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Abstract

Arrays of metal-semiconductor-metal (MSM) photodetectors are fabricated using chemical vapour

deposition grown 2D monolayer WS2 as the absorbing semiconductor (WS2) with gold electrodes. A

study of the channel length dependence (0.2-6.4 µm) on the photoresponsivity and gain show

substantial increase in performance is achieved when the length is reduced down to 200nm. A large

gain factor of up to 480 is measured for 200nm length devices and attributed to lowering of the

Schottky barriers due to the filling of trapped states between the metal contact and WS2 by

photogenerated carriers. Only photoexcited carriers close to the interface contribute to filling trap

states and lowering the Schottky barrier and therefore increasing channel length only adds series

resistance to the device that reduces performance. These results reveal detailed insights regarding the

mechanisms for photocurrent generation in lateral MSM photodetectors that employ CVD grown

monolayer WS2 material, which has important consequences for the commercial applications and

large scale development of 2D imaging arrays.
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2D materials have found application as photoabsorbers in ultrathin photodetectors, including

graphene and transition metal dichalcogenides (TMDCs).[1] [2] It is appealing to integrate 2D

materials into circuits or other signal processors because of their space economy in vertical

dimensions while being compatible with conventional lithography methods in the lateral dimensions.

As the first discovered 2D material, graphene has been studied thoroughly and shown attractive

properties like chemical inertia[3], high carrier mobility[4] [5] [6] and high strength[7] [8] . In the case of

photo detection, the semi-metal nature of graphene results a high dark current[1] [9], which is

energetically unfavourable. A band gap is found in other 2D crystals with single elements like black

phosphorus[10], which is chemically unstable in ambient condition[10] [11]. TMDCs represent another

type of 2D material that is a layer of transition metal (like Mo, W) sandwiched between two layers

of chalcogenide atoms (like S, Se, and Te)[2]. Chemical vapour deposition (CVD) growth of TMDS

has been realized recently[12] [13] [14] [15], which enables relative large scale production. TMDCs are

relatively stable in atmospheric conditions and harsh environments[16] which makes them

competitive candidates for device applications without special protection. Monolayer TMDCs are

direct band semiconductors[2], which is ideal for high photon-electron conversion rates[17] [18]. For

example, WS2 has a direct band-gap in the visible light region (~2eV), accompanied by strong photo

absorption of 5%-10% for a monolayer[19].

Many types of photodetectors have been fabricated with 2D materials, with a general trend of

reverse dependence on the photoresponse and band width. Graphene photodetectors with light

absorbing quantum dots exhibit a photoresponsivity of around 108 A/W, and a slow response time of

up to several seconds[20]. On the other hand, the bandwidth of graphene photo detectors without a

photo-gating layer can be wider than 1GHz, but the photoresponsivity is of the scale of mA/W[21] [22].

TMDC-based photodetectors exhibit diverse photoresponse behaviour. Ohmic contacts are generally

assumed for Ti contacted TMDCs, which in turn leads to a small ratio of the photocurrent (Ibright) to



dark current (Idark), (Ibright/Idark) [23] [24]. The photoresponsivity of TMDC based photodetector varies 9

orders of magnitude from the scale of μA/W to kA/W, while the response time varies 3 orders of

magnitude from the scale of ms to s [25] [26] [27] [28] [29]. These large variations are due to a number of

factors, such as input laser power, but clearly further detailed studies are needed to reveal more

insights into the mechanisms behind photoconductors that utilize monolayer TMDCs.

Here, we fabricate and study the photoresponse of metal-semiconductor-metal (MSM)

photodetectors built with CVD grown monolayer WS2. The large region of monolayer WS2 grown

by CVD opens the opportunity for fabricating large arrays of MSM photodetectors on one chip and

the ability to explore the influence of device architecture such as channel length. Gold electrodes are

used to form Schottky junctions between the metal contacts and semiconductor, required for a MSM

photodetector.[30] A Schottky barrier is formed using a high working function metal (e.g. Au) as the

contact electrode and a semiconductor with higher Fermi level (e.g. n-type WS2).[31] The appearance

of a Schottky barrier effectively limits the dark current to below the measurement limit of equipment

in this experiment (<10-11 A). The channel length is varied from 0.2 – 6.4 µm to explore how this

affects the photoresponsivity and gain factors of the devices, with the aim of increasing device

performance.

Results and Discussion



Figure 1 (i) Photoluminescence (PL) integrated intensity mapping of one WS2 domain. PL intensity of

monolayer WS2 is much stronger than it in multilayer WS2. The ratio between PL peak and Raman peak is

used to identify the layer number of WS2 in this work. (ii) Statistics of PL Spectrum of CVD-monolayer WS2.

The Colour bar in map represents the count of samples. Black solid line is the averaged PL spectrum of all

samples, which splits into two peaks corresponding with trion (red dash line) and exciton (green dash line).

(iii) Ratio between integrated intensity of trion and exciton. The ratio between these two peaks is proportion

to the doping concentration as elaborated in the main text. (iv) Raman spectrum of CVD WS2. The intensity

ratio between (2LA+Eଶ୥) peak and Aଵ୥ is used to confirm the layer number of WS2. Insertions are the

optical microscopic image of monolayer (above) and multilayer (below) WS2. (v) SEM image of as-grown

WS2 domain. (vi) Transfer characteristics of a WS2 field effect transistor (FET). The threshold voltage is 46V

and field effect mobility is 4.2cmଶ/(ܸݏ), which is determined by the intercept with I = 0 and slope of the

black solid line respectively. The subthreshold swing (slope of blue line) is 17V/dec, which indicates a high

density of trapped states.



The CVD WS2 is grown directly onto Si wafers with 300nm oxide surface using a previously

reported method with slight modification[32]. The monolayer nature of the WS2 triangular crystals in

this work is confirmed by both photoluminescence (PL) and Raman spectroscopy. Single layer WS2

domains emit much stronger PL than multi-layer domains due to their direct band gap[33]. A typical

PL intensity mapping from a monolayer WS2 domain is shown in Figure 1(i). The ratio between the

2LA + Eଶ୥ and Aଵ୥ peaks in the Raman spectrum is another indicator of the layer number of the

WS2 crystal[34]. The Raman spectrum shown in Figure 1 (iv) correlates with the PL analysis in terms

of layer number. Some smaller multilayer domains of WS2 are occasionally found, shown in the

inset of figure 1(iv).

The PL spectrum is sensitive to the doping levels of WS2 and statistics from over 1000 sample

points are plotted in order to estimate the error in the PL measurement in Figure 1 (ii). The PL

spectrum is repeatable and is well fitted by two peaks that correspond to trion (around 1.98eV) and

exciton (around 2.02eV)[35] emission. The significant trion peak in PL reflects an intrinsic doping in

transferred CVD WS2. [35] [36] Such an intrinsic doping is possible to be caused by the transfer

process[37] or substrate[38]. The doping concentration is further estimated by the ratio between

spectral intensities of trion and exciton (Figure 1 (iii)) according to reference [35] and [36]:
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where ܰ௑ is the population of exciton, ܰ௑ష is the population of trion, ௘݊ is the concentration of

electron, ݉ ௑ (or ݉ ௑ష ) is the effective mass of exciton (or trion), ݉ ௘ is the effective mass of

electron, ߚ =
ଵ

௞ಳ்
is the Boltzmann factor, ௕ܧ is the binding energy, ௑ܫ (or ௑షܫ ) is the integral



intensity of exciton (or trion), and ௑ߛ (or ௑షߛ ) is the radiative decay rate of exciton (or trion). By

fitting experimental data (Figure 1 (ii)) with equations (1) and (2), we find an average doping

concentration of 7 × 10ଵ଻݉ ିଶ, which is similar as previous reported value of WS2.[35]

The geometry of our MSM photo detectors is compatible with field effect transistor (FET)

measurements to further characterize charge carrier mobility of the CVD WS2. A typical transfer

curve of a FETs with 6.4m channel length 4m channel width as Figure 2 (iii,f) is presented in

Figure 1(vi). These FETs display n-type behaviour and the threshold gate voltage is determined by

the on-set of the conduction, as shown in Figure 1(vi). Field effect mobility is calculated according

to the linear region of the transfer character:
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Here ߤ is the mobility, Isd is the source-drain current, Vg is gate voltage,
௅

ௐ
is the ratio

between channel length and channel width, Vsd is the bias and Ci is the gate capacitance per unit

area. The field effect mobility is determined as 4.2ܿ݉ ଶ/(ܸݏ) from the slope of the linear region of

transfer curve as shown in black line, Figure 1 (vi). This matches well with previous reported values

of mobility in monolayer TMDs measured under ambient environment[39] [24]. However, a significant

subthreshold swing (17V/dec) is found in the field effect character of our CVD WS2 (blue line in

Figure 1(vi)) suggesting an abundance of trapped states[40]. The density of trap states is extracted

from the subthreshold swing using equation (4) [40]:
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Here S is subthreshold swing, β =
ଵ

୩ా்
is the Boltzmann factor, e is the absolute value of single

electron charge, ௜ܥ is the capacitance per unit area, ܰ௧௥௔௣ is the trapped state density. The



subthreshold swing is measured by the slope of subthreshold region in the logarithmic plot of the

transfer curve. We calculate a trap state density of 1.9 × 10ଵ଻݉ ିଶܸ݁ ିଵ, which is similar to the

surface state density reported in some 3D materials[31] [41], as well as in MoS2 transistors[42].

Figure 2 (i) Schematic illustration of a metal-semiconductor-metal (MSM) photodetector with monolayer

WS2 between two gold electrodes and 532nm laser illumination. (ii) a)–c) Optical images of devices on

silicon chip. (ii) a) Photograph of the array of 24 x 17 devices on 1cm x 1cm silicon chip. (ii) b) Optical

microscopic image of device lay-outs. (ii) c) Optical microscopic image of a pair of gold contacts. The pink

colour of gold contact is due to the thin thickness (30nm) of them. The number of devices and pitch size is

determined to optimize the possibility of contact sparsely distributed WS2 on silicon chip. (iii) a)-f) Scanning

electron microscopy (SEM) image of gold contacts on WS2 with channel length varying from 200nm to

6400nm.



We fabricated metal-semiconductor-metal photodetectors using the CVD grown WS2 with

variations in the channel length. The WS2 domains are transferred from the growth substrate onto a

new substrate for device fabrication. Arrays of devices (24 x 17) are fabricated on the silicon chip

with a pitch size of 300µm giving more than 400 photodetectors on one chip. The number of and

pitch between devices are set to maximize the yield rate of working photodetectors. Optical images

of the fabricated devices are shown in Figure 2 (ii) a)-c). Photodetectors with 6 different channel

length, 200nm, 400nm, 600nm, 800nm, 1600nm and 6400 nm respectively, are fabricated, Figure 2

(iii) a)-f). The MSM photodetectors are tested with a 532nm laser with different intensity as

schematically illustrated in Figure 2 (a). Only devices fabricated within a single triangular domain

are characterized so as to rule out any influence of grain boundary.

Figure 3. Maps of source-drain current in response to source-drain bias and incident laser intensity.

Colours in map (i) to (vi) represent absolute value of drain current in 10-based-logarithmic scale (as marked

in the colour bar). The range of colour scale in all size maps is same (from 10pA to 10μA) for the convenience

of comparison. X axis and Y axis are 10-based-logarithm of incident illumination intensity and source-drain

bias respectively.



Photoresponse of devices with 6 different channel lengths (200nm, 400nm, 600nm, 800nm,

1600nm and 6400nm) were measured as a function of source-drain bias and incident light intensity

as shown in Figure 3. The dark current is found to be lower than 10pA, which reaches the

measurement limit of equipment used in this experiment. Due to the stable negligible dark current,

we exclude the contribution of tunnelling current in our experimental set-up, which was reported in

GaSe photodetectors with short channel lengths or high bias[43]. Although the dark current remains

almost undetectable no matter what channel length and source drain bias, the photocurrent

sensitively depends on both. The maximum photocurrent, as can be found in the upper and lower

right corner of each map, decreases with increasing channel length. Photocurrent at a given bias

reaches the maximum value at the scale of 10μA in ± 4V biased 200nm-channel-length devices as

shown in Figure 3 (i), while decreases to about 1% of that value in 6400nm-channel-length devices.

Higher photoresponsivity for devices with shorter channel lengths and larger bias is found.



Figure 4 Photo responsivity of WS2 MSM photodetector. (i) map of photo responsivity as a function of

channel length and source-drain bias. Colours in the map represent the photo responsivity in

10-based-logristic scale as marked by the colour bar. The photo responsivity are tuned from ~10ିହfor long

channel (Lୡ୦ = 6400݊݉ ) photo detectors working under low bias (~0.2V) to ~10ଵ for short channel (Lch =

200nm) photodetector working under mild bias (~4V). (ii) Dependence of photo responsivity (left y axis) and

gain (right y axis) on source-drain bias. No current saturation is found for all devices, while gain higher than

unity is found commonly. (iii) Dependence of photo responsivity on channel length. (iii,a) Dependence of

photo responsivity on channel length with fitting lines. Relation between photo responsivity and channel

length follows a power law with the power factor α varies with different source-drain voltage. (iii,b)

Dependence of power factor α on source drain voltage. The α values near zero bias is masked due to noise

induces by the small current value. (iv) Band diagram illustrating the photo response mechanism of WS2

MSM photo detector. (iv,a) Trapped states exist at the interface between metal contact and WS2. The trapped

states will result a complicated Fermi level pinning effect and influence the effective Schottky barrier height.

(iv,b) Photon absorption of the photo detector produces electron-hole pair. Holes are later trapped in the

interface between metal contact and semiconductor, which decreases effective Schottky barrier height. The

dashed lines indicate the origin position of the conduction and valence band while the solid lines are the

actual position conduction and valence band after Fermi level lowering. (iv,c) When the channel length is

comparable with the transient length of photo-induced electrons, recombination between electron and hole

become significant.

Photoresponsivity and gain are two correlated figures of merit for photodetectors.

Photoresponsivity measures the sensitivity of photodetector to incident light, which is defined as

R୮୦ = ౦୍౞

஍ ஺
, where Rph is the photoresponsivity, I୮୦ is the photo current, Φ is the light intensity and 



A is the detection area. The photoresponsivity of our WS2 MSM photodetectors was found to be a

function of both bias and channel length as in Figure 4(i). The photoresponsivity reaches up to

20A/W in for short channel lengths (200nm) and large source-drain bias (4V) (Figure 4 (ii)). Further

increasing the bias above 4V will provide larger photoresponsivities, but in air we find the WS2

begins to degrade when current values are too high and therefore we limit out study to 4V for

consistency and reproducibility. Slightly smaller photoresponsivity has been reported in

Au-MoS2-Au photodetectors under similar illumination intensity[16]. We note that the much stronger

illumination (102W/m2-106W/m2) intensity in our experiment compared to some other reports

(10-3W/m2-102W/m2) would lead to an apparent smaller photoresponsivity due to the negative

dependence of photoresponsivity on illumination intensity[26]. The gain factor of a photo detector is

defined as the number of charge carriers flowing through the circuit per photogenerated

electron-hole pair[44] and calculated by G =
୦஝

஗ୣ
R୮୦, where G is the gain, Rph is photo responsivity, h

is plank constant, ν is the frequency of photon, e is the absolute value of electron charge, and η is the 

light absorption rate. By assuming an absorption rate of 8% for monolayer WS2
[19], we calculated the

gain factor to be as high as 480, Figure 4 (ii), which is similar to that found in conventional GaAs

MSM photo detectors[45] [46] [47] and organic photo detectors[48].

The gain factor (and thus photoresponsivity) exponentially depends on the source-drain bias

shown in Figure 4 (ii) due to the exponential dependence of emission current on the bias. Plot of log

(Rph) vs log(Lch) reveals a power-law dependence of photoresponsivity on channel length, shown in

Figure 4 (iii). The power factor varies from α = −2, for high bias (4V) to α = −1 for low bias as

shown in Figure 4(iii,b). Under high bias, the current is limited by the internal resistance of

materials. In this way, the initial photo current caused by the photogenerated electron hole pair is

almost a fixed value but the gain changes according to the following formula[44].
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Where in equation (5) and (6) G is the gain factor of the photo detector, μୣ and μ୦ are the

electron and hole mobility respectively, τ is the recombination life time, t୲ is the transit time,

which is the time for an electron to travel from one electrode to another, Lୡ୦ is the channel length,

and V is the source-drain bias. From equation (5) and (6), it is clear that G ∝ Lିଶ (thus R ∝ G ∝

Lିଶ). On the other hand, if the source-drain bias is comparable or smaller than the effective Schottky

barrier height, most voltage drops within the dipole layer between the WS2 and gold contact. In this

way, only electron-hole pairs that are generated within the depletion zone contribute to the

photocurrent[49]. Photocurrent is independent to channel length in that regime, which leads to the

photoresponsivity depending reciprocally on the channel length (e.g. red line in Figure 4 (iii, a) and

low bias region in Figure 4 (iii, b)). By taking our experimental data at high source-drain voltage

into equation (5) and (6) and assuming that holes are trapped (i.e. ௛ߤ ≪ ,(௘ߤ we estimate the

recombination life time to be around 7ns, which is similar as the theoretical prediction of radiative

life time in monolayer WS2 at ambient condition.[50]



Figure 5. (i) a)-f) Photoconductivity of WS2 photodetectors for different channel lengths (200nm, 400nm,

600nm, 800nm, 1600nm and 6400nm). The insertions are IV plots in logarithmic scale. [51] (ii) PL spectrum of

devices under different bias. Typical PL spectrum is shown as the insert that is taken at 2V bias (indicated by

the yellow dashed line). (iii) Scatter plot of effective Schottky barrier height (ESB) as a function of light

intensity (Φ). The blue line is a fitting curve showing the linear dependence of effective Schottky barrier on 

logarithm of light intensity. (iv) Equivalent circuit diagram for a MSM photodetector. The MSM

photodetector consists of a pair of back-to-back Schottky diodes (device 1, 3) and a series resistor (device 2).

To further clarify the photoresponse mechanisms for the Au-WS2-Au MSM photodetector, the

output character is carefully studied. Non-linear IV curves appear as the output character of all

devices. Typical IV curves of devices with various channel lengths are shown in Figure 5(i) a)-f).



These non-linear IV curves indicate the formation of a Schottky barrier[52] [53], which is desirable in

MSM photo detector. We model the output character as an electrical circuit consisting of two

Schottky diodes contacted back-to-back with a series resistance in the middle (insert of Figure 5 (1),

a)-f)). For small source-drain bias, the reverse-biased diode limits the current flow through the

circuit. When increasing the bias, leakage through the reverse-biased diode becomes significant and

current flows through the circuit with an exponential increase. Several mechanisms, e.g. increasing

of field emission[54], minority carrier injection[55] or avalanche break-down of the channel

material[55], may result in similar non-linear IV curves in the set of back-to-back diodes in Figure 5

(i).

Avalanche break-down is reported in 2D avalanche photodetectors[56], but is unlikely to occur in

our experimental conditions. The electric field should strongly alter the PL spectrum[57] when

avalanche break-down happens. However, the PL spectrum remains almost unchanged in our

experiments as shown in Figure 5 (ii). In addition, when avalanche break-down occurs, the kinetic

energy of charge carriers is approximately equal to the band gap[58]. We can roughly estimate the

kinetic energy by ~௞ܧ
ଵ

ଶ
݉ ∗ ቀ

ఓ௏ೞ೏

௅೎೓
ቁ
ଶ

, where Ek is the kinetic energy, m* is the effective mass,μis the

mobility, Vsd is the source-drain bias, Lch is the channel length. Even though the kinetic energy

estimated in this way (~1meV) is generally larger than the real kinetic energy, it is still three orders

of magnitude smaller than the band gap of WS2 (~2eV).

By ruling out avalanche break-down, we can describe the output character of the photoresponse

using a modified theory for thermionic emission current. The contribution of other transport

mechanisms (field emission and minority carrier injection) is considered by adding a

phenomenological ideality factor[59]. Due to the large gain in our experiment (Figure 4(ii)), the total

current is almost totally contributed by the thermionic emission current. In this way, we can describe



the current flowing through the back-to-back Schottky diode pair as a series resistance by the

following set of equations[60] [61]:
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Where, in equations (7)-(10), I is the source-drain current, U is the source-drain bias, ଴ܫ is a

constant determined by the Schottky barrier height, n is the ideality factor, e is the absolute value of

single electron charge, ߚ =
ଵ

௞ಳ்
is the Boltzmann factor, and ௜ܸ (i = 1, 2, 3) are the voltage drop

across device 1 (diode on the left), 2 (resistor in the middle) and 3 (diode on the right) in figure 5(iv)

respectively. By solving equations (7)-(10), we get:
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Notations in the equation (11) share the same meaning as in equations (7)-(10). By fitting the

measured IV curve with the equation (11), can we extract the pre-factor ,଴ܫ internal resistance R and

ideality factor n. Especially, ଴ܫ is determined by the Schottky barrier height of the 1D junction

between metal contact and 2D WS2
[62] [63].



଴ܫ = ଶ஽ܣݓ
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Where in equation (12), S is the contact area, ∗ܣ is the effective 2D Richardson constant, T is

temperature, ߚ =
ଵ

௞ಳ்
is the Boltzmann factor, and ߶ௌ஻

∗ is the effective Schottky barrier height. By

taking the fitting parameter ଴ܫ into equation (12), we can calculate the effective Schottky barrier

height in the WS2 MSM photo detector, which is plotted in Figure 5 (iii).

Both the ideality factor and the Schottky barrier height are extracted by fitting the experimental

data to formulas above. The ideality factor is around 1.03±0.01, which is near unity and thus

indicates ideal Schottky junctions are formed between WS2 and the gold contact. This value is

consistence with common diodes and transistors. It is notable that the effective barrier depends

negatively on the incident light intensity, but has no correlation with the channel length down to

200nm in our experiment. This suggests a very narrow depletion zone in our device, which is likely

due to an abundancy of trapped state in the interface between electrode and WS2.

The lowering of the effective Schottky barrier height can be understood as a result of accumulating

trapped charge at the interface between the metal contact and semiconductor.49 The hysteresis in

Figure 5 (i) is due to the charge and discharge process of trapped states in the interface between

electrode and WS2. Incident light can generate electron-hole pairs, which are separated by the

external electric field. Although electrons can easily drift to and enter the positive electrode (anode),

holes are trapped in the interface between the negative electrode (cathode) and semiconductor,

especially if there is an abundancy of trapped states. The semiconductor is then going to be

positively charged around the cathode due to the accumulation of holes. These charges in turn lower

the local Fermi level of WS2, which further decreases the Schottky barrier height. Such a mechanism

is schematically plotted in Figure 4 (iv,b). Similar photo induced trapped charge accumulation is



reported in graphene-MoS2 interfaces acting as a photo gate[64]. When reaching equilibrium, the

Schottky barrier height decreases to such a level that electrons can be injected into the WS2 by

thermionic emission and the holes no longer accumulate near the positive electrode. Similar

mechanisms have successfully explained the gain in GaAs MSM photodetectors[45] [46] [47].

Conclusion

We have revealed that filling trapped states at the interface between gold contacts and WS2 leads

to a lowering of effective Schottky barrier height, enabling current injection from the electrodes to

dominate. A large gain factor (as high as 480) and small dark current (smaller than 10pA) is realized

with mild bias (4V) without any gate for small channel length devices (200nm). Channel length

dependence shows that smaller channels give higher photoconductivity and future devices should

utilize this advantage to eliminate series resistance effects of the central WS2 region that has limited

role in contributing to the photocurrent activation mechanism. Photo sensing unit with smaller

channel length can further lead to a higher packing density in one chip, which will provide better

resolution. The large area growth of WS2 monolayers enabled arrays of photodetectors to be

fabricated and opens up the opportunity to produce 2D imaging sensors.

Methods

CVD growth of WS2

WS2 is synthesized with a two furnace system to control the temperature of S and WO3 separately.

A 2×2�ܿmଶ silicon chip with 300nm SiO2 on top was used as the growth substrate. The substrate is

cleaned then loaded into the reaction furnace together with precursors. 300 mg sulfur powder

(≥99.5%, Sigma-Aldrich) and 200mg WO3 is used for synthesis. The position and distance between

precursors and substrate are carefully controlled so as to grow monolayer WS2. Before CVD growth,



the system is flushed with 500 sccm Argon for at least 30min to remove the air inside. WO3 is heated

up to 1170 °C and S to 180 °C for the reaction. The reaction lasts for 3 min with a carrier gas (Ar)

flowing at 250 sccm. When finishing the reaction, we decrease the temperature of WO3 quickly,

while heating S to 450 ℃ to deplete the unreacted S. WS2 is transferred from the growth substrate

to the device substrate using a PMMA scaffold and etching the SiO2 in KOH to detach from the

substrate. PMMA was removed by a hot acetone bath for 2hrs.

Device fabrication

We first fabricate an array of large Au contact pads (150µm x 150µm) on the 1cm2 chip by

conventional resist based e-beam lithography as the first step. Then the WS2 is transferred on to the

chip containing the contact pads. The WS2 domains are located randomly on the chip with a certain

amount of them falling in the middle region between the large contact pads. A second e-beam

lithography step is carried out to fabricate fine Au contacts that connect to the WS2 domains. The

WS2 is then patterned in to 4µm x 20µm ribbons by another e-beam lithography and oxygen plasma

etching.

Photoconductivity measurements

All measurement is carried out in ambient conditions at room temperature. A Keithley 2401

semiconductor parameter analyser is used for all electronic measurements. A 532nm laser source is

used as the illumination source by coupling into a confocal microscope system to focus the laser to a

spot size of 138μmଶ, which is much larger than the largest detection area (e.g. Lch=6.4μm and 

Wch=4μm, and thus ~25μm2 detection area) and provides relatively uniform illumination.
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