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NO2 sensors with ultrahigh sensitivity are demanded for future electronic sensing systems. However,
traditional sensors are considerably limited by the relative low sensitivity, high cost and complicated pro-
cess. Here, we report a simply and reliable flexible NO2 sensor based on single-layer MoS2. The flexible
sensor exhibits high sensitivity to NO2 gas due to ultra-large specific surface area and the nature of
two-dimensional (2D) semiconductor. When the NO2 is 400 ppb (parts per billion), compared with the
dark and strain-free conditions, the sensitivity of the single-layer sensor is enhanced to 671% with a
625 nm red light-emitting diode (LED) illumination of 4 mW/cm2 power under 0.67% tensile strain.
More important, the response time is dramatically reduced to �16 s and it only needs �65 s to complete
90% recovery. A theoretical model is proposed to discuss the microscopic mechanisms. We find that the
remarkable sensing characteristics are the result of coupling among piezoelectricity, photoelectricity and
adsorption-desorption induced charges transfer in the single-layer MoS2 Schottky junction based device.
Our work opens up the way to further enhancements in the sensitivity of gas sensor based on single-layer
MoS2 by introducing photogating and piezo-phototronic effects in mesoscopic systems.

� 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

NO2, a poisonous gas, has been considered as a key index for
vehicle emissions, industrial waste gas and environmental moni-
toring [1–3]. The development of simple, low-cost and high-
efficiency sensors to trace NO2 gas is vitally desirable. In the previ-
ous work, numerous nanomaterials have been widely investigated
for NO2 detection, such as carbon nanotubes [4,5] and metal oxide
of specific structures (e.g., ZnO nanorods, TiO2 nanotubes, Cu2O
nanoparticles) [6–9]. They have shown high sensitivity to NO2

gas sensing. Compared with these traditional sensors built on a
hard substrate, the flexible sensor has a broad application prospect
for the future market. Two-dimensional (2D) graphene is a fasci-
nating material for gas sensing due to ultra-large specific surface
area, remarkable flexibility and easy integration [10–12]. However,
the pristine graphene exhibits bad sensing behavior to NO2 gas
[13,14] due to the poor interaction between gas molecules and
Elsevier B.V. and Science China Pr
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the lattice atoms. Although surface modulated or functionalized
graphene shows higher sensitivity and selectivity than that of the
pristine graphene [15–17], these cumbersome methods are often
regarded as time-consuming, high-cost and poor controllability.
Moreover, it remains challenging for these decorative graphene
sensors to detect the parts per billion (ppb) level gas rapidly and
precisely at room temperature due to the semi-metal nature. Espe-
cially, the zero band gap of graphene further restricts the applica-
tion on the electronics and optoelectronics sensors [18–20]. Up to
now, it is still difficult to open up a optimal band gap perfectly and
preciously in graphene because of the complicated process and
limited technological capability. Fortunately, the emergence of
graphene-like 2D semiconducting materials has successfully
bypassed the complicated problem from another point of view,
and brings the chance to fulfill the long-cherished wish.

As an important member of semiconductor transition metal
dichalcogenides (TMDCs) family, single-layer 2D molybdenum
disulfide (MoS2) exhibits remarkable physical properties, such as
unique electronic and optoelectronic properties [21], stunning
mechanical flexibility [22], ideal interfacial van der Waals (vdw)
interaction [23] and ultra-large surface-to-volume ratio [24]. These
ess. All rights reserved.
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properties endow a preponderant position to sense NO2 gas over
thicker ones, one-dimensional (1D) or bulk semiconductor materi-
als. Recently, 2D MoS2 based field effect transistor (FET) sensor
draw researchers’ interest because of ultra-high response to gas
molecule [25,26]. However, these traditional individual bare FET
sensors often require a large external gate bias to achieve high sen-
sitivity [27,28]. Especially, to the atomically thin 2D semiconductor
materials, the extremely big gate bias is also at the expense of life-
time and power consumption, which have inevitable drawback to
potential application. More importantly, the response and recovery
time is still slow to practical application even under a high gate
bias [29]. Therefore, searching other means to further enhance
the detection performance of single-layer MoS2 based gas sensor
is urgently needed. The piezotronic effect is observed in asymmet-
ric crystal structures materials, e.g., wurtzite-structure semicon-
ductor materials [30–32]. When there is an external mechanical
stimulus to the device, the piezoelectric polarization charges
(piezocharges) or piezoelectric potential (piezopotential) is pro-
duced along the polar direction, which can modulate the carrier
transport at the metal-semiconductor junction area. Besides, the
strain-induced piezocharges/piezopotential can also effectively
tune the generation, separation and recombination of photoexcited
electron-hole pairs at the metal-semiconductor/hetero-junction,
which is the piezo-phototronic effect [33–35]. Interestingly, the
single-layer MoS2 has presented in-plane ultimate atomic-scale
piezotronic and piezo-phototronic properties owning to the non-
central symmetric crystal structure [36,37].

In this work, we demonstrate the enhanced sensing behavior of
single-layer MoS2 Schottky junction based NO2 sensors by intro-
ducing photogating and piezo-phototronic effects instead of tradi-
tional gate bias modulation. The results suggest that the sensitivity
of the single-layer sensor can be enhanced by tuning the Schottky
barrier height (SBH) utilizing the photogating and piezo-
phototronic effects. Furthermore, the response (recovery) time
has been drastically reduced to dozens of seconds due to the direct
band gap ultrathin MoS2 Schottky contacts under photo-excitation,
which is much better than previous reports [29,38]. We believe
that the flexible single-layer MoS2 based sensor is quite promising
for future miniaturization, portable and ultra-sensitive gas sensing
systems.
2. Materials and methods

2.1. The monolayer MoS2 film synthesis

Monolayer MoS2 thin films were deposited on a 300 nm SiO2/Si
substrate by carrying out chemical vapor deposition (CVD). MoO3

powder (13 mg, 99.95%) was added to a quartz boat, and cleaned
ultrasonically SiO2/Si substrate was placed face down in the boat.
Then, the quartz boat was put in the middle zone of the furnace.
Solid sulfur (350 mg, 99.95%, Sigma Aldrich) was placed upstream
from the middle zone of the furnace. The whole length between
MoO3 powder and solid sulfur was about 20 cm. In order to remove
the air, the furnace was first pump down to 0 Pa. Then, the furnace
temperature was increased to 800 �C in 15 �C/min with 20 sccm
(standard cubic centimeter per minute) argon gas. Meanwhile,
when the furnace temperature was increased to 600 �C, the
S-zone temperature was ramped up to about 210 �C quickly by
the heating tape. After 30 min deposition, the sample was quickly
cooled down to room temperature under 100 sccm Ar gas.
2.2. Material characterization and transfer

The deposited MoS2 thin film by CVD was characterized using
photoluminescence (PL) and Raman spectroscopy (100 � objective
with laser spot size of �1 lm, 532 nm excitation laser, Renishaw
Raman). The single-layer MoS2 film was transferred onto a
polyethylene terephthalate (PET) substrate, and Cr/Pd/Au
(1 nm/20 nm/50 nm) electrodes were patterned parallel to the
zigzag direction via the previous methods [41].
2.3. Photogating and piezo-phototronic effects on a single-layer MoS2
gas sensor

Piezotronic effect of single-layer MoS2 based sensor was per-
formed by using a Keithley 4200 semiconductor characterization
system to record the electrical characteristics in a home-made
closed cavity. The whole test was carried out in a dark environ-
ment. During the optical testing, the light intensity was recorded
by a Controlled Intensity Modulated system (IT6834 ITECH DC
Power Supply) under a 625 nm red monochromatic light-
emitting diode (LED) illumination. For the sensing examination,
the 30 ppm Ar-diluted NO2 gas were mixed with pure Ar to achieve
a certain concentrations before being injected into the chamber.
The concentrations of the NO2 gas were controlled by a flow gate
switch which were recorded by a built-in gas concentration
detector.
3. Result and discussion

For gas sensors, recently, most reports have demonstrated that
the Schottky contact performs higher sensitivity and faster
response speed than the Ohmic contact [39,40]. The Schottky bar-
rier at the metal/semiconductor interface plays a crucial role in
tuning the electrical transport of the metal-semiconductor-metal
(M-S-M) structure. It is generally recognized that the change of
the SBH can magnifies the influence of the gas molecules adsorbed
at the junction area. Although a lot of progress has been made in
enhanced gas sensing by the modulation of piezotronic effect on
the SBH [41,42], very limited research has been conducted on the
localized and quantitatively controlled coupling of photogating
and piezo-phototronic effect on the gas sensing field. Here, we
design an atomically thin Schottky-contacted sensor using two
back-to-back Pd-MoS2 junctions on the flexible and PET substrate
for NO2 detection. MoS2 triangles were grown on the SiO2/Si sub-
strate by CVD at 850 �C for 30 min. Fig. 1a shows that the side-
lengths of these equilateral triangles are about 10–30 lm. As
shown in Fig. S1 (online), the atomic force microscopy (AFM)
image shows the step height of the MoS2 triangle is about
0.72 nm. The observed Raman spectrum of a MoS2 triangle consists
of two peaks at 385.5 cm�1 (in plane mode E2g1 ) and 405.5 cm�1

(out-of-plane mode A1g), respectively, and the gap between the
two peaks is 20 cm�1 (Fig. 1b). Thus, the ultrathin triangle MoS2
is single-layer [43]. The PL measurement was performed using a
532 nm laser. Fig. 1c shows that the single-layer MoS2 triangle is
a direct gap semiconductor, which consists of two peaks at 620
and 670 nm. In order to fabricate flexible NO2 gas sensor, MoS2
monolayers were first perfectly transferred onto a flexible PET sub-
strate, where did not cause defects and contamination. The previ-
ous research noted that the zigzag (in spite of ‘‘Mo” or ‘‘S”) is the
dominant morphologies of CVD triangles, and the relevance to this
morphology allows us to easily identify the armchair ‘‘X” and zig-
zag ‘‘Y” orientation with the triangle edge terminations of CVD
grown MoS2 by optical microscopy [44]. Since the highest in-
plane piezoelectric response has been observed when strain is
applied along the ‘‘X” direction of the single-layer MoS2 crystal
[45], two metal electrodes made of Cr/Pd/Au (1 nm/20 nm/40 nm)
were then deposited on the MoS2 surface paralleled to ‘‘Y” orienta-
tion. Fig. 1d shows a typical flexible gas sensor with a single-layer
MoS2 triangle outlined by black dashed line. When the flexible PET



Fig. 1. (Color online) Single-layer MoS2 gas sensor. (a) Optical microscopy image of the as-grownMoS2 monolayer on a SiO2/Si substrate. (b) Raman spectrum of a single-layer
MoS2 flake. (c) PL spectrum of a single-layer MoS2 flake. (d) A flexible two-terminal single atomic layer MoS2 gas sensor transferred onto PET flexible substrate. (e) Schematic
of the measurement set-ups for studying the piezo-phototronic effect in a single-layer MoS2 based NO2 sensor. (f) Schematic of a flexible single-layer MoS2 based NO2 gas
sensing device.
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substrate is bended upward, the MoS2 flake experienced a static
tensile strain accordingly. Therefore, we could systematically study
the enhanced sensing behavior of the 2D sensor to NO2 gas detec-
tion by photogating and piezo-phototronic effects. In this work, the
maximum strain is controlled at 0.7% to avoid the sample slippage
and electrode crack. All measurements of the as-fabricated
Schottky-contacted single-layer MoS2 based sensor were per-
formed at room temperature.

For our gas sensor, the M-S-M contact can be equivalent to two
back-to-back Schottky barrier structures, and the reversely bias
Pd-MoS2 Schottky barrier primarily control the carriers transport
when there is a bias voltage applied [46]. Fig. 1e shows the sche-
matic of the measurement set-ups, and Fig. 1f shows schematic
of the flexible single-layer MoS2 based NO2 gas sensing device.
First, the single-layer MoS2 device was placed in the sealed cham-
ber under dark environment, and the current sensing response of
this single-layer sensor was investigated by recording the current
change when the chamber environment changed from pure argon
gas (Ar) to a certain concentration of NO2. The measured I-V curves
in Fig. 2a display nonlinear and rectification behavior. The current
rectifying properties is caused by the Schottky barriers formed
between the metal Pd electrodes and the semiconductor in the
single-layer MoS2 device, and the shape of the I-V curve depends
on the heights of the Schottky barriers formed at the drain and
source sides due to the difference of the effective contact areas
and interface/surface states [35,47]. For the single-layer MoS2 gas
sensor, changes in the semiconducting behaviors with strain may
arise from the piezoresistance effect or the piezotronic effect. The
piezoresistive effect is a symmetrical effect on the electrical trans-
port properties that has the same effect on contact at both sides
[48,49] and can not induce charge polarization. Unlike the piezore-
sistive effect, the piezotronic effect is asymmetrical change in elec-
trical characteristics, which is the strain-induced polarization
charges to modulate the heights of the metal-semiconductor
Schottky barrier [50]. As shown in Fig. 2a, the asymmetrical change
of I-V characteristics in both the forward and the reverse directions
by adjusting the strain should be caused by the piezotronic effect
rather than the piezoresistive effect. Under both 20 ppb NO2 and
dark conditions, the current increases from 0.24 to 0.93 nA (by
387%) with increasing the tensile strain from 0 to 0.67% when a
positive bias voltage of 10 V is applied. As shown in Fig. S2 (online),
similar enhancements are observed at other NO2 concentrations by
increasing the tensile strain. When a 0.31% strain is applied
(Fig. 2b), the output signals drops at both sides as NO2 gas is step-
wise introduced. Similar responses are observed for other strain
conditions (Fig. S3 online), which are mainly attributed to the
decreased carrier concentration caused by charge transfer and
the increased SBH at the M-S junction area. The whole trend of cur-
rent response of the flexible sensor to different strains and various
NO2 concentrations can be seen clearly in Fig. S4 (online).

The sensitivity is defined in Supplementary data (online). As
shown in Fig. 2c, taking the sensor at 400 ppb NO2 concentration
as an example, compared with strain-free condition, the sensor
shows a highest sensitivity of 499% when 0.67% strain is applied.
Similar phenomenon has also been observed at other NO2 concen-
trations. In particular, the change of sensitivity stepwise increases
as the strain increases from 0 to 0.67%, which indicates an excel-
lent modulation in SBH by piezotronic effect. The change of SBH
at the drain side (4/d) is quantitatively extracted by the classic
thermionic emission-diffusion theory (Supplementary data,
online). As shown in Fig. S5 (online), compared with strain-free
condition, the sensor shows a highest 4/d of �33.49 meV under
20 ppb NO2 concentration when 0.67% strain is applied. Similar
calculations are presented for other NO2 concentrations, which is
consist with the enhancement of sensitivity before. Thus, once a
static tensile strain is applied, the strain-induced positive polariza-
tion charges at the drain side can effectively reduce the barrier
height at the local Schottky junction. Finally, the more free elec-
tronics drift in the space charge region, the more NO2 is adsorpted
thus enhancing the sensitivity of the gas sensor.

Recently, photogating instead of tradition gate bias shows great
application prospect in promoting sensitivity and response/recov-
ery time of Schottky-contacted semiconducting based oxidizing
gas sensors at room temperature [51–53]. Herein, we furthest
improve the sensitivity to trace NO2 gas with a single-layer MoS2
based sensor by photogating and piezo-phototronic effect. I-V



Fig. 2. (Color online) NO2 concentration dependence of the piezotronic effect on the single-layer MoS2 device is summarized. The I-V curves of the gas sensor under (a) 20 ppb
NO2 concentration, and (b) 0.31% strain. (c) The sensitivity (S) of the gas sensor to different tensile strains with changing NO2 concentration from 20 to 400 ppb.
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characteristics of the sensor are measured by applying strain under
various illumination intensities and NO2 concentrations. When the
20 ppb NO2 gas is introduced into the sealed chamber, the current
of this device under both 10 V bias voltages and strain-free condi-
tions increases from 0.25nA in dark to 10.38nA with 9 mW/cm2

illumination intensity (Fig. 3a). When 0.67% strain is applied,
the current increases from 0.9 nA in dark to 73.03 nA with
9 mW/cm2 illumination intensity (Fig. S6 online). Similar phe-
nomenons are observed at other NO2 concentrations by increasing
the tensile strain and light illumination intensity (Fig. 3b). The
results suggest that the current under certain NO2 concentration
stepwise increases with increasing of either the strain or
Fig. 3. (Color online) Piezo-phototronic effects in single-layer MoS2 based NO2 sensor. (
conditions. (b) Three-dimensional (3D) graph depicting the current response of the NO
voltage of 10 V. (c) The sensitivity of the sensor under different strains, gas concentration
the NO2 sensor under (I) both dark and strain-free conditions; (II) both 4 mW/cm2 red L
illumination intensity. Therefore, the trend of current output
improves significantly by photogating and piezo-phototronic effect.

For this kind of sensor, there are two reasons to explain the
enhanced behavior by light illumination. On one hand, when the
light is illuminated over the sensor, the incident photon induces
fermi-level lift in semiconductor materials, leading to producing
electron-hole pairs, and then photogenerated electrons leap into
the conduction band, which can be collected at the Schottky junc-
tion area by the applied external field. As a result, the output signal
is enhanced. On the other hand, the photogenerated electrons
within the conduction band can also be effectively trapped by
the oxidizing gas molecule, leading to the current decline.
a) The I-V curves of the gas sensor under 20 ppb NO2 concentration and strain-free
2 sensor under different strains, gas concentrations and light intensities at a bias
s and light intensities at a bias voltage of 10 V. (d) The response and recovery time of
ED illumination and 0.67% tensile strain conditions.
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Accordingly, the modulation of the sensitivity is mainly deter-
mined by the dynamic balance between the two competitive pro-
cesses, the photo-induced electrons emergence and adsorption-
desorption induced charges transfer. For noncentrosymmetric
semiconductors, the strain-induced polarization charges at the
M-S contact can well modulate the photocurrent. For instance, it
can effectively affect the separation, recombination and transport
processes of carriers in the vicinity of the contacts, which can be
due to the piezo-phototronic effect.

In order to intuitively observe the modulation of the flexible
NO2 sensor by the photogating and piezo-phototronic effect, the
sensitivity of this NO2 sensor under various strains and illumina-
tion intensities is calculated in Fig. 3c. These results clearly show
that, under strain-free and a certain NO2 concentration, the sensi-
tivity increase first and then decrease with the increase of light
intensity. In this sensor, the phenomenon can be understand as fol-
lows: first, with the light illuminates the single-layer MoS2 sensor,
the photo-induced electron-hole pairs produced in the conduction
and valence bands [hv? e� + h+]. When the light intensity is lower
than 4 mW/cm2, the photo-excited electrons adsorption rate to
NO2 gas is much higher than the holes desorption rate. The possi-
ble reason is that lots of existing NO2 in the surrounding of the sen-
sor are more conducive to adsorption and prevent desorption. In
other word, the electrons adsorption to NO2 gas [NO2(g) + e� ?
NO2

� (ad)] is in dominant in this case, leading to increasing the sen-
sitivity of the sensor. When the light intensity is higher than
4 mW/cm2, the remarkable rise holes drift in the valence band,
resulting in an improvement of the gas desorption rate [NO2

�(ad)
+ h+ ? NO2(g)]. Meanwhile, the electrons adsorption to NO2 gas
in the conduction band will reach saturation in a suitable light
intensity because not all electrons get to react with NO2 gas. There-
fore, the sensitivity of the sensor decreases with further increasing
of the light intensity. The optimal value is determined by the NO2

adsorption/deposition ratio. Furthermore, at a certain NO2 concen-
tration and light intensity, the sensitivity increases with increasing
of the strain. Taking the sensor at 400 ppb NO2 concentrations and
4 mW/cm2 as an example, the sensitivity increases from 436% to
670% as the strain increases from 0 to 0.67%. Similar phenomenon
has also been observed at other NO2 concentrations and light
intensities. The result shows that the strain-induced polarization
charges at both sides can largely affect the sensitivity of the sensor.
When the light intensity is higher than 4 mW/cm2, we can also
observed that the enhanced performance of sensitivity by piezotro-
nic effect gradually become weak with further increasing the light
intensity, which can be understood by the truth that the more free
carriers can more effectively screen the piezoelectric polarization
charges at the junction area as compared to the case at lower light
Table 1
Summary of sensing performance of different NO2 sensors.

Substrate Methods Materials T (�C) Detection
limit (ppm

Flexible PET CVD GO (multilayer) RT 5
Flexible paper CVD GO (monolayer) RT 200
Flexible PET CVD rGO RT 20
Flexible PET LBL-SA MWCNT RT 15
Flexible PI/PET Chemical WO3-MWCNTs-rGO RT 5
Glass Evaporation ZnO 200 100
Glass CSP Ni-ZnO 200 100
Ceramic Chemical Cu2O 50 50
Ti Chemical Cr-TiO2 500 100
SiO2/Si CVD MoS2 (monolayer) RT 0.4
SiO2/Si Exfoliating MoS2 (5 layer) RT 100
SiO2/Si CVD MoS2 (multilayer) RT 100
Flexible PET CVD MoS2 (monolayer) RT 0.4

Rg: the resistance of the device in NO2 gas; R: the resistance of the device in dry N2 or Ar;
N2 or Ar; DR = Rg – R, DG = Gg – G.
intensity. Obviously, the modulations by the photogating and
piezo-phototronic effect to various concentrations of NO2 are dis-
tinguishing. This experimental phenomenon should, in principle,
be attributed to the competition among piezoelectricity, photo-
electricity and adsorption-deposition induced charges transfer in
the single-layer MoS2 device. Nevertheless, the detection sensitiv-
ity of the NO2 sensor is furthest enhanced by photogating and
piezo-phototronic effect.

To examine the NO2-sensing behavior of the single-layer MoS2
based piezo-phototronic sensor, the response time and recovery
time measurements are carried out at four different concentrations
of NO2 ranging from 20 to 400 ppb. Under both dark and strain-free
conditions (in Fig. 3d(I)), it takes �8 min to reach saturation to var-
ious NO2 concentrations, and more than �20 min to attain less
than half recovery of the original state. In fact, the sensor often
need a few hours to achieve full recovery, which is also correspond
with the previous report of MoS2 sensor on hard SiO2/Si substrate
[29]. This phenomenon demonstrates that the process of the flex-
ible NO2-sensing is still reversible though the recovery time is
lengthy. When applied both light (4 mW/cm2 illumination) and
strain (0.67%) to the flexible sensor, the response time has been
dramatically reduced to �16 s. More importantly, the full recovery
time decreased to �65 s from a few hours (Fig. 3d(II)). We also
found that the sensitivity still remains largely stability after many
repeated measurements for the flexible sensor. Obviously, com-
pared to other NO2 gas sensor (Table 1), the photogating and
piezo-phototronic activated flexible single-layer MoS2 sensor man-
ifesting high sensitivity and much quicker response/recovery
behavior. The high sensitivity and rapid sensing characteristic
should be due to the photo-activated free carriers transfer and
piezocharges-induced Schottky barrier modulation.

The physical mechanism of the enhancement behavior of
single-layer MoS2 based NO2 sensor by photogating and piezo-
phototronic effects can be understood by the band diagram in
Fig. 4. Under both dark and strain-free conditions, as shown in
Fig. 4a, the two back-to-back Schottky contacts between the
single-layer MoS2 and the Pd electrodes have distinctly different
barrier heights (/s > /d). The current of drain side is higher than
that of source side because the reversely biased Schottky barrier
mainly control the free electrons transport, and present rectifica-
tion behavior. By introducing the NO2 gas into the chamber, the
NO2 gas is adsorbed on the surface of the single-layer MoS2, and
forms an electron depletion region, which leads to the charges
transfer from conductor band to acceptor. Moreover, the negative
charges around the vicinity of Schottky-contacted Pd-MoS2 inter-
face will increase the SBH at both junctions [39]. Thus, the current
of reverse-biased Schottky diode decreases at both sides with
)
|Formula| Sensitivity (%) Response/recovery time Reference

DR/R 40 30 min/>30 min [10]
DR/R 39 180 s/>1000 s [11]
DR/R 25 >700 s/1500 s [17]
DR/R 1,910 >700 s/>1100 s [4]
DR/R 1,400 7 min/15 min [5]
DR/R 722 35 s/26 s [6]
DR/R 115 11 s/>123 s [8]
Rg/R 710 20 s/131 s [9]
Rg/R 350 15 min/15 min [7]
DG/G 80 8 min/>12 min [29]
DR/R 200 7 min/>15 min [27]
DR/R 33 29 s/350 s [54]
DR/R 670 16 s/65 s This work

Gg: the conductance of the device in NO2 gas; G: the conductance of the device in dry



Fig. 4. (Color online) Schematic energy band diagram illustrating the asymmetric Schottky barriers at the source and drain sides. (a) The pristine single-layer MoS2 based NO2

sensor under a strain-free condition and dark environment. (b) The piezotronic-tuned single-layer MoS2 based NO2 sensor under a certain NO2 atmosphere. (c) The
piezotronic-tuned single-layer MoS2 based NO2 sensor under both a certain NO2 atmosphere and a red LED illumination.
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introducing the NO2 gas. For the N-type semiconductor, the num-
ber of holes at the space charge region is almost zero in the dark
environment. When we stop flowing the NO2 gas, there is no hole
to participate in the gas desorption process, resulting in the full
recovery spending as long as a few hours. When a tensile strain
is applied (Fig. 4b), due to the non-central symmetric crystal struc-
ture of single-layer MoS2, the polarization charges appeared near
the Schottky junctions. The positive polarization charges at the
drain side pull down the barrier height at the Schottky junction.
Thus, with a positive bias, the more free electronics drift in the
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space charge region, which leads to the more NO2 adsorbed.
Finally, the sensitivity of the gas sensor is further enhanced. When
the appropriate light and strain were introduced to the flexible
sensor (Fig. 4c), the photo-excited electrons accelerate the NO2

gas adsorption, leading to a dramatic improvement of the sensitiv-
ity. Meanwhile, the strain-induced electrical polarization appeared
near the Schottky contacts because of the asymmetric crystal
structure in atomically thin MoS2. The positive piezocharges at
the drain side reduce the SBH, indicating that the more free carriers
drift in the space charge region at a positive bias. Finally, the sen-
sitivity and response time of the NO2 sensor is further enhanced
because more adsorption emerges at the junction area of the
device. When we stop flowing the NO2 gas, the NO2 concentration
in the sealed cavity decreases to zero quickly. In this case, the
adsorption/desorption balance is broken, and result in that the des-
orption process dominated by the holes plays a major role than
adsorption caused by electronics. Thus, the dramatic acceleration
of recovery ultimately should be due to the Schottky barrier mod-
ulation by photogating and piezo-phototronic effect.

4. Conclusion

In conclusion, we have fabricated a flexible NO2 sensor based on
single-layer MoS2. The strain-induced piezocharges can effectively
control the electronics and optoelectronics transportation by tun-
ing the SBH. The results suggest that the sensitivity and sensing
performance of the single-layer MoS2 based sensor for NO2 detec-
tion can be dramatically enhanced by applying tensile strains and
light illuminations. For example, under 400 ppb NO2, compared
with the dark and strain-free conductions, the sensitivity of the
single-layer sensor is enhanced 671% with a 625 nm red LED illu-
mination of 4 mW/cm2 power under a tensile strain of 0.67%. More
importantly, the response time is dramatically reduced from
�6 min to �16 s and it only takes �65 s to complete 90% recovery.
In fact, the sensitivity modulation of the flexible NO2 sensor is the
result of the coupling among piezoelectricity, photoelectricity and
surface charges transfer in the direct band gap ultrathin MoS2
Schottky contacts. This work has practical importance for develop-
ing future gas sensor at low cost and high performance.
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