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Gas Sensors
Fabrication of Flexible MoS 2  Thin-Film Transistor Arrays 
for Practical Gas-Sensing Applications
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 By combining two kinds of solution-processable two-dimensional materials, a fl exible 
transistor array is fabricated in which MoS 2  thin fi lm is used as the active channel 
and reduced graphene oxide (rGO) fi lm is used as the drain and source electrodes. 
The simple device confi guration and the 1.5 mm-long MoS 2  channel ensure highly 
reproducible device fabrication and operation. This fl exible transistor array can be 
used as a highly sensitive gas sensor with excellent reproducibility. Compared to 
using rGO thin fi lm as the active channel, this new gas sensor exhibits much higher 
sensitivity. Moreover, functionalization of the MoS 2  thin fi lm with Pt nanoparticles 
further increases the sensitivity by up to  ∼ 3 times. The successful incorporation of a 
MoS 2  thin-fi lm into the electronic sensor promises its potential application in various 
electronic devices. 
  1. Introduction 

 Electronic sensors based on the fi eld-effect transistor 

(FET) [  1–3  ]  offer a simple, effi cient, and low-cost sensing 

platform for various chemical and biological detections. 

The recent development of active channels with nanostruc-

tured semiconductors has greatly enriched the capabilities 

of FET-based electronic sensors, which exhibit the signifi -

cantly improved sensitivity. One-dimensional (1D) silicon 

nanowires [  1  ,  4  ]  and carbon nanotube (CNT), [  5–7  ]  and two-

dimensional (2D) graphene [  8–12  ]  and its derivatives [  14–16  ]  are 

among the most promising channel materials in electronic 

sensors. In particular, graphene-based electronic sensors 

have been extensively studied in the past few years. [  13–18  ]  For 

example, the FET sensor based on the mechanically cleaved 

single-layer graphene showed an ultimate sensitivity,  i.e.  the 

single gas molecule was detected. [  18  ]  However, the practical 
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electronic sensors require the low-cost, massive production 

of active channels with reliable and reproducible sensing per-

formance. Therefore, the scalable production of graphene by 

chemical vapor deposition (CVD) [  19–22  ]  or chemical synthesis 

of reduced graphene oxide (rGO) [  8  ,  13–16  ,  23  ,  24  ]  has attracted 

much interest. Importantly, the emergence of rGO, one kind 

of solution-processable graphene derivative, has boosted the 

studies on graphene-based thin-fi lm transistor (TFT), [  13  ,  15  ,  23  ]  

since it is compatible with the conventional thin-fi lm technol-

ogies such as spin-coating [  24  ]  and inkjet-printing. [  25  ]  Therefore, 

the fl exibility, robustness and reproducibility of rGO-based 

thin-fi lm device makes it a promising candidate for the prac-

tical electronic sensor. However, graphene without proper 

surface functionalization [  26  ,  27  ,  28  ]  is a semi-metal [  29  ,  30  ]  with a 

zero bandgap, thus resulting in the weak switching property. 

 Recent studies on layer-structured transition-metal 

dichalocogenides opened a new avenue for the fabrication 

of electronic devices based on a series of novel 2D semi-

conducting materials. [  31–42  ]  For example, single-layer MoS 2  

nanosheets obtained from the mechanical cleavage exhib-

ited outstanding performance in a top-gate FET with ON/

OFF ratio exceeding 10 8 . [  33  ]  In addition, our group has fab-

ricated a phototransistor based on the single-layer MoS 2 , 

which exhibited the superior photoresponsivity compared to 

a device made from the single-layer graphene. [  41  ]  Moreover, 

we reported the electronic sensors based on the mechani-

cally exfoliated single- to four-layer MoS 2  nanosheets, which 
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     Scheme  1 .     Schematic illustration of the fabrication process of MoS 2  TFT 
array on PET substrate and a photograph of the TFT sensor array.  
showed extremely high sensitivity for toxic gas detection (80% 

decrease of channel conductance upon exposure to the 2 ppm 

NO). [  42  ]  However, similar to graphene, the practical applica-

tion based on such 2D semiconducting materials also requires 

the facile procedures for low-cost and high-yield preparation 

of the materials. Recently, ultrasonication of bulk layered 

materials in strong polar solvents, which was previously used 

to prepare graphene suspension, was used to produce a series 

of single to few-layer materials including MoS 2 , WS 2 , MoSe 2 , 

etc. [  35  ]  However, it is diffi cult to control the resulting mate-

rials in shape, lateral size, thickness and layer numbers. Alter-

natively, by using a controllable lithiation process, our group 

has successfully fabricated 2D nanosheets (MoS 2 , WS 2 , TiS 2 , 

TaS 2  and ZrS 2 ) with the high yield of single layers. [  37    a]  Thus 

obtained 2D materials are stable in many solvents, providing 

the solution-processability for their various applications. 

 In this communication, we present the fabrication of a fl ex-

ible TFT array based on the MoS 2  thin fi lm and then demon-

strate its application in toxic gas detection. A patterned rGO 

fi lm on polyethylene terephthalate (PET) substrate was used 

as an array of drain and source electrodes. The MoS 2  thin fi lm 

was then deposited on the rGO electrodes by spin-coating of 

a suspension of single-layer MoS 2  sheets. The MoS 2  thin fi lm 

showed the comparable fl exibility to graphene thin fi lm, which 

is commonly used in the fl exible electronics. By combining 

the MoS 2  channel with the rGO electrodes, the TFT sensor 

array exhibited high fl exibility, which could survive over 5000 

bending cycles without losing its excellent sensing performance. 

The MoS 2  sensor showed a better performance in the detec-

tion of NO 2,  compared to the similar device based on the rGO 

thin fi lm. Functionalization of the MoS 2  thin fi lm with Pt nano-

particles (PtNPs) further increased the sensitivity of the TFT 

sensor by  ∼ 3 times. Importantly, the simple thin-fi lm confi gura-

tion of our sensor array not only allows the facile fabrication 

and operation procedures, but also ensures the high reproduc-

ibility of sensing performance of different devices, which could 

have great practical applications in electronic devices.   

 2. Results and Discussion 

 The fabrication process of the MoS 2  TFT array is illustrated in 

 Scheme    1   and described in the experimental section. Briefl y, 

a uniform GO fi lm was fi rst spin-coated on a fl exible PET 

substrate. The GO line patterns were then generated by the 

“scratch method” developed by our group. [  43  ]  The patterned 

line width and the space between the adjoining GO lines 

were 2 mm and 1.5 mm, respectively. The GO patterns were 

reduced by hydrazine vapor to obtain the conductive rGO pat-

terns which were then used as drain and source electrodes. The 

thickness of the rGO fi lm was  ∼ 10 nm, confi rmed by atomic 

force microscopy (AFM) (Figure S1a in Supporting Informa-

tion, SI). Our previous studies suggested that the 10 nm-thick 

rGO thin fi lm, with the weak switching behavior but good elec-

trical conductivity, is a promising fl exible electrodes. [  15  ]  Then a 

continuous MoS 2  thin fi lm was spin-coated on top of the rGO 

patterns and used as the active channel for the obtained TFT 

array. Here, the MoS 2  aqueous solution, containing the single-

layer MoS 2  sheets with the size of ca. 0.5 to 2  μ m (Figure S2 
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in SI), was prepared from the electrochemical lithiation and 

sonication followed by the centrifugation-assisted separation 

process. [  14  ,  37  ]  It is crucial to produce such high-quality MoS 2  

dispersion for fabrication of a uniform MoS 2  thin fi lm. As 

a control experiment, devices with 4 nm thick rGO thin fi lm 

(Figure S1b in SI) as the active channel were fabricated by 

using the similar process as mentioned above for fabrication of 

the MoS 2 -based devices. Note that the previous studies usually 

focused on the miniaturization of electronic sensors, where the 

short channels of less than 10  μ m were typically employed. [  17  ,  18  ]  

Unfortunately, these short channels were fragile and subjected 

to the damage during the fabrication and/or repeated opera-

tion of sensors, resulting in poor reproducibility. [  17  ,  44  ]  To over-

come this problem, the width of MoS 2  channel in the presence 

work was fi xed at 1.5 mm, determined by the space between 

the rGO electrodes. This relatively long channel ensures a high 

device robustness and facile device operation. Finally, a drop 

of silver paint was deposited on one end of each rGO line pat-

terns. The silver pads were used for the attachment of probes 

to enhance the robustness of the rGO electrodes during the 

multiple electronic tests. As shown in Scheme  1 , a typical 

sensing array with six operational sensors were obtained.  

 Although the bulk MoS 2  is an n-type semiconductor, [  33  ]  

our MoS 2  TFTs showed a weak p-type behavior in a typical 

back-gate fi eld-effect measurement (Figure S3a in SI). Sim-

ilar weak p-type behavior after lithiation was also observed 

in the previous study of a back-gate FET based on the indi-

vidual single-layer MoS 2  sheet. [  37    a]  Such change of semicon-

ducting property arises from the structural change after the 

lithium intercalation process. [  45  ,  46  ]  The low ON/OFF charac-

teristic (Figure S3a in SI) can be explained by the thin fi lm 

morphology containing numerous sheet junctions, which low-

ered the carrier mobility and hence compromised the fi eld 

effect of the devices. It is worth metioning that although the 

ON/OFF ratio above 2 is typically observed in FET based 

on single-layer graphene or rGO sheet, [  12  ,  13  ]  the rGO thin 

fi lm transistors showed no obvious switching behavior in 

the back-gate measurement (Figure S3b in SI). The observ-

able switching behavior of MoS 2  thin fi lm suggests that MoS 2  

could be a better choice for the channel material in electronic 

sensors. In addition, compared to the back-gate measurement 

operated on 600 nm SiO 2 , the switching behavior of MoS 2  
2995www.small-journal.combH & Co. KGaA, Weinheim



Q. He et al.

2996

full papers

     Figure  1 .     (a) Detection of 1.2 ppm NO 2  using MoS 2  TFT sensors on PET with different thickness of MoS 2  thin fi lm. (b) The plot of the detection 
sensitivity of 1.2 ppm NO 2  versus the thickness of MoS 2  fi lm. Standard error was obtained by measuring 3 devices.  
TFT can be clearly observed in a typical solution-gate setup 

with an ON/OFF ratio of  ∼ 10 (Figure S4 in SI). 

 As a proof of concept, the fabricated MoS 2  sensing array 

was used to detect NO 2 , a prominent air pollutant. In order 

to optimize the sensitivity of the MoS 2 -based gas sensor, the 

MoS 2  channels with different thicknesses were fabricated. The 

thickness of MoS 2  thin fi lm can be controlled by the volume 

of MoS 2  solution used in the spin-coating process. Four TFT 

devices with different thickness of MoS 2  as channel were fab-

ricated, as confi rmed by the AFM measurements (Figure S5 

in SI). As shown in  Figure    1  a, the conductance of the MoS 2  

channel increased upon adsorption of NO 2  molecules. Pre-

vious studies suggested that the contact resistance between 

semiconducting channel and metal electrodes has an observ-

able [  47  ]  and sometimes dominant effect [  48  ]  on the device per-

formance. However, since the MoS 2  channel used here is 

relatively long,  ∼ 1.5 mm, the overall resistance of the device 

is dominated by the intrinsic resistance of the MoS 2  fi lm, 

instead of the contact resistance between the MoS 2  channel 

and the rGO electrodes. Furthermore, the previously reported 

two-step current response in electronic sensors based on 

the mechanically exfoliated MoS 2  sheets was not observed 

in the present MoS 2  TFTs. This suggests a different surface 

chemistry between the MoS 2  nanosheets prepared from the 

electrochemical lithiation [  37    a]  and those from the mechanical 

exfoliation. [  42  ]  Therefore, we believe the sensing mechanism 

in our study originates from the direct charge transfer from 
www.small-journal.com © 2012 Wiley-VCH V

     Figure  2 .     (a) Typical current response of TFT sensor on PET upon exposure
respectively. (b) The current change of TFT sensor on PET with channel of 
obtained by measuring 3 devices.  
electron-withdrawing NO 2  molecules adsorped on the MoS 2  

fi lm, resulting in the increase of conductance in p-type transis-

tors. [  13  ,  26  ,  49  ,  50  ]  In a control experiment as shown in Figure S6 in 

SI, the MoS 2  device showed a negative response to the expo-

sure of 0.2 ppm H 2 S due to its electron-donating property.  

 Figure  1 b shows the dependence of device sensitivity 

towards the NO 2  detection on the thickness of MoS 2  fi lm. 

Here, the sensitivity was defi ned as (I 1 −I 0 )/I 0   ×  100%, where 

I 0  is the initial stable current of the device and I 1  is the stable 

current after the device exposure to 1.2 ppm NO 2 . The sensi-

tivity of MoS 2  TFT decreased dramatically with the thickness 

increase of MoS 2  fi lm, from  ∼ 7.0% at thickness of 2.0 nm to 

 ∼ 0.8% at thickness of 18 nm (Figure  1 b). This is because the 

thickness increase of MoS 2  fi lm lowers the surface area-to-

volume ratio of the MoS 2  channel, resulting in the decrease of 

gas sensitivity. However, the device current became unstable 

at a thickness below 4 nm (see the curve of 2 nm-thick MoS 2  

fi lm in Figure  1 a), which might arise from the discontinuous 

MoS 2  fi lm (see AFM image in Figure S5a in SI). Therefore, 

in the following experiments, the optimized thickness (4 nm) 

of MoS 2  channel (see Figure S5b in SI) with a corresponding 

sensitivity of  ∼ 6.1% was used. 

 In a control experiment, a rGO-based TFT on PET with 

4 nm-thick rGO thin fi lm (see AFM image in Figure S1b in 

SI) as the active channel was also used to detect the 1.2 ppm 

NO 2  ( Figure    2  a). The gas sensitivity ( ∼ 3.4% at 1.2 ppm) of 

the rGO-based TFT is lower than that obtained from both 
erlag GmbH & Co. KGaA, Weinheim
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     Figure  3 .     (a) Typical current response of one MoS 2 -PtNPs-based sensor upon exposure of different concentration of NO 2 . (b) The percent current 
change versus the concentration of NO 2 .  
the MoS 2  TFT (sensitivity of  ∼ 6.1% at 1.2 ppm) (Figure  2 a) 

and the FET sensor based on the single-layer MoS 2 . 
[  42  ]  The 

better performance of the MoS 2 -based electronic sensor 

can be attributed to the better switching behavior of MoS 2  

TFT compared to the rGO TFT (Figure S3 in SI). Despite 

the excellent sensitivity of our MoS 2 -based gas sensor, the 

response and recovery time is still relatively long ( > 30 min). 

This disadvantage can be overcome by operating the device 

at a higher temperature. [  24  ]   

 Moreover, the MoS 2  sensor array on PET shows excellent 

fl exibility. As shown in Figure S7 in SI, the device did not lose any 

conductance after 5000 bending cycles (bent radius of 4 mm). 

Note that there was an increase of the channel resistance 

during the initial 10 bending cycles, which might arise from the 

rearrangement of the stacked MoS 2  sheets. Our experimental 

result shows that the sensor array could function well in the gas 

detection even after 5000 bending cycles, making MoS 2 -based 

devices among the best fl exible electronic devices, even com-

parable with the full-rGO [  15  ]  and CVD-graphene devices. [  51  ]  

 The previous studies have suggested that the proper func-

tionalizaion of semiconducting channel may greatly enhance 

the gas sensitivity of electronic sensors. [  47  ,  52–58  ]  For example, 

the sensor based on the rGO-Pd nanoparticles (rGO-PdNPs) 

hybrid channel gave 2 times better sensitivity in the NO 

detection than that based on the pure rGO channel. [  47  ]  The 

electronic sensor based on the In 2 O 3  nanowires (In 2 O 3 NWs) 

functionalized with Au nanoparticles (AuNPs) gave more 

than 30 times of sensitivity in the CO detection than that 

based on the pure In 2 O 3 NWs. [  56  ]  Here, in order to increase 

the sensitivity of gas sensors, we functionalized the MoS 2  thin 

fi lm with PtNPs, referred to as MoS 2 -PtNPs. The thickness of 

the MoS 2  thin fi lm was 4 nm. PtNPs were directly deposited 

on the MoS 2  fi lm by a photoreduction method, as described 

in the experimental section. Scanning electron microscopy 

(SEM) and energy-dispersive X-ray spectroscopy (EDX) 

confi rmed the presence of PtNPs (Figure S8 in SI). As shown 

in AFM images in Figure S9a in SI, the PtNPs with diameter 

of 5.7  ±  1.6 nm were deposited on the MoS 2  fi lm. The den-

sity of PtNPs was carefully controlled to avoid the fuse of 

PtNPs. Note that if the fused-PtNPs functionalized MoS 2  fi lm 

(Figure S10a in SI) was used as channel, the fabricated TFT 

showed the dramatic increase of the conductance, which led 

to the loss of the sensing capability (Figure S10b in SI). 
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 As shown in Figure  2 , the incorporation of PtNPs (Figure 

S9 in SI) further increased the sensitivity of the MoS 2  TFT 

by  ∼ 3 times.The reason for such increase in sensitivity is 

still under debate. Li  et al.  suggested that the formation of 

a Schottky junction between the p-type semiconducting 

channel and metal nanoparticles was responsible for the 

improved sensitivity. [  47  ]  It could also be explained by the 

enhanced adsorption [  52–54  ]  of gas molecules at the interface 

of nanoparticles and semiconducting channel. Here, a con-

trol experiment was carried out on the rGO-PtNPs, in which 

the diameter of PtNPs is 6.6  ±  1.3 nm (Figure S9b in SI). The 

experimental result showed that only a small enhancement 

( < 30%) in sensitivity was observed as compared to the bare 

rGO device (Figure  2 ). The greater enhancement in sensing 

performance of MoS 2 -PtNPs-based device compared to rGO-

PtNPs-based device suggested that the PtNP-modifi ed sensor 

is not same as the Pd nanoparticle (PdNP)-functionalized gas 

sensor, [  52  ,  53  ]  in which the enhancement of gas sensitivity was 

attributed to the enhanced gas adsorption on the surface of 

PdNPs. Hence, the sensitivity increase in our device is more 

likely due to the change of the Schottky barrier between the 

PtNPs and the semiconducting MoS 2  channel upon the gas 

adsorption. [  47  ,  55  ,  56  ,  59  ]  However, the detailed mechanism needs 

the further investigation. 

   Figure 3  a shows a typical current response of an MoS 2 -

PtNPs-based device to the different concentration of NO 2 . 

Because of the safety concern, the highest concentration 

tested here was 5 ppm. The device is allowed to return to its 

initial current (fully desorption of the adsorbed NO 2 ) before it 

was used for another detection. As shown in Figure  3 b, a non-

linear relation between gas sensitivity and the NO 2  concentra-

tion was found, suggesting that the linear range of the MoS 2  

sensor was below 1.5 ppm. The detection limit of the MoS 2 -

PtNPs device towards NO 2  was calculated to be 2 ppb based 

on a signal-to-noise ratio of 3. This detection limit is better 

than the most nanowire [  60  ]  and nanotube [  61  ]  based gas sensors.    

 3. Conclusion 

 In conclusion, we have reported a fully solution-processed 

fabrication of fl exible thin-fi lm transistor (TFT) array based 

on the MoS 2  thin fi lm channel and rGO electrodes. The 
2997www.small-journal.comH & Co. KGaA, Weinheim
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obtained device shows high fl exibility and excellent repro-

ducibility from batch to batch. The TFT array is used as high-

performance, easy-operable and robust gas sensors for the 

NO 2  detection. Superior sensitivity of the MoS 2 -based device, 

compared to the rGO thin fi lm-based device, is observed. 

Functionalization of the MoS 2  thin fi lm with Pt nanoparticles 

can further increase the sensitivity by  ∼ 3 times. A calculated 

detection limit of 2 ppb is achieved by using the MoS 2 -PtNPs 

as channel. Our study suggests that the high-quality and solu-

tion-processable single-layer MoS 2  is a promising channel 

material used for the practical electronic sensors.   

 4. Experimental Section  

 Fabrication of MoS 2  Thin Film Transistor (TFT) : Intercalation 
and exfoliation of MoS 2  was carried out using our recently devel-
oped method. [  37    a]  Graphene oxide (GO) was synthesized from 
the microwave-expanded graphite by the modifi ed Hummers 
method. [  62  ,  63  ] Scheme  1  shows how to fabricate the MoS 2  TFT array 
on PET. GO fi lm was obtained by spin-coating a GO methanol sus-
pension (1.5 mg/mL) on a 2.2 cm  ×  2.2 cm PET fi lm. Our previ-
ously developed “scratch method” was used to create GO line 
patterns with 2 mm width and 1.5 mm interdistance between two 
adjoining GO lines. [  15  ,  43  ]  The GO patterns were then reduced by 
hydrazine vapor to obtain the conductive rGO patterns used for 
the source and drain electrodes. The thickness of the rGO fi lm was 
controlled by the volume of GO methanol suspension (1.5 mg/mL) 
used in spin-coating process. A MoS 2  methanol solution was puri-
fi ed by centrifugation to get the single-layer MoS 2  sheets with the 
size of ca. 0.5 to 2  μ m (Figure S2 in SI). The MoS 2  thin fi lm was 
obtained by spin-coating the aforementioned MoS 2  methanol sus-
pension on the PET substrate. Silver paint was then deposited at 
one end of each rGO line pattern. The obtained silver pads were 
used for the attachment of probes to enhance the robustness of 
the rGO electrodes during the electronic tests. The device was then 
annealed at in a vacuum oven at 50  ° C overnight. Finally, the PET 
fi lm (2.2 cm  ×  2.2 cm) was cut to 2.2 cm  ×  3 mm, as shown in the 
photo in Scheme  1 . Therefore, the length and width of the MoS 2  
channel were 1.5 and 3 mm, respectively. 

  Functionalization and Characterization of MoS 2  or rGO Channel 
with Pt Nanoparticles (PtNPs) : PtNPs were deposited on the surface 
of MoS 2  fi lm by the photoreduction method. The MoS 2  thin fi lm on 
PET was immersed in an aqueous solution of 0.2 mM K 2 PtCl 4  and 
0.3 mM sodium citrate prepared in a 10 mL glass vial and then 
irradiated with a 150 W halogen lamp at 30% of its full intensity 
for 12 h. [  12  ]  After the reaction, the MoS 2  fi lm was rinsed with eth-
anol and DI-water and then dried with N 2 . The same method was 
used to functionalize rGO with PtNPs. Atomic force microscopy 
(AFM, Dimension 3100 with Nanoscope IIIa controller, Veeco, 
CA, USA) images were taken in tapping mode in air. SEM images 
were obtained by the fi eld emission scanning electron microscopy 
(FESEM, Model JSM-7600F, JEOL Ltd., Tokyo). 

  Electrical Measurements : All the electrical measurements were 
carried out on a Keithley 4200 semiconductor characterization 
system at ambient conditions. The back-gate fi eld-effect test of 
pure MoS 2  and rGO channel was conducted on Si/SiO 2  (600 nm) 
substrate using the thermally evaporated 5 nm thick Cr/50 nm 
thick Au as drain and source electrodes. The length and width of 
www.small-journal.com © 2012 Wiley-VCH V
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the channel were 3 mm and 500  μ m, respectively. The solution-
gate experiments were carried out accroding to literatures [  14  ,  15  ]  
with channel length of 3 mm in 1 ×  PBS buffer. The bending test of 
MoS 2  TFT on PET was carried out by measuring the device conduct-
ance (I ds ) at V ds   =  0.5 V after certain bending cycles. Note that all 
sensing experiments are based on devices fabricated on PET sub-
strates. Devices fabricated on SiO 2  substrates are only for AFM and 
SEM characterization, and the back-gate fi eld-effect tests. 

  Gas Sensing : The as-prepared TFT devices were located in 
the chamber of a homemade sensing system in a glove box. The 
Keithley 4200 semiconductor characterization system was used to 
monitor the real-time current change using the two-point measure-
ment in a glove box. The concentration of NO 2  was controlled by a 
mixture of NO 2  (5.1 ppm in N 2 ) and N 2  (99.999%) fl ow (National 
Oxygen Pte Ltd, Singapore) measured by the fl ow meters.   
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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