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reasons: i) few-layer MoS2 has a smaller 
bandgap thus it can boost the current 
drive of FETs; ii) few-layer MoS2 is less 
sensitive to ambience due to the smaller 
specific surface area; iii) few-layer MoS2 is 
more immune to noise in air; iv) few-layer 
MoS2 is more suitable for practical fabrica-
tion process to form large-area films.[19,20] 
Despite the above mentioned stability and 
feasibility, few-layer MoS2 is highly sensi-
tive to temperature and environmental 
gas, which seems to be limitations but 
actually offers new direction for the appli-
cations of few-layer MoS2.[19,21–24] The 
effects of environmental gas on few-layer 
MoS2 FET have been extensively studied 
in bottom gate configuration, paving the 
way for chemical sensors where changes 
of resistance and drain current are respon-
sible for a successful detection.[23,24] 
Unfortunately, for these few-layer MoS2 
FETs, the humidity effects have not been 

systematically studied so far. Even though a few reports have 
discussed humidity-dependent transfer characteristics of MoS2 
FETs, these papers mainly focused on the single- or multilayer 
MoS2 FETs.[25–28] Further, most of these works just demon-
strated humidity sensing as proof-of-concept and failed to point 
out the subtleties of humidity-sensing performance and its 
relation to layered structures. To explore the intrinsic proper-
ties and improve the performance of few-layer MoS2 FETs, thor-
ough investigation of such humidity effects is required.

Herein, tri- and six-layer MoS2 films were prepared to fab-
ricate FET-based humidity sensors and their characteristics, 
including on-state current, mobility, subthreshold slop, and 
hysteresis, were measured and discussed. Specially, the transfer 
characteristics in the linear regime (at low drain voltage, VDS) as 
a function of relative humidity (RH) in darkness were investi-
gated to reveal the effect of humidity on the FETs. These results 
show that humidity significantly affects the electrical properties 
of few-layer MoS2 FETs.

2. Results and Discussion

The architecture of the few-layer MoS2 FETs was shown in 
Figure 1a, where exfoliated MoS2 was transferred to the Si/SiO2 
substrate and Cr/Au electrodes were deposited. Roman spec-
trums of tri- and six-layer MoS2 films were measured and E2g

1  
and A1g modes, whose frequency difference (Δλ) is convention-
ally used to predict the film thickness,[29–31] were observed as 

2D semiconductors, such as molybdenum disulfide (MoS2), are emerging 
materials for field effect transistor (FET) channels in the field of nano-elec-
tronics. These atomically thin 2D films are particularly sensitive to moisture 
due to their large specific surface area, making them promising candidates 
for humidity sensing applications. Studies on MoS2 FET humidity sensor 
have indicated that there are two key factors contributing to the performance 
of such devices: the number of MoS2 layer and the gate bias. However, no 
existing work has revealed the exact relation between humidity and elec-
trical properties for few-layer MoS2 FETs. Here, the effect of humidity on the 
electrical transport properties for back-gated tri- and six-layer MoS2 FETs is 
explored. The on-state current of the tri-layer MoS2 FET is heavily dependent 
on the relative humidity while that of the six-layer MoS2 FET remains nearly 
unchanged when relative humidity varies. Moreover, a linear relationship 
between the hysteresis and relative humidity is found in both tri-layer and six-
layer MoS2 FETs. These results advance the understanding of the dependence 
of electronic properties on relative humidity for few-layer MoS2 FET.
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1. Introduction
In the past few years, atomically thin 2D semiconductor mate-
rials with single- to few-layer thickness have been investigated 
for a wide range of applications.[1–10] Among 2D semiconductor 
materials, molybdenum disulfide (MoS2) has been studied 
the most extensively and has garnered tremendous attention 
because of its relatively large bandgap, high carrier mobility, 
excellent chemical thermal stability, and high surface-to-volume 
ratio.[11–15] The considerable development of MoS2 field effect 
transistors (FETs) enables potential applications in fields such 
as future electronics and chemical sensors.[16–18]

Some available reports suggest that few-layer MoS2 FETs 
could outperform single-layer FETs because of the following 

Adv. Electron. Mater. 2020, 6, 2000659

http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.202000659&domain=pdf&date_stamp=2020-10-04


www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2000659  (2 of 6)

www.advelectronicmat.de

shown in Figure 1b,c. The E2g
1  and A1g peak position of these 

two MoS2 films are summarized in Table S1, Supporting Infor-
mation. Separations of 23.86 cm−1 and 25.12 cm−1 between 
peaks E2g

1  and A1g were calculated from Raman spectrums, sug-
gesting the number of layers of the MoS2 films in Figure 1b,c to 
be 3 and 6, respectively. The weak bands at around 520 cm−1 is 
attributed to the mode of SiSi vibration.[32]

Electrical properties of the tri-layer MoS2 FET with channel 
length L  ≈ 3.0  µm and W  ≈ 4.6  µm (Figure  1b, inset) were 
subsequently characterized. Figure  2a shows the RH sensing 
current–voltage (IDS–VBG) behavior of the tri-layer MoS2 FET, 
which exhibits conventional n-type behavior. With the RHs 
varying from 11.3% to 97.3%, the on-state currents (ION) show a 
strong modulation effect, changing from 63 to 179 nA at a 20 V 
back-gate voltage (VBG), as shown in Figure 2b. The increase of 
ION with raising RH can be explained by the enhanced adsorp-
tion of water molecules on MoS2 film. Once water molecules 
are introduced onto the MoS2 channel, its electrons are trans-
ferred to the conduction band of MoS2, leading to a conduc-
tivity increase of the MoS2 FET.[33] The effect of gate bias on 
the RH-response of the tri-layer MoS2 FET was also studied, as 
shown in Figure S1, Supporting Information. The results dem-
onstrated that the IDS of the tri-layer MoS2 FET was more sensi-
tive to RH when the positive gate bias was relatively low.

The dependence of the linear regime mobility (μFE) on the 
RH can be established by calculating it by the MOSFET square-
law model,[34]

dI

dV

L

WC V
FE

DS

BG OX DS

µ = � (1)

where COX is the oxide capacitance. And the Y-function method 
was hired to extract the intrinsic mobility (μ0) excluding any 
contact resistance component,[35]

Y I g C WV L V Vµ( ) ( )= = × −/ /DS m
1/2

0 OX DS
1/2

BG TH 	 (2)

where gm  = dIDS/dVBG is the transconductance. VTH, the 
threshold voltage, is extracted from the constant-current 
method at which the drain-source current is 1 nA. Figure  2c 
shows the positive correlation between μFE, μ0, and RH, con-
firming the enhanced doping effect of adsorbed water mole-
cules on MoS2 surface with increased RHs, which is consistent 
with the above on-state current analysis. The negative correla-
tion between the subthreshold slope (SS) and RH was revealed 
in Figure  2d, which was probably caused by the reduction of 
defects in tri-layer MoS2 channel.[36] The detailed electrical char-
acteristics including ION, μFE, μ0, and SS of the tri-layer MoS2 
FET are listed in Table S2, Supporting Information.

Similar measurements were performed for the six-layer 
MoS2 FET with channel length L  ≈ 3.0  μm and W  ≈ 2.7  μm 
(Figure 1c, inset) to compare its electronic properties with that 
of tri-layer MoS2 FET. Figure 3a illustrates the IDS–VBG behavior 
of the six-layer MoS2 FET under 11.3% to 97.3% RH, which 
shows the sample is also of n-type. In contrast with the strong 
responses to RH described in tri-layer MoS2 FET, the depend-
ence of the on-state current (ION) of six-layer MoS2 FET on the 
RH was weak (<6%) and non-monotonic under 11.3% to 97.3% 
RH, as shown in Figure  3b. This weaker RH dependence of 
the ION could be explained by the smaller surface to volume 
ratio of the six-layer MoS2 film compared to that of the tri-layer 

Figure 1.  a) Schematic representation of few-layer MoS2 FET with highly doped silicon as back gate, b) Raman spectrum of the tri-layer MoS2 flake, inset 
is the corresponding optical image of the tri-layer MoS2 FET, the channel length and width of the sample are W = 4.6 µm and L = 3.0 µm. c) Raman 
spectrum of the six-layer MoS2 flake, inset is the corresponding optical image of the six-layer MoS2 FET, the channel length and width of the sample 
are W = 2.7 µm and L = 3.0 µm. Scale bar: 20 µm.
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MoS2 film.[20] We also studied the effects of positive gate bias 
on the RH-response of IDS of the six-layer MoS2 FET, shown 
in Figure S2, Supporting Information. The negative correlation 
between the sensitivity of IDS to RH and positive gate bias was 
similar to the results shown in Figure S1, Supporting Informa-
tion. However, the six-layer MoS2 FET exhibited minor change 
in linear regime mobility (μFE) and intrinsic mobility (μ0) when 
the RH varies from 11.3% to 97.3% (Figure 3c), which is slightly 
different from that of the tri-layer MoS2 FET. More interesting, 
the positive correlation between SS and RH in six-layer MoS2 
FET (Figure  3d) exhibits a striking contrast with the negative 
correlation in tri-layer MoS2 FET, which requires further inves-
tigations. Therefore, we conclude that only the electrical param-
eters in subthreshold region have been greatly affected by RH 
for the six-layer MoS2 FET. The detailed electrical characteris-
tics including ION, μFE, μ0, and SS of the six-layer MoS2 FET are 
listed in Table S3, Supporting Information.
Figure 4a shows the permeation process of water molecules 

in the six-layer and tri-layer MoS2 films. As the number of 
layers increases, the penetration of water molecules between 
MoS2 layers becomes more difficult. And most of adsorbed 
water molecules are concentrated on the surface of the MoS2 
film.[37] Figure 4b shows the schematic view of the current flow 
across the metal/MoS2. When current flows across the junc-
tion, it encounters two resistances, the contact resistor Rcontact 
and sheet resistor Rsheet (Figure  4c).[38] Rsheet1 and Rsheet2 are 
the sheet resistors near the top and bottom of the MoS2 film, 
respectively. Figure 4d shows the band diagrams of the few-layer 

MoS2 FET. When the gate bias is 20  V (on-state), the energy 
levels of MoS2 are pulled down and this leads to the thinning 
of the interfacial barrier and an increased tunneling probability 
of the carriers, resulting in low Rcontact and high IDS. Also, 
Rsheet2 is smaller than Rsheet1 due to the high gate bias. There-
fore, IDS is mainly determined by Rsheet2 rather than Rsheet1. 
As mentioned before, Rsheet2 is less susceptible to RH when 
the number of layers increases. This explains why the ION of 
six-layer MoS2 FET is less sensitive to RH than that of tri-layer 
MoS2 FET. When the gate bias is low (off-state), the conduction 
band remains high and IDS is dominated by thermionic emis-
sion current, resulting in high Rcontact and low IDS. Therefore, 
IDS is mainly determined by Rsheet1 when the gate bias is low. 
Moreover, Rsheet1 is more sensitive to RH than Rsheet2, which 
explains why the IDS of MoS2 FET has a higher RH-dependent 
sensitivity of IDS at a lower positive gate bias.

Hysteresis, dominated by charging/discharging of oxide 
traps and affected by the defects on the channel, is typically 
observed in MoS2 FETs.[39,40] Experimental findings suggest that 
the absorption of moisture on the oxide or channel surface will 
greatly affect the hysteresis of MoS2 FETs exposed to the ambi-
ence.[25,41] Figure 5a presents the double sweep transfer curves of 
the tri-layer MoS2 FET device. As expected, we observed a clock-
wise hysteresis related to RH, which is similar to what has been 
observed on single-[25] or multilayer[28] MoS2-based FETs. Here, 
the magnitude of the hysteresis (ΔVTH) is defined as the differ-
ence between the threshold voltages ( V V VTH TH

forward
TH
backward∆ = − ) 

in different sweep directions when the drain-source current is 

Figure 2.  Electrical properties of the tri-layer MoS2 FET device under different RHs. a) The transfer curves of the device with RHs increasing from 11.3% 
to 97.3% in both semi-logarithmic and linear scales (VDS = 50 mV). b) The on-state current (ION) as functions of RH. c) The mobilities, including the 
field-effect mobility (µFE) and the intrinsic mobility (µ0), as functions of RH. d) The subthreshold slope (SS) as functions of RH.
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1 nA. As shown in Figure  5b, the calculated hysteresis of tri-
layer MoS2 FET is in linear relationship with RH. Such a posi-
tive correlation indicates that the hysteresis is attributed to the 
adsorbed moisture at the top surface of MoS2 film and that on 
top surface of SiO2, where SiOH silanol groups and water 
molecules are functioning.[42,43] The threshold voltages VTH

forward  

and VTH
backward  under different RH are also shown in Figure  5b, 

which decrease significantly when RH increases. This result 
indicates that the water molecules serve as hole-trapping centers 
to effect the electrical properties of MoS2 FET.[28] The detailed 
electrical characteristics including VTH

forward , VTH
backward, and ΔVTH 

of the tri-layer MoS2 FET are listed in Table S4, Supporting 

Figure 4.  a) Schematic illustration of the permeation process of water molecules in the six-layer and tri-layer MoS2 films. b) Schematic view of cur-
rent flow across the metal/MoS2. c) The resistor network model at the metal/semiconductor junction. d) Band diagrams of the few-layer MoS2 FET.

Figure 3.  Electrical properties of the six-layer MoS2 FET under different RHs. a) The transfer curves of the device with RHs increasing from 11.3% to 
97.3% in both semi-logarithmic and linear scales (VDS = 50 mV). b) The on-state current (ION) as functions of RH. c) The mobility, including the field-
effect mobility (μFE) and the intrinsic mobility (μ0), as functions of RH. d) The subthreshold slope (SS) as functions of RH.
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Information. Similar to that of tri-layer MoS2 FET, the transfer 
curves of the six-layer MoS2 FET device show clockwise hyster-
esis characteristics related to RH, as shown in Figure  5c. The 
positive linear correlation between the hysteresis (ΔVTH) and RH 
is also observed in six-layer MoS2 FET as shown in Figure 5d. 
The threshold VTH

forward  and VTH
backward, which directly determined 

the value of ΔVTH, are also plotted. When the RH increases, 
VTH

backward  remains nearly constant while VTH
forward  decreases sig-

nificantly. Therefore, it is the variation in VTH
forward that results 

in the increased hysteresis, which indicates that water mole-
cules dominantly act as hole-trapping centers. The variations 
of VTH

forward, VTH
backward, and ΔVTH correspond well with the results 

of multilayer MoS2 FET reported in ref. [28]. The detailed elec-
trical characteristics including VTH

forward , VTH
backward , and ΔVTH of the 

six-layer MoS2 FET are listed in Table S5, Supporting Informa-
tion. Furthermore, RH sensitivity of various normalized elec-
trical parameters (ION, SS, μFE, μ0, VTH

forward, VTH
backward , and ΔVTH) 

are summarized in Figure S3, Supporting Information, which 
is helpful to understand few-layer MoS2 as the active channel 
materials for humidity sensors.

3. Conclusion

In conclusion, the electrical properties of the back-gated tri- and 
six-layer MoS2 FETs at different RHs (from 11.3% to 97.3%) were 
measured and discussed. The on-state current of tri-layer MoS2 

FET is more sensitive to RH than that of six-layer MoS2 FET. A 
positive linear correlation between the hysteresis and RH is found 
in both tri- and six-layer MoS2 FETs. We concluded that increasing 
the number of MoS2 layers resulted in a less on-state current-
RH dependence without significantly altering the hysteresis–RH 
dependence. The electrical properties of tri- and six-layer MoS2 
FETs under a wide range of RH studied in this work revealed the 
underlying mechanism of humidity sensing for few-layer MoS2 
thus paving the way for future humidity sensing application.

4. Experimental Section
Fabrication of MoS2-Based FETs: MoS2 flakes were mechanically 

exfoliated from bulk MoS2 crystals (XFNANO Inc., Nanjing), and 
transferred onto a heavily doped p-type Si substrate with a 270 nm thick 
thermally grown SiO2 film. Few-layer MoS2 films were first identified 
by optical microscopy. Then MoS2 films were characterized by Raman 
spectroscopy to determine the number of layers. An E-beam lithography 
was used for patterning the source and drain of the FETs, and Cr (5 nm)/
Au (50 nm) were deposited by thermal evaporation to form the source 
and drain electrodes by the lift-off processing. To fabricate the MoS2 FET 
for humidity sensing measurement, the substrate of few-layer MoS2 FET 
was pasted into the Au pad of a carrying PCB, and the source/drain pads 
of MoS2 FET were also bonded to the PCB.

Humidity Sensing Measurement: The humidity-dependent experiments 
were performed at an ambient temperature of ≈20 °C. The experimental 
setup used for studying the influence of humidity on the electrical 
characteristics of the few-layer MoS2 FET devices is given in Figure S4, 
Supporting Information. Eight types of saturated salt solution were 

Figure 5.  a) Double sweep transfer characteristics of the few-layer MoS2 FET with RHs increasing from 11.3% to 97.3% in semi-logarithmic scale (VDS = 
50 mV). b) The backward threshold voltages (blue inverted triangle), forward threshold voltages (black regular triangle), and hysteresis (red circle) 
as functions of RH. c) Double sweep transfer characteristics of the six-layer MoS2 FET with RHs increasing from 11.3% to 97.3% in semi-logarithmic 
scale (VDS = 50 mV). d) The backward threshold voltages (blue inverted triangle), forward threshold voltages (black regular triangle), and hysteresis 
(red circle) as functions of RH.
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used to yield different RH levels. In order to minimize undesired light 
influence on the MoS2 FET electrical performance, the experiments were 
carried out in darkness to prevent photogenerated carriers in MoS2 
semiconductor material. The humidity was increased in successive 
steps with a duration of 30 min each in order to obtain equilibrium state 
of the ambient as well as full absorption/desorption of water vapor. A 
commercial hygrometer (Rotronic HP22-A, ±0.8%  RH) was placed 
inside the dark closed glass bottle for RH calibration. The electrical 
characteristics of device were measured using a semiconductor 
parameter analyzer (Tektronix, Keithley 4200-SCS).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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