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Abstract: 

2D photodetectors based on photovoltaic effect or photogating effect can hardly achieve both high 

photoresponsivity and large linear dynamic range at the same time, which greatly limits many 

practical applications such as imaging sensors. Here, conductive sensitizer strategy, a general 

design for improving photoresponsivity and linear dynamic range in 2D photodetectors is provided 

and experimentally demonstrated on vertically stacked bilayer WS2/GaS0.87 under a parallel circuit 

mode. Owing to successful band alignment engineering, the isotype type-II heterojunction enables 

efficient charge carrier transfer from WS2, the high-mobility sensitizer, to GaS0.87, the low-

mobility channel, under illumination from broad visible spectrum. The transferred electron charges 
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introduce a reverse electric field which efficiently lowers the band offset between the two materials, 

facilitating a transition from low-mobility photocarrier transport to high-mobility photocarrier 

transport with increasing illumination power. A large linear dynamic range of 73 dB as well as a 

high and constant photoresponsivity of 13 A/W under green light is achieved. X-ray photoelectron 

spectroscopy, cathodoluminescence and Kelvin probe force microscope further identify the key 

role of defects in monolayer GaS0.87 in engineering the band alignment with monolayer WS2. This 

work proposes a design route based on band and interface modulation for improving performance 

of 2D photodetectors, and provides deep insights into the important role of strong interlayer 

coupling in offering heterostructures with desired properties and functions. 

keywords: type-II heterojunction, Gallium Sulfide (GaS), Tungsten Disulfide (WS2), 

photodetector, linear dynamic range. 

 

Introduction 

Photodetectors, where light signals are converted into electrical signals, have vast application 

implications such as imaging, optical communication, gas sensing and motion detection.1-2 In 

recent years, 2D semiconductors have attracted huge enthusiasm in this field. The atomically thin 

dimension offers them with strong light-matter interactions such as ultrahigh absorption coefficient 

and large exciton binding energy.3-4 Their band structure can be facially tuned by various 

parameters including thickness, strain, dopants and defects.5-7 With regard to its anisotropic 

morphology, the van der Waals bonding between layers enables fabrication of vertical 

heterostructures free of lattice mismatch and dangling bonds problems.8-12 At the same time, the 
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strong interlayer coupling behavior such as ultrafast charge separation and moiré excitons further 

demonstrate its potential to incorporate further functionalities in vertical heterostructures.13-16  

In practical photodetector applications such as for imaging systems, it is critical to have high and 

linear photoresponse over a large intensity range of incident light power to convert light signals 

into accurate electric signals.17-19 Current 2D photodetectors, however, often find it difficult to 

satisfy both requirements at the same time. The problem lies in the fundamental photodetection 

mechanism. Two mechanisms are most commonly used by 2D photodetectors. In photovoltaic 

effect (PVE), photocurrent is formed by separation of photogenerated electron-hole pairs under 

built-in fields from junction interfaces.9, 20 While good linearity is obtained due to stable carrier 

lifetime, it shows small electric signals in the order of mA/W limited by the absorbance of the 

ultrathin layer.21-25 For example, exfoliated few-layer GaSe/MoS2 p-n diode show linear response 

(with linear dynamic range of 70 dB) and comparatively low photoresponsivity of 50 mA/W.26 

Alternatively, in photodetectors based on photogating effect (PGE), photogenerated minority 

carriers are trapped at localized states, acting as local gate.20, 27 With a large surface ratio, 2D 

materials show high sensitivity up to 107 A/W under low illumination power.28 However, the 

responsivity decays exponentially under higher illumination power primarily due to trap 

saturation.29-31 Photogain, which is defined as the number of collected carriers in the photocurrent 

for every excited electron by incident light, can provide more insights behind the decaying 

photoresponse. The photogain in PGE can be expressed as:27 

𝐺 =
𝜏𝜇𝐸

𝐿
 

where τ is the excess carrier lifetime, μ is the carrier (electron and hole) mobility, E is the electric 

field provided by bias voltage and L is the channel length. In PGE mechanism, trap states promote 
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photogain by introducing a long carrier lifetime. Further excitation creates more free carriers due 

to gradually filled trap states, resulting in decreased average carrier lifetime. While trap states are 

helpful in promoting sensitivity for low signals, there lack solution to maintain high photogain 

under increasing illumination.  

We present a conductive sensitizer strategy that could tune the photoresponse’s power-dependent 

relations, especially to mitigate or even stop the decaying tendency while preserving the high-

sensitivity benefits from trap states. To achieve stable photogain, the decrease in average carrier 

lifetime must be compensated by increase in average mobility. Such behavior of varying mobility 

with illumination power has been found in conventional sensitizer-channel hybrid photodetectors. 

Incorporation of a photosensitive material to tune the absorption behavior of photodetectors has 

been reported to enhance device performance,32-33 such as in 0D-2D hybrid PbS-MoS2 

photodetectors.34 Photocurrent is generated by electrons transferred into MoS2 channel after being 

excited in PbS quantum dot sensitizer, in which holes are trapped and the remaining electrons have 

little direct contribution to conductivity. In these kinds of devices, a similar 103-times decrease in 

photoresponse under higher illumination is attributed mainly to the increasing inverse electric field 

from growing numbers of transferred charge carriers, which reduces the charge transfer rate. As 

conventional sensitizers typically have low mobility, the average mobility (which is the linear 

combination of individual channel mobilities by carrier proportions) for majority carriers in the 

device reduces when more and more photogenerated new carriers stay in the sensitizer. In contrast, 

in our conductive sensitizer strategy (Figure 1), the sensitizer is more conductive than the channel, 

thus a transition to higher-mobility carrier transport at higher illumination power is realized. The 

device configuration is shown in Figure 1a, where both high-mobility sensitizer and low-mobility 

channel are connected to the electrodes in parallel. The strategy also demands specific band 
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alignment engineering (see Figure 1b). The sensitizer (smaller bandgap) and channel (larger 

bandgap) should form an isotype type-II heterojunction (schematics showing the n-n case), and 

the band offset should be large to enable efficient majority carrier transfer from sensitizer to 

channel as well as channel-dominated transport at the beginning. A transition from low-mobility 

to high-mobility transport under high illumination power is therefore achieved for photons that 

only excite the sensitizer: under dark or low illumination power, a large conduction band offset 

indicates low carrier concentration in the sensitizer conduction band (S-CB), thus at steady regime 

most photogenerated electrons contribute to photocurrent from the channel conduction band (C-

CB) while holes trapped in the sensitizer. Under high illumination power, the increasing reverse 

electric field from transferred carriers efficiently reduces the band offset and charge transfer rate, 

thus photocurrent contribution from the high-mobility sensitizer gradually become dominant. Such 

efficient change in band offset cannot be achieved by back gating or photons that excite both 

channels. The photogain (and subsequently the photoresponsivity) decay can therefore be 

mitigated as long as the mobility rise compensates for the carrier lifetime fall. 

 

Figure 1. Conductive sensitizer strategy for realizing 2D photodetectors with high sensitivity and 

linearity response. (a) Device configuration of the proposed 2D photodetector where both channel and 

sensitizer are in contact with electrodes in parallel. (b) Band alignment engineering of the channel-sensitizer 
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isotype type-II heterojunction (n-n type-II heterojunction is drawn as an example). The sensitizer should 

have a smaller bandgap so that only the sensitizer generates excitons upon illumination. In addition, the 

conduction band offset ΔE between the sensitizer and channel should be large to enable efficient charge 

transfer and guarantee small carrier concentration in the sensitizer conduction band in dark. (c) Band 

schematic of device under weak light irradiation. The sensitizer absorbs light, generates excitons, and 

electrons are transferred into the channel conduction band (C−CB) while holes are trapped in trap states, a 

photogating effect known to promote sensitivity. Due to large ΔE, the sensitizer conduction band (S−CB) 

with small carrier concentration contributes little to the photocurrent, which is dominated by the low-

mobility channel. (d) Band schematic of device under intense light irradiation. Carrier lifetime in both 

sensitizer and channel decrease due to trap saturation. At the same time, the increasing inverse electric field 

from transferred carriers results in a smaller ΔE’, leading to increasing participation in photocurrent from 

the high-mobility sensitizer. This shift to high-mobility-sensitizer-dominated conduction slows the 

decreasing trend in photogain from saturated trap states. 

 

To demonstrate this conductive sensitizer strategy, we fabricate 2D bilayer WS2/GaS0.87 

photodetectors accordingly which achieve both high sensitivity and large linear range. We select 

WS2 with high absorbance as sensitizer and non-stoichiometric GaS0.87 with wide bandgap as 

channel which could form the isotype type-II heterojunction.35-37 The defective GaS0.87 has been 

reported as an ambient-stable phase with many intrinsic defects that lead to low mobility.38 The 

band alignment was examined to match the conductive sensitizer strategy using combined 

technique of X-ray photoelectron spectroscopy (XPS), cathodoluminescence (CL) and 

photoluminescence (PL) spectroscopy. Efficient charge carrier transfer from WS2 to GaS0.87 was 

probed by Kelvin probe force microscope (KPFM) and Raman, PL spectroscopy. Finally, 

electronic and optoelectronic characterizations confirmed the transition from GaS0.87 dominated 
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low-mobility transport to WS2 dominated high-mobility transport behavior predicted by the 

conductive sensitizer strategy. With wide bandgap in the visible spectrum and a large bandgap 

difference, for photons from red to blue (470−622 nm), bilayer WS2/GaS0.87 heterostructure 

photodetectors successfully demonstrated stable photoresponsivity with illumination power, and 

achieved both large linear dynamic range of 73 dB and high photoresponsivity of 13 A/W under 

green light. 

 

Results and discussions 

Figure 2a shows the atomic structure of the WS2/GaS0.87 heterostructure, which is stacked 

according to the schematic diagrams in Figure 2b: First, monolayer GaS0.87 and WS2 crystals are 

synthesized by chemical vapor deposition (CVD) on 300 nm SiO2/Si substrates via methods 

developed in previous reports.38-39 Compared with mechanical exfoliation, the CVD-grown 

materials facilitate facile tuning of defects as well as fabrication of large-scale devices.40 The 

synthesized monolayer WS2 domains show triangular shape with an edge length of ~100 µm, while 

monolayer GaS0.87 has morphology in continuous monolayer films or round-corner triangular 

shaped domains with an edge length of ~35 µm (see Fig. S1a-c for additional optical and SEM 

images). The consistent stoichiometries of GaS0.87 were identified in detail in our previous report 

according to XPS and EDX characterizations.38 Then, the WS2 crystals are transferred onto the 

GaS0.87 crystals by a wet-transfer method (see Methods). The fabricated structure is further 

annealed in sulfur environment at 200 °C for better interlayer interactions. After transfer and 

annealing, we characterized the Raman or PL of individual GaS0.87 and WS2, and found no sign of 

material degradation. Most importantly, GaS0.87 did not turn into stoichiometric GaS after sulfur 

annealing. The individual and heterostructure regions could be clearly distinguished under optical 
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microscopy but obscure under SEM due to the very small height contrast (see Figure 1c and Figure 

S1d). AFM height scan provides accurate information on sample thickness. As shown in Figure 

S2a-b, the GaS0.87 crystals show a height of 0.85 nm and the WS2 layer on top is 0.75 nm in 

thickness, which are in accordance with previous reports and indicate that polymer residues could 

be ignored.41-42 

The band alignment of the WS2/GaS0.87 heterostructure is then determined with band offset and 

bandgap information. First, the valence band offset (VBO) is obtained using the core levels energy 

and the valence band maximum extracted from XPS results. According the Kraut’s method, the 

VBO of WS2 and GaS0.87 could be determined using the following equation:43 

𝑉𝐵𝑂 = (𝐸𝑊4𝑓7/2 − 𝑉𝐵𝑀)𝑊𝑆2 − (𝐸𝐺𝑎3𝑑 − 𝑉𝐵𝑀)𝐺𝑎𝑆 − (𝐸𝑊4𝑓7/2 − 𝐸𝐺𝑎3𝑑)𝑊𝑆2/𝐺𝑎𝑆 

As shown in Figure 2d, the VBO of WS2/GaS0.87 is calculated as 32.01−19.16−11.93=0.92 eV. 

The uncertainty in determining peak positions is 0.03 eV and for fitting VBM position is 0.07 eV. 

Note that the measured region in our heterojunction sample is continuous monolayer GaS0.87 film 

covered with some isolated WS2 domains (see Fig. S3 for optical images). Therefore, Ga signals 

from two origins would co-exist: one corresponding to uncovered GaS0.87 and the other arising 

from the heterojunction (noted as Ga*). They were separated during curve fitting according to 

W:Ga atom ratio (the ratio x is derived from relative signal from XPS, which gives Ga*:Gatotal 

ratio as 2x/(1−2x) given the monolayer thickness). Then, bandgap of each material is measured. 

Bandgap of WS2 is determined as 2.00 eV from PL spectrum (see PL analysis section). Monolayer 

GaS0.87 shows no signal under the 532 nm laser due to a large bandgap, thus cathodoluminescence 

(CL) spectroscopy is used where electrons are excited across the gap by electron beam in SEM. 

Fitting of GaS0.87 CL spectrum in Figure 2e shows two emission peaks. The high energy emission 

at 3.35 eV is also found in CL spectrum of stoichiometric GaS (see Figure S4b), which has been 
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reported previously for recombination from monolayer GaS conduction band.35 The other one at 

2.73 eV is attributed to a new defect-induced band (DB). The resulted band alignment schematic 

is drawn in Figure 2f. As the defect-induced band in GaS0.87 is 0.19 eV lower than the conduction 

band minimum of WS2, a n-n isotype type-II heterojunction is formed. The defect-induced band 

is key to achieving the type-II heterojunction and the channel’s low mobility required by the 

conductive sensitizer strategy. Without that, the conduction band of stoichiometric GaS is 

determined to be 0.77 eV higher than that of WS2 in the as-formed heterostructure 

(CBO=VBO+2.00−3.35=−0.77 eV, see Figure S4a-b), suggesting formation of a type-I 

heterojunction (Figure S4c). 

 

Figure 2. Fabrication and band alignment of WS2/GaS0.87 heterostructure. (a) Atomic structure of 

bilayer WS2/GaS0.87 heterostructure. (b) Schematic illustration for fabrication of bilayer WS2/GaS0.87 

heterostructure. (c) Optical image of fabricated WS2/GaS heterostructure. (d) XPS of WS2, GaS0.87 and 

WS2/GaS0.87 samples for calculating VBO from Kraut’s method; (e) CL of monolayer GaS0.87 sample; (f) 

Schematic of WS2/GaS0.87 band alignment reconstructed from XPS and CL analysis. 
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Next, we confirm charge carrier transfer from WS2 conduction band to GaS0.87 defect-induced 

band. KPFM mapping was used to determine the work function and band bending of the type-II 

heterojunction (see Figure 3a).5 Figure 3b shows the contact potential differences (CPD) across 

the orange line in Figure 3a (also see Fig. S5) which contains all three different surfaces: WS2, 

GaS0.87, and WS2/GaS0.87 (W/G). The CPD is related to the work function (Φ) difference between 

the material and tip surface by Φsample= Φtip−e*CPD. Therefore, the difference between the work 

function of WS2 on top of GaS0.87 or the substrate is obtained as ΦW/G−ΦWS2=0.04 eV, and that 

between the work function of GaS0.87 and WS2 is obtained as ΦW/G−ΦGaS0.87=−0.10 eV. Since the 

Fermi level at the junction in equilibrium is constant, the energy levels of WS2 bend 0.04 eV 

upwards at the junction, and the energy levels of GaS0.87 bend 0.10 eV downwards at the junction, 

as shown in Figure 3c. The observation suggests that electrons are transferred from WS2 to GaS0.87 

at the atomical sharp interface upon heterojunction formation.  

To further understand charge transfer behavior between the two semiconductors under illumination, 

Raman and PL spectroscopy with 532 nm laser excitation source were used to probe the interlayer 

coupling. In all analysis, the measurement conditions were kept the same so that signal intensities 

can be directly compared. Raman and PL spectra of the individual components were found to be 

consistent with previous reports, suggesting a good quality in the material we used. The A1
1g peak 

signal of GaS0.87 corresponds to out-of-plane vibration mode, whose position has been reported as 

an indicator of layer of numbers.38, 42 Raman spectrum of monolayer defective GaS0.87 shows A1
1g 

peak at 182.6 cm−1 (Fig. 3d). As the 532 nm (2.33 eV) photon energy is smaller than the bandgap 

of GaS0.87, PL signal was not observed (Fig. 3g). Fitting of Raman spectrum of pristine WS2 shows 

E1g peak at 356.1 cm−1 and A1g peak at 416.4 cm−1 (Fig. 3e), while PL spectrum shows exciton 
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peak (A) at 2.003 eV, trion peak (A−) at 1.980 eV, and a small but broad localized state (LS) peak 

at ~1.9 eV, indicating the inevitable presence of certain structural disorder or impurities introduced 

during the transfer process (Fig. 3h).44-45 The exciton-to-trion ratio (IA/IA−) is determined to be 

0.43±0.03 in WS2 on SiO2/Si substrate, due to n-type doping introduced by SiO2 interface or 

polymer/solvent residues. Additional discussions on using three-Lorentzian peak fitting were 

provided in Figure S7. 

Since Raman and PL signals from GaS0.87 are very small (<1%) compared with WS2, the signals 

from heterostructure are regarded as generated by WS2, therefore they are compared with 

monolayer WS2 and show changes in various peak positions and intensities after forming the 

heterostructure. Previous studies have shown that the signals can be affected by many factors 

including strain effect, trap states from environment, free charge carriers, environmental dielectric 

screening effect, etc.46-49 We first exclude impacts from trap states by molecular physisorption as 

the transfer process should bring the same impact on WS2 on SiO2 or on GaS0.87. The E1g peak 

position of WS2 could be used to probe the level of strain presented in the crystal.50-51 As WS2 in 

heterostructure shows little variation (< 0.2 cm−1) in E1g peak position, strain effects are also ruled 

out (Figure 3f). A lower carrier density in WS2 in the heterostructure is supported by a blue-shift 

of A1g peak position in WS2/GaS0.87 from 416.4 cm−1 to 417.4 cm−1 as well as an increasing IA/IA− 

in PL from 0.43 to 1.42.50 The free electron carrier concentration in the WS2 layer can be calculated 

from the IA/IA− ratio with the following relation:50 

𝐼𝐴−

𝐼𝐴
=
𝛾𝐴−

𝛾𝐴
(
𝜋ℏ2𝑚𝐴−

4𝑚𝐴𝑚𝑒
)
𝑛𝑒
𝑘𝐵𝑇

e
𝐸𝑡𝑟𝑖𝑜𝑛
𝑘𝐵𝑇  

where γ is the radiative decay rate of exciton and trion (assuming γ is constant in the doping level 

range and γA−=0.02 ps−1, γA=0.002 ps−1); mA and mA− is the effective mass of exciton and trion 
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(mA=me+mh, and mA−=2me+mh; in monolayer WS2 me=0.44m0, and mh=0.45m0); and Etrion is the 

trion binding energy. The results (see Table 1) show that carrier densities of WS2 in WS2/GaS0.87 

heterostructure (1.6*1013 cm−2) is only 25% compared with that in pristine WS2 (6.2*1013 cm−2). 

Such reduction in free electron carrier concentration is attributed to both reduced n-type doping 

and charge transfer. Reduction of n-type doping from SiO2 interface is commonly observed for 

WS2 stacked on another 2D substrates.52 However, decreased doping level alone would result in 

higher PL intensity as quantum efficiency is greatly increased, which is against an observed 52% 

quenching in total PL intensity.53 Quenching in heterostructure can originate from two principal 

mechanisms: energy transfer or charge transfer. However, energy transfer quenching must occur 

from a high energy transition to a low energy transition, which is impossible here for the smaller 

bandgap of WS2.
54 Thus, electron carrier transfer from WS2 to GaS0.87 under light illumination is 

confirmed. After the electron in WS2 is excited to its conduction band, instead of forming intralayer 

bounded exciton, the electron could undergo ultrafast transfer at the 2D interfaces into the GaS0.87 

lower band, leading to the formation of interlayer bounded exciton.13 The interlayer exciton is 

suspected to be indirect as no extra PL peak was observed. 

In addition to quenching of PL intensity and increase in IA/IA−, we also note the changes in A peak 

position for the type-II heterostructure by a red shift of ~22 meV, due to the combined effects from 

varied quasiparticle bandgap and exciton binding energy which are attributed to the screening 

effects from both free charge carrier and dielectric environment.55-56 The above parameters 

obtained from spectral fittings are summarized in Table 1. For additional comparison, spectral data 

from type-I heterojunction of WS2/GaS(stoichiometric) without charge transfer also support the 

above analysis and exclude the exciton-exciton annihilation effect in our measurements (Figure 
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S6).57 Mapping results are also provided to present clear distinction between pristine WS2 and 

heterostructures regions as well as the spatial uniformity (Figure S8-9). 

 

Figure 3. Charge transfer in WS2/GaS0.87 heterostructures. (a) KPFM scanning of WS2/GaS0.87 

heterostructures. (b) CPD line profile in (a). (c) Schematic of band bending in WS2/GaS0.87 heterostructures 

in the lateral direction, suggesting charge transfer upon heterojunction formation. (d-f) Raman spectrum of 

(d) monolayer GaS0.87, (e) monolayer WS2 and (f) WS2/GaS0.87 heterostructure (532 nm, 620 µW). (g-i) PL 

spectrum of (g) monolayer GaS0.87, (h) monolayer WS2 and (i) WS2/GaS0.87 heterostructure (532 nm, 6 µW). 

The increasing IA/IA− as well as strong quenching effect in the heterostructure suggest electron carrier 

transfer from WS2 to GaS0.87 and formation of interlayer excitons. 
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Table 1. Average of extracted parameters from Raman and PL fitting 

 A1g(cm−1) E1g(cm−1) A (eV) A− (eV) 

PL intensity 

relative to 

WS2 
IA/IA− 

ne in WS2 

(cm−2) 

Etrion 

(meV) 

WS2 416.4 356.1 2.003±0.002 1.980±0.002 1.00 0.43±0.03 6.2*1013 23 

WS2/GaS0.87 417.4 356.3 1.981±0.002 1.954±0.002 0.48 1.42±0.006 1.6*1013 27 

 

 

As analyzed above, the heterostructure’s band alignment and charge transfer behaviors satisfy the 

requirements for the conductive sensitizer strategy. Therefore, photodetector devices based on 

configurations shown in Figure 1a were fabricated by e-beam lithography with gold as electrodes 

on top of the 2D material. Figure 4c-d shows the schematics and optical images of the 

Au−WS2/GaS0.87−Au FET device. To demonstrate the heterostructure properties, FET devices 

based on its individual components, Au−WS2−Au and Au−GaS0.87−Au, were also fabricated and 

studied as a reference (Figure 4a-b). A GaS0.87-dominated conducting mode is suggested by our 

measurements under dark. Although the value of GaS0.87 mobility was difficult to obtain from its 

low current (possibly due to both a low mobility and the large contact barrier with gold electrode), 

mobility of WS2 and WS2/GaS0.87 heterostructure is calculated to be 0.13 cm2V−1s−1 (similar to 

other CVD-grown WS2) and 0.0014 cm2V−1s−1, respectively, from transfer curves in Figure 4e-f.41, 

58 This 100-times smaller value in mobility cannot come from WS2 layer even if screening effect 

from the bottom GaS0.87 are considered, but instead should come from the defective GaS0.87 

channel. Because mobility is proportional to current density, the heterostructure’s mobility is the 

combination of contribution from both layers. From the measured band offset (ΔE=0.19 eV) we 
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can estimate the carrier density ratio nGaS0.87:nWS2≈exp(ΔE/kBT)≈1.5*103. Thus, the mobility 

contribution from WS2 monolayer in dark is less than 0.0001 cm2V−1s−1, and the heterostructure’s 

small mobility mainly comes from the GaS0.87 channel. Measurement of effective Schottky barrier 

also reveals GaS0.87 as main transport channel. Metal-2D material junctions are known to form 

Schottky barrier which is largely determined by defects at the interface.59 Applying a back-to-back 

model, the effective Schottky barrier height (ΦB_eff) in the monolayer WS2 devices is determined 

as 0.57 eV (0.52 eV under flat-band condition, Fig. S10b-c).60 For the heterostructure devices, 

since the gold electrodes are deposited onto the top WS2 under same conditions, the interface 

should be the same. Based on the band diagram in Figure 3c, the WS2 conduction band should be 

positioned 0.61 eV above the Fermi level owing to the upward band bending, and subsequently 

the GaS0.87 defect-induced band should be positioned 0.42 eV above the Fermi level (see 

Schematics in Figure 4g-h). Our measured ΦB_eff of WS2/GaS0.87 FET devices is 0.43 eV, very 

close to the GaS0.87 band position. These results further confirm that under dark, the dominant 

pathway for electron carrier transport is GaS0.87. 

 

Figure 4. Electronic properties of GaS0.87, WS2 and WS2/GaS0.87 devices. (a) Schematic and (b) optical 

image of Au−WS2−Au (Up) and Au−GaS0.87−Au (Bottom) FET device. (c) Schematic and (d) optical image 
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of Au−WS2/GaS0.87−Au FET device. (e) Transfer curves of WS2 and GaS0.87 FET devices (Dark, Vds=2 V). 

(f) Transfer curve of WS2/GaS0.87 FET device (Dark, Vds=2 V). (g) Schematic of measured Schottky barrier 

in Au−WS2−Au FET device. (h) Schematic of estimated Schottky barriers in Au−WS2/GaS0.87−Au FET 

device. 

 

Finally, the optoelectronic properties of the individual and heterostructure devices were studied. 

The photoresponse of these devices were measured under various wavelengths (395 nm, 470 nm, 

535 nm, 590 nm, 622 nm) across wide power range. As an example, photocurrent−voltage curves 

of devices under 535 nm were shown in Figure 5a-b. Photoresponsivity (Rλ≡Iphoto/P) is used to 

demonstrate the sensitivity of photodetectors to incident light where Iphoto is the photocurrent and 

P is the illumination power. When comparing the wavelength-dependent Rλ with the material’s 

absorption spectrum in Figure S11, we found that for WS2 devices, the Rλ is in accordance with 

the WS2 absorption spectrum. In comparison, for the heterostructure devices, the Rλ is in 

accordance with the WS2 absorption spectrum for photon energy below 2.73 eV (470 nm, 535 nm, 

590 nm, 622 nm), but show unproportionally higher Rλ for 395 nm. This is consistent with the 

WS2-sensitized photodetector behavior for photons within 2.00~2.73 eV range, which takes up 

most of the visible spectrum. Above this energy, carriers in GaS0.87 valence band could be excited 

and contribute to the photocurrent. Such differences indicate that the heterostructure would operate 

under C(conductive)-Sensitizer mode within 2.00~2.73 eV, but turn to PGE mode for photon 

energy higher than 2.73 eV. 

The power-related change in photocurrent can be characterized by the power dependence 

parameter α, defined by the relation I photo ∝Pα. For ideal linear response, the α value should be 1, 

while a small α value indicates severe photoresponse decay. For monolayer WS2 devices, Rλ shown 
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in Figure 5g is in the range of 30−700 A/W under various visible light and power. A smaller α 

value of 0.5~0.7 was measured for different wavelengths, which is typical for PGE mechanism 

(see Figure 5c). In addition, both defective and stoichiometric gallium sulfide photodetectors under 

275 nm UV light excitation show similar small α values in our previous report.38 However, the 

heterostructure devices based on the conductive sensitizer strategy show greatly reduced 

photoresponse decay and exhibit a nearly ideal α value of 0.97~1.03 for photons between 

2.00~2.73 eV, with a moderate photoresponsivity of 10−25 A/W compared to other PGE devices 

and a detectivity of 1.5×109 Jones for red light (see Figure 5d). The significant difference in 

decaying behavior from individual components implies that it originates from coupling effects. At 

near-UV spectrum, the photodetector operates under the PGE mechanism, thus leading to 20% 

decay in photoresponsivity with increasing power from 50 to 164 μW/cm2, similar to other PGE 

photodetectors (see Figure 5d). 

The WS2/GaS0.87 heterostructure should share some strong characteristics of the trap-based PGE, 

such as large photogain and long response time, as the sensitizer has trap states. The photogain 

(calculated by G=hνRλ/eη, where η is the absorbance) is estimated to be in the range of 480−1070 

in the visible spectrum range, demonstrating a highly efficient process in absorption, charge 

transfer and photocarrier transport. A long response time of 5 s is also similar to that of pristine 

WS2 photodetectors (12 s) and other PGE photodetectors (see Figure S12).27, 61 Still, a major 

difference between PGE or conductive sensitizer strategy is the change in mobility, which is 

revealed by the transfer curves under illumination. As shown in Figure 5e, transfer curve of the 

heterostructure under UV light show significant threshold voltage shift but little change in 

transconductance (defined as gm≡∂Ids/∂VOG, where VOG is the overdrive gate voltage from the 

threshold voltage point), which is typical for conventional PGE mechanism where traps act as local 
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gates.62 However, transfer curve of the heterostructure under green light with the same illumination 

power show totally different behaviors, with significant increase in transconductance and little 

shift in threshold voltage. Such increased transconductance indicates larger mobility that originates 

from additional contribution from WS2 sensitizer. Other transfer curves measured under various 

illumination wavelength and power also exhibit distinct behavior under UV and visible 

illumination (see Figure S13a-b). 

As charge transport is in the parallel mode, the transfer curves under visible illumination show 

both threshold voltage shift and change in interlayer charge transfer, whose effect can be separated 

by fitting the ON-state transfer curve (see Supplementary Note for detailed information). This 

enables quantitively extracting the change in heterojunction’s mobility, the threshold voltage and 

band offsets (see Figure S13c-e). In Figure 5f, the heterojunction’s mobility is directly evidenced 

to increase by a factor of 2 when the visible photon flux (photons absorbed per second, to exclude 

the influence of photon energy difference on illumination power) increased by a factor of 10, 

showing increasing participation from the WS2 layer. In comparison, under UV illumination of 

similar photon flux, the device exhibits almost unvaried mobility of 0.002 cm2V-1s-2 (GaS-

dominated). 

Such a difference between the PGE mode and the C(conductive)-sensitizer mode for different 

photon energy is further illustrated in Figure 5g. Under C-sensitizer mode, light is only absorbed 

by the sensitizer. The excited electrons then tunnel into the underlying channel, contributing to 

photocurrent but also creating a reverse electrical field. At higher illumination power, the 

subsequent electrons have a lower possibility of tunneling and thus a higher possibility to 

contribute to photocurrent from the high-mobility sensitizer. Under the PGE mode, photons are 

absorbed both by the sensitizer and the channel. Light absorbed by underlying GaS0.87 populates 
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its own band with electrons, leaving less available states for charge to tunnel from WS2. Thus, with 

less transferred electrons, the reverse electrical field is comparably smaller than that in the C-

sensitizer mode, and is not enough to hinder the decaying tendency in photoresponse from 

decreased photocarrier lifetime. It should be noted that for Schottky type contacts, strong 

illumination power leads to increased electric field in the channel due to lowered Schottky barrier 

height. However, the increase in electric field alone can hardly compensate for the exponential 

decayed carrier lifetime in previous reports,4, 29, 71 thus increase in mobility is essential for further 

tuning the photoresponse-power relation. 

Finally, the near-ideal power dependence of this structure is further demonstrated on a larger power 

range. A 532 nm laser source is employed to provide a large power density that LEDs cannot offer, 

while small difference to 535 nm LEDs in wavelength-dependent absorbance can be neglected. 

Figure 5h shows that the photoresponsivity of WS2/GaS0.87 heterostructure remains near 13 A/W 

in the range of a power density from ~0.01 to 232 mW/cm2, while the photoresponsivity of 

monolayer WS2 drops steeply from ~200 to <1 A/W in the same range (also see Fig. S14 for I−V 

curves). In other words, the heterostructure outperforms its individual components. Linear 

dynamic range (LDR) describes the range of linear response of photodetectors to the light intensity, 

which can be calculated by: 

𝐿𝐷𝑅 = 10log⁡(
𝑃𝑠𝑎𝑡𝑅

√2𝑒𝐵𝐼𝑑𝑎𝑟𝑘
) 

where Psat is the saturate light power when it deviates from linear response (which is larger than 

the light power at the density of 232 mW/cm2), R532nm is the photoresponsivity, B is the bandwidth 

(~0.1 Hz, see Fig. S12b). The obtained high LDR for the WS2/GaS0.87 heterostructure 

photodetector is larger than 73 dB, which surpasses many other 2D heterostructure photodetectors 
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and commercial photodetectors such as GaN (50 dB) and InGaAs (66 dB).23, 26, 63-65 It should be 

noted that higher irradiance power might induce subtle damage to the WS2 layer exposed to air, as 

monolayer WS2 devices also exhibit weakened performance after that, therefore the measured 

LDR can be further improved with inert atmosphere protection. In Figure 5i, the figure of merits 

of photodetectors based on type-II heterostructures are summarized with photoresponsivity in x-

axis and LDR in y-axis.19, 21-23, 26, 29, 34, 66-71 While devices based on PVE show high LDR of 53−132 

dB, the photoresponsivity value is less than 0.5 A/W. Other devices based on PGE or conventional 

sensitizers do not show linearity, and the photoresponsivity value often decay to under 10 A/W at 

high-power irradiance. In comparison, our work shows both high LDR value of 73 dB and high 

photoresponsivity value of 13 A/W. Further comparison of gain-bandwidth product with devices 

based on PVE is shown in Figure S15 for examine the gain-speed tradeoff. With its advantageous 

band structure, the simple bilayer WS2/GaS0.87 heterostructure proves that it can maintain a high 

photoresponsivity even at high-power irradiance and is promising for practical applications 

requiring wide linear working range such as in imaging systems. 
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Figure 5. Optoelectronic properties of WS2/GaS0.87 heterostructure. (a) Photocurrent curve of WS2 and 

GaS0.87 FET devices under 535 nm illumination. (b) Photocurrent curve of WS2/GaS0.87 heterostructure FET 

device under 535 nm illumination. (c) Photoresponsivity of WS2 photodetectors under different illumination 

intensity and wavelength. (d) Photoresponsivity of WS2/GaS0.87 photodetectors under different illumination 

intensity and wavelength. (e) Comparison of I−Vg curve of WS2/GaS0.87 heterostructure under dark and 

illumination (Vds=2V). Under UV light (PGE mode) the transistor shows major change in threshold voltage, 

while under visible light (Conductive-sensitizer mode) it mainly shows change in transconductance and 

mobility. (f) Heterojunction mobility value versus photon flux under UV or visible illumination. (g) 

Schematic of carrier transfer and formation of reverse electric field in WS2/GaS0.87 heterostructure under 

visible light (Conductive-sensitizer mode) and UV light (PGE mode) photodetection. (h) Photoresponsivity 

of WS2 and WS2/GaS0.87 photodetectors under 535 nm LED and 532 nm laser light source. (i) Comparison 
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of response sensitivity and linearity of photodetectors based on type-II 2D or 2D hybrid heterostructures 

from previous reports.  

 

Conclusions 

In this study, a conductive sensitizer strategy is proposed for achieving both high 

photoresponsivity and small photoresponsivity decay under high illumination power and is 

demonstrated thoroughly on bilayer WS2/GaS0.87 heterostructure with isotype type-II band 

alignment. A combination of spectroscopic techniques including XPS, CL and PL were used to 

show that intrinsic defects in the GaS0.87 form a defect-induced band within the bandgap that alters 

the relative band offsets and consequently forms an isotype type-II heterojunction, resulting in 

efficient electron transfer from WS2 to GaS0.87. The defect-induced type-II heterojunction displays 

strong interlayer coupling and quenching behavior in the WS2 PL. The transport characteristics of 

the bilayer WS2/GaS0.87 heterostructure deliver solid evidence of a GaS0.87-dominated low-

mobility carrier transport behavior under dark, and a transition to higher-mobility transport with 

increasing light illumination power. As a result, the photoresponsivity decay due to reduced carrier 

lifetime was compensated by the increase in heterostructure mobility, leading to a power 

dependence parameter value of nearly 1. Thanks to the bandgap values selection, the linear 

photoresponse-power relation is demonstrated across broad visible wavelength spectrum. A large 

linear dynamic range of 73 dB at a high photoresponsivity of 13 A/W is achieved for green light, 

with a large photogain between 480−1070, which is suitable for high performance photodetectors 

with a large working range. The excellent optoelectronic properties of this simple bilayer 

heterostructure can be further improved with enhancement in mobilities of both layers as well as 

contact engineering. These results provide insights into the important role of band and interface 
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modulation in offering heterostructures with outstanding properties and functions, and could be 

valuable in the future designing of more complex sets of heterojunctions to accomplish various 

tasks in next generation nano-electronic and -optoelectronics devices. 

 

Experimental Methods  

Fabrication of WS2/GaS0.87 heterojunctions: 

Monolayer GaS0.87 and WS2 were synthesized according to our previously reported methods.38-39 

The WS2 on SiO2/Si substrates was then spin-coated with PMMA films, followed by etching in 

1M KOH aqueous solutions for 3 hours before the WS2 detached with the underlying substate. The 

PMMA films with WS2 was washed with DI water for several times, then transferred onto the GaS 

film and put into vacuum for better adhesion. To better improve the interlayer interaction, the 

sample was further annealed at 120 °C for 30 min. Finally, acetone was used to remove the PMMA 

film. For the sulfur annealing process, 150 mg sulfur powder is loaded 6 cm upstream of the sample. 

The sulfur is heated first to 200 °C under 300 sccm Ar, and then the sample is heated to the same 

temperature and maintained for 30 min. A sulfur-rich atmosphere and low temperature is to avoid 

the 2D materials from degradation. 

Characterizations: 

XPS was characterized in a Thermo K-alpha XPS instrument with monochromatic Al Kα radiation 

(12 kV, 3 mA). Fitting and analysis of peak position and area was done in CasaXPS software. 

SEM characterization was conducted on Hitachi S-4300 at an accelerating voltage of 3.0 kV. CL 

spectrum was obtained in a JEOL JSM-6500F SEM with a Gatan MonoCL3 system under an 

accelerating voltage of 5 kV. AFM and KPFM analysis were done by Asylum Research MFP-3D 
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in AC mode with a silicon Tap300-G cantilever (BudgetSensors, spring constant ∼40 N/m and 

resonant frequency ∼300 kHz) and processed by Gwyddion software. Raman and PL 

characterization was performed in LabRam Aramis Raman spectrometer system with a 532 nm 

laser and a spot size of ∼1 μm. 

Device fabrication and measurements: 

The gold electrodes were patterned directly on the heterostructure by JEOL 5500 FS EBL system 

using bilayer PMMA resist and developed in MIBK/IPA solution. After that, 80 nm Au was 

deposited by thermal evaporation, followed by lift-off in acetone. The source-drain current was 

measured using a Keithley 2400 source meter with two tungsten tips. For field-effect behavior 

studies, 300 nm SiO2 layer was used as the dielectric layer and heavily p-doped Si was wired and 

connected to a Keithley 2400 source meter. In photocurrent studies, LEDs with varying 

wavelengths (Thorlabs, spot size ~300 μm) and 532 nm diode-pumped solid-state laser (Thorlabs, 

DJ532-40, spot size ~6 μm) were used as light sources. Power values of various light sources were 

recorded by a manually fixated power meter (Thorlab Optics PM100D, wavelength 200 nm–1000 

nm) placed at the position of device. Measurements and observations were done on three devices 

for each type of devices which all showed consistent behavior (GaS0.87; WS2; WS2/GaS0.87). Owing 

to beginning of degradation of top WS2 layer under large current in a humid and oxygen measuring 

environment, devices with the best and most robust performance were reported in Figure 4-5. All 

measurements were carried out under room temperature in ambient conditions. 
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