm-thick InpO3 TFT under N, and COs.
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Figure 6. Sensitivity (red) and SS values (blue) of the 5 nm-thick In,O3 TFT as a function of
gate voltage.

3.3. TFT Channel Thickness-Dependent CO, Sensitivity

Figure 7 shows the CO; sensitivity of the InpO3 TFT as a function of channel thickness.
Each sensitivity was extracted from the maximum value of the V-dependent plot (Figure 6
for the case of the 5 nm-thick TFT). The CO, sensitivity increased as film thickness decreased;
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Channel layer

the maximum sensitivity was obtained at 5 nm. We believe that the formation of a depletion
layer reaches the backchannel surface owing to the thinning of the film even at 150 °C [48].
As we discussed, V', was shifted under heating, which is more remarkable in thicker films,
with less on/off behavior. However, the 5 nm-thick TFT retained its switching behavior,
suggesting that the channel depletes even at 150 °C. A slight improvement in sensitivity in
the 50 nm-thick TFT might be due to increased surface roughness. It is well known that
crystallinity in InyOs can be converted to polycrystalline from smooth-surfaced amorphous
layers of with increasing thickness [49].
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Figure 7. Relationship between sensitivity and thickness of the In,O3; TFT.

Figure 8 shows a schematic of the sensing mechanism to examine this tendency. In
the initial state, where the gate voltage was 0 V, no electric field was applied; therefore,
the overall film was in a neutral region in the semiconductor state (Figure 8a). Subse-
quently, when CO, gas was introduced, CO, molecules were adsorbed onto the surface and
captured electrons from the semiconductor, forming CO,~, as indicated in the following
reaction [6,50].

COy+e™ — COy™ 3)
CO, Depletion region
f In,0,4 Neutral reai
Thick film aulrallegion
CO, CO, Depletion region
7 Depleti jon N
epletion region
= . £ = Gate insulator
Neutral region ;
feuttal region Gate electrode
Gate insulator Gate insulator (c) V<0
Gate electrode Gate electrode
(a) Vs =0 (b) Vs =0 In,04 . )
Thin film Depletion region

Gate insulator

Gate electrode

(d) Ve <0

Figure 8. Schematic diagram of sensing mechanism: (a) initial state after fabrication; (b) adsorption
of CO, molecules; (c) in thick channels, the neutral region is retained; (d) in thin channels, the whole

channel layer is fully depleted.
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Charge transfer occurs at the surface of the channel owing to the adsorption of CO,
molecules, forming a depletion layer. Even in oxide semiconductors such as InGaZnO,
electron traps formed by adsorbed molecules contribute to the formation of a surface
depletion layer [5,51,52]. It can be inferred that a similar phenomenon occurs because of
CO; adsorption, which acts as an acceptor (Figure 8b).

The depletion layer formed on the surface affects the subthreshold region of the TFT.
When a negative gate voltage was applied, a depletion layer was formed at the In,O3-5iO,
interface. However, if the channel was a thick film, the distance from the surface to the
Iny,O3-5i0; interface was long; therefore, a neutral region remained in the middle part
(Figure 8c). On the other hand, the distance decreased in the thin-channel case, and hence
the overall channel was depleted (Figure 8d). In other words, in thick films, the effect of
the surface depletion layer is small. However, in thin films, the surface depletion layer
causes a transition to the subthreshold region at a smaller V. This phenomenon directly
improves the sensitivity of the gas sensor because, as mentioned above, for gas sensing in
TFTs that utilize charge transfer with the adsorbed gas molecules, a shift in Vy, correlates
with a change in the carrier density in the depletion layer region [53]. Therefore, after
CO; adsorption, Vy, shifted slightly in the positive direction (Figure 6) and CO; sensitivity
increased in the SS region, where a depletion layer was formed. In terms of the film
thickness, the surface state became more sensitive as the film thickness decreased, and the
highest CO, sensitivity was obtained in the case of the thinnest-channel TFT.

4. Conclusions

We fabricated In,O3 TFTs with different channel-layer thicknesses and evaluated their
CO; sensitivity at 150 °C. The Ip max increased and Vi, negatively shifted as the thickness
decreased, possibly due to the decrease in the carrier concentration in the In,O; film. We
plotted the relationship between CO, sensitivity and the thickness of the InpO3 TFT based
on the thickness-dependent TFT properties. The 5 nm-thick TFT exhibited the highest CO,
sensitivity. This is because for a thinner film, the active channel can be fully depleted at a
smaller Vg owing to charge transfer to the adsorbed molecules. In addition, TFT charac-
terization under N; and CO, atmospheres indicates that CO, sensitivity depends on the
applied gate voltage, as higher sensitivity was obtained in the subthreshold region. These
findings suggest that In,O3 in thin channels is a promising candidate for CO,-sensitive TFT
gas sensors and is useful for realization of high-performance atomically thin In,O3; TFTs.
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