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silicon semiconductors, organic semiconductors, [ 2 ]  quantum 

dots [ 3 ]  and carbon nanotubes [ 4 ]  have been extensively studied. 

The two main types of photodetector are photodiodes and 

photoconductors. [ 1 ]  Photodiodes are fast responding but have 

low gains that are usually less than 1. Photoconductors, in 

contrast, are capable of high gain because one type of charge 

carrier is able to circulate through an external circuit many 

times before it recombines with its opposite carrier. The 

types of photodetector are usually determined by the mate-

rials which are used in the transistor. 

 Two-dimensional (2D) atomic crystal, such as gra-

phene, MoS 2 , etc. has attracted great attention in recent 

years because of their superior electrical and optical prop-

erties and potential applications in future electronics and 

optoelectronics. [ 5–10 ]  The 2D phototransistor represented 

by graphene phototransistor is becoming the focus of the 

research topic, and is expected to be used in next generation 

ultrathin and fl exible optoelectronic devices. [ 11–13 ]  Graphene 

phototransistors, which work based on the photodiode 

mechanism, have been used as ultra-fast photodetectors for 

high-speed optical communications because of their high car-

rier mobility. [ 13 ]  However, the responsivity of the detectors 

is very low (≤ 6.1 mA/W) because of the weak light absorb-

ance of graphene (≈2.3% for single layer graphene), and it 

is no wavelength selectivity due to the special electronic DOI: 10.1002/smll.201303670

 A 2D atomic-layer-thickness phototransistor based on a graphene-MoS 2  bybrid 
device is constructed with a photoresponse much larger than that of individual 
graphene or MoS 2  based phototransistors. Strong and selective light absorption in 
the MoS 2  layer creates electric charges that are transferred to graphene layers derived 
by a build-in electrical fi eld, where they recirculate many times due to the high 
carrier mobility of graphene. Gate tunable Fermi level in graphene layer allows the 
responsivity of this hybrid phototransistor to be continuously tuned from 0 to about 
10 4  mA/W by the gate voltage. Furthermore, large scale, fl exible, and transparent 
2D phototransistors with high responsivity are constructed from the CVD-grown 
graphene and MoS 2  fl akes. The high responsivity, gate-tunable sensitivity, wavelength 
selectivity, and compatibility with current circuit technologies of this type device give 
it great potential for future application in integrated nano-optoelectronic systems. 
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  1.     Introduction 

 High responsivity photodetector is highly desired for various 

demanding applications, such as optical communication, 

imaging, and sensing. [ 1 ]  Recently, photodetectors based on 
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structure of graphene make it has a broad absorption in the 

whole wavelength range. Unfortunately, the zero band gap 

and the extremely short exciton life-time (in the ps range) 

of graphene make its phototransistor can’t work with the 

photoconductor mechanism. So far, most development of 

graphene-based photodetection is focused on the enhance-

ment of the absorption of light in graphene, for example by 

exploiting thermoelectric effects, [ 14 ]  metallic plasmonics, [ 15 ]  

graphene plasmons [ 16 ]  or microcavities. [ 17 ]  Until just recently, 

the idea implementation of photoconductive gain — the 

ability to provide multiple charge carriers per single incident 

photon was realized by modifying the graphene transistor 

with quantum dots, [ 18–20 ]  which was considered as the key to 

ultrasensitive graphene-based photodetection. [ 18 ]  

 Another 2D material MoS 2  has been considered as a 

new star for application in future electronic devices, because 

of its large band gap and relative high carrier mobility. [ 7,21 ]  

The thickness dependent band gap, the specifi c lattice and 

electronic band structure of MoS 2  also endow it many novel 

optical properties. [ 22,23 ]  Recently, single-layer and few-layer 

MoS 2  phototransistor has been constructed, it shows selec-

tive photodetection capabilities to red and green light with 

triple, double and single layer thickness. [ 24–26 ]  However, the 

responsivity of MoS 2  phototransistor is still low due to its 

low carrier mobility. Moreover, a Schottky-junction is usu-

ally formed at MoS 2 /electrode interface, which will inevitably 

lead the photodetection capabilities to be dependent on the 

electrode materials. 

 From above we know that for graphene and MoS 2 , each 

material has their spotlight merit, but fatal weakness, which 

limit their potential application in optoelectronics. In order 

to complement the merit and the weakness of these mate-

rials, here we construct the graphene-MoS 2  hybrid pho-

totransistor ( Figure    1  a), using MoS 2  as sensitizer to absorb 

light, and graphene as an expressway for carrier transport, 

where the photo-excited carriers generated from MoS 2  fi lm 

can be transferred to the graphene layer under the driving 

of a build-in electrical fi eld. With this ingenious designing, 

the responsivity of the phototransistor can up to 10 4  mA/W, 

which is much larger than that of individual graphene or 

MoS 2  based-phototransistor. On the basis of deep under-

standing of charge transfer mechanism, the gate tunable 

photoresponse and the symmetric mirror-imaging photos-

witching effect are realized in our device. In addition, large 

scale, fl exible and transparent 2D graphene-MoS 2  phototran-

sistor with high responsivity was constructed by using the 

CVD grown graphene and MoS 2  fi lms. Furthermore, the 

understanding of the charge transfer between graphene and 

MoS 2  are benefi cial to the study of more complex 2D atomic 

crystal multi-heterostructure devices, [ 27,28 ]  which are widely 

studied recently for the potential to be used in future high 

performance electronics.   

  2.     Results and Discussion 

 Figure  1 b shows the SEM image of the graphene-MoS 2  

bybrid phototransistor device (left) and the spatially resolved 

photocurrent response of the device on light irradiation 

(right), measured with a focused laser beam. Different from 

the graphene-based photodetectors reported previously, 

where photocurrent generation occurs just at the interface of 
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 Figure 1.    (a) Schematic diagram of a graphene-MoS 2  hybrid phototransistor under light irradiation. (b) SEM image and spatial photocurrent profi le 
of the graphene-MoS 2  hybrid phototransistor. A focused laser beam at 632.8 nm with power of 6.45 mW and diameter of 2 µm was used. The 
photocurrent was recorded as the laser beam was scanned across the surface of the detector. (c) Photocurrent of the graphene-MoS 2  transistor for 
different optical power as a function of drain–source voltage ( V  DS ), showing a linear dependence on the bias voltage ( V  BG  = 0). The total current 
( I  dark  +  I  light ) are shown in Figure S2. (d) Photocurrent response of the graphene-MoS 2  phototransistor as a function of the wavelength of irradiation 
light ( V  DS  = 0.1 V;  V  BG  = 0 V).
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graphene and metal electrode, or in the vicinity of a p-n junc-

tion, the photocurrent response of our device overs the whole 

area of the MoS 2  fl ake overlapping with the graphene fi lm, 

a feature of importance in most sensing applications. Espe-

cially, the photocurrent is extremely large even to completely 

cover that at the interface of graphene and metal electrode 

contacts. The dependence of photocurrent response on the 

bias voltage applied between the source and drain electrodes 

( V  DS ) is shown in Figure  1 c, which reveals that the photocur-

rent (PC =  I  light  –  I  dark ) depends linearly on the  V  DS . However, 

in contrast, the photocurrent arised from the thermoelectric 

effects at graphene p-n junction or MoS 2 /metal electrode 

interface shows independence on the  V  DS . 
[ 12,29 ]  Figure  1 d 

shows the photocurrent as a function of the wavelength 

of irradiation light at fi xed  V  DS  = 0.1 V and zero back gate 

voltage ( V  BG ). Clearly, the photocurrent response spectra of 

our device correspond well with the absorption of the MoS 2  

fi lm measured in previous report. [ 26 ]  The spectral sensitivities 

of the devices are determined by the absorption spectra of 

the MoS 2  fi lm, and thus could be tuned easily by controlling 

the thickness of MoS 2  fi lm. These results clearly demonstrate 

that MoS 2  fi lm on graphene surfaces does play a key role to 

the photocurrent generation in our device. 

 Next we will reveal the responsivity of the graphene-MoS 2  

phototransistor.  Figure    2  a shows the photocurrent response 

of our device to on-off light irradiation at different light 

power. The photocurrent shows decreasing tendency with the 

light irradiation decreasing. As shown in Figure  2 b, on the 

other hand, the responsivity increases with the decrease of 

the light irradiation, which is consistent with photoconductor 

based sensors previously reported. [ 18 ]  The curve can be fi tted 

well with the equation  R = αE  β-1 , which was successfully used 

for phototransistor based on graphene and PbS based device 

before. [ 20 ]  Remarkable, the responsivity of the device can up 

to about 1 × 10 4  mA/W with an incident power of 0.645 µW 

at ( V  DS  = 0.1 V,  V  BG  = 0 V), which is several orders of magni-

tude higher than that of the MoS 2  phototransistor (7.5 mA/W 

at  V  DS  = 1 V and  V  BG  = 50 V) and graphene phototransistor 

(6.1 mA/W) previously reported. [ 13,25 ]  It is notable that the 

photocurrent response of the detector is still very large 

(0.7 µA) even at the smaller  V  DS  (0.1 V) and the weakest 

light irradiation (0.645 µW). Restricted by the instrument we 

haven’t measured the responsivity at even lower light irra-

diation, but we believe that it should be even larger than the 

value we measured here at a larger  V  DS  value or a lower light 

power irradiation (such as to the order of nW or pW). Fur-

thermore, the on-off photoswitching effect of this phototran-

sistor is quite fast (Figure  1 c). The photocurrent sharply 

increased to the saturation within ≈0.28 s of exposure when 

MoS 2  fi lm reached the maximum of photo-excited charge 

separation. On the contrary, after the high conductance state 

was established and the device was kept in the dark, the 

device presented a fast current relaxation, completing the 

decrease after ≈1.5 s. This can be explained as the fast charge 

recombination of the holes in conductive graphene channel 

by the electrons in the MoS 2  fi lms.  

 To get a better understanding of the sensing mechanism, 

we characterized the transfer characteristics of the graphene-

MoS 2  device under dark and light irradiation with different 

irradiation power. To eliminate the effect of gate hysteresis 

on our results, we used a device prepared from mechan-

ical exfoliated graphene (see Figure S1 (c and d)) to per-

form the experiment. As shown in  Figure   3  a, the resistance 

as a function of backgate voltage ( V  BG ) under different light 
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 Figure 2.    (a) Photocurrent response of a graphene-MoS 2  phototransistor 
to on-off light irradiation with different light power at a wavelength of 
632.8 nm ( V DS   = 0.1 V;  V BG   = 0 V). (b) Responsivity as a function of light 
irradiation power. The dotted line is the best fi t to the data using the 
function  R = αE  β-1 , where  E  is the power of the irradiation light,  α  and 
 β  are constants. (c) Normalized photocurrent response to on/off light 
irradiation, showing the response rate of the phototransistor.
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irradiation power reveals a typical Dirac peak with the Dirac 

point  V  Dirac  (the charge neutrality point) where the resistance 

is maximum. We could fi nd that the  V  Dirac  shifts to more posi-

tive value as the light irradiation power increases, indicating 

a p-doping effect of graphene. As hypothesized by Dittrich 

et al., [ 30 ]  the photo-excited electron-hole pairs in semicon-

ductor could behave as a Coulomb trap, which can quench 

the carriers and lead to the decrease of the device conduct-

ance and carrier mobility. It is worth pointing out that the 

transfer curves in our device just show a horizontally positive 

shift but no any variation in carrier mobility under different 

irradiation power. Therefore, the response of the phototran-

sistor to light irradiation can be understood by the photo-

gating effect (light modulation of the effective gate voltage 

applied on the transistor). As shown in Figure  3 (c and d), 

electron-hole pairs (excitons) are generated in the MoS 2  fl ake 

under light irradiation and then transfer to graphene fi lm 

due to the lower energy levels for electrons and holes in gra-

phene. This charge transfer is induced by an internal electric 

fi eld which arising at the interface due to the workfunction 

mismatch between graphene and MoS 2  fi lm. In our device, 

the transfer curves shift to positive gate voltages under light 

irradiation, indicating that the photo-excited holes trans-

ferred into graphene, meanwhile leaving the photo-excited 

electrons remaining trapped in the MoS 2  fi lm. The negative 

charges in MoS 2  layer can attract more holes in the graphene 

fi lm, and thus a higher gate voltage is needed to obtain the 

Dirac point in the graphene transistor. Increasing the light 

irradiation leads to a photogating effect enlarged that shifts 

the Dirac point to even higher back-gate voltage. The shift of 

the voltage at Dirac point (Δ V  G ) of the device as a function 

of light irradiation power is shown in Figure  3 b. The curve 

can be fi tted with the following equation: Δ V  G  = αE  β-1 , where 

 E  is the power of the irradiation light,  α  and  β  are constants 

and  β  ≈ 0.23. Benefi t from the high mobility of graphene, 

the transferred photo-excited holes in graphene layer can 

circulate many times through an external circuit under the 

driving of bias voltage before it recombines with the photo-

excited electrons trapped in MoS 2  layer (Figure  3 d), which 

resulting in the photoresponse gain in our MoS 2 -graphene 

phototransistor. This effect can also be well understood form 

the equations used for calculating the photocurrent and the 

responsivity. The photocurrent (PC) of the graphene-MoS 2  

phototransistor under light irradiation is given by:

    

μ= Δ
PC

G DSwc V V
L

i

  
(1)

 

 where  C i   is the capacitance of the gate dielectric per unit 

area,  µ  is the carrier mobility of graphene,  W  and  L  are the 

width and the length of the channel, respectively. [ 20 ]  So the 

responsivity ( R ) of the device is given by:
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 Figure 3.    (a) Resistance as a function of back-gate voltage for the graphene–MoS 2  transistor with increasing irradiation power,  V  DS  = 0.1 V. (b) Shift 
of Dirac point as a function of the optical power illuminating on the graphene-MoS 2  device. (c) Schematic diagram of the charge generation and 
separation process at graphene/MoS 2  heterojunction under light irradiation. (d) Schematic diagram of the photogating effect of the graphene-MoS 2  
phototransistor.
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 The Δ V  G  can be considered as the photogate, which is 

proportional to the quantum effi ciency of the device and 

thus to the light absorption of MoS 2  fi lm. Therefore, the 

strong absorption of MoS 2  fi lm and the high carrier mobility 

of graphene (≈2000 cm 2  V −1  s −1  in our device) which is sev-

eral orders of magnitude higher than the mobility of a MoS 2  

fi lm (≈0.3 cm 2  V −1  s −1 ), [ 24 ]  are responsible for the ultrahigh 

responsivity of this phototransistor. 

 On the basis of the deep understanding of the intrinsic 

charge transfer mechanism in graphene-MoS 2  phototran-

sistor, it can be further inferred that we should observe both 

hole current increase and electron-current decrease in the 

same device using graphene’s ambipolar properties. For stud-

ying this feature, the device was prepared from mechanical 

exfoliated graphene which can eliminate the effect of gate 

hysteresis to the results was used. The transfer curves under 

light on and off are shown in  Figure    4  a, indicating an obvious 

positive shift of the  V  Dirac  due to photoinduced p-type doping. 

Figure  4 b shows the time traces of  I  DS  when the same device 

was held at different gate bias voltages. Similarly, a signifi -

cant increase of hole current was observed under light irra-

diation when  V  BG  was held at −20 V, and the photoswitching 

process was reversible when the light was switched on and 

off. Remarkably, when  V  BG  was applied at 40 V, we observed, 

as expected, a fast reversible electron current decrease in 

the same device under the same irradiation condition. These 

results are reasonable because photo-excited holes in MoS 2  

fi lm can increase the hole current in the p-doping graphene 

(left inset in Figure  4 a) and have an opposing function as 

the Coulomb traps to scatter (or recombine) the electrons 

in the n-doping graphene (right inset in Figure  4 a). This phe-

nomenon is diffi cult to be observed in the traditional photo-

conductor based photodetectors, where just a single carrier 

conduct, such as MoS 2  or PbS photodetecor. It is worth-

while to emphasize that rational control of the Fermi level 

of graphene realizes symmetric and opposing photoswitching 

effects, which are effective for mirror images by using the 

same graphene-MoS 2  phototransistor.  

 Figure  4 b shows the photocurrent as a function of gate 

voltage, revealing an obvious gate tunability of the photocur-

rent response of graphene-MoS 2  phototransistor. The largest 

responsivity (10 4  mA/W) can be obtained at  V  BG  = −20 V, 

where the position of graphene Fermi level is at the optimum 

location for the photo-excited holes to transfer from MoS 2  

layer to graphene layer. By tuning the Fermi level close to 

the Dirac point at  V  BG  = 20 V, the responsivity completely 

falls to zero. This is because the photo-excited holes are just 

completely recombined by the electrons from the back gate 

voltage. Moreover, by tuning the Fermi level far away from 

the Dirac point at  V  BG  = −60 V, the responsivity also com-

pletely falls to zero. This is because the Fermi level of gra-

phene is too low to match with the energy level of MoS 2 , and 

thus the photo-excited holes transfer is forbidden. This fea-

ture demonstrates the potential of this device as a gate-tun-

able phototransistor. This tunability is of great importance in 

photodetectors because it allows control of the state (on-off) 

of the detector as well as adjustment of the required gain, 

depending on the light power to be detected. 

 Benefi t from the recent process in the CVD growth of 

large area graphene and MoS 2  fi lms, [ 31,32 ]  large scale, fl ex-

ible and transparent 2D graphene-MoS 2  hybrid phototran-

sistor was constructed on the polyethylene terephthalate 

(PET) substrate by using the CVD grown graphene and 
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 Figure 4.    (a) Representative device characteristics of a graphene-MoS 2  transistor under light irradiation and in the dark ( V  DS  = 0.1 V). (b) Time traces 
of I DS  when the device was held at different V BG  ( V  DS  = 0.1 V). (c) Responsivity as a function of back-gate voltage, showing that the responsivity of 
the detector can be directly controlled by the applied back-gate voltage and can be tuned from about 10 4  mA/W ( V  BG  = −23 V) to 0 ( V  BG  = 20 and 
−60 V) at  V  DS  = 0.1 V.
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MoS 2  fi lms ( Figure    5  a). The same to graphene-MoS 2  pho-

totransistor on SiO 2  substrate, the photocurrent of the 

phototransistor on PET substrate depends linearly on the 

V DS  and increases with the light irradiation (Figure  5 c). As 

shown in Figure  5 d, the responsivity of this phototransistor 

shows a linearly increase with the V DS  increasing, and it can 

up to 62 A/W with 0.22 mW/cm 2  light intensity irradiation 

at  V  DS  = 1 V. Figure  5 e shows the photocurrent response of 

the device before and after a bending test for 1000 times. 

We can fi nd that no obvious degradation be observed in the 

device after the bending test. As the devices can be easily 

patterned to small size, large scale arrays of the highly sensi-

tive sensors can be fabricated on fl exible substrates for future 

application in sensing or imaging. It also needs to be noted 

that the on-off photoswitching effect of the device is much 

slower than that prepared from mechanical exfoliated gra-

phene-MoS 2  device on SiO 2  substrate. This is because a large 

amount of electron traps in CVD grown MoS 2  fi lm make the 

photogererated electrons trapped in the MoS 2  fi lm at the 

graphene-MoS 2  interface and can’t timely recombine with 

the photogererated holes, and thus lead to the decay of the 

photocurrent. Fortunately, the response time of this type pho-

todetector can be greatly improved by applying a short gate 

pulse to discharge the trapped charge carriers. [ 18 ]  We believe, 

in the future, increasing the carrier mobility of graphene by 

improving the graphene quality, or properly prolonging the 

exciton life-time of MoS 2  fi lm by selective modifying its sur-

face states, can further enhance the responsivity of the gra-

phene-MoS 2  hybrid phototransistor.   

  3.     Conclusion 

 In summary, based on the idea of implantation of the pho-

toconductance gain, we present a high responsivity 2D 

graphene-MoS 2  hybrid phototransistor through ingenious 

combining the advantages of strong light absorption of MoS 2  

and the extremely high carrier mobility of graphene. The 

sensing mechanism is attributed to the photo-excited holes 

transfer from MoS 2  fi lm to graphene layer under light irra-

diation, thus increasing the hole carrier current in the p-type 

graphene and, on the contrary, functioning as Coulomb traps 

to scatter the electron carriers in the n-doping graphene. 

It is remarkable that rational utilization of this feature not 

only acquires a reversible photosensor with fi ne-tunability 

and high responsivity, but also realizes mirror-image photo-

switching effects in a single device. Our results suggest that 

through rational complementing the merit and the weakness 

of two different materials, we could get the effect of “1 + 1>2”. 

We believe that these results provide a deep understanding 

of interfacial phenomena and offer new attractive insights 

for building future ultrasensitive devices for applications 

such as light sensor, optical communication, imaging, memory 

storage and other multifunction optoelectronics.  

  4.     Experimental Section 

  Materials : Single layer graphene fi lm was grown on copper 
foil by using the chemical vapor deposition (CVD) method, and 
then it was transferred on Si/SiO 2  (300 nm) substrate. Both the 
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 Figure 5.    (a) SEM image of a large scale graphene-MoS 2  phototransistor on fl exible PET substrate. It is diffi cuit to clearly observe the profi le of 
graphene fi lm and MoS 2  fl akes on PET substrate by using SEM due to the insulation properties of the substrate. The white triangle indicate the 
MoS 2  fl akes in the channel. (b) Optical and AFM images of the CVD grown single layer MoS 2  fi lm on Si/SiO 2  (300 nm) substrate. (c) Photocurrent 
of the graphene-MoS 2  transistor for different light power as a function of V DS , showing a linear dependence on the bias voltage. The light source 
is a common whiter light with the intensity being continuously tuned from 0.22 to 3.27 mW/cm 2 . (d) Responsivity as a function of the  V  DS  of the 
device at 0.22 mW/cm 2  light intensity irradiation. (e) Time traces of  I  DS  with the light irradiation on and off of the device measured before (black 
line) and after (red line) a bending test for about 1000 times ( V  DS  = 0.1 V). Insert on the upper left corner of (a) and (d) are the digital photograph 
of the phototransistor showing its fl exible and transparent features.
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mechanical exfoliated MoS 2  and the CVD grown MoS 2  fi lm were 
used in our experiment. Few-layers MoS 2  fl akes were exfoliated 
on Si/SiO 2  substrate from the MoS 2  bulk by using scotch-tape 
based mechanical exfoliation method. The CVD grown MoS 2  fi lm 
was directly grown on the SiO 2  substrate with the similar method 
to that previously reported. [ 33 ]  As shown in Figure  5 b, the optical 
image, AFM image and Raman spectra (Figure S3) show that the 
CVD grown MoS 2  fl akes are single layer. The detailed characteriza-
tion of the graphene fi lm and MoS 2  fl ake are shown in Figure S3. 

  Device Fabrication and Characterization : Graphene-MoS 2  
hybrid phototransistor was fabricated by using the following mul-
tistep procedure: In typical experiment, fi rst the CVD grown gra-
phene was deposited onto a Si/SiO 2  substrate. Then, the few-layer 
MoS 2  fl ake was transferred onto graphene deposited on Si/SiO 2  
using the polymer-mediated transfer technique. After that, the con-
tact electrodes Cr/Au (5 nm/50 nm) on graphene were fabricated 
using standard electron beam lithography and lift-off techniques. 
Beside, one similar hybrid device was fabricated from the mechan-
ical exfoliated graphene for obtaining more accurate results in 
Figure  3 a,b. 

 The preparation of the graphene-MoS 2  hybrid phototransistor 
on the fl exible PET substrate is similar to that on the SiO 2  sub-
strate. Briefl y, the CVD grown single-layer graphene and the CVD 
grown MoS 2  fi lms are transferred one after another onto the PET 
substrate, and then two steps photo lithography were utilized to 
build the device. The digital photographs and optical image of the 
fl exible device are shown in Figure S4. 

 The optical and SEM images of the graphene-MoS 2  phototran-
sistor device prepared from the CVD grown graphene and the 
mechanical exfoliated graphene are shown in Figure S1. The pho-
tocurrent measurement was performed on a homemade photoe-
lectric measurement platform which is composed of Horiba HR800 
Raman spectrometer and Keithley 4200 semiconductor analyzer. 
The 632.8 nm laser beam focused by a 50 × objective was used as 
the incident light.  
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