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ABSTRACT  

Two-dimensional (2D) transition metal dichalcogenides are promising materials for next-

generation photodetectors. Therefore, controlling point chalcogen vacancies in chemical vapor 

deposition (CVD) synthesis is inevitable. In this work, the number of sulfur vacancies in 

monolayer WS2 flakes is well controlled in CVD synthesis, which resulted in a photoluminescence 

(PL) intensity difference. In addition, the relationship between the PL intensity and photoresponse 

of monolayer WS2 on graphene is discussed. The sulfur vacancies introduce defect trap states that 

cause carrier recombination and reduce carrier drift to graphene, thus decreasing the photocurrent. 

Furthermore, the gate-tunable Fermi level of graphene allows tunable responsivity of the WS2–

graphene photodetector of up to 5 A/W with metal hard-mask fabrication. Our findings on the PL 

intensity and responsivity provide a simple and efficient strategy for choosing high-performance 

CVD-synthesized 2D TMD photodetectors. 

1. Introduction 

With the rapid growth of traditional three-dimensional (3D) silicon semiconductor 

manufacturing, the limitation of physical and semiconductor processes at the 2-nm technology 

node is quickly approaching. Atomically thin two-dimensional (2D) materials exhibit superior 

electrical and optical properties that can support the 3D silicon semiconductor process when the 

device is scaled down to the technology node of 1 nm.1, 2 Consequently, for the next generation of 

ultrathin optoelectronic devices, 2D semiconductor-based photodetectors have attracted 

considerable interest. In addition, a single layer of a 2D material consists of a covalently bonded 

lattice with extraordinary electronic and optical properties, in contrast to 3D semiconductors that 

have dangling bonds and trap states at the surface, which decrease carrier mobility. In general, 2D 

materials interact between neighboring layers via van der Waals (vdW) forces, which allow 
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vertical stacking onto vdW materials to form heterostructures without the constraints of crystal 

lattice matching. Furthermore, these vdW materials can be integrated with silicon photonic 

platforms such as light emitters, modulators, and photodetectors. 

Among the family of 2D photodetectors, graphene phototransistors have been widely studied 

and reported3, 4 owing to their fascinating optoelectronic properties such as fast response time, high 

carrier mobility, and ultra-broadband absorption. However, the zero bandgap and ultrathin 

thickness (~0.3 nm) make graphene a weak light absorber with low responsivity. A different class 

of 2D materials that can overcome this limitation are transition-metal dichalcogenides (TMDs). 

These materials have the general formula MX2, where M is a transition metal (such as Mo, W, Re) 

and X is a chalcogen (such as S, Se, Te). Unlike semimetallic graphene, TMDs monolayers such 

as MoS2 and WS2 are direct bandgap semiconductors. This property gives them remarkable 

electronic and optoelectronic advantages5 over graphene . Besides, TMDs also offer several 

benefits for optoelectronic devices, such as photodetectors6-9, light-emitting diodes (LEDs)10-12, 

lasers13, modulators14, and solar cells15, 16. These devices can exploit the unique properties of 

TMDs to achieve high performance and novel functionalities. 

However, WS2 and MoS2 photodetectors have relatively slow response times. In addition, a 

Schottky barrier is usually formed depending on the electrode material. Recently, it has been 

reported that an ohmic contact is formed between semimetal bismuth and TMDs; this significantly 

reduces contact resistance.17 The above results demonstrate that both graphene and TMDs have 

their specific advantages for photodetector applications.  

In this study, we fabricated a monolayer WS2-on-graphene (WS2/G) heterostructure 

photodetector,18-20 where monolayer graphene is a photoconductor and carries photoexcited 

carriers from monolayer WS2. In addition, the contact resistance between the metal electrode and 
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graphene was found to be less than that of the Schottky junction of metal/WS2, which allowed 

more carriers to be driven in this device. 

To improve the optoelectronic property of WS2/graphene photodetector, strain effects have 

been widely applied to overcome the limitations of detection range. Strain can alter the bandgap 

of WS2 by deforming its crystal lattice, and thus extend its absorption wavelength limit for 

broadband application.21, 22 Strain can also increase the mobility of charge carriers (electrons and 

holes) by applying appropriate strain23, which can improve the device response time performance. 

Doping effects are also an important factor that can influence the optoelectronic properties of 

WS2/G photodetector, besides strain effects. The band gap, the carrier concentration, the charge 

transfer, and the defect density of WS2 can be modulated by doping, according to some studies24-

26. Hence, strain and doping effects are both crucial for tuning the optoelectronic properties of 

WS2/G photodetectors and optimizing their performance. 

 

Although the mechanical exfoliation of bulk WS2 can be used to prepare high-quality 

monolayer WS2, scalability and thickness management limit practical applications. However, the 

small device area and fabrication uncertainty limit the progress of industrial applications. To date, 

various approaches have been studied for the synthesis of TMD materials; these include atomic 

layer deposition27, 28 metal–organic chemical vapor deposition29, 30 and chemical vapor deposition 

(CVD).31-34 Owing to its low cost and highly controllable properties, powder CVD has become a 

preferred approach for synthesizing TMD materials. In this process, both powder precursors of 

transition-metal oxides (e.g., MoO3 and WO3) and chalcogen elements (e.g., sulfur, selenium, and 

tellurium) are introduced in the heating furnace for TMD material growth, and Ar or N2 gas is 

utilized as a carrier gas to transport sulfur steam for sulfurization. Another sulfurization precursor, 
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H2S, is expected to improve surface uniformity. Despite remarkable progress in TMD synthesis, 

the formation of defects during growth has rarely been investigated. In particular, the largest group 

of defects in WS2 is sulfur vacancies, which induce carrier scattering and doping effects. These 

sulfur vacancies play an important role in determining the photoluminescence (PL) quantum yield 

and electrical properties.  

In this work, we measured the PL intensity of various monolayer WS2 flakes on graphene to 

form a WS2–graphene photodetector and elucidate the relationship between the PL intensity and 

photocurrent. The controllable PL intensity of the monolayer WS2 flakes was achieved by 

changing the H2S flow rate. The photoexcited electron–hole pairs were separated at the WS2 and 

graphene interfaces, where the carriers are driven and collected by the built-in electric fields. Then, 

external electric fields were applied to the devices to investigate the photocurrent on various PL 

intensities of the monolayer WS2 flakes. In addition, a photodetector based on the WS2–graphene 

heterostructure can achieve photoresponsivity tunability from zero to 5 A/W with a low-cost metal 

hard mask.  

2. Methodology 

Growth and transfer of monolayer WS2 flakes. A 4-inch SiO2/Si (300-nm SiO2) substrate was 

treated with UV light and ozone for 30 min to obtain a highly hydrophilic surface. Then, ~5 ml of 

a 25 mM Na2WO4 aqueous solution was spin-coated on the substrate at 3000 rpm for 60 s. 

Subsequently, the substrate was loaded into the center of the CVD heating zone. After sealing, the 

furnace was heated to 840 ℃ in 30 min with 200 sccm of high-purity Ar and 10 sccm H2 (step I 

in Figure S2). During the annealing step (step II in Figure S2), the temperature was maintained at 

840 ℃ for 30 min. Finally, during the sulfurization step (step III in Figure S2), 200 sccm of Ar, 
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10 sccm of H2, and 5 sccm of H2S were introduced into the furnace, and the reaction was completed 

in 2 min. In addition, three different H2S flow rates (5, 10, and 15 sccm) were tested (Figure S4). 

To transfer the as-grown monolayer WS2 flakes onto the target substrates, the as-grown 

monolayer WS2 was coated with a layer of PMMA. The PMMA/WS2 films were then peeled off 

from the growth substrate using a 0.5 M NaOH solution as the etchant. The PMMA/WS2 film was 

diluted with deionized water and used as the target substrate. Finally, PMMA was removed by 

sequentially rinsing the target substrate with acetone and isopropanol. 

Device fabrication and optoelectronic measurement. Monolayer graphene was transferred onto 

an SiO2/Si substrate (with a SiO2 thickness of 300 nm) using the wet transfer method. The 

monolayer WS2 flakes with different PL intensities were then transferred onto a graphene/SiO2/Si 

substrate. The Au electrodes were defined using a shadow mask and deposited using electron gun 

deposition. Electrical measurements were conducted in a probe station equipped with a Keysight 

B2901A source meter. A 532-nm CW laser was used as the light source for the photocurrent 

measurement. 

Raman and PL characterization. Raman and PL signals were acquired using a confocal Raman 

system (Jobin Yvon/Labram HR) and excited using a 532-nm CW laser operated at 0.8 mW. The 

signals were collected using a 50× objective lens (Olympus, MPLN) with a numerical aperture of 

0.75 and the excitation signal was blocked using 532-notch filter, which was resolved using an 

1800 g/mm grating and recorded using a spectrometer. All the measurements were performed at 

room temperature. 

Scanning electron microscopy (SEM) characterization. The SEM images were obtained using a 

focused-ion-beam (FEI Helios NanoLabG3 CX, NCKU, Taiwan) instrument in SEM mode with 
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an acceleration voltage of 2 kV and a current of 98 pA. The optical and electrical characterization 

was performed before taking the SEM images to avoid electron doping or sample damage. 

STEM characterization. Monolayer WS2 flakes were transferred onto holey carbon films (R2/2 

Mo; QUANTIFOIL). HAADF–STEM observations were performed using an electron microscope 

(Thermo Fisher Scientific, Inc.) at room temperature. The beam energy, probe current, 

convergence semi-angle, and collection range were 80 keV, 20 pA, 25 mrad, and 69–200 mrad, 

respectively. A high-pass filter was applied to the raw images, followed by Gaussian blurring, to 

obtain the final images. 

3. Results and discussion 

Defects in TMD materials, including vacancies, impurities, and adatoms, can be naturally or 

artificially generated.35 Sulfur vacancies comprise the largest defect group in WS2, and they are 

naturally formed in the CVD process. Figure 1 shows a schematic of the WS2 sulfur vacancy 

configuration. The sulfur vacancy introduces an unoccupied defect state (VS1) and an occupied 

defect state (VS2) located close to the valance gap and in the bandgap,36, 37 where a fraction of 

photoexcited electrons (or holes) can be trapped by the electron trap states (or hole trap states). 

These defect-bound excitons, if radiatively recombined, lead to an increase in overall PL intensity.  
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Figure 1. Schematic of sulfur vacancies in monolayer WS2. Left: Ball-and-stick model of sulfur vacancies in 

monolayer WS2, where the black ball, yellow ball, and red dashed circle represent tungsten (W), sulfur (S), and 

sulfur vacancies (SV), respectively. Right: Illustration of the band structure in the K valley of WS2 with a sulfur 

vacancy. 

Here, we adopt the salt-assisted 2.0 CVD technique38-40 for fabricating monolayer WS2. First, 

the precursor (sodium tungstate aqueous solution (Na2WO4)) was spin-coated onto a 4-inch 

SiO2/Si substrate. Subsequently, the substrate with the precursor was added during the CVD 

process. The details of the synthesis procedure are discussed in the METHODS section and 

illustrated in Figures S1 and S2. Finally, H2S gas was added as the sulfurization source to form 

WS2. In this process, H2S, carried by Ar gas, was introduced from the left side to the right side of 

the CVD, leading to a uniform sulfurization concentration during CVD. H2S is expected to have a 

higher uniformity than sulfur vapor. However, uniformity of the sulfurization concentration leads 

to sulfur vacancy formation during the CVD process. Therefore, we used a controllable H2S flow 

rate to regulate the number of sulfur vacancies. The sulfur vacancies at two different H2S flow 

rates were investigated using a high-resolution high-angle annular dark-field (HAADF) scanning 

transmission electron microscopy (STEM), as shown in Figure S3. Sulfur vacancies were 

identified as the dominant type of defect. The sulfur vacancy densities were 0.14 and 0.07 nm−2 

for the 5- and 10-sccm H2S flow rates, respectively. HAADF-STEM images of the sulfur vacancies 

are shown in Figure 2. Figure S4 presents the PL intensity at the three different flow rates of the 

H2S monolayer WS2 synthesis. The PL intensity of monolayer WS2 increases with decreasing H2S 

flow rate, which is attributed to sulfur vacancies. In general, a stronger PL intensity is associated 

with more sulfur vacancies. Our results indicate that the number of sulfur vacancies can be 

engineered by adjusting the H2S flow rate for sulfurization. 
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Figure 2. Atomic-resolved HAADF-STEM images to reveal the sulfur vacancies. Sulfur vacancy defects in 

monolayer WS2 with different H2S flow rates during synthesis: (a)–(d) H2S = 5 sccm; (e)–(h) H2S = 10 sccm. 

The scale bars are 0.5 nm.  

 

Figure 3. Schematic of the graphene-based heterostructure photodetector. (a) Schematic illustration of 

using the vapor–liquid–solid method to synthesize monolayer WS2 using H2S gas as a sulfurization source. (b) 

Schematic of the side view of the device configuration composed of vertical stacking of monolayer 
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WS2/graphene heterostructures. Scanning electron microscopy images of (c) the heterostructures device and (d) 

an enlarged image of a monolayer WS2 flake. The gap between the source and drain was 460 µm. (e) I−V 

characterization of graphene-based heterostructure device. 

To examine the relationship between the PL intensity and photodetector ability of monolayer 

WS2, ~10 WS2/G heterostructure devices were fabricated. The device configuration of the WS2/G 

heterostructure photodetector is shown in Figure 3b. A monolayer graphene film was prepared by 

CVD and transferred onto a SiO2/Si substrate, which was used as the conductive layer to transport 

photoexcited carriers in WS2. Monolayer WS2 flakes were then transferred onto a SiO2/Si substrate 

with a graphene layer. Figures 3c and 3d show scanning electron microscopy images of the WS2/G 

heterostructure photodetector with Au electrodes. Figure 3e shows the current–voltage (I–V) plot 

of the WS2/G photodetector, which exhibits an ohmic contact between the Au electrode and the 

heterostructure.  

The Raman spectra of the transferred graphene, monolayer WS2, and the WS2/G 

heterostructure are shown in Figure 4a. Typical graphene and 2D graphene Raman peaks were 

observed at 1583 and 2678 cm−1, respectively. The Raman intensity ratio of the graphene and 2D 

peaks equals 2, indicating single layer characteristic of the graphene. Figure 4b shows the PL 

spectra of flakes 1 and 2. Flakes 1 and 2 were synthesized using H2S at 10 and 5 sccm, respectively. 

Flake 2 exhibits a stronger PL intensity than flake 1 of the A-exciton peak of WS2. The A-exciton 

peak position was slightly redshifted to 625 nm in flake 2, whereas the peak position of flake 1 

was slightly blueshifted to 620 nm. In general, the redshift of PL in TMD materials can be 

attributed to compressive strain41 or higher carrier density.42 To investigate the strain and doping 

effects, we used Raman spectroscopy on the flakes (Figures 4c–4e). The three major Raman modes, 

𝐸2𝑔
1 , 𝐴1𝑔, and LA (M), of flakes 1 and 2 are discussed below. We observed that the strain-related 
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𝐸2𝑔
1  mode exhibited a slight blueshift and redshift in flakes 1 and 2, respectively, compared to 

exfoliated WS2,
43 indicating the tensile strain effect, which can be attributed to the surface 

uniformity of the graphene layer. Similarly, flake 1 redshifts by only ~0.5 cm−1
 relative to flake 2 

of the doping-related 𝐴1𝑔 mode, implying similar carrier doping in flakes 1 and 2.44, 45 The LA(M) 

mode at 176 cm−1
 is the longitudinal acoustic phonon at the Brillouin zone M point, which implies 

the presence of defects or disorders that satisfy q = 0 of the Raman selection rule. Additionally, 

the intensity of LA(M), I(LA), is proportional to LD
−2, where LD is the average interdefect 

distance.46 Therefore, the greater I(LA) value in flake 2, which has a large number of defects, can 

be attributed to sulfur vacancies. As previously reported,36, 47 these sulfur-vacancy-related defects 

trap excitons and prolong the exciton lifetime (𝜏𝑒), resulting in enhanced PL intensity (IPL) because 

IPL∝ 
𝜏𝑒

𝜏𝑟
, where 𝜏𝑟 is the radiative recombination time. 

 

Figure 4. Characterization of WS2/G heterostructure photodetector device. (a) Raman spectra of the as-

transferred graphene, as-grown WS2 (pristine WS2), and WS2 transferred onto the graphene heterostructure 

device (WS2/G). (b) PL measurement of flakes 1 and 2. The inset images are the PL images of flakes 1 and 2. 



 12 

(c)–(e) Raman measurement of flakes 1 and 2. (d) Raman frequency shifts of the 𝐸2𝑔
1  and 𝐴1𝑔 modes. (e) Raman 

LA(M) mode of flakes 1 and 2. 

To understand the defects that influence the optoelectronic properties, WS2/G heterostructure 

photodetectors of flakes 1 and 2 (referred to as PD 1 and PD 2, respectively) were characterized. 

Figure 5a shows the temporal photoresponse of PD 1 and PD 2 with a 532-nm laser switched on 

and off. Interestingly, PD 1 (flake 1) exhibited a higher photocurrent and a weaker PL intensity; 

in contrast, PD 2 (flake 2) exhibited a lower photocurrent and a stronger PL intensity. Here, the 

electrons are photoexcited from the valence band to the conduction band, and a portion of the 

electrons easily relax and recombine with the holes in the valence band to emit photons. Some 

electrons were trapped by VS1 and gave rise to recombination with holes in VS2 or the valance band 

to emit photons. Other electrons drifted to graphene and generated a photocurrent (see the inset of 

Figure 5b). Figure 5b summarizes the measured photocurrents and their correlation with the PL 

intensity for various monolayer WS2 flakes on the graphene photodetector. WS2 flakes were 

prepared with H2S flow rates ranging from 5 to 15 sccm. We found that monolayer WS2 flakes on 

the graphene photodetector exhibit a negative correlation between PL intensity and photocurrent, 

meaning that regions with high PL intensity have lower photocurrent. This can be attributed to 

defects. The sulfur vacancy creates defect-bound excitons and increases the radiative 

recombination rate and the PL intensity. However, the defects also reduce the carrier diffusion 

length, which increases the probability of carrier recombination before reaching the electrodes and 

thus lowers the photocurrent. 

Furthermore, we evaluated the figure of merit of the WS2/G photodetectors, such as 

responsivity (R), detectivity (D), and dynamic time photoresponse of the photodetectors. The 

photocurrent as a function of the light intensity was plotted on a logarithmic scale, as shown in 
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Figure 5c. The photocurrent 𝐼PC exhibits a nonlinear dependence on the light intensity and can be 

fitted using 

𝐼PC = 𝐴𝑃𝛼 ,                                                               (1) 

where A and α are fitting constants and P is the light intensity. The fitting parameters α of PD 1 

and PD 2 are 0.13 and 0.14, respectively. This nonlinear dependence of the photocurrent on the 

light intensity observed in the photoconductor implies electron–hole trapping and recombination. 

Responsivity (R) and detectivity (D), which are used to characterize the figure of merit of a 

photodetector, are defined as  

𝑅 =
𝐼PC

𝑃
                                                                (2) 

and 

         𝐷 = 𝑅√
𝐴

2𝑒𝐼dark
,                                                            (3) 

where A is the area of the photosensitive region of the photodetector. The diameter of the laser 

beam was ~30 µm. The photoresponsivity and detectivity as a function of the light power were 

calculated according to Equations (3) and (4), as shown in Figure 5d. The dynamic time response 

property is important for a photodetector. We measured the time-dependent photoresponse under 

illumination, and the results are shown in Figure S5. The rise and decay times were 15 and 115 

ms, respectively, which are defined as the times required for 10% and 90% signal amplitude 

changes. Such a temporal photoresponse among 2D-material-based photodetectors results from 

the photoexcited electrons from WS2 to graphene and are driven by the high carrier mobility of 

graphene, which improved the response time compared to that of monolayer TMD photodetectors. 
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Figure 5. Optoelectronic characterizations of PD 1 and PD 2. (a) Normalized temporary photoresponse of 

PD 1 and PD 2 (VDS = −5 V; VBG = 0 V). The opposite signs of the photocurrent and VDS suggest that the 

graphene exhibited p-type characteristics. (b) Photocurrent distributions with respect to the PL intensity of 

various flakes with a 532-nm continuous-wave (CW) laser as a light source. The irradiance was 46 W/cm−2 for 

(a) and (b). The inset illustrates the relationship between PL and the photocurrent promoted by the defect. (c) 

Photocurrent as a function of light power. (d) Responsivity and detectivity as a function of light power. 

Additionally, photoresponsivity can be enhanced by applying a positive back-gate voltage 

(VBG). Figure 6 shows the photocurrent and photoresponsivity of PD 1 obtained by applying 

different drain–source voltages (VDSs) and back-gate voltages (VBGs). High responsivity (5 A/W) 

can be achieved at VBG = 30 V and VDS = −5 V, where the position of the graphene Fermi level 

shifts, resulting in no barrier for electron flow from WS2 to graphene. The temporal photoresponse 

of light illumination with the application of gate voltage is shown in Figure S5. By applying a 

positive gate voltage, the barrier-free graphene and WS2 interface decreased the response time. 

Moreover, when VBG = −10 V, the photocurrent decreased to zero. This is because the Fermi level 
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downshift led to the formation of a barrier between WS2 and graphene; thus, the photoexcited 

carriers in WS2 were forbidden from being transferred to graphene. We can further deduce the 

photogain, which is defined as G = Rhc/eλ, where h, c, and λ are Plank’s constant, the speed of 

light, and the excitation wavelength, respectively. Photogain G can reach 11.65 electrons per 

photon at the maximum responsivity. This active tunability is useful in photodetectors because it 

allows us to control the state (on and off) and adjust the required sensitivity depending on the light 

power to be detected. In table S1, we summarize the recent works on TMDs based photodetectors. 

Our works demonstrate good responsivity and detectivity, as well as defect control of the device. 

 

Figure 6. Photocurrent and responsivity as a function of VDS at different back-gate voltage (VBG). The 

light intensity was 400 µW. Back-gate voltages of −10, 0, 10, 20, and 30 V were applied. The insets illustrate 

the band diagram of graphene and WS2 with different VBG values. 
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4. CONCLUSIONS 

In summary, we investigated the relationship between the PL intensity and photocurrent of 

monolayer WS2 flakes by controlling the sulfur vacancies of monolayer WS2 by tuning the H2S 

gas flow rate during CVD synthesis. The optoelectronic properties were investigated by 

constructing WS2 flakes on graphene photodetectors. We found that the PL intensity and 

photocurrent were negatively correlated. The sulfur vacancies cause an increase in the PL intensity 

by introducing defect states to trap the carriers and decrease the number of carriers moving to 

graphene. Our work has demonstrated that constructing TMD-based photodetectors, including 

TMD heterostructures, is an efficient and rapid method for choosing highly responsive TMD flakes 

based on PL intensities. Our findings offer new insights into the development of TMD-based 

optoelectronic devices. The potential applications of the WS2/G heterostructure photodetectors 

could be in high-speed optical communications, ultra-low light imaging, plasmonic near-fields 

detection48, flexible electronics and integrated optoelectronic systems. 
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Appendix A.  

Supplementary data Supplementary data to this article can be found online at:XXX  
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