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Abstract— Recent advances in two-dimensional (2D) transition 

metal dichalcogenides have demonstrated their potential 

application in chemical sensors. However, the chemical vapor 

deposition (CVD) grown molybdenum disulfide (MoS2) 

humidity sensors are still largely unexplored. In this work, 

MoS2 thin films were grown on 1 cm2 sapphire substrates 

through sulfurization of e-beam deposited Mo layers. The 

MoS2 film morphology, thickness, and crystallinity were 

characterized by AFM and Raman spectroscopy. The two-

terminal devices were fabricated with e-beam evaporated 

interdigitated electrodes (IDEs) on top of the MoS2 surface. 

The water vapor sensing was tested at various humidity levels 

with the observed increase in the device resistance response to 

humidity due to the charge transfer mechanism. We found the 

devices to be reproducible and with excellent dynamic 

hysteresis. The sensitivity, fast response and recovery proved 

that CVD growth MoS2 thin film could be scaled up for 

humidity and gas sensing applications. 

  

I. INTRODUCTION 

Two dimensional (2D) materials such as graphene and 
molybdenum disulfide (MoS2), have been extensively 
studied because of the unique electrical and optical 
properties introduced by their atomically-thin layer structure. 
[1]-[3] Various applications such as graphene integrated 
circuit [3], graphene field-effect transistors (FETs) [4] and 
MoS2 photodetectors [5] are reported. Recent studies has 
shown chemical sensing applications with excellent 
performance of graphene [6] and graphene oxide [7].  

    Transition metal dichalcogenide (TMDC) materials are 
now drawing considerable attention due to their tunable 
bandgap and low background carrier densities. 
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These properties can potentially provide high sensitivity 
of the sensors and high selectivity to different analytes. [8]-
[11] In particular, sensing capabilities of MoS2 have recently 
been studied. Most of the reported sensors are based on 
mechanically exfoliated flakes of TMDC materials. [12], [13] 
For example, Late et al. fabricated few-layer exfoliated 
MoS2 FETs and demonstrated their sensitivity to NH3, NO2 
and humidity.

 
[14] However, CVD deposited thin films have 

distinct advantages such as wafer-scale growth and 
compatibility with conventional semiconductor fabrication 
processes. [15]  

To date, only Liu et al. examined the NH3 and NO2 gas 
sensing ability of CVD grown ultra-thin MoS2 films. [16] In 
addition, Liu et al. reported humidity sensing on the devices 
fabricated using physical vapor deposition (PVD) of thick 
MoS2 polycrystalline films on Si substrate. [17] 

To explore the sensing properties of the CVD-grown 
MoS2 thin films, we studied two-terminal sensors, which 
show a resistance change in response to the absorption of 
water molecules. We measured the current-voltage curves at 
different humidity levels and recorded a positive response of 
increased resistivity to higher humidity. Reproducibility and 
dynamic hysteresis were tested, which proved the promising 
humidity sensing capacity of ultra-thin MoS2 films. 

 

II. EXPERIMENTAL 

A. Thin Film Growth and Device Fabrication  

In this study, we built a MoS2 thin film sensor prepared 
by sulfurization of deposited Mo layer. [18] A thin layer of 
Mo, 4 nm thick, was deposited onto RCA cleaned c-axis 
sapphire substrates by e-beam deposition. MoS2 films were 
then produced by sulfurization of Mo in an H2S/H2/Ar gas 
mixture using a custom-build  CVD reactor. The chamber 

temperature and pressure was set to 1000 

C and 1.33 kPa, 

respectively. After 20 min of sulfurization, substrates were 

rapidly cooled to 500 C to prevent re-evaporation of the 
synthesized material. 

Ti (40 nm)/Au (160 nm) bi-layer comb-like IDEs were e-
beam deposited on lithographically patterned MoS2 followed 
by lift-off. The electrode structure configuration is as follows: 
the length of each finger is 1200 µm with the gap of 100 µm. 
The corner contact pads size is 400 µm × 400 µm and the 
full scale of the device is 2 mm × 2 mm. SEM image of the 
fabricated device is shown in Figure 1. 
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Fig. 1. SEM image of the fabricated structure 

The Ti/Au metal contact combination helps narrow the 
potential barrier at the interface and maximize carrier 
injection. [19] In general, this structure is shown to provide 
higher current which improves signal-to-noise ratio and 
hence sensitivity. 

B. Characterization and Measurements  

Atomic Force Microscopy (AFM) image (Figure 2(b)) 
reveals hexagonal grains of MoS2 film most of which have 
the same orientation. This is indicative of quasi-epitaxial 
growth of MoS2 on sapphire. The thickness of the film was 9 
nm (Figure 2(a)). For different samples, surface roughness is 
estimated between 3.0 nm and 4.2 nm. A representative 
Raman spectrum (Laser Quantum DPSS, 532 nm)

 
[20] 

exhibits characteristic lines corresponding to the E2g and A1g 
modes of MoS2 with the full width at half maximum 
(FWHM) between 3.1 cm

-1
 and 3.6 cm

-1
 (Figure 2(c)). Small 

FWHM values are usually correlated with a high structural 
quality of the material.  

 

                                    

Fig. 2. (a) Low- and (b) high-resolu1tion AFM images of MoS2 film. Inset 
in (a) shows an AFM height profile of MoS2 film. (c) Room-

temperature Raman spectrum of MoS2 film produced by Mo 

sulfurization. Raman peak at 418 cm-1 marked with an asterisk 
originates from the sapphire substrate.   

Current response to changes in the relative humidity (RH) 
was recorded at a 2 V bias using a NI PXI-1033 instrument. 
RH was varied by diluting humid air flow (RH = 40 %) with 
dry air so that 35 %, 30 %, and 25 % RH values were 
obtained using 20 sccm, 60 sccm, and 100 sccm dry air flow, 
respectively. The RH was measured by a fast-response 
commercial humidity probe placed at the exhaust of the 
sensing chamber. The sensitivity was defined as 

S = (𝐼𝑅𝐻1 − 𝐼𝑅𝐻E)/𝐼𝑅𝐻E

where IRH1 is the current of the device at a certain RH value 
and IRHE is the current at the base humidity (40 %).  

 

III. RESULTS AND DISCUSSION 

Dynamic humidity response curves of a MoS2 thin film 
sensor under the base humidity and 25 % RH plotted in 
Figure 3(a) show that current increases for lower RH. A 
sensitivity of 5.5 % was calculated. We tested the response 
to dry air and dry N2 to probe the impact of oxygen. From 
Figure 3 (b) we can see a 0.3 % change for the two gases, 
which indicates that the influence of oxygen is much smaller 
than the humidity. From Figure 4 (b), a response/recovery 
time of 250 s/250 s was also measured. This parameter is 
higher compared to some other reported MoS2 humidity 
sensors.

 
[11] 

       

 

Fig. 3. (a) Typical current-voltage (IV) curves obtained at  room humidity 

and 25 % RH (b) response cycle to dry air and dry N2. 

The reproducibility of the device is shown in Figure 4(a). 
In this test, the device was exposed to a step-like increased 
flow of dry air with an exposure time of 500 s for each RH 
level to reach a current saturation. The test result 
demonstrated a remarkable reproducibility with three 
different humidity levels and only a small baseline drift of 
0.3 % is observed for each cycle. The sensitivity curve of 
humidity from 25 % RH to 40 % RH is demonstrated in 

(b) (c) 

(a) 

(a) 
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Figure 4(b), from which we can conclude that the device 
performance is better for lower humidity values. 

 

 

Fig. 4. (a) The reproducibility of the device at 25 % RH, 30 % RH and 35 % 

RH (b) The sensititivity curve of humidity from 25 % RH to 40 %  

RH 

Humidity sensors are often affected by the history of its 
environment conditions, and the dynamic hysteresis is also 
one of the most important figures of merit of the humidity 
sensors. The humidity hysteresis of MoS2 sensor was tested 
by increasing the dry air flow rate from 20 sccm to 120 sccm 
at a 20 sccm increment and then decreasing to 80 sccm and 
further to 40 sccm. The dynamic humidity hysteresis curve is 
plotted in Figure 6 with a hysteresis about 1 % RH, which is 
better than for some other 2D materials humidity sensors. 
Wang et al. proposed that the hysteresis in I-V characteristics 
is caused by the charge injection at the surface and the 
charge transfer between neighboring adsorbates. [21]  

 

Fig. 5. Dynamic hysteresis curve of the device 

In general, the positive impedance response of MoS2 thin 
film humidity sensor can be explained according to the 

charge transfer concept: the surface absorbed water 
molecules act as electron acceptors, resulting in pinning of 
the Fermi level closer to the valence-band edge. [12], [22] 
The free electrons in MoS2 interact with the water molecules 
according to the reaction: 

𝐻2𝑂 + 𝑒
− =

1

2
𝐻2 + 𝑂𝐻

−.                          (2) 

In this way, the free electrons are consumed which leads to 
the decrease of the current. From the mechanism described 
above, we can speculate that the sensitivity might be 
influenced by the thickness of the sample and by the 
operating conditions, for example the surface oxidation of 
the film could cause a drift of the device. 

 

IV. CONCLUSIONS 

In this work, humidity sensors fabricated using large-area 
CVD-grown MoS2 thin films are presented. A positive 
resistance response of the sensors to the humidity was 

observed with a high sensitivity (5.5 % for a 15 % RH 

difference), a low hysteresis ( 1 %), and response and 

recovery time of 250 s. The sensing mechanism is 
explained by electron transfer from MoS2 to the water 
molecules, which results in a decrease of current with 
increasing humidity.   

 

 

REFERENCES 

[1] K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. 
Khotkevich, S. V. Morozov, and A. K. Geim, “Two-dimensional 
atomic crystals”, PNAS, 2005, 102 (30) 10451-10453; 

[2] Qing Hua Wang, Kourosh Kalantar-Zadeh, Andras Kis, Jonathan N. 
Coleman, and  Michael S. Strano, “Electronics and optoelectronics of 
two-dimensional transition metal dichalcogenides”, Nature 
Nanotechnology, 2012, 7, 699–712; 

[3] Yu-Ming Lin, Alberto Valdes-Garcia, Shu-Jen Han, Damon B. 
Farmer, Inanc Meric, Yanning Sun, Yanqing Wu, Christos 
Dimitrakopoulos, Alfred Grill, Phaedon Avouris, Keith A. Jenkins, 
“Wafer-Scale Graphene Integrated Circuit”, Science, 2011, 332, 
1294-1297; 

[4] Frank Schwierz. “Graphene transistors”, Nature Nanotechnology, 
2010, 5, 487-496; 

[5] Oriol Lopez-Sanchez, Dominik Lembke, Metin Kayci, Aleksandra 
Radenovic and Andras Kis, “Ultrasensitive photodetectors based on 
monolayer MoS2”, Nature Nanotechnology, 2013, 8, 497–501 

[6] Anderson David Smith, Karim Elgammal, Frank Niklaus, Anna Delin, 
Andreas Fischer, Sam Vaziri, Fredrik Forsberg, Mikael Råsander, 
Håkan W. Hugosson, Lars Bergqvist, Stephan Schröder, Satender 
Kataria, Mikael Östling and Max C. Lemme, “Resistive Graphene 
Humidity Sensors with Rapid and Direct Electrical Readout”, 
Nanoscale 2015, 7 (45), 19099-19109; 

[7] Stefano Borini, Richard White, Di Wei, Michael Astley, Samiul 
Haque, Elisabetta Spigone, Nadine Harris, Jani Kivioja, and Tapani 
Ryhänen, “Ultrafast Graphene Oxide Humidity Sensors” ACS Nano, 
2013, 7 (12), 11166–11173; 

[8] Seba Sara Varghese, Saino Hanna Varghese, Sundaram Swaminathan, 
Krishna Kumar Singh and Vikas Mittal, “Two-Dimensional Materials 
for Sensing: Graphene and Beyond”, Electronics,  2015, 4, 651-687; 

[9] M. Donarelli, S. Prezioso, F. Perrozzi, F. Bisti, M. Nardone, L. 
Giancaterini, C. Cantalini, L. Ottaviano, “Response to NO2 and other 
gases of resistive chemically exfoliated MoS2-based gas sensors”, 
Sensors and Actuators B: Chemical, 2015, Volume 207, 602–613; 

35%RH 

30%RH 

25%RH 

35%RH 

30%RH 

25%RH 

on 

off 

35% 

33% 

30% 

28% 

25% 

23% 

28% 

33% 

on 

40%RH 40%RH 

(a) 

(b) 

on 

off 

off 

166



[10] Dattatray J. Late, Thomas Doneux, Moussa Bougouma, “Single-layer 
MoSe2 based NH3 gas sensor”, Appl. Physics Letter. 2014, 105, 
233103; 

[11] F. K. Perkins, A. L. Friedman, E. Cobas, P. M. Campbell, G. G. 
Jernigan, and B. T. Jonker, “Chemical Vapor Sensing with 
Monolayer MoS2”,  Nano Letter, 2013, 13, 668 

[12] Hai Li, Zongyou Yin, Qiyuan He, Hong Li, Xiao Huang, Gang Lu, 
Derrick Wen Hui Fam, Alfred Iing Yoong Tok, Qing Zhang, and Hua 
Zhan, “Fabrication of Single- and Multilayer MoS2 Film Based Field-
Effect Transistors for Sensing NO at Room Temperature”, Small, 
2012, 8, 63-7; 

[13] Shao-Lin Zhang, Hyang-Hee Choi, Hong-Yan Yue and Woo-Chul 
Yang, “Controlled exfoliation of molybdenum disulfide for 
developing thin film humidity sensor”, Current Applied Physics, 
2014, 14, 264-268; 

[14] Dattatray J. Late, Yi-Kai Huang, Bin Liu, Jagaran Acharya, Sharmila 
N. Shirodkar, Jiajun Luo, Aiming Yan, Daniel Charles, Umesh V. 
Waghmare, Vinayak P. Dravid, and C. N. R. Rao, “Sensing Behavior 
of Atomically Thin-Layered MoS2 Transistors”; ACS Nano, 2013, 7 
(6), pp 4879–4891; 

[15] Kangho Lee, Riley Gatensby, Niall McEvoy, Toby Hallam and Georg 
S. Duesberg. “High-Performance Sensors Based on Molybdenum 
Disulfide Thin Films”, Adv. Materials, 2013, 25, 6699-6702; 

[16] Bilu Liu, Liang Chen, Gang Liu, Ahmad N. Abbas, Mohammad Fathi, 
and Chongwu Zhou, “High-Performance Chemical Sensing Using 
Schottky-Contacted Chemical Vapor Deposition Grown Monolayer 
MoS2 Transistors”, ACS Nano, 2014, 8 (5), pp 5304–5314; 

[17] Yunjie Liu, Lanzhong Hao, Wei Gao, Yanmin Liu, Guixia Li, 
Qingzhong Xue, W. Y. Guo, Lianqing Yu, Zhipeng Wu, Xiaohui Liu, 
Huizhong Zeng and Jun Zhu, “Growth and humidity-dependent 
electrical properties of bulk-like MoS2 thin films on Si”, RSC Adv., 
2015,5, 74329-74335 

[18] Yongjie Zhan, Zheng Liu, Sina Najmaei, Pulickel M. Ajayan, and Jun 
Lou, “Large-Area Vapor-Phase Growth and Characterization of MoS2 
Atomic Layers on a SiO2 Substrate”, Small, 2012, 8, 966-971; 

[19] Igor Popov, Gotthard Seifert, and David Tománek, “Designing 
electrical contacts to MoS2 monolayers: A computational study”, 
Phys. Rev. Lett. 2012, 108, 156802; 

[20] Specific commercial equipment, instruments, and materials that are 
identified in this report are listed in order to adequately describe the 
experimental procedure and are not intended to imply endorsement or 
recommendation by the National Institute of Standards and 
Technology (NIST). 

[21] Haomin Wang, Yihong Wu, Chunxiao Cong, Jingzhi Shang, and Ting 
Yu, “Hysteresis of Electronic Transport in Graphene Transistors”, 
ACS Nano, 2010, 4 (12), pp 7221–7228 

[22] Byungjin Cho, Myung Gwan Hahm, Minseok Choi, Jongwon Yoon, 
Ah Ra Kim, Young-Joo Lee, Sung-Gyu Park, Jung-Dae Kwon, 
Chang Su Kim, Myungkwan Song, Yongsoo Jeong, Kee-Seok Nam, 
Sangchul Lee, Tae Jin Yoo, Chang Goo Kang, Byoung Hun Lee, 
Heung Cho Ko, Pulickel M. Ajayan and Dong-Ho, Kim. “Charge-
transfer-based Gas Sensing Using Atomic-layer MoS2”, Scientific 
Reports, 2015, 5, 8052; 

 

 

167


