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ABSTRACT: In this work, a thin-film transistor gas sensor
based on the p-N heterojunction is fabricated by stacking
chemical vapor deposition-grown tungsten disulfide (WS,)
with a sputtered indium—gallium—zinc-oxide (IGZO) film.
To the best of our knowledge, the present device has the best
NO, gas sensor response compared to all the gas sensors
based on transition-metal dichalcogenide materials. The gas-
sensing response is investigated under different NO,
concentrations, adopting heterojunction device mode and
transistor mode. High sensing response is obtained of p-N
diode in the range of 1—300 ppm with values of 230% for S ppm and 18 170% for 300 ppm. On the transistor mode, the gas-
sensing response can be modulated by the gate bias, and the transistor shows an ultrahigh response after exposure to NO,, with
sensitivity values of 6820% for S ppm and 499 400% for 300 ppm. Interestingly, the transistor has a typical ambipolar behavior
under dry air, while the transistor becomes p-type as the amount of NO, increases. The assembly of these results demonstrates
that the WS,/IGZO device is a promising platform for the NO,-gas detection, and its gas-modulated transistor properties show
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a potential application in tunable engineering for two-dimensional material heterojunction-based transistor device.
KEYWORDS: WS,/IGZO, p-N heterojunction, gas sensing, NO,, TFT, ambipolar

1. INTRODUCTION

Two-dimensional (2D) transition-metal dichalcogenides
(TMDCs) have attracted great attention due to their unique
physical and chemical properties and their development in a
wide variety of applications.'™® Tungsten sulfide (WS,), as a
typical TMDC material, is a semiconductor with a S—W-S§
sandwich structure and an indirect band gap of ~1.9 eV. These
features enable WS, to have great potential for transistor,
photodetector, solar cell, and gas sensor applications.””
Theoretical studies based on density functional theory
calculations show that adsorbed molecules on the monolayer
and few layer WS, can change the band gap, thereby further
modulating its electronic and optical properties.'”"" Based on
theoretical works, researchers have been encouraged to
fabricate WS,-based gas sensors to detect NO, and NH;. Xu
et al.'> synthesized ultrathin WS, nanosheets through the
hydrothermal and calcination process, which showed a high
response of 9.3% after exposure to 0.1 ppm NO, gas at room
temperature (RT). Ko et al.'® proposed a gas sensor for

-4 ACS Publications  © 2019 American Chemical Society 40850

detecting acetone and NO, based on large area WS,
nanosheets which were synthesized by sulfurizing the
deposited WO, atomic layer. The response after exposure to
500 ppm NO, gas was about 16% but with incomplete
recovery. The liquid phase exfoliated WS, flake-based gas
sensor showed p-type sensing behavior and excellent detection
limits in dry air for NH; and NO, (1 ppm and 100 ppb,
respectively) operationally at 150 °C.'"* However, the gas
response is not very high and the device cannot work well at
RT.

To overcome the intrinsic shortcomings of pure WS,
nanomaterials and improve its sensing behavior, TMDC-
based heterojunctions that are constructed with two or more
semiconductors have been proposed. In general, a slight
external disturbance, such as an electric field, illumination,

Received: August 7, 2019
Accepted: October 2, 2019
Published: October 2, 2019

DOI: 10.1021/acsami.9b13773
ACS Appl. Mater. Interfaces 2019, 11, 40850—40859


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b13773
http://dx.doi.org/10.1021/acsami.9b13773

ACS Applied Materials & Interfaces

Research Article

n , .
E : ! Evac
24 i
§ 1GZ0
g E

WS,

Energy (eV)
e

&»
i
g |m
1

(d) (e) IGZ0
s 6 M"‘
S s ?
4
X A
> >
2. 22t
[ o {
c = |
w 0 w 0 1
. 2 E%%‘_
-4 ) ==t
A
(g) 1e
—d0v
1.2k —30V
—20V
—10V
Y ov
—10V
— 08 _ov
< —30V
2 %6F —aov
—.a 04
02| J
* _______,...wv"‘"/ —
02 e R
4.0 0.8 -06 -04 -02 00 02 04 06 08 1.0

V. (V)

K

1E-84

I (A)

1E-94

1E-10 4

v, (V)

Figure 1. (a) Schematic diagram of the WS,/IGZO heterojunction transistor. (b) Optical image, (c) SEM cross sections of the WS,/IGZO
heterojunction. Band structure of (d) WS, and (e) IGZO with first-principles calculations. (f) Calculated band alignment between WS, and IGZO,
and the position of work function of Au. The black dashed lines represent the Fermi level, indicating the small contact barrier. (g) Output
characteristics of the device, showing the symmetrical ambipolar behavior (Vy, = 0—1V, V,, = —40 to 40 V). (h) Transfer characteristics during the
period of sweeping gate voltage in linear (black line) and logarithmic (blue line) scales (V4 = 0.5V, Vg = —40 to 40 V).

strain, and gas adsorption, can induce intensive electric
transport at the interface between two contact layers."> Thus,
Perrozzi et al.'* fabricated a NO, gas sensor based on the
WS,/WO; hierarchical structure that exhibited a limit of
detection (LOD) of 100 ppm at 150 °C operation temper-
ature. Yan et al.'® proposed a WS,/graphene aerogel (GA)
device for increasing the selectivity to a specific gas under
different humidity and temperature atmosphere. Because NO,
molecules can accept electrons from GA, the potential barrier
between graphene and WS, decreases, and finally results in
high selectivity to NO, with a LOD of 10 ppb at RT under
60% RH. Compared with the pure TMDC-based gas sensor,
the TMDCs/metal oxide-based p—n heterojunction device can
effectively overcome the shortcoming of long response times
and high working temperatures. Generally, a depletion region
and bands bending occurs in the contact sections of the p—n
junction, which directly induces great variation of the
conductivity and acceleration of the response and recovery
times. Regarding the device response, field-emission transistor
(FET) provides an outstanding platform to improve device
sensitivity because it is characterized by gate-tunable electronic
properties. Therefore, three terminal devices are more suitable
for ultrasensitive devices. For instance, Tabata et al.'”
fabricated a gate-tunable gas sensor based on a graphene/
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MoS, van der Waals heterojunction, which had a high response
to NO, of 10% and the magnitude of the response strongly
dependent on the bias and back-gate voltages. Bae et al."
demonstrated a dual-channel gas sensor based on the ZnO/
graphene hybrid heterostructure transistor, which showed
superior response than most of the graphene-based gas sensors.
Because the interaction between the gas molecule and sensitive
layer (the FET channel material) enable an obvious electron
transfer between them, which can further change the carrier
concentration, mobility, and semiconductor work function of
the device, and finally affect the transistor current.'”
However, the majority of three-terminal gas sensors are
based on one- or two-dimensional FETs, which their
implementation for large-scale production is severely limited.”'

In contrast, thin-film transistors (TFTs) are widely used in
many emerging display technologies,”” particularly, indium—
gallium—zinc-oxide (IGZO), is one of the most promising
oxide semiconductors for TFTs and it is replacing amorphous
silicon in display drivers.”> IGZO, a typical metal-oxide
complex semiconductor, has a wide band gap (~3.5 eV at
300 K),** high carrier mobility (~35.8 cm?/V s),”> low-
temperature processing features,”® and outstanding stability.””
Thus, high-performance TFT-type NO, gas sensors that use
IGZO as the channel material were successfully fabricated by a
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few researchers.'”*® Thus, many efforts have been devoted to
systematically study gas sensors directly utilizing amorphous
oxide TFTs. Collectively, both of WS, and IGZO has a
graphene-like structure, and most of metal-oxide substrates can
enable an increase of charge exchanges between the interface,
IGZO would therefore be advantageous for enhancin§ the
electrical, optical, and sensing properties of the WS,.*”

In the present work, the TFT gas sensor based on the p-N
heterojunction is fabricated by vertically stacking the sputtered
amorphous IGZO film and 2D WS, film synthesized by
chemical vapor deposition (CVD). The performance of the
CVD-WS,/IGZO gas sensor device under different NO, gas
concentration is investigated by adopting two different device
configurations: chemiresistor and TFT mode. In both cases,
the mechanisms involved in the sensing process are deeply
discussed using the theory of the electronic band. The present
article aims to provide a new stacked heterojunction for
ultrasensitive NO, gas sensing and tunable engineering
application.

2. EXPERIMENTAL SECTION

2.1. Device Fabrication. An IGZO film (10 nm) was deposited
onto an n++ type Si/SiO, substrate through RF magnetron
sputtering. Then, source/drain (S/D) electrodes were formed
through thermal evaporation of Ti (10 nm)/Au (30 nm). After the
photolithographic lift-off process, an IGZO TFT was obtained. To
fabricate a WS,/IGZO heterojunction TFT, the monolayer WS, film
grown by the CVD process was transferred onto the fixed position of
the IGZO surface and covered on the top of S/D electrodes by using
a poly(methyl methacrylate) (PMMA) supporting layer with a custom
fixture. Finally, the PMMA was removed by dipping in acetone for 10
min and ethanol for § min. For comparison, we also fabricated a WS,
TFT, whose procedure is similar to that of the WS,/IGZO
heterojunction TFT except for the deposition of the IGZO film.
The schematics of WS, TFT, IGZO TFT, and WS,/IGZO
heterojunction TFT are shown in the inset image of Figures Slab
and la, respectively.

2.2. Characterization. The optical microscopy images were
obtained from an optical microscope (OLYMPUS TH4-200) imager
with white light illumination. The thickness of CVD-WS, and IGZO
were measured by using an atomic force microscope (AFM, Bruker,
Santa Barbara, CA, USA). The Raman and photoluminescence (PL)
spectra of the WS,, IGZO, and WS,/IGZO heterojunction were
obtained through a Raman spectroscope meter (Raman, HORIBA,
LabRAM HR Evolution) excited by a 532 nm laser. The film
morphology was characterized by field-emission scanning electron
microscopy (SEM; SUPRA SSVP, Carl Zeiss, Germany).

2.3. Gas Test. For the investigation of the effects of gas on the
electronic properties of the WS,/IGZO heterostructure on SiO,,
experiments were performed in the DGL-III Testing System (Beijing
Elite Tech Co., Ltd) with the atmospheric conditions changing in the
following order: dry air, gradually increasing NO, concentration, and
dry air. All the gas-sensing experiments were carried out at RT and
room atmospheric pressure. Figure S2 shows the experimental setup
used for gas-sensing performance.

2.4. Electrical Characterization. Mott—Schottky measurements
were performed on a CHI660C electrochemical workstation using a
three-electrode cell system. In this measurement, 0.5 M Na,SO, was
used as the electrolyte, while WS,, platinum, and Ag/AgCl were used
as the cathode, anode, and reference electrode, respectively. The
frequency was fixed at 1 kHz. Electrical characterization of the WS,/
IGZO heterojunction device was performed by using an electrical
analysis system (two Keithley 2450 SourceMeter, one for supplying
drain—source voltage (V,), and the other for supplying gate-source
voltage (Vgs) to record the real-time current change (data acquisition
time ~30 ms) using a three-probe in the gas chamber. Before the gas-
sensing test, the WS,/IGZO-based devices were stabilized in air in the

system for about 30 min to fully restore to the initial state. The
current—voltage (I3,—Vy,) measurements were taken from —1 to +1
V. The transfer characteristics (Ids—Vgs) were recorded with a
constant Vg, of 0.5 V. The transistor electrical parameters, namely, the
field-effect mobility (i), threshold voltage (Vy,), and on/off current
ratio (I,,/I ), were extracted from the characteristic curves in the
saturation regime. The sensing performance of the WS,/IGZO
heterojunction was evaluated according to the response (S) and
response time. Here, S is defined by the relative current change, as the
percent change in current divided by the initial current in different gas
concentrations.

S = (Ig(Vgs) - IO(Vgs)/IO(VgS)) X 100% )

where Ly, and Ioy,) are the drain—source current of the device
upon the introduction of NO, gas and in dry air under different V,
respectively. When Vi, = 0V, S is the response on the chemiresistor

mode; when Vi # 0V, S is the response on the transistor mode.

3. RESULTS AND DISCUSSION

3.1. Characterization and Electrical Transport Proper-
ties of the WS,/IGZO Heterojunction Device. Figure la—c
shows the schematic diagram, optical, and SEM images of the
WS,/IGZO device structure, respectively. The device has a
channel length of 5 ym and width of 20 pm. The top surface of
IGZO contact with the Ti metal layer and the bottom surface
of WS, contact with the Au film, which affects the band
alignment of the semiconductor materials and metals. The
AFM scanning images of WS, and IGZO films are shown in
Figure S3a,b, respectively. It can be found that the height of
the WS, is ~1.2 nm, indicating that it is a monolayer WS, As
shown in Figure S4, the Raman spectra for both WS,/IGZO
and WS, have two main bands at 354 and 419 cm™, which
correspond to the E%g and A;, modes of the WS, crystal.®® Tt
indicates that the transferring process in both substrates
(IGZO and Si0,) is equivalent. Moreover, the PL intensity of
the heterojunction is lower than that of WS,, which further
confirms that the electrons and holes generated from separated
excitons transferred from WS, and IGZO effectively.”'

To explain the contact barrier between semiconductors and
Ti/Au metal in more detail, we analyzed the band structures of
WS, and IGZO and the work functions of Ti, Au through first-
principles calculations. Figure 1d,e shows the calculated band
structures of WS, and IGZO crystals, respectively. The band
diagram structure provides the band gap values of the metal
electrodes to estimate the type-I band alignment between WS,
and IGZO as well as the position of Au and Ti work functions,
as shown in Figure 1f. WS, has a narrower band gap, whose
Fermi level (Ej) is almost equal to that of Au and much lower
than that of IGZO. Concerning the Ti, their E; is lower than
that of IGZO. It indicates that the contact barrier between Au
and WS, is small and negligible, while the barrier between Ti
and IGZO is large and positive. Thus, the I=V curve under an
air environment shows rectification characteristics consisting of
an Au/WS, near-Ohmic contact and Ti/IGZO Schottky
contact (see Figures 1g and SS). In this work, WS, shows a
p-type semiconductor nature according to the Mott—Schottky
plot drawn between 1/C? and the potential with respect to the
saturated calomel electrode (SCE) (see Figure S6). The flat
band potential (Egg) is found to be 0.43 V¢ with acceptor
density (N,) in the range of 9.8 X 10'”/cm?, which agrees with
the reported value (0.45 Vycp with N, of 10'®/cm® by Tonti et
al,*” and 0.44 Vg with N of 9.7 X 10'7/cm? by Devadasan et
al.>). Accordingly, three regions of the device configuration,
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Figure 2. (a) Response of IGZO-only, WS,-only, and WS,/IGZO devices after exposure to S0 ppm NO,. (b) Real time response of a WS,/IGZO
device after exposure to NO, under different concentrations. Inset image is the magnified curve of current change under 1 and S ppm NO, gas
concentration. (c) Response of the device after exposure to NO, under different concentrations. Inset image is the magnified curve of normalized
response under 1, S, and 10 ppm NO, gas concentration. (d) Response vs NO, concentrations fitted by using the Freundlich isotherm adsorption
model. Inset: log,, S vs log;, C with linear line fitting. (e) Percent recovery of the device after exposure to NO, under different concentrations. (f)
Dynamic response of a sensor during 3 successive cycles of exposure to 50 ppm NO,. All the test were carried out at RT.

including heterojunction, p-channel of WS,, and n-channel of
IGZO, can dominate the electrical transport of the systems.
According to its output (Figure 1g) and transfer (Figure 1h)
characteristics, the WS,/IGZO heterojunction-based TFT
show excellent and symmetrical ambipolar behavior, which
can be attributed to the p-channel of WS, and n-channel of
IGZO. Gate-induced holes in WS, will dominate the system’s
electrical conductivity after applying negative Vi, the transistor
shows p-type behavior. However, the positive Vi, induces the
increment of electrons and finally leads to the transistor
showing n-type behavior. In general, the emerging ambipolar
properties with both p- and n-type conducting channels reveal
great potential applications in future electronics and oscillator
for the WS,/IGZO heterojunction. The on/off current ratio of
the WS,/IGZO heterojunction-based TFT is 5090, this ratio
degrades compared to the device based on IGZO which on/off
current ratio is 25 530 (see Figure S1b). This is induced by the
wet transfer process of CVD-WS,, which enlarges the distance
of the interface between WS, and IGZO.*** The mobility of
transistors are obtained using y = [L/(WCVy,)]-[(dl4/dVy)],
where (dI,/ dVgs) is the slope of the linear region of transfer
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curves, C; is the gate capacitance of the gate insulator per unit
area, L and W are the length and width of the channel,
respectively (L = S ym and W = 20 um, as shown in Figure
1b).*® The field-effect mobility increased from ~0.3 to 23.8
cm?/V s (see Figure S5b) after the WS, film is introduced.
3.2. Gas-Sensing Properties of WS,/IGZO Hetero-
junction Chemiresistor Devices. The responses to NO, gas
among WS,-only, IGZO-only, and WS,/IGZO-based device
were investigated first. As shown in Figure 2a, WS,-, IGZO-,
and WS,/IGZO-based sensor has Sy, = 430%, Sigz0 = —70%,

and Sws 16z0 = 5470% when exposed to 50 ppm NO,,

confirming that WS,/IGZO has much better NO,-sensing
behavior than that of only WS, and IGZO. The superior gas-
sensing performance could benefit from the heterojunction
structure. However, three types of device have a very long
recovery time, which might be related to chemical adsorption
of NO, on the surface. Then, to evaluate the NO,-sensing
performance of the WS,/IGZO heterojunction chemiresistor
sensor, the dynamic current change was measured under
different gas concentration of NO, ranging from 1 to 300 ppm.

DOI: 10.1021/acsami.9b13773
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As shown in Figure 2b, with increasing gas concentration, the
current of the device increases. The response of the device
after exposure to different concentration NO, are shown in
Figure 2c. It can be found that the lower the concentration, the
longer recovery time needed. Thus, we unified the recovery
time with 30 min for ease of comparison. The device presents
high response (S) of 230% under S ppm and 18 170% under
300 ppm NO,, which is much higher than that of ultra-thin
WS, nanosheets (S = 9.3%@1 ppm NO,) and WS, nanosheets
decorated by Ag nanowires (S = 667%@500 ppm NO,).">"
Figure 2d shows the responses of the WS,/IGZO hetero-
junction as a function of the NO, concentrations in 1 to 300
ppm. The experimental data were fitted by exponential
function as

Response (S) = 648.28 X ce (2)
where C is the gas concentration of NO,. Also, the linear fitting
results of log(S) versus log(C) (see the inset image of Figure
2d) further illustrates that the surface coverage of adsorbed
NO, molecules follows Freundlich isotherm adsorption, which
is the most important multisite adsorption isotherm for rough
surfaces.”” Besides, because the signal is three times greater
than the noise, we calculated the LOD of the as-fabricated
sensor according to the International Union of Pure and

40854

Applied Chemistry (IUPAC). The theoretical LOD can be
calculated from the slope of the linear region of the response
curve and the root-mean-square (rms) deviation at the
baseline, according to the equation

LOD (ppb) = 3 X rms,;./slope

3)

where rms, . is the standard deviation of noise and is
calculated as 0.0023, according to 200 data points in the
baseline of the response curve (Figure S7a,b). The calculated
LOD for NO, is 29 ppb at RT, which is much better than the
reported values.

In addition, the response and recovery kinetics are critical to
the reliability and sustainability of the gas sensor. Thus, we
quantitatively investigated the recovery characteristics of WS,/
IGZO-based gas sensors by calculating the percent recovery.
The percent recovery is expressed as

noise

Percent recovery (%)

= (g = L)/ () = Togyy) X 100% 4)

where Togv,) and Iy, are the current value in dry air and after

30 min exposure to NO, gas under different Vi, respectively.
Ly,) is the recovered current value after exposure to dry air for

30 min under different V. As shown in Figure 2e, the higher
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Table 1. Comparison of Various Gas Sensor Materials with Respect to Reported NO, Ranges (ppm), LOD (ppm), Working

Temperature (°C), and Response (%)

sensing materials sensor type NO, (ppm)
WS,/IGZO TFT 300
S
WS, nanosheets chemiresistor 0.1
WS,/Ag TFT 500
WS,/WO; chemiresistor 100
'WS,/ZnS heterostructure chemiresistor S
MoS,/ZnO hetero-nanostructure chemiresistor N
monolayer MoS, TFT 0.1
a-1GZ0, chemiresistor
photo-induced IGZO TFT S

LOD (ppm) temperature (°C) response (%) ref
0.026 RT 499 400@—20 V,, this work
6820@—25 V,

0.1 RT 9.3 12
RT 667 13
150 1000 14

0.053 RT 3250 39
RT 3035 40

0.1 RT S50 41
200 3300 42
RT 20 28

the gas concentration the larger the percent recovery,
indicating that under a high NO, gas concentration the device
can recover faster than when under low gas concentration.
Under low NO, gas concentration, gas molecules are easily and
mostly adsorbed by the edge sites and defects of the
heterojunction and the interface.'® Because of the high
adsorption energy of the edge sites and defects, the device
recovers so slowly. With increasing gas concentration, most of
the gas molecules are adsorbed by the surface of the WS,/
IGZO heterojunction, which easily escape from the adsorption
site under airflow. Accordingly, we investigated the dynamic
response of the device after 3 cycles under 50 ppm NO,. Here,
the device was exposed to 50 ppm NO, for 30 min, and then
with the flow of dry air for 90 min to make the sensor fully
recovered. As shown in Figure 2f, the result shows that the
chemiresistor sensor has good repeatability.

To study the selectivity, we measured the responses of the
device to several other gases, including a reducing gas NH;
(100 ppm) oxidizing gases of CO (100 ppm). As shown in
Figure S9, the sensor response toward NH; and CO under 100
ppm are —137 and 94%, respectively, which are far lower than
that of NO,. Then, the device was measured under different
humidity environments (with a relative humidity of 10, 30, S0,
65, and 80%). The sensor presents the maximum response of
33% (see Figure S10). It is much less than that toward NO,,
indicating that humidity has slight effects on the gas-sensing
performance toward NO,. Accordingly, it can be concluded
that the WS,/IGZO heterojunction has good selectivity,
sensitivity, low operation temperature, and unaffected by the
RH of environments.

3.3. Gas-Sensing Properties of WS,/IGZO TFT. The
semiconducting behavior is attractive to enhance sensing
performance according to its tunable transport characteristics
after exposure to light or gate bias.'”*® Thus, we investigated
the sensing behavior of the WS,/IGZO TFT under different
NO, gas concentrations after applying different gate biases.
Figure 3a shows the transfer characteristics of the device under
air and increasing NO, gas concentration. It can be found that
by applying the gate bias, the response of the as-fabricated gas
sensor was modulated by the carrier concentration. Along with
increasing the NO, gas concentration, more electrons are
accepted by the WS,/IGZO vertical stacked heterojunction,
the hole current from the WS, will gradually strengthen.
Notably, when the concentration is higher than 50 ppm, the
tunable polarity behaviors ranging from ambipolar to p-type
behavior is observed. Because more and more NO, gas
molecules are adsorbed by the surface of WS,, the current in
the p-channel of WS, increases obviously and dominates the

electrical transport. Thus, the transistor shows debilitate
ambipolar behavior and distinct p-type characteristics. As
shown in Figure 3b, the electrical properties of the devices are
tunable under different gas concentrations. When the gas
concentration of NO, increases, the mobility of the TFT
increase and reaches to 138 cm?/V s under 300 ppm; while the
on/off ratio decreases from 696 (1 ppm) to 72 (300 ppm).

Figure 3c shows the response of the WS,/IGZO transistors
toward different concentrations of NO,, which were measured
at fixed Vi, ranging from —35 to 35 V with a step of § V. After
exposure to different NO, concentrations, the maximum
response occurs at different gating potentials depending on
the gas concentrations. The gating potential-dependence
behavior is mainly induced by the gas doping effects, which
modifies the operation ranges of the transistor compared with
the regime for the same gate bias under an air atmosphere. For
instance, at high concentrations (200—300 ppm), with a gating
voltage of —20 V, the transistor is nearly on the saturation
regime while under air at the same gate bias the transistors are
on the linear regime. At low concentrations, the maximum
responses are obtained with a gating tension larger than —20 V
because the TFT is in the linear regime. In all cases, for a more
negative gate bias, the responses decrease because the
transistor is operational in the saturation regime with and
without NO, gas molecules. Figure 3d shows that the response
of the device is improved to be 499 400% at 300 ppm, and the
recovery time is shortened after applying —20 V gate bias. As
shown in Figure 3f, the higher the gas concentration the larger
the percent recovery, which is similar to that of WS,/IGZO
heterojunction chemiresistor devices. However, the TFT gas
sensor has a higher percent recovery, indicating that the surface
activity can be enhanced under gate voltage. The gas-sensing
performance is much higher than that of WS,-based, MoS,-
based, and IGZO-based TFT gas sensors (see Table 1). The
results illustrated that WS,/IGZO TFT is also a promising
candidate for the NO, gas sensor. To the best of our
knowledge, the TFT device has the best NO, gas sensor
response compared to all the gas sensors based on TMDC
materials.

3.4. Gas-Sensing Mechanism. When WS, is combined
with the IGZO, the p-N type WS,/IGZO heterojunctions are
formed, inducing a different electron transport mechanism
from that of individual WS, and IGZO. The band diagrams of
WS, and IGZO before and after equilibrium are shown in
Figure 1d,e. IGZO has a higher work function (W) of 7.01 eV
compared to WS, (5.89 €V), and a higher E; compared to that
of WS,. Thus, electrons flow from IGZO to WS, while holes
from WS, to IGZO, until their E; align, resulting in the energy
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Figure 4. (2) Energy band structure of the WS,/IGZO heterojunction in air and a NO, atmosphere and (b) schematic of sensing mechanisms of

the WS,/IGZO heterojunction to NO, molecules.

Upward band
bending
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band diagram of WS,/IGZO TFT (c) in air and (d) a NO, atmosphere. The purple region represents depletion layer.
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Figure 6. WS,/IGZO sensing mechanism study. (a) Threshold voltage (Vy;,) and (b) subthreshold slope (Ky,) vs gas concentrations for NO,.

band bending in the depletion region at the interface between
WS, and IGZO.** As shown in Figure 4a, the region beneath
the p-N interface creates an internal electric field, which acts as
a potential barrier for further carrier diffusion.*” The potential
barriers and depletion layers contribute to the low conductivity
of the WS,/IGZO heterojunction in air. As shown in Figure
4b, when the sensor is exposed to air, oxygen species are
adsorbed on the surface and interface layer of WS,/IGZO
heterojunctions. Then, oxygen molecules can easily trap the
free electrons from their conduction band (E.) to form ionic
oxygen species (O, or O7).*" When the sensor is exposed to
NO,, the oxidizing NO, reacts with ionic oxygen species as
well as adsorbed on the surface of heterojunctions. The
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adsorbed NO, molecules attract the electrons from the
heterojunction, produce NO;~ or NO,”, and decrease its
carrier concentration. The built-in electric field is non-
equilibrium, inducing extra holes slip from the IGZO and
accumulate at the surface of WS,, and the width of the
heterojunction barrier decreases. It also leads to a decrease of
the depletion layer thickness, and an increase of the
conductivity of the device consequently.

In general, the band shape and barrier height of the
heterojunction can be effectively modulated by applying an
external gate voltage on the back-gate silicon electrode.””™* As
shown in Figure Sab, the N-IGZO has a large number of
electrons, the electron drifts from IGZO to WS, to overcome

DOI: 10.1021/acsami.9b13773
ACS Appl. Mater. Interfaces 2019, 11, 40850—40859


http://dx.doi.org/10.1021/acsami.9b13773

ACS Applied Materials & Interfaces

Research Article

the WS,/IGZO barrier under a constant positive Vg,. With a
negative V,,, the electron concentrations of IGZO near the
SiO, dielectric substrate decrease, which induces the E. of
IGZO decrease according to the equation of electron
concentrations,”” ny = N. X exp(—(E. — Eg)/k,T), where N,
is the effective density of states of the conduction band, k, is
the Boltzman constant, T is the temperature, and results in the
upward band bending between the SiO, and IGZO films. On
the contrary, after applying a positive V,, the electron
concentration in IGZO increase near the SiO, substrate and
shift the Fermi level downward, forming a downward band
bending (see Figure Sc,d). Therefore, the junction effect and
gate-induced band bending dominate the electrical transport
and lead to the ambipolar behaviors. When the TFT exposures
to the NO, gas, the adsorption energy and charge transfer
between gas molecules and the WS,/IGZO heterojunction
increases obviously due to the effects of the external electric
field from the back gate voltage.””>" Thus, the depletion layer
thickness of TFT decreases greater than that in chemiresistor
mode, and the current of heterojunction increases with the
rising back gate voltage.

Moreover, the conductivity of the TFT increase with
increasing gas concentration, a lateral shift of Vi, and a change
of the subthreshold slope can be observed, as shown in Figures
3a and 6a. Usually, chemical doping by gas molecules can
induce large charge transfer between the sensing materials and
dopant, and finally lead to current increase and Vi, shift in a
TFT-type gas sensor.” " For as-fabricated WS,/IGZO TFT,
the transfer curves of p-type behavior shift toward the positive
gate voltage direction, while the n-type behavior toward the
negative direction. It is mainly attributed to the high gas
doping effects on the WS,/IGZO heterojunction, which leads
to large charge transfer between gas molecules and
heterojunction. Thus, the device is difficult to go back to off-
state under high gas concentration, and the on/off ratio
decreases (see Figure 3a,b). Moreover, because the WS, film at
the top layer of the vertically stacking WS,/IGZO hetero-
junction, most of the NO, gas molecules can be adsorbed by p-
channel WS, at first. It results in high current density inside
WS,, and the device presents enhanced p-type behavior.

A change of subthreshold slope is usually found in a TFT
with a metal/semiconductor contact because its Schottky
barrier height can be modulated by gas concentration.”*** The
WS,/IGZO heterojunction TFT’s subthreshold slope (K, =
dV,,/dlog(I) for both p- and n-type behavior decrease sharply
from 0 to 10 ppm and then increase slightly when the gas
concentration is higher than 50 ppm. These results can be
attributed to two types of sensing mechanism: Schottky barrier
modulation and doping of the transistor channel. As shown in
Figure 6b, when the device exposures to low NO, gas
concentration, the adsorption sites are sufficient for detecting
many gas molecules, thus a Schottky barrier build-up between
the WS,, IGZO, and metal in the contact region is changed
obviously and so does the K. For a high NO, gas
concentration, the adsorption sites reach saturation which
induces slight changes in Ky, and Vy,. Both shift of the V;, and
changes of the Ky, can be associated to the fact that the sensing
mechanism of the WS,/IGZO transistor is affected by the
doped of NO, and the modulated Schottky barrier value at the
WS, and IGZO with a metal contact interface. Therefore, with
the increase in the concentration of NO,, more charges are
transferred to the heterojunction, and the WS,/IGZO
heterojunction-based sensor shows a ultrahigh response to
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NO, under gate voltage. The proposed sensing mechanism is
in agreement with the fact that the device is more difficult to
recover at low concentrations, as is previously mentioned, the
metal electrode interfaces and the edges are more favorable for
binding NO, molecules, the molecules adsorbed in the metal
electrode interface with the junctions will contribute to the
Schottky barrier modulation while those located at edges will
contribute to the doping because both kinds of sites possess a
higher binding energy, these molecules will be more difficult to
desorbs. However, in order to clearly identify where the
predominant gas-sensing behavior is taking place, further
studies must be performed, it might be interesting to analyze
the gas response and the recovery time with a passivate device
in the interface between the metal electrodes and the
heterojunction, and compare with response with a passivate
device in the channel (where just the metal electrode area is
exposed).

4. CONCLUSIONS

In this work, the gas-sensing performances of as-fabricated
CVD-WS,/IGZO heterojunction-based devices were inves-
tigated in two modes, chemiresistor and TFT modes. The as-
fabricated gas sensor has a maximum response of 18 170% on
the chemiresistor mode, and 499 400% on the TFT mode
under 300 ppm NO, after applying —20 V gate bias. It is much
better than that of only WS, and IGZO. Moreover, the sensor
shows excellent gas selectivity toward NO, with comparison to
several gas vapors such as CO, NH; and humidity. The
superior gas-sensing performance could benefit from the
heterojunction of WS, and IGZO, and the external electric
field under back gate voltage. In addition, the transistor notably
presents a typical ambipolar-behavior under dry air, while the
transistor becomes p-type as the amount of NO, increases.
The mobility, on/off ratio, and subthreshold slope of the
device is modulated by the NO, gas concentration. The unique
tunable behavior can be associated to the doping effects of
NO, on the heterojunction and the modulated Schottky
barrier value at the WS, and IGZO with a metal contact
interface. Consequently, the WS,/IGZO-based device is a
potential candidate for the NO, gas sensor and tunable
engineering application. However, the device has long recovery
time which needs to be improved for future work, such as
attaching functional groups or applying UV illumination.
Besides, the long-term response stability is important for
practical application, which we will deeply study in our future
works.
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