
1

Ultrathin 2D Photodetectors Utilizing Chemical Vapor Depo-

sition Grown WS2 with Graphene Electrodes

Haijie Tan,1 Ye Fan,1 Yingqiu Zhou, 1 Qu Chen, 1 Wenshuo Xu, 1 Jamie H. Warner1*

1Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, United Kingdom

*Jamie.warner@materials.ox.ac.uk;

Abstract

In this report, graphene (Gr) is used as a 2D electrode and monolayer WS2 as the active semiconductor in

ultrathin photodetector devices. All the 2D materials are grown by chemical vapor deposition (CVD) and

thus pose as a viable route to scalability. The monolayer thickness of both electrode and semiconductor

gives these photodetectors ~2 nm thickness, making them amongst the thinnest reported to date. We show

that graphene is different to conventional metal (Au) electrodes due to the finite density of states from the

Dirac cones of the valance and conduction bands, which enables the photoresponsivity to be modulated

by electrostatic gating and light input control. We demonstrate lateral Gr-WS2-Gr photodetectors with

photoresponsivities reaching 3.5 A/W under illumination power densities of 2.5×107 mW/cm2. The per-

formance of monolayer WS2 is compared to bilayer WS2 in photodetectors and we show that increased

photoresponsivity is achieved in the thicker bilayer WS2 crystals due to increased optical absorption. This

approach of incorporating graphene electrodes in lateral TMD based devices sheds light on the contact

engineering in 2D opto-electronics, which is crucial for the development of high performing ultrathin

photodetector arrays for versatile applications.
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Two-dimensional (2D) layered materials have potential in creating the next generation of ultrathin elec-

tronics and opto-electronics devices.1–4 In particular, 2D monolayer transition metal dichalcogenides

(TMDs) such as MoS2 and WS2 have received considerable attention due to their semiconducting prop-

erties with a direct band gap in the visible spectrum,5 large exciton binding energy, large absorption co-

efficient,6 and sensitivity to interlayer interactions. One challenge in fabricating high-quality scalable

opto-electronics with 2D TMDs is making optimized metal contacts without damage or the introduction

of Fermi level pinning at the interface that causes large Schottky barrier formation. The contact resistance

at the metal-semiconductor interface is often a dominating factor in TMD based electronic devices and

the ability to control this interface is essential to realizing the full potential of scalable 2D TMD based

electronics.7

To date, substantial research has been carried on metal-semiconductor-metal (MSM) structured

devices to investigate the contact properties between TMD and different metal electrodes.8–10 However,

not many studies have incorporated graphene (Gr) as an electrode into these MSM devices. Prior studies

have focused mainly on the electronic properties such as field-effect transistors and logic gates,11–13

whereas the opto-electronics characteristics such as the photosensing capabilities of a Gr-TMD-Gr lateral

photodetectors have yet to be fully explored. Unlike bulk metals such as Ti and Au, which are conven-

tionally used as electrodes in TMD based electronics, graphene is highly stable and chemically inert, thus

act as ideal contacts in the absence of diffusion and reaction with TMD crystals.14Due to graphene’s finite

density of states, the Fermi level of graphene can be tuned for low contact resistance15 or even a barrier-

free contact with a semiconductor.16 For this reason, successful modulation of graphene’s work function

has been achieved by applying a back-gate potential,17 electrical stressing,18 or through defect engineering

19 and molecular doping of graphene that relies on surface charge transfer within heterostructures.20–24 In

this report we fabricate Gr-WS2-Gr photodetectors using all CVD grown materials and examine their

behavior.
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Results and Discussion

Figure 1. Fabrication and characterization of Gr-WS2-Gr photodetector array. (a) Fabrication process schematic of Gr-

WS2-Gr photodetector array. (b) SEM image of fabricated photodetector arrays. (c) Enlarged image of framed region (blue

dotted line) in (b) of a Gr-WS2-Gr device. (d) SEM image of graphene electrode with a 200 nm wide gap. (e) SEM image of

graphene electrode with a 5 µm gap. The gap between the electrodes determine the channel length of the device.

Figure 1a depicts the flow chart of the device fabrication process. Both graphene films and WS2 domains

were grown using CVD and transferred using methods reported in our previous studies.25–27 To fabricate
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the device, graphene was transferred onto a chip (Si/SiO2 300 nm) with pre-deposited Cr/Au bond pads.

The graphene was then patterned by electron-beam lithography and selectively etched by oxygen plasma

into source and drain electrodes with a gap of certain width in between. A WS2/PMMA film was subse-

quently transferred onto the chip consisting the metal bond pads and graphene electrodes. As shown in

Figure 1b, CVD-grown WS2 crystals are randomly distributed across the region after the transfer process,

and we select the devices with WS2 domains transferred at the center of each device, bridging the gap

between the graphene electrodes, together forming a Gr-WS2-Gr lateral photodetector. Figure 1c shows

an SEM image of such a device. To better understand and characterize the performance of the photode-

tectors, we fabricated two different channel lengths (200 nm and 5 µm), as shown in Figure 1d-e, and

explored the difference between layer number(s) (monolayer versus bilayer). Within the CVD grown WS2

there are a majority of monolayer domains, but also a small number of bilayer regions, which naturally

lead to a distribution of photodetector devices containing each of these types of domains. From the 500

devices on a 1 cm2 silicon chip, about half of them have sufficient graphene coverage to make working

electrodes. The subsequently transferred WS2 step yields a ~ 20% success rate, which allows us to char-

acterize as many as 50 Gr-WS2-Gr devices per chip. Further work is currently underway to develop fully

continuous films of TMDs that would dramatically increase device yield. However, the purpose of the

study we report here is not high yield nanofabrication methods, but the fundamental study of the perfor-

mance of Gr-TMD-Gr photodetectors and the total number of devices obtained with our current TMD

materials is more than suitable for such investigations. Atomic Force Microscopy (AFM) topographical

scan shows a typical thickness of ~2 nm for WS2 on top of graphene. (Figure S1).
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Figure 2. Raman and PL characterization of CVD-grown WS2 and Graphene. (a) Schematic 3D and side views of Gr-

WS2-Gr photodetector (b) Optical image showing graphene, monolayer WS2 and bilayer WS2. Scale bar represents 20 µm (c)

Raman spectra of monolayer and bilayer WS2 under 532 nm laser. A multi-Lorentzian curve fitting of the spectra shows sig-

nature peaks of the WS2 crystal, labeled fitted curves include the ሻܯሺܣܮʹ (green), ଶ௚ଵܧ (Γ) (blue) and ܣଵ௚(Γ) (red) peaks. (d)
PL spectra of monolayer and bilayer WS2. The emission signal of bilayer WS2 is magnified by 20 times. (e) Raman spectra of

graphene electrodes. A prominent 2D peak serves as indication of monolayer graphene.

Figure 2a shows a perspective view schematic of our photodetector. Figure 2b shows an optical image

that includes a graphene electrode connected to bilayer WS2, and a monolayer domain beside the device.

By optimizing the contrast of the optical image, one can easily differentiate a monolayer from a bilayer

WS2 domain. Raman spectroscopy and Photoluminescence (PL) measurements are utilized to determine

the quality and layer numbers of the CVD-grown crystals. Figure 2c shows the Raman spectra of both

monolayer and bilayer WS2 under green laser with λ=532 nm. A multi-Lorentzian curve fit was performed 

to extract the composition peaks attributed to the different vibrational modes within the 2D systems. Here,

we focus our analysis on the signals of in-plane ଶ௚ଵܧ (Γ), out-of-plane ܣଵ௚(Γ) , and vibration second-order
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(ܯ)ܣܮ2 modes, which are commonly used to determine the thickness of WS2 crystals.28–30 In monolayer

WS2, the fitted peaks of ଶ௚ଵܧ (Γ) and ܣଵ௚(Γ) modes are positioned at 354.4 and 415.2 cm-1 respectively.
As of their counterpart in bilayer, the ଶ௚ଵܧ (Γ) mode was softened, positioning at 353.8  cm-1, while theܣଵ௚(Γ) mode experienced stiffening and blue-shifts to a position of 417.7 cm-1, agreeing with previous
reports.28,30 Also, the peak intensity ratio of ଵ௚(Γ)ܣ/(ܯ)ܣܮ2 rises from 4.3 to 6.2 as layer number de-
crease from bilayer to monolayer, a trend consistent with previous layer-dependent Raman studies.28 Ad-

ditionally, the Raman results are further supported by the PL spectra of both crystals, showing prominent

PL signal generated from the monolayer WS2 and little emission from bilayer due to the transition of

direct to indirect bandgap as layer number of WS2 increases. The Raman spectra of graphene (Figure 1d)

shows a 2D/G peak intensity ratio of around 1.5, suggesting that the CVD-grown graphene consists mostly

of monolayer regions, as previously reported.25
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Figure 3. Bias dependent photocurrent of Gr-WS2-Gr photodetectors. (a-d) Photocurrent of four types of devices with

varying WS2 channel length and layer numbers. 532 nm light was used for illumination.

To understand how layer number and channel length affects the photo-generated current, I-V measure-

ments are carried on the devices under five different illumination intensities. Figure 3a-d show the plots

of photocurrent versus the applied source-drain voltage on devices from all four groups. The I-V plots

show a non-linear curve, indicative of Schottky contacts at the metal-semiconductor interface of graphene

and WS2.
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Figure 4. Photoinduced current and dark current of Gr-WS2-Gr photodetector. (a) Dark current distribution of different

types of devices under bias of +5 V. (b) Photoresponsivity of the four types of detectors under an incident light density of

3.8×106 mW/cm2. (c) Transient photocurrent characteristics obtained from a device (200 nm, monolayer) under bias of +2 V

with an incident light density of 3.8×106 mW/cm2.

Figure 4a depicts the distribution of the dark current of twenty-three photodetectors of all four groups

under an applied bias of +5 V. We find that the number of layer(s) of WS2 has a large influence on the

dark current of each devices. Though the dark current of devices in each category may fluctuate largely,

overwhelming the differences caused by resistance channel length as Ohm’s Law would predict, the dif-

ference between dark current in monolayer and bilayer WS2 is clear, with the dark current of bilayer WS2

to be around 10-8 A, which is two orders of magnitude larger than the monolayer’s dark current of 10-10

A. To explain the lower resistance of bilayer WS2 under dark conditions, we consider the following rea-

sons. Firstly, we take into account the lower resistance brought by an extra channel for carrier transport

through the second layer. The doubling of thickness more than halves the total resistance compared to the

monolayer, possibly due to the low resistance edge contact formed between top layer WS2 and graphene.7

Secondly, we consider the passivation effect brought by the top layer of WS2 as a capping layer. Encap-

sulation of the bottom WS2 layer would isolate it from extrinsic impurities that would otherwise be intro-

duced under direct exposure of ambient conditions,31–33 which would lead to higher carrier mobility due

to dielectric screening.34 Photoresponsivity (ܴ), external quantum efficiency ,(ܧܳܧ) photogain and spe-
cific detectivity (∗ܦ) are important figures of merit in evaluating a photodetector’s performance. Photore-
sponsivity is a measure of a device’s electrical response to incident light, defined as�ܴ ൌ ூ೛೓೚೟೚௉೗ೌೞ೐ೝ , where
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௣௛௢௧௢ܫ is the measured photocurrent, and ௟ܲ௔௦௘௥ is the collected illumination power. In Figure 4b we show
the calculated ܴ of the four types of devices as a function to Vds, under an incident power density of
3.8×106 mW/cm2. In all four types of devices, ܴ increased with a larger applied bias, with the largest
measured value under a 5 V bias to be over 3.5 A/W for a bilayer WS2 device and 2.5 A/W for monolayer

device with short channel length of 200 nm. Using the relation of

ܧܳܧ = ℎܴܿ/݁ߣ (1)

where ℎ is the Planck constant, ܿ is the light velocity, ܴ is the photoresponsivity, ݁ is the elementary
charge unit, ߣ is the excited wavelength, we obtain ܧܳܧ to be as high as 933 % and 583 % for bilayer and
monolayer devices respectively. Photoresponsivity can also be expressed in terms of photogain as

ܴ = ℎ߭/݁ܩ௘௫௧ߟ (2)

where ௘௫௧ߟ is the external quantum efficiency,ܩ� is the photogain, and ߭ = ௖ఒ is the frequency of incident
light. Assuming that all incident photons on the photodetector are extracted in forms of charge carriers

and collected as photocurrent, that is ௘௫௧ߟ = 100 %, we calculate the photogain of monolayer device to be
5.8 and bilayer devices to be 9.3 (under ௟ܲ௔௦௘௥ = 3.8×106 mW/cm2, Vbias= +5 V). If we take into account
the absorbance (~8%) and transmittance (~92%) of each layer of WS2 under green light of each layer of

WS2,35 we estimate the photogain of monolayer and bilayer to be 73 and 53 respectively. The higher

photogain in monolayer WS2 devices can be attributed to the high efficiency in carrier excitation under

illumination due to its direct band gap. Specific detectivity (∗ܦ) characterizes a photodetector’s sensitivity
by taking into account the bandwidth, geometry and noise of the device. It is given by ∗ܦ = ோ×(஺௙)భ మ⁄௜೙ ,

where ܣ is the effective area of the detector, ݂ is the electrical bandwidth, and ݅௡ is the noise current.
Assuming that the dark current is dominated by shot noise, which is independent of frequency, ∗ܦ can be
expressed as
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∗ܦ = ଵܣܴ ଶ⁄ ଵ(ௗ௔௥௞ܫ2݁)/ ଶ⁄ (3)

where ௗ௔௥௞ܫ is the measured dark current. From this we estimate the detectivity of our photodetectors to
be 1.6×1010 Jones for bilayer devices and 9.9×1010 Jones for monolayer devices (Jones = cm Hz1/2W-1).

Figure 4c shows the time-resolved photoresponse of a monolayer WS2 device with 200 nm channel length.

At a fixed bias of +2 V, reproducible low and high impedance states were obtained by switching repeated

on-off cycles of light irradiation, with an on/off ratio (defined as (ௗ௔௥௞ܫ/௣௛௢௧௢ܫ of 54, allowing such a
device to act as a high quality photosensitive switch. These photodetectors with graphene electrodes,

showing high photoresponsivity and photogain under ambient conditions and absence of applied gate

potential, are comparable and in many cases outperform reported TMD-based photodetectors with metal

electrodes.36–43 (Supporting Information S2)
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Figure 5. Photoresponsivity of WS2 under influence of gate and illumination power. (a) Optical image of a bilayer WS2

device illuminated by 532 nm laser. Scale bar represents 50 µm (b) Field effect of a bilayer WS2 phototransistor. Ids-Vg plot

shows the N-type characteristics of the device with a threshold voltage Vth of ~10 V. (c-d) Photoresponsivity of bilayer WS2

device as a function of incident light power under back gate potential of 0 V (OFF state) and 30 V (ON state) respectively.

It is worth noting that the photocurrent measurements in this study are carried under an incident

light power density as high as ~107 mW/cm2, which is a high value compared with many of the measure-

ments in previous reports.37,39,42 Under previously reported low excitation power range, a common obser-

vation in photodetector study is that photoresponsivity monotonously decreases with the increase of inci-

dent power, explained by the shortening of exciton recombination times due to the concomitant increase

of generated electron-hole pairs43 and the influence of trap states between gate oxide and the semiconduc-

tor.44 We are thus interested in explaining the high photoresponsivity of our device under large illumina-

tion power. Figure 5a shows an illuminated bilayer WS2 device (5 µm channel length) that was used for
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gate and power dependence study. We investigate its photoresponsivity under varying applied gate po-

tential as well as illumination power. A gate sweep measurement was carried first to show the field effect

characteristics of the device. As shown in Figure 5b, the I-V plot shows an N-type transistor with a thresh-

old voltage (Vth) of ~10 V. A power dependence study was subsequently carried with a back gate voltage

of 0 V and 30 V, under which the phototransistor is tuned to its OFF and ON state respectively. Shown in

Figure 5c-d, the photoresponsivity of the device show different power dependence pattern under its OFF

state and ON state. Under 0 V, photoresponsivity first increases along with enhanced illumination, from

0.1 A/W under incident power density of 2×104 mW/cm2 and reaches a maximum value of 0.8 A/W at a

power density of 2×106 mW/cm2. Above 2×106 mW/cm2, photoresponsivity starts to decrease with en-

hanced illumination power. This power dependence trend of Gr-WS2-Gr photodetector’s photoresponsiv-

ity is very different compared with the behavior of an Au-WS2-Au photodetector, which decreased mo-

notonously with increasing incident power (Supporting Information S3). Under 30 V, when the Gr-WS2-

Gr transistor is switch into its ON state, the photoresponsivity then starts to follow a negative correlation

with illumination power, exhibiting the highest photoresponse under the lowest applied laser power den-

sity of 2×104 mW/cm2. Based on our recent findings on light-induced charge transfer between graphene

and WS2,23 we propose that such an increase in photoresponsivity with enhanced incident light can be

attributed to the unique contact between graphene and WS2.

Figure 6a-c show a schematic of band structure at the graphene and WS2 interface at a non-equi-

librium condition. It has been well documented that the resistivity of a metal-semiconductor contact is

greatly influenced by the Schottky barrier formed at its heterojunctions.45 Under assumption of the

Schottky-Mott rule, the height of the Schottky barrier, denoted as Фୗ୆ , is determined by the band offset
at the Gr/WS2 interface, which can be expressed as Фୗ୆ = Фீ௥ − ߯ௐௌమ , where Фீ௥ is the work function
of graphene (~4.6 eV)17 and ߯ௐௌమ the electron affinity of WS2 (~4.0 eV).46 Thus we estimate a Schottky
barrier height of Фୗ୆ = 0.6 eV between graphene and WS2. As positive gate potential is applied, elec-

trons are induced in graphene which caused a decrease in graphene’s work function, resulting in a lower-
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ing of barrier height (Figure 6b). To further study this relationship between barrier height and gate poten-

tial, we introduce a back-to-back Schottky diode model as a simple representation of our MSM photode-

tector, and have fitted the I-V measurements of devices under increasing applied back-gate using a mod-

ified thermionic emission equation (Supporting Information S4). It is found that the obtained Фୗ୆ monot-
onously decreased with increasing positive gate potential, and at Vg = +70 V, reached a lowest value to

0.33 eV and 0.26 eV for monolayer and bilayer devices respectively (Figure 6d and 6e). This modification

of the Schottky barrier for Gr-TMD contacts due to the tunable work function of graphene has been ob-

served in several prior reports and is therefore expected here as well.15,24,47,48 However, similar gate de-

pendence of Schottky barrier height were not observed in ourWS2 devices with Au electrodes (Supporting

Information S3), which could be due to Fermi level pinning attributing to the existence of trap states at

the Au-WS2 interface, discussed in our previous work.49 To explain the light modulated photoresponsiv-

ity, we turn to the photoinduced charge transfer in graphene/WS2 heterostructure which has been observed

in a previous study.23 This surface charge transfer process generates layer-separated electron-hole pairs,

with electrons residing in graphene and holes located in WS2, resulting in the n-doping of graphene (Fig-

ure 6c). This would increase the Fermi level of graphene and lower the contact resistance of the photode-

tector. We propose that this photo-gating mechanism could serve as an explanation for our devices’ im-

proved photoresponsivity under high illumination power. Once the Gr-WS2-Gr phototransistor is switched

into the ON state under an applied gate potential larger than Vth, the influence of illumination on the Fermi

level is reduced and thus results in a different power dependence of photoresponsivity shown in Figure

5c-d.
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Figure 6. Mechanism for photoresponsivity increase with added positive gate and illumination power. (a,b,c) Schematic

of band diagram of Gr/WS2 heterostructure under non-equilibrium condition, depicting the work function of graphene Фீ௥ and
electron affinity of WS2 ߯ௐௌమ relative to vacuum level under different back gate potential and illumination conditions. Both
positive applied gate potential and illumination of the heterostructured regions cause Fermi level of graphene to rise, which

results in the lowering of graphene-WS2 Schottky barrier Фୗ୆. Schottky barrier height as a function of back gate potential Vg
for (d) Graphene-monolayer WS2, and (e) Graphene-bilayer WS2. The effective height of Schottky barrier monotonically de-

creases with increasing positive gate potential.

Conclusion
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In summary, we have demonstrated the fabrication of ultrathin lateral MSM WS2 photodetectors using

graphene as electrodes. We believe that this is the first case where all 2D based lateral photodetectors

have been produced using materials only grown by CVD, eliminating mechanical exfoliation from the

process. The Gr-WS2-Gr photodetectors exhibit high photoresponse reaching ~3.5 A/W under ambient

atmosphere and high input visible light at 532 nm. The outstanding performance of the device can be

attributed to the modulation of the Schottky barrier between graphene and WS2 under an applied gate and

increased illumination power. We conclude that graphene electrodes serve as an ideal medium for carrier

transport for MSM photodetectors, with a gate and light tunable contact resistance with WS2 due to its

limited density of states, and enhanced photoresponsivity under increasing illumination power due to ef-

ficient light-induced charge transfer between WS2. This interesting behavior could lead to new designs of

photodetectors which could maintain a high photoresponse under strong light power detection.

Experimental Methods

CVD growth of monolayer Graphene and WS2

Monolayer graphene was grown using our previously reported method involving deposition on liquid Cu

with tungsten substrate.25Graphene was grown on the melted Cu with a flow of 200 sccmArgon, 30 sccm

Hydrogen (25%) and 10 sccm of Methane (1%) for 90 min, subsequently followed by a secondary growth

process at 1060oC for 30 min. The sample was then removed from the heating zone and cooled to room

temperature. WS2 crystals were grown on 90 nm SiO2/Si substrate using our previously reported method.27

The two precursors, sulphur powder (400 mg of purum grade 99.5%) and WO3 (200 mg of puriss grade

99.9%) are placed separately in a double-walled-quartz-tube. Sulphur and WO3 powder were positioned

in the external and internal tube respectively and heated by two furnace systems. Vaporized precursors

are brought to the reaction zone by argon gas flow, where WO3 undergoes sulfurization. The as-grown

WS2 samples were fast cooled as soon as the reaction is completed.

Transfer of CVD grown graphene and WS2
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The as-grown CVD samples were first spin-coated with a poly(methyl methacrylate) (PMMA) scaffold

(8 wt% in anisole, 495k molecular weight). Tungsten substrate of the Graphene sample was electrochem-

ically etched in NaOH (2 M) by connecting a 2.4 V on the sample and using a Cu foil as anode.26 The

PMMA/Graphene film was then separated from Cu substrate by (NH4)2S2O8 etching (0.1 M). The

PMMA/WS2 film was separated from the SiO2/Si substrate by KOH etching (1 M) at 60oC. The floating

PMMA/Graphene and PMMA/WS2 films were carefully transferred several times into deionized water

for cleansing purposes. The films were subsequently transferred onto Si chip and baked at 150 oC for 30

min for sample adhesion.

Device fabrication

JEOL 5500 FS EBL systemwas used to pattern bond pads in a bilayer PMMA resist. A thermal evaporator

was used to deposit Cr/Au (10 nm/80 nm) bond pads onto a 300 nm SiO2/Si substrate, followed by liftoff

in hot acetone. Graphene/PMMA film was transferred onto the Si chip with pre-patterned bond pads, and

baked overnight at 180oC for better contact. Graphene film was then patterned using EBL with negative

resist and oxygen plasma etching to define graphene channels with a length and width of 100 µm and 25

µm respectively. Gaps of differing length (200 nm and 5 µm) between graphene channels were fabricated

using the same process. Lastly, WS2/PMMA film was transferred onto the sample.

Opto-electronic characterization of devices

Raman and PL spectroscopy was carried out using a LabRam Aramis Raman Spectrometer. Samples are

illuminated with a 532 nm laser of 200 μW, through a ×50 objective lens with a spot size of ~2 μm. A 

Keithley 2400 source meter was used for I-V characteristics and responsivity of the Gr-WS2-Gr photode-

tectors. For illumination during photoresponse measurements, a 532 nm diode-pumped solid-state laser

(Thorlabs, DJ532-40) which was coupled into a confocal microscope to form a beam with spot size of

~150 µm2 as a light source. The power values of the output laser are taken by a manually fixated power
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meter (Thorslab Optics PM100D, ±3% accuracy) placed above the devices before each I-V measure-

ment. Tungsten tips connected to a Keithley 2400 source meter are used to probe the metal bond-pads of

each devices and to apply a bias sweep from -5 V to +5 V.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:

AFM measurements of Gr-WS2 stack. Table of comparative results for TMD based photodetec-

tor’s photoresponsivity. Comparative study with Au-WS2-Au photodetector. Details of gate de-

pendence study of Gr-WS2 Schottky barrier height determination.
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