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Abstract:Van der Waals heterostructures (vdW) obtained by stacking 2D materials offer a promising 

route for next generation devices by combining different unique properties in completely new artificial 

materials. In particular, vdW heterostructurescombinehigh mobility and optical properties that can be 

exploited for optoelectronic devices. Since the p-n junctionis one of the most fundamental units of 

optoelectronics, we proposean approach for itsfabrication based on intrinsic n doped MoS2 and p doped 

bilayer graphene hybrid interfaces. We demonstrate the control of the photoconduction properties using 

electrolytic gating which ensures a low bias operation. We show that by finely choosing the doping value 

of each layer, the photoconductive properties of the hybrid system can be engineered to achieve 

magnitude and sign control of the photocurrent. Finally, we provide a simple phase diagram relating the 

photoconductive behavior with the chosen doping, which we believe can be very useful for the future 

design of van der Waals based photodetectors.  
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Introduction 

Two-dimensional (2D) materials such as graphene and transition-metal dichalcogendides(TMDC) MX2 

have great potential in next-generation nano-electronic
1–4

 and nano-photonic applications
5–10

 owing to 

their extraordinary fundamental physical properties
11

.For example, the field-effect transistors based on 

monolayer or few-layer MoS2have been reported to exhibit an excellent on/off ratio and room-temperature 

mobility
12

.The layered TMDCbased photodetectors can achieve high responsivity and fast 

photoresponse
9,13

. The recent studies of growth concerning various 2D materials
14–17

 has opened the 

possibility to design van der Waals (vdW) heterostructures using  graphene as an underlayer, which 

provides more opportunities for achieving desired electronic or optoelectronic properties
3,18–24

. In fact even 

if  graphene has exceptionally high mobility at room temperature, for optoelectronics
9
 the overall low 

absorption of a single carbon layer (≈ 2%) and the absence of band gap implies that graphene needs to be 

combined with some semiconductor compounds. Its coupling with TMDC is of utmost interest for 

optoelectronic devices and in particular for photodetection
9,13,25,26

. 

This quest to revisit semiconductor electronicsraises the question on the possibility to design elementary 

devices such as light sources, diodes and photodetectors from 2D materials. In addition the obtained 

devices need to stay compatible with existing driving technologies and consequently need to be operated 

at fairly low bias.To design such devices, control of the carrier density of the system is highly desirable 

since it can further be used as a switch of the material properties. Nevertheless in Van der Waals 

heterostructure most of the gate effect remains based on the capacitive coupling through a thick dielectric 

which requires large operating biases. Here we propose to use electrolyte gating to reduce the operating 

bias of a graphene-MoS2 heterojunction. We saw that its behavior can be tuned from a diode to a resistive 

operating mode thanks to gate bias. To understand the photoresponse of the system we use a combination 

of photoluminescence (PL), angle-resolved photoemission (ARPES) and ultraviolet photoemission (UPS) 

to probe the electronic structure and band alignment of the heterojunction. We additionally demonstrate 

that the magnitude and sign of the photoresponse can be controlled with Fermi level tunning. 
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Results and discussion  

We designed a Van der Waals pn junction by stacking a p-type graphene layer with a n-type MoS2 flake. 

The p-type graphene is obtained by hydrogenation of epitaxial graphene resulting from the high 

temperature baking of a SiC substrate
27,28

. The latter presents several advantages, in particular the lack of a 

transfer step between the growth and the device design. Large (20-100µm) MoS2 flakes are grown by 

CVD growth
16

 and then further deposited on the graphene substrate thanks to a wet transfer step. More 

details about the growth and Van der Waals heterostructure preparation are given in the SI.  Metallic 

contacts are then prepared by e beam lithography. One of the electrodes is directly in contact with the 

bottom graphene layer while the second is only connected to the MoS2. With such geometry we are sure to 

only probe the vertical transport through the heterostructure. A schematic and a microscopy image of the 

device are given in Figure 1(a) and (b). Using Raman spectroscopy we ensure that the MoS2 layer is 

indeed a monolayer
29,30

 and the low magnitude of the graphene D band confirms thelow density of defect 

with the graphene, see Figure 1(c). Furthermore, X–Ray photoemission (Figure S2) confirms the absence 

of oxidation for both the carbon and MoS2
31–33

.  

We observe that in absence of gating the I-V curves are linear (i.e. no rectifying behavior is observed) and 

the system is strongly photoresponsive (Figure 1(d)). The illumination leads to an increase of the slope of 

the I-V curve and no photovoltaic behaviors are observed (i.e. the current is zero at 0V, whatever the 

illumination), which is a typical behavior for a photoconductive system. Under a continuous illumination 

with a 405 nm laser and by tuning the output power from 1 to 50 mW, we observe a photocurrent ranging 

from 60 to 600 nA (under 1V bias). The dependence of the current with respect to irradiance is also linear 

(inset of Figure 1(d)). As the spot area of the laser is 1 mm
2
 and the size of our MoS2 of about 1400 μm

2
 

we can therefore estimate a minimum value of the responsivity R of our p-n heterojunction using the 

formula R = IPC/Plight where IPC is the photogenerated current and Plight is the incident light on the active 

photosensor. In our case we obtain responsivity as high as 14 mA/W
13,19

. The responsivity value is 

currently limited by the low absorption of the MoS2 and by loss within the gating electrolyte. The external 

quantum efficiency, EQE, has been estimated at about 4.3% using the formula 𝐸𝑄𝐸 =
ℎ𝜈

𝑒
𝑅. Since the 

absorption of a single MoS2 layer at this energy (≈ 3eV) is around 6%
13

, we can estimate the 

photoconductance gain (ratio of the EQE by the absorption) in this system to be 0.7. This large gain value 

suggests an efficient charge transport in the 2D layer. 
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Figure 1: Schematic representation (a) and optical image (b) of the p-type graphene/n-type MoS2 

p-n junction under illumination. On part (b) the black and red spot indicates where the Raman 

spectrums of part c have been acquired. (c) Raman spectra of pristine graphene and MoS2 

decorated graphene. (d) Current as a function of voltage for the graphene MoS2 junction under 

dark condition and under different power of illumination (λ = 405 nm). There is no gate for this 

measurement. The inset is the current as a function of the incident light power (λ = 405 nm), the 

drain source voltage is set at 1V. 

 

In the following we implement ion-gel 
34–37

 as a strategy to control the Fermi level in the heterostructure. 

Compared to conventional dielectrics for which the gate capacitance is proportional to the ratio of the 

dielectric constant over the dielectric thickness, in electrolytes the capacitance is driven by the size of the 

ionic double layer. Using small cations such as Li
+
 (100 pm in size) we expect a much larger gate 

capacitance. As a result, the same carrier density modulation can be obtained using a reduced operating 
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gate bias
38

. Electrolyte gating of Van der Waals heterostructures is currently driving a lot of interest and it 

has been used to design elementary blocks for electronics
39

 or to tune the optical properties of the 

heterostrctures
40,41

. Under such control of the Fermi level, we obtain a strong current modulation with on-

off ratio close to 4 orders of magnitude (Figure 2(a) and S6). Thanks to the electrolyte gating this 

modulation is obtained while the gate bias remains limited to the ±1.25 V range and while keeping the 

leakage current low (≈ nA). As previously observed
19,20

, the conductance rises under positive gate bias 

(i.e. electron injection) which is the expected behavior for a n-type system. In this case, the large current 

modulation can be mostly attributed to the Fermi level tuning within the semiconductor. The subthreshold 

slope relates the change of current with the applied gate bias. Its value is a good indicator of the presence 

of unpassivated surface charges. We measure a value as small as 160 meV/decade at room temperature. 

This value is typically only twice as largeas the thermodynamic limit )10log(
e

Tkb  (with kb the Boltzmann 

constant, T the temperature and e the proton charge), which reflects the presence of a small amount of 

unpassivated charge at the interface with electrolyte. Nevertheless, such small subthreshold slope is 

typically one order of magnitude smaller than the value obtained with the conventional back gating 

method
2
. We observe that the shape of the I-V curve (drain current as a function of drain source bias) is 

strongly dependent on the gate bias
19

. Under negative gate bias, the expected rectifying behavior from the 

p-n junction is observed (Figure 2(b)). On the other hand, when the gate bias is switched to positive bias, 

the I-V becomes linear as in absence of gating (Figure 1(d)and Figure 2(b)). We attribute this change to 

the chosen value of doping for MoS2 and graphene. While holes are injected (VGS<0) the p character of the 

graphene is reinforced and the strong initial n type doping (8x10
12

cm
-2

) is sufficient to preserve the p-n 

junction formation.  In this regime we obtain a diode-like IV curve and the conductance is low, around 

0V. A contrario, due to its very light p character, electron injection (VGS>0) makes that graphene almost 

intrinsic and the rectifying behavior is suppressed. Therefore, a very conductive n-n junction is formed 

and presents an ohmic behavior. 
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Figure 2 (a) Transfer curve (drain and gate current) as a function of gate bias for the graphene 

MoS2 junction. (b) IV curve under two values of the gate bias for the graphene MoS2 junction under 

different gate bias. All measurements are made at room temperature . 

To understand the observed behavior and the following photocurrent measurements, we thenneed to probe 

the electronic structure of the heterostructure and the relative band offset between the components. From 

PL measurements, we can estimate the band gap of the MoS2 layer to be 1.83eV. As shown in Figure 

S2(a), this value corresponds to the main transition peak in the spectrum (named A) arising from the direct 

inter-band recombination at the K- point of the Brillouin zone of the photogenerated electron-hole pairs
42–

44
. However it should be noted that using STS the obtained electronic band gap is 2 eV

45
, which is 0.17 eV 

larger than the optical band gap due to the high excitonic binding energy for this 2D system. 

Complementarily UPS measurements give us the energy distance between the valence band of MoS2and 

the Fermi level as well as the Fermi level and vacuum level. These two values are respectively 1.25eV and 

4.47eV, see Figure S2(c) and (d). This first value confirms the n type nature of the MoS2 layer since the 

Fermi level is located at ≈2/3 of the band edge energy. Finally using ARPES we can estimate the energy 

distance from the valence band maximum to minimum conduction band of the bilayer graphene. A linear 

extrapolation of the bands gives us a value of 0.25 eV, see Figure S2(b), which confirm the p type doping of  

bilayer graphene. According to the measured Fermi velocity (𝑣𝐹 ≈  1.1 × 106 m/s) we can estimate the 

hole doping level to be 3.8×10
12

 cm
-2

. These four measurements together let us propose a model for the 

electronic structure, see Figure S2(e). 
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We then investigated the photoresponse of the electrolytic transistor. Under negative gate bias (VGS = - 

1.25V), the electrolyte gating injects hole within the system, which depletes the n-type MoS2 from its 

electrons. As a result, the system gets poorly conductive under dark conditions and large photocurrent 

modulation is observed (Figure 3(a)). In fact this regime is the one leading to the strongest photocurrent 

modulation inFigure 3(a-f). In this configuration the Fermi level of the p-n junction lies close to the 

middle of the band gap energy of  MoS2, while the graphene p character is reinforced
46

. When the gate 

bias remains negative but gets closer to 0V, the Fermi level is pushed closer to the conduction band of 

MoS2, thus more carriers are thermally activated and the conductance in the dark is now significantly 

enhanced, see Figure 3(d). Under illumination we observe a positive photoresponse, see Figure 3(c), very 

similar to the one observed for the pristine MoS2 device
10

. Once the gate bias is switched to a positive 

value, the photo-behavior is strongly affected and we now observe both positive and negative 

photoresponses depending on the incident light power (Figure 3(e) and (f)).As the Fermi level passes over 

the MoS2 valence band, hole-trapping in band-tail states is one of the mechanisms playing a role in the 

photocurrent generation
47

.Under strong electron injection, the charge modulation resulting from 

illumination is now small compared to the gate-induced carrier density. We speculate that the negative 

photocurrent no longer results from a change of the carrier density but rather from a drop of the mobility. 

Indeed, the hole minority carrier is more likely to recombine with an electron if the electron carrier density 

is high. Indeed in this strongly n-doped MoS2, photogenerated holes will behave as recombination centers 

for electrons, which reduces their mobility. 
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Figure 3(a) Time trace of the current under pulse of illumination of different incident light power 

(λ = 405 nm) for a gate bias of VGS = - 1.25 V, (b) is the scheme of the associated band structure, 

(c) and (d) are the same graph under VGS = - 0.5 V, while (e) and (f) are the same set of data for 

VGS = 0.5 V. All the data are measured for VDS = 10 mV. 

 

We can now summarize our observations regarding vertical transport in the graphene-MoS2 

heterostructure (Figure 4(a)) in which the electron transfer from the semiconductor to the semimetal is the 

transport limiting factor. We can plot a phase diagram (Figure 4(b)), which summarizes the type of 

photoresponse expected for the device as a function of the MoS2 and graphene layer doping. Three main 

phases have been observed. The first is a “diode”-like phase, which requires sufficiently high p-doping for 

the graphene. Next is an intermediate phase where graphene is lightly p doped and behaves more or less 

like a contact. Finally, when the Fermi level is broughtin the conduction band, a negative ohmic 

photoresponse is obtained,as a result of holes acting as a recombination center in the strongly n-doped 

MoS2. 
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Figure 4:(a) Photocurrent (total current minus dark current) and photocurrent divided by the dark 

current as a function of gate voltage for the p-type graphene/n-type MoS2 pn junction. VDS=10mV 

and the incident light power is 50mW, (b) Phase diagram of photoresponse behavior of the pn 

junction with respect to the doping of both graphene and MoS2. 

 

 

Conclusion 

In conclusion, we have fabricated a p-n junctionfrom vertically stacked p-doped bilayer graphene and n-

doped MoS2. We have provided band alignment for the p-type bilayer graphene/n-type monolayer MoS2 

and investigated its structural and electronic properties. The high-resolution XPSand ARPES 

measurements demonstrate the absence of any inter-diffusion and contamination between MoS2 and the 

graphene layer, and indicates that the MoS2 and graphene layer exhibits an n- and p- type behaviour.We 

propose a geometry of van der Waals phototransistorsbased on electrolyte gating. We demonstrate that the 

control of the carrier density allows fine-tuningof the magnitude and the sign of the photoresponse while 

keeping the operating bias low. We proposea doping phase diagram for the design of a graphene-MoS2 

heterostructure which highlights the importance of a careful choice for the doping of each layer in the final 

obtained optoelectronic behavior. 
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Supplementary material 

 

Seesupplementalmaterialat [URLwillbeinsertedbyAIP] foradditionaldataabouttheXPS, 

measurementofthebanddiagramandadditionaldeviceandtransportdata. 
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