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Oxygen sensors are essential for a wide range of applications
related to, for example, medicine, automobiles, food, and the
environment.[1–6] Over the past century, sensors have verified
oxygen concentrations using chemical, optical, or electrical
approaches.[7,8] Of these approaches, the field-effect transistor
(FET) has been widely used in gas sensor applications.[9–11]

This is because of its easy incorporation into integrated circuits
and well-developed fabrication process. Moreover, current mod-
ulation by gate biasing and room-temperature operation provide

the advantages of a long device lifetime and
low power consumption.[12]

Currently, 2D materials are being inten-
sively studied for use in gas sensor devices
because of their chemical, physical, optical,
and electronic features.[13–16] In other
words, 2D materials are promising plat-
forms for gas sensing devices because of
their naturally high surface-area-to-volume
ratio, which results in high sensitivity.
In particular, transition metal dichalcoge-
nides (TMDCs) have a finite bandgap in
the 0.2–3.0 eV range depending on the con-
stituent materials and their numbers of
layers,[17–19] and they could be used for
an FET-based gas sensor.

Although the enhancement of the gas
sensitivity of TMDC-based FETs by light
illumination and gate biasing[20–25] has
been reported, the mechanism and roles

of their combined effects are not yet understood. In this regard,
among the TMDCs, rhenium disulfide (ReS2) is a promising can-
didate for a light-assisted and gate-tunable oxygen sensor. This is
because ReS2 offers direct bandgap matching with the visible
light range regardless of thickness unlike other TMDCs.[26–28]

Therefore, ReS2 is an ideal material that offers an optimal trade-
off relation between the surface-area-to-volume ratio (thin layer
required) and the charge carrier density with the optical absorp-
tion (thick layer required) toward realizing a high-performance
gas sensor based on a light-assisted and gate-bias operation.

In this study, we investigated ReS2 FET-based oxygen sensor
devices. The sensing performance, including response, sensitiv-
ity, stability, and durability, was studied in a systematic manner.
We focused particularly on the light illumination and gate voltage
dependence to clarify their roles in the sensing mechanism.
As a result, a practical sensitivity of 0.01% ppm�1 was achieved
for oxygen gas by combining light illumination and a positive
gate voltage, which outperform over previous reports.[29,30] This
research also contributes to an in-depth understanding of the
roles of light illumination and gate biasing, leading to the devel-
opment of a high-performance gas sensor based on TMDC FETs.

Figure 1a shows a homemade chamber setup (dimensions:
9.0� 6.0� 2.5 cm3) that we used for the ReS2-FET-based oxygen
sensor measurements (see the detailed preparation, fabrication,
and sensing measurements of the sensor in the Experimental
Section). Figure 1b shows a Raman spectrum of the ReS2 nano-
sheet, which displays 18 first-order modes within 100�450 cm�1.
All the Raman peaks are of Ag symmetry.[31] This labeling Raman
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Gas sensors based on transition metal dichalcogenides (TMDCs) have attracted
much attention from a new perspective involving light-assisted or gate-voltage
operation. However, their combined roles as regards the gas sensing perfor-
mance and mechanism are not yet understood due to the lack of controlled
studies. This study systematically investigates the oxygen sensor performance
and mechanism of few-layer-thick rhenium disulfide (ReS2) field-effect transistors
(FETs) under light illumination and gate biasing. As a result, a combination of
light illumination and positive gate voltage enhances the device response over
100% at a 1% oxygen concentration; that is, the approach achieves a practical
sensitivity of 0.01% ppm�1, which outperforms most of the reports available in
the literature. Furthermore, the fabricated devices exhibit long-term stability and
stable operation even under humid conditions, indicating the ability of the sensor
device to operate in a real-time application. These results contribute to the
development of versatile tunable oxygen sensors based on TMDC FETs.
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peaks scheme was adopted from the previous report.[32] The
in-plane, out-of-plane, and quasi-out-of-plane modes near 150,
437, and 418 cm�1 are labeled as A1

g , A2
g , and A3

g , respectively.
This result confirmed the high crystallinity and chemical purity
of the ReS2 nanosheet.[33] Figure 1c shows an atomic force
microscopy (AFM) image and the height profile (green line in
the AFM image) of the ReS2 nanosheet. The height profile con-
firmed that the ReS2 thickness was �6 nm, corresponding to
eight-layer-thick ReS2. The eight-layer ReS2 nanosheet was used
for all the oxygen sensing measurements in this study, because
this thickness was found to be optimal (see Figure S1, Supporting
Information, for the thickness-dependent properties).

Initially, the transfer curve was measured in a dark condition
without oxygen exposure as a reference, as shown in Figure 2a.
A typical n-type operation was observed; i.e., electrons were
majority carriers in the ReS2 FET. Then, the influence of light
illumination on oxygen sensing was examined. Figure 2b,c
shows the output characteristics of the ReS2 FET in dark con-
ditions and under light illumination, respectively, while no gate
voltage was applied. As shown in Figure 2b, the drain current
gradually decreased, as the oxygen concentration increased
from 0 to 10 000 ppm. These results were caused by the nature
of the oxygen molecule as an electron acceptor.[34] That is, elec-
trons were transferred from the ReS2 channel surface to the
physically adsorbed oxygen molecules to increase the device
resistance.

This tendency was enhanced by light illumination, as shown
in Figure 2c; the variations in the drain current were larger than
those obtained under dark conditions. For a clear comparison,
the response under both dark conditions and light illumination
are plotted as a function of oxygen concentration in Figure 2d,
where the oxygen response was determined as the resistance
ratio

�ΔR
RN2

�
based on the following equation

ΔR
RN2

¼
�
RO2

� RN2

RN2

� 100
�
% (1)

where RN2
and RO2

are the channel resistances in nitrogen gas
(oxygen concentration¼ 0) and oxygen gas, respectively. The
response under dark conditions (black line) showed a slightly
monotonical increase from 4% to 19% with increasing oxygen
concentration. Meanwhile, light illumination yielded a response
of 60% at an oxygen concentration of 10 000 ppm, which is three
times higher than that measured under dark conditions. This
improvement was achieved by the photogenerated carriers.[35]

That is, light illumination increased the electron population in
the ReS2 FET, and these electrons were available to interact with
oxygen gas molecules. This result clearly demonstrates the
advantage of light-assisted gas sensing. For these experiments,
the light intensity was fixed at 8.4 mW cm�2, because the maxi-
mum response was observed at this intensity (see Figure S2,
Supporting Information, for more details).

Figure 1. a) Schematic diagram of the homemade gas sensing measurement setup and the ReS2 FET-based oxygen sensor. b) Raman spectrum of the
ReS2 nanosheet obtained at the location indicated by the red circle seen in the inset optical image. c) AFM image and height profile of the eight-layer ReS2
nanosheet.
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To examine the effect of the gate voltage on the oxygen sensing
performance, the output characteristics were measured under
dark conditions with negative (VG¼ –20 V) and positive
(VG¼þ20 V) gate voltages, as shown in Figure 3a,b, respectively.
As can be seen, the variations in the drain current with a negative
gate voltage were marginal. Meanwhile, a clear modulation was
observed in the drain current with a positive gate voltage. This
tendency is further confirmed by the response-oxygen concentra-
tion curves shown in Figure 3c. Here, the curve without a gate
voltage (VG¼ 0, black line) is duplicated from Figure 2c for com-
parison. The response was increased by 38% by a positive gate
voltage, whereas a negative gate voltage reduced it to 13% at a

10 000 ppm oxygen concentration. The results can also be
explained in terms of the electron population at the ReS2/SiO2

interface. The negative gate voltage depleted the electrons
at the ReS2/SiO2 interface. As a result, oxygen gas molecules,
which are electron acceptors, receive fewer electrons from the
ReS2 FET. In the meantime, the electrons accumulated at the
ReS2/SiO2 interface under a positive gate voltage to promote elec-
tron transfer with oxygen gas molecules, which contributed to
the increment in oxygen gas response.

Next, we examined the combined effect of a positive gate volt-
age and light illumination on sensing performance. Figure 4a
shows the output characteristics of the ReS2 FET measured with

Figure 2. a) Transfer curve of the eight-layer ReS2 FET, and its output characteristics b) in the dark and c) with light illumination. The O2 gas concentration
ranged from 0 to 10 000 ppm. No gate voltage was applied. d) Response as a function of O2 gas concentration in the dark (black line) and with illumina-
tion (red line).

Figure 3. Output characteristics of the eight-layer ReS2 FET under a) VG¼ –20 V and b) VG¼þ20 V, and O2 gas exposure at the concentrations of
0–10 000 ppm measured in dark conditions. c) Response as a function of O2 gas concentration curves of the sensor with and without applying a gate
voltage in dark conditions.
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a combination of light illumination and a positive gate voltage
(VG¼þ20 V). We observed a distinct decrease in the drain cur-
rents with increasing oxygen concentration. Figure 4b summa-
rizes response as a function of oxygen concentration. The ReS2
FET operated under light illumination and a positive gate voltage
exhibited improved oxygen gas response, which exceeded 100%
at an oxygen concentration of 10 000 ppm. Namely, we achieved
a sensitivity of 0.01% ppm�1. This is higher than the value
obtained in the dark with (0.003% ppm�1) and without
(0.002% ppm�1) a gate voltage, and solely with light illumination
(0.005% ppm�1) (see Figure S3, Supporting Information, for
more details).

As mentioned earlier, the gas response is strongly related to the
electron population in the ReS2 FET. These phenomena can be
further understood from the band diagrams shown in Figure 5.
These band diagrams illustrate the interaction of the electrons

in the conduction band of ReS2 with oxygen gas on the ReS2
surface. Under dark conditions without gate biasing (Figure 5a),
the response is predominantly influenced by the doping effect of
the gas molecules.[36] Meanwhile, the positive gate biasing leads to
electron accumulation in ReS2, which decreases RN2

(Figure 5b).
Then, the ReS2 surface attracts the oxygen molecules, resulting in
an increase in ΔR. Thus, the response

�ΔR
RN2

�
is enhanced. On the

other hand, the light illumination also generates electrons by
photoexcitation, leading to the enhancement of ΔR

RN2
(Figure 5c).

The response is further improved by the combination of posi-
tive gate biasing and light illumination, which cause both the
capacitively induced and photoinduced electrons to accumulate
(Figure 5d). Consequently, a huge ΔR

RN2
enhancement is accom-

plished. The oxygen sensing performance in this study appears
to be particularly noteworthy among reported sensors, which
are summarized in Table S1, Supporting Information.

Figure 4. a) Output characteristic of the eight-layer ReS2 FET where VG¼þ20 V and in an O2 gas atmosphere at various concentrations ranging from
0 to 10 000 ppm measured under light illumination. b) Response as a function of O2 gas concentration when operated under various conditions:
with/without gate voltage and with/without light illumination.

Figure 5. Band diagrams of the ReS2 FET, illustrating the interaction of electrons in the ReS2 with oxygen gas a) under dark conditions without a gate bias,
b) under dark conditions with a positive gate bias, c) under light illumination without a gate bias, and d) under light illumination with a positive gate bias.
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The stability and durability of the ReS2 FET-based oxygen sen-
sor properties are also vital for practical applications. To examine
these factors, measurements were repeated in light illumination
and positive gate voltage operations. The device was exposed to
oxygen gas every week for 35 days in dry or humid conditions. As
shown in Figure 6a,b, the response at an oxygen concentration of
10 000 ppm was retained after 35 days of measurement, and it
was largely unchanged even when measured in humid condi-
tions. That is, our sensor showed long-term stability and stable
operation even under humid conditions. We suggest that this
high stability is brought about by the advantages of gate biasing
and light illumination in suppressing the electron transfer
from the water molecules to the ReS2 surface (see Figure S4,
Supporting Information, for more details). The results imply that
our sensor could be used in real-time applications.

In conclusion, we have developed high-performance ReS2
FET-based oxygen sensors by combining light illumination
and a gate biasing operation. The underlying mechanism was
explained by the electron transfer from ReS2 into oxygen mole-
cules to stimulate changes in the transistor properties. Light
illumination and gate biasing improved the oxygen sensing prop-
erties by increasing the photogenerated carrier and doping level
of the ReS2 FET. In consequence, a practical sensitivity of
0.01% ppm�1 was achieved, which outperform results from
the previous reports. Furthermore, long-term stability and stable
operation even under humid conditions enabled the sensor
device to be used in real-time applications. These results imply
that a light-assisted and gate-bias-tunable oxygen sensor based on
a ReS2 FET has the potential for allowing further sensor devel-
opment toward versatile tunable oxygen sensors. Future studies
are yet to be considered for further understanding on gas sensing
properties of ReS2 FET. This including the angle-dependent
study of ReS2 anisotropic crystal lattice structure on gas sensing
performance.

Experimental Section

Preparation and Characterization of ReS2 Nanosheets: ReS2 nanosheets
were prepared by a gold (Au)-mediated exfoliation method,[37] which was
effective for preparing large-scale ReS2 nanosheets with a uniform thick-
ness. With this method, a bulk ReS2 crystal (HQ graphene supplier) was

mechanically exfoliated on a thermal tape (Nitto Denko, model NO319Y-
4LSC). A 100 nm-thick Au film was then evaporated directly onto an
as-exfoliated ReS2/thermal tape. Another thermal tape was used to exfoli-
ate Au/ReS2 layers from the initial ReS2/Au coated thermal tape, and then,
the exfoliated Au/ReS2 layers were pasted onto SiO2/Si substrates. Next,
the thermal tape was detached at a temperature of 100 �C. Finally, the
substrate was immersed in Au etchant (AURUM-302, Kanto Chemical:
etching rate is 100 nmmin�1) for 4 min and then rinsed in deionized water
for 5 min to fully remove the residual Au layer from the ReS2 surface. To
exclude the effect of any residues that might come from this method on
the sensing performance, an elemental analysis of Au-mediated exfoliated
bulk ReS2 was carried out by scanning electron microscopy-energy
dispersive X-ray (SEM-EDX) (see Figure S5, Supporting Information, for
more details). The crystallinity and film thickness of thus prepared
ReS2 nanosheets were characterized by Raman microscopy (Nanophoton,
model: Ramanplus) and AFM. To avoid any possible effect of heating on
the ReS2 nanosheets, the Raman laser power on the sample was fixed at
1mW. The fabrication process and an optical image are shown in
Figure S6, Supporting Information.

Fabrication of ReS2 FET-Based Oxygen Sensor: To fabricate the FET-based
sensor, a SiO2/Si substrate with ReS2 nanosheets was coated with a poly-
methyl methacrylate layer and patterned using electron-beam lithography
(Elionics, ELS-7000), followed by Cr/Au (3/80 nm) metal deposition using
e-beam evaporation and a liftoff process. The ReS2 channel length and
width were 0.65 and 2 μm, respectively. Here, the highly doped Si sub-
strate and the 285 nm-thick SiO2 layer worked as a gate electrode and
a gate dielectric layer, respectively. The sample device was then cut to form
a 2.5� 2.5 mm2 chip using a manual scribing machine and was mounted
on an eight-pin standard chip carrier using silver paste. A manual wedge-
wedge bonder was utilized to realize a wire-bond connection between the
chip carrier and the sensor device.

Sensing Measurement of ReS2 FET-Based Oxygen Sensor: The homemade
gas measurement setup was equipped with a mixing connector linked to
mass flow controllers that made it possible to adjust the oxygen concen-
tration by changing the O2/N2 gas mixing ratio. A constant flow rate of
100mLmin�1 was used for dry air and oxygen gas. The gas chamber
was flushed with nitrogen for a few hours to recover the device to the initial
state after each measurement. The setup was also equipped with a relative
humidity (RH) controller. The RH levels were monitored with a commer-
cial humidity sensor. All the current–voltage (I–V ) measurements were
carried out at room temperature using a source-measurement unit
(Keysight B2912A), which was connected to a data acquisition system
using EasyEXPERT software. A Xenon lamp (Asahi spectra Co. Ltd.,
MAX 303) was used for light irradiation. The sensor was illuminated with
red light at a wavelength of 650 nm (Figure S7, Supporting Information)
through the acrylic resin window of the gas sensor chamber. The light
intensity was monitored with a power meter (Ophir Optics, PD300).

Figure 6. a) Long-term stability test at 10 000 ppm O2 gas concentration. b) Influence of RH on device response. The RH was varied from 0% to 70% by
controlling the mixture ratio of dry and wet air.
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