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Abstract 

Layer-dependent band structure evolution of transition metal dichalcogenides (TMDs) 

endows them with various bandgap from insulating to semiconducting to conductive. Here we 

demonstrate a metal-semiconductor-metal (MSM) photodetector using only TMDs materials 
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for both electrodes and photoactive materials. Semimetal few-layered PtSe2 acts as metal 

electrodes and monolayer WS2 acts as photoactive material. PtSe2 was synthesized by 

thermally assisted selenization and the device was fabricated by using photolithography 

coupled with direct laser patterning. By modifying the scanning step during the laser patterning 

process, various channel width can be achieved. As-fabricated devices exhibit satisfactory 

ON/OFF ratio and fair photoresponse. Comparison study shows that device with shorter 

channel width have better photoresponsivity. Back-to-back Schottky diodes model well 

estimates the barrier height of PtSe2/WS2 heterojunction. The device also exhibits the lowering 

of barrier height with increasing laser power, owing to the photogating effect. Our study widens 

the material choices for 2D electrodes and investigates the feasibility of the low-cost laser 

patterning on the fabrication of optoelectronic devices. 

Keywords: laser patterning, device fabrication, two-dimensional materials, transition-metal 

dichalcogenides, PtSe2, WS2, Schottky barrier lowering, photodetector 

 

Introduction 

Layered materials beyond graphene have attracted people’s attention for few years due 

to their unique optical and electrical properties derived from quantum confinement effect, 

which makes them promising candidates for ultrathin and flexible next-generation photonics 

and electronics.1,2 Transition metal dichalcogenides (TMDs) is a class of layered materials in 

a form of MX2, where M and X represent a transition metal atom (group 4-10) and a chalcogen 

atom respectively.3 Transition metal atoms are covalently bonded with adjacent chalcogen 

atoms to form a sandwiched structure. TMDs layer are weakly stacked together via van der 

Waals (vdW) interaction to form their bulk counterparts. One of the most fascinating properties 

of TMDs is that their band structure evolved with their thickness. On the one hand, for group 

4 TMDs, such as molybdenum disulphide (MoS2) and tungsten disulphide (WS2), they have 

been extensively studied for their strong light matter interactions due to their indirect-to-direct 
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bandgap transition when thinning down to monolayer.4–7 Thereby, monolayer group 4 TMDs 

are widely used as photoactive materials in applications of opto-electronics, such as 

photodetector, LED and photovoltaic device.8–12 On the other hand, for group 10 TMDs, 

exemplified by noble metal TMDs PtSe2, the energy bandgap narrows down from 1.38 eV to 

negative band gap when the thickness increasing from monolayer to its bulk counterpart.13–15 

Accordingly, monolayer PtSe2 is considered as semiconductor while bulk PtSe2 thin film can 

be defined as semimetal.14 Semiconducting monolayer PtSe2 shows high mobility and good 

air-stability, rendering it promising in the field of photocatalysis, sensing and opto-

electronics.16–19 However, the semimetal behaviour of PtSe2 bulk material is rarely mentioned, 

which provides another choice of 2D materials beyond graphene serving as metal contacts in 

electronic devices.  

Similar with the synthesis of group 4 TMDs materials, which has been widely explored, 

there are two basic strategies to synthesize PtSe2: top-down route (peel off single- or few-

layered materials from their corresponding bulk crystals) and bottom-up route (direct growth 

of materials from molecular level on substrates).20 Mechanical exfoliation,21,22 one of the most 

widely used top-down methods, can obtain defect free PtSe2 crystal but has limitations in scale-

up and uncontrollable shape for following industrial applications. Chemical vapour deposition 

(CVD)23, chemical vapour transport (CVT)24, and molecular-beam epitaxy (MBE)25 can also 

produce high quality monolayer PtSe2 but require high growth temperature and low vacuum. 

Thermally assisted selenization18,26 and plasma-assisted selenization27 are able to synthesize 

PtSe2 thin film from monolayer to bulk at lower temperature (usually < 400 oC), which can be 

used in applications with less strict requirement for crystal quality. 

Direct laser patterning is a more approachable, less time-consuming and low-cost 

technique. For traditional metals, electron-beam lithograohy (EBL) is a high-cost technique to 

make channels for electrodes within a range from hundreds nm to few μm, yet with great 
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necessity. Recent discussions on laser thinning technique using on tailoring TMDs have been 

made, 28–31 which opens up a way to apply laser patterning on TMDs-based device fabrication. 

For example, PdSe2 thin film can be ablated by using controlled laser ablation.28 Comparing 

with graphene electrode, PtSe2 electrode can greatly reduce the contact resistance in PtSe2 

homojunction.32 Therefore, the exploration of making PtSe2 electrode using low-cost technique 

is of significant importance for future opto-electronic device fabrication. 

Here, we demonstrate a lateral structural of PtSe2-WS2-PtSe2, where few-layered PtSe2 

thin film works as metal electrodes and monolayer WS2 acts as photoactive material. We 

fabricated the device using direct laser patterning and investigated the relevant optoelectronic 

properties of the device, where PtSe2 thin film was synthesized by thermally assisted 

selenization. Such lateral structure can be considered as a metal-semiconductor-metal (MSM) 

configuration, which is a typical configuration for photodetector applications.8,33,34  

 

Results and discussion: 

PtSe2 was synthesized by a simple epitaxial method: pre-deposition of platinum (Pt) 

layer followed by a direct selenization process in ambient pressure. Figure 1 a) schematically 

illustrated the growth of few-layered PtSe2 thin film. 2 nm platinum was firstly deposited on a 

silicon substrate (SiO2/Si, with 300 nm thickness SiO2) by electron-beam evaporation. The 

silicon substrate with pre-deposited Pt layer shows a mirror-like silver surface. A double-

furnace system was utilised for the following selenization process. Selenium (Se) powder was 

placed in the centre of furnace 1 while silicon wafer with uniformly coated Pt was situated in 

the centre of furnace 2. Furnace 1 and furnace 2 were ramped up to and stabilized at 230 oC 

and 350oC respectively. Pure argon (Ar) was used to flush the system and carry with the Se 

vapour downstream to the substrate. The whole selenization process lasted for 40 min to form 

the PtSe2 thin film. The as-synthesized PtSe2 film shows an mirror-like surface analogous to 
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Pt layer. The atomic model in Figure 1 b) shows the selenization process of Pt substrate. Figure 

1 c) shows the SEM image of as-synthesized PtSe2 thin film. SEM image demonstrates a fairly 

smooth surface with very few Se precursor accumulated on it. Figure 1 d-e) shows the TEM 

image of PtSe2 thin film and its corresponding fast Fourier transform (FFT) image. The FFT 

image shows that the d spacing of (100) crystallographic planes is 3.2 Å. Both TEM image and 

FFT image demonstrate that the PtSe2 has a hexagonal lattice, with an lattice constant a = 3.7 

Å, which is consistent with the theoretical value of PtSe2.
35 Figure 1 f) shows the Raman 

spectrum of PtSe2 film. Two predominant characteristic peaks at 176.7 cm-1 and 205.7 cm-1 

represent the in-plane vibration (𝐸𝑔 ) of Se atoms in opposite direction and out-of-plane 

vibration (𝐴1𝑔) of Se atom respectively. A broad but less pronounced peak at 229.7 cm-1 can 

be interpreted as an superposition of two longitudinal optical (LO) mode of 𝐸𝑢  and 𝐴2𝑢 , 

depicting the in-plane and out-of-plane of Pt and Se atoms respectively. These features in the 

Raman spectrum of as-synthesized PtSe2 thin film are in accordance with the reported few-

layered PtSe2 samples synthesized by direct selenization of Pt.24,36,37 The inset of Figure 1 g) 

shows the AFM image of the PtSe2 film, where the sharp edge comes from the scratch by a 

tungsten probe tip (SEM image of this aera is shown in Figure S1). Figure 1 g) describes the 

height profile of  line 1 drawn in AFM images. The step height can be estimated as 11.2 nm, 

implying the PtSe2 thin film is few-layered. The results of energy dispersion X-ray 

spectroscopy (EDS) which has been done on a TEM grid, as shown in figure 1 h), also proves 

the successful growth of few layered PtSe2 thin film.21  
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Figure 1. Synthesis of PtSe2 thin film. a) Experimental setup for synthesis of PtSe2 thin film: direct 

selenization of a pre-deposited platinum layer on the silicon substrate. b) Atomic model of selenization 

of few-layered PtSe2. c) SEM image of as-synthesized PtSe2 thin film. d) TEM of as-synthesized PtSe2 

thin film. e) Corresponding FFT image of d). f) Raman spectrum of as-synthesized PtSe2 thin film. g) 

Height profile for as-synthesized PtSe2 thin film (inset: AFM image with a scanned line labelled as 1). 

h) EDS spectrum of as-synthesized PtSe2 thin film. 
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Figure 2. Fabrication process of PtSe2 contacts. a) Schematical illustration for fabrication process of 

PtSe2 ribbons with nanogap: i) deposit gold bond pads on silicon substrate; ii) transfer PtSe2 thin film 

to silicon substrate; iii) pattern PtSe2 ribbons by photolithography; iv) pattern nanogap on PtSe2 ribbon 

by direct laser patterning. b) Optical image of  a typical PtSe2 ribbon with nanogap. c-d) Width 

measurement for channel with a scanning step of 200 nm: c) SEM image, d) corresponding gray value 

profile of the yellow line drawn in c).  e) I-V curves of the PtSe2 ribbon and PtSe2 ribbon before and 

after laser patterning. 

 

Figure 2 a) schematically illustrates the step-by-step fabrication process of PtSe2 

contact. Cr/Au (5 nm/60 nm) bond pads (150×150 μm2) were firstly patterned and deposited 

on the silicon substrate by using electron-beam lithography (EBL) and thermal evaporation. 

PtSe2 thin film was then transferred onto the silicon substrate with gold bond pads by using a 
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water-based wet transfer. Both the thickness of PtSe2 thin film and the mass of Pt and Se 

elements determine that a long time is needed to etch the unwanted area by oxygen plasma, 

suggesting that a thicker resist is required. Considering that the resists for EBL is relatively 

thin due to the limitation of the free path of electrons, photolithography was employed here to 

pattern PtSe2 ribbons right above the Au bond pad, since a much thicker photoresist can be 

obtained. S1813 is a positive photoresist with larger resistance for oxygen plasma, which is 

able to achieve a thickness in few microns by adjusting the spinning speed. Although S1813 is 

an ideal photoresist for ribbon patterning, it is notable that a buffering layer of PMMA 495 A4 

(with a thickness of 190 nm) is necessary here. This bilayer recipe PMMA/S1813 can not only 

get rid of the reaction between PtSe2 and MF-319 developer, but also achieve a much cleaner 

surface. Comparison study of single-layer recipe and bilayer recipe is shown in Figure S2 and 

Figure S3. Laser patterning was chosen for patterning nanogaps on PtSe2 ribbons, after ruling 

out EBL for its thin resist layer and photolithography for its resolution owing to the diffraction 

limit and the distance between the mask and the sample. During the laser patterning, PtSe2 

ribbon was laterally lying under the 100× objective lens to reach a maximum laser power of 

7.8 mW while the laser was moving perpendicularly to cut the ribbon along the pre-drawn line. 

Figure 2 b) shows the optical image of PtSe2 ribbon with a laser-patterned nanogap. The SEM 

image shown in Figure 2 c) is the PtSe2 ribbons with a nanogap patterned by using a scanning 

step size of 200 nm during the patterning process. The corresponding gray value profile of the 

line drawn on SEM image shows that the channel width can be estimated as 1 μm, as shown in 

Figure 2 c-d). By modifying the scanning step size of the laser beam, we can achieve nanogaps 

with different width. Figure S4 shows a channel  width of 1.5 μm by using a scanning step size 

of 300 nm. The I-V curves in Figure 1 e) present the conductivity of the PtSe2 ribbon and PtSe2 

ribbon with nanogap. The conductivity of the PtSe2 ribbon is calculated as 1.16 × 103 𝑆/𝑚 

and that of the PtSe2 ribbon with nanogap declines to zero. The SEM images from Figure 2 c) 
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and Figure S4 a) demonstrate that the oxidised materials left in the region of the gap after laser 

ablation are particles rather than continuous film. The full scale I-V curve of the patterned 

ribbon shown in Figure S4 c) that exhibits no output current but only noise levels, can also 

demonstrates that the PtSe2 material on the channel was fully removed.    

 

Figure 3. a) Optical images of CVD grown WS2 single domains. The average grain size can be estimated 

as 100-150 μm. b-c) PL and Raman spectra of CVD grown WS2. d) Transfer of WS2 single domains to 

PtSe2 contacts. e) SEM image of a typical device with the lateral structure of PtSe2-WS2-PtSe2. 

 

WS2 was synthesized by using atmospheric pressure chemical vapour deposition 

(APCVD), which has been reported in our previous work.38 Figure 3 a) shows CVD grown 

WS2 single domains, with an average domain size from 100 to 150 μm. Figure 3 b-c) shows 

the photoluminescence (PL)  and Raman spectra of as-grown WS2, in accordance with single 

layered WS2 reported.39 To fabricate the lateral structure of PtSe2-WS2-PtSe2, the last step is to 

cover the channel by WS2 single domains, which was accomplished by aligned transfer to 

guarantee the success rate of device fabrication, as shown in Figure 3 d).40 Figure 3 e) shows 

the SEM image of an as-fabricated device with the lateral structure of PtSe2-WS2-PtSe2.  
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Figure 4. Optoelectrical measurements for PtSe2-WS2-PtSe2 photodetector. a) Optical image of a 

typical PtSe2-WS2-PtSe2 lateral heterostructure under illumination. b) The schematic of the side view 

for a device under operation. c-d). I-V curves of photodetectors with different channel width (1 μm 

and 1.5 μm) under different illumination conditions. e) ON/OFF tests for photodetector with a channel 

width of 1 μm under the bias of  +3 V and laser power of 82 μW, 1.07 mW and 1.24 mW. The 

ON/OFF ratios are 155, 822 and 1438 respectively. 

 

Figure 4 a-b) show the optical image and the side view schematic of a typical PtSe2-

WS2-PtSe2 device under operation. During the device measurements, two tungsten tips were 

lowered down to get in touch with the gold bond pads, thereby the current flows directly 

through the lateral stack of PtSe2-WS2-PtSe2. To prevent the WS2 from degradation under high 

bias, we set up our measurements in a range of -5V to +5 V. The output curves for devices with 

a channel length of 1 μm and 1.5 μm under different illumination condition from the green 

laser (𝜆 = 532 𝑛𝑚) were investigated and shown in Figure 4 c-d). More specifically, Figure 

S5 shows the I-V curve under dark condition for photodetector with a channel width of 1 μm. 

Both devices exhibit obvious photoresponse and non-linear I-V curves, which indicates the 
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Schottky contact at the interface of PtSe2-WS2 interface. Figure 4 e) shows the time-resolved 

photoresponse for device with the channel length of 1 μm, under the laser power of 82 μW, 

1.07 mW and 1.24 mW, and applied bias of +3 V. The ON/OFF cycles were operated with a 

time interval of 10 sec. Our device shows a remarkable ON/OFF ratio (ION/IOFF) (155, 822 and 

1438 respectively), good reproducibility, and short response time, (as shown in Figure S6) 

which make the device a good candidate for photodetector with highly sensible switch.  

 

Figure 5. Calculation of Schottky barrier height of PtSe2-WS2 heterojunction. a) Equivalent circuit 

diagram of the back-to-back Schottky diodes model. b-c) Band diagrams for Schottky barriers on both 

sides of PtSe2-WS2-PtSe2 heterojunction without bias and with positive bias. d) Curve fitting of the I-V 

curve of PtSe2-WS2-PtSe2 film by using back-to-back Schottky diodes model. e) Calculated Schottky 

barrier height as a function of incident laser power. f) Band diagram for PtSe2-WS2 heterojunction under 

illumination. The pink dashed lines exhibit the conduction band and valance band of WS2 under dark 

condition.  

We then further investigate the mechanism of photoresponse for the PtSe2-WS2-PtSe2 

lateral device. As we mentioned before, the non-line I-V curves imply that PtSe2-WS2 

heterojunction can be considered as a Schottky contact. In this way, the PtSe2-WS2-PtSe2 

lateral heterostructure can be regarded as a Metal-Semiconductor-Metal (MSM) photodetector. 
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A simplified back-to-back Schottky diodes model was used here to describe the PtSe2-WS2-

PtSe2 lateral heterostructure, as shown in Figure 5 a), where two PtSe2-WS2 Schottky diodes 

and a WS2 resistor are series connected to form an electrical circuit. Figure 5 b-c) schematically 

illustrate the band diagrams of the lateral structure with and without bias. In idea condition 

without bias, we assume that the gap distance between PtSe2 and WS2 is in atomic scale and 

transparent to electrons when PtSe2 electrodes get in contact with WS2 and establish a single 

system in thermal equilibrium. Vbi is the built in electrical field within the depletion layer in 

WS2 induced by the negative charges accumulated in metal surface and positive charge existed 

in WS2 surface, as shown in Figure 5 b). The positive bias applied to the system is a forward 

bias for one PtSe2-WS2 diode and a reversed bias for the other one due to the intrinsic nature 

of the diode, as illustrated in Figure 5 c). The current of the circuit is dominated by diode under 

reversed bias in low bias regime and that under forward bias in high bias regime. I-V curves in 

Figure 4 c) were fitted by using back-to-back diodes model (Supporting Information S6). 

Figure 5 d) is an example of curve fitting by using back-to-back Schottky diodes model, 

suggesting that the model well fits the I-V curve we measured. We extracted the 𝜙∗ of the 

PtSe2-WS2 heterojunction at each illumination condition and  plotted them in Figure 5 d). The 

work function of multilayer PtSe2 (𝜙𝑃𝑡𝑆𝑒2
) is  4.76 eV and the electron affinity of WS2 (𝜒𝑊𝑆2

) 

is 4.0 eV.41 In ideal condition, the Schottky barrier (𝜙𝑆𝐵) is supposed to be 𝜙𝑆𝐵 = 𝜙𝑃𝑡𝑆𝑒2
−

𝜒𝑊𝑆2
= 0.76 𝑒𝑉 according to Schottky-Mott rule. However, the calculated effective Schottky 

barrier height is 0.56 eV in dark condition. This overestimation of Schottky barrier height by 

Schottky-Mott rule is mainly due to the interface states situated on WS2. These trapped states 

caused Fermi-pinning effect at the WS2 interface, leading to a lower effective Schottky barrier 

height. Another finding we noticed from Figure 5 e) is that the effective Schottky barrier height 

is decreasing with increasing laser power. The lowering of Schottky barrier height can be 

explained by increasing of photoinduced trapped states concentration. As shown in Figure 5 f), 
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under the illumination of incident light, generated electron-hole pairs are separated to 

conductive band and valence band respectively. Electrons on conductive band migrate to PtSe2 

electrode while holes on valance band are drifting to the interface of WS2 and trapped at the 

surface. Such increasing interface states concentration leads to accumulation of positive charge 

at the interface of WS2, which lowers the local Fermi level of WS2 and further the reduce the 

effective Schottky barrier height. Here, carriers in trapped states function as local gates and 

modulate the barrier height. Analogous photogating/photo induced lowering of Schottky 

barrier height has been reported on Au-WS2, graphene-MoS2 surface.33,42  

 

Figure 6. a-b) Photoresponsivity and c-d) Photogain of photodetectors with a channel width of 1 μm 

and 1.5 μm as a function of incident laser power. e-f) Specific detectivity of two types of photodetector 

as a function of applied bias. 

 

Photoresponsivity, photogain and photodetectivity are three significant quantity of 

interest for the performance of a photodetector. Photoresponsivity (R) is a directly 

measurement of the current generated by the incident light: 

𝑅 =
𝐼𝑝ℎ𝑜𝑡𝑜

𝑃𝑙𝑖𝑔ℎ𝑡
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where 𝐼𝑝ℎ𝑜𝑡𝑜 is photocurrent generated under certain illumination condition and 𝑃𝑙𝑖𝑔ℎ𝑡 is the 

illumination power. Figure 6 a-b) show the calculated photoresponsivity of devices with 

different channel length as a function of laser power under certain applied bias. As we can see, 

photoresponsivity is increasing with increasing bias. The maximum R for devices with channel 

length of 1 μm and 1.5 um are 1.6 mA/W and 1.2 mA/W respectively, both of them were 

measured under the maximum applied bias of 5V and laser power of 5 μW. As we can see, the 

relationship of the responsivity and laser power is not simply monotonic. In low illumination 

condition, the increase of R comes from the drastically decrease of Schottky barrier height 

induced by photogating effect, as shown in Figure 5 d) (1.8 μW and 5 μW). Afterwards, when 

photogating effect gradually reaches a relatively steady state value, the trapped states are fully 

filled and changes in Schottky barrier height is very little. When the system reaches the 

saturation, more illumination would not give higher current, the R starts to drop. However, 

with continuously increasing laser power, the photovoltaic signal starts to emerge from the 

noise levels and contribute to the photocurrent, which is attributed to the re-growth of the 

photoresponsivity at the end of high powers. Photogain (G) measures the degree of 

multiplication,43 caused by different charge mobility of electrons and holes. Accordingly, 

external photogain (Gext) is defined as the ratio of the number of electron circulated in the 

circuit to the number of incident photons: 

𝐺𝑒𝑥𝑡 =
𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑒𝑑

𝑁𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛
=

𝐼𝑝ℎ𝑜𝑡𝑜
𝑒⁄

𝑃𝑙𝑖𝑔ℎ𝑡

ℎ𝑣
⁄

= (
ℎ𝜈

𝑒
) 𝑅 

where e is elemental charge, h is Planck’s constant, and 𝑣 is the frenquency of incident light. 

From the equation above, we can see that the 𝐺𝑒𝑥𝑡 is proportional to R, which is also confirmed 

in the plots in Figure 6 c-d). The highest 𝐺𝑒𝑥𝑡 for both type of devices were also under the 

maximum applied bias of 5V and laser power of 5 μW, with a value of 0.0037 and 0.0027 for 

channel length of 1 μm and 1.5 μm respectively. In the calculation of photogain, there is an 
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hidden assumption that all of the incident light was fully absorbed and transferred to generate 

charge carriers. To modify the calculated results, we take the absorbance of WS2 (8%) into 

consideration, and the recalculated photogain is 0.046 and 0.033 for devices with the channel 

length of 1 μm and 1.5 μm. Photogain is largely dependent on the lifetime of the hole (𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒) 

and the electron transit time (𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡), as photogain can be expressed as 𝐺 =
𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡
. The 

relatively long channel length leads to a large electron transit time, which is the dominant 

reason for small gain. The Specific detectivity (𝐷∗) is a figure of merit that includes the 

geometry, noise and bandwidth of the device, and defined as following: 

𝐷∗ =
𝑅(𝐴𝐵)

1
2

𝑖𝑛
 

where A is the effective area of the photodetector, B is the electrical bandwidth, 𝑖𝑛  is the 

measured noise current. An assumption can be adopted here for a quicker estimation, which is 

that the noise of the photocurrent is dominated by shot noise.34,44 Therefore: 

 𝐷∗ =
𝑅𝐴

1
2

(2𝑒𝐼𝑑𝑎𝑟𝑘)
1
2

 

Figure 6 e-f) shows the specific detectivity for both devices under different illumination power 

and bias. The maximum 𝐷∗  for devices with a channel length of 1 μm and 1.5 μm are 

6.7 × 106 𝐽𝑜𝑛𝑒𝑠 and 4.0 × 106 𝐽𝑜𝑛𝑒𝑠, under the illumination power of 5 μW and applied bias 

of 4 V. Despite of the high ON/OFF ratio, our devices show limited performance in 

photoresponsivity, photogain and specific detectivity, comparing with most reported WS2-

based MSM photodetectors (Supporting Information S7). One of the possible reason is the 

conductivity of the PtSe2 electrodes is relatively small (1.16 × 103 𝑆/𝑚), compared with other 

metal or graphene electrodes.42 Another possible reason is that the residues caused by laser 

ablation and accumulated on the edge of the channel, which increases the contact resistance 

between PtSe2 and WS2.
45 For the comparison study of the device with different channel width, 
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we noticed that device with shorter channel length have better performance on photoresponsity, 

photogain and specific detectivity. This is because more electron-hole recombination occurs in 

devices with longer channel width.33  

 

Conclusion 

In summary, we demonstrated a photodetector with the lateral structure of PtSe2-WS2-

PtSe2, where we used multilayer PtSe2 to substitute traditional metal electrode to form a typical 

MSM heterostructure. PtSe2 film was synthesized in a double-furnace system under the 

ambient pressure by direct selenization of a pre-coated Pt layer on the Si substrate. The film is 

quite homogenous and was estimated as 11 nm. A bilayer photoresist recipe was used to pattern 

PtSe2 ribbons using photolithography. Direct laser patterning was used to pattern the nanogap 

on PtSe2 ribbon. By modifying the scanning steps during the laser patterning process, nanogap 

with different width can be achieved. PtSe2-WS2-PtSe2 photodetector shows a remarkable 

ION/IOFF of 155 under the illumination power of 82 μW. High ION/IOFF, good reproducibility, 

and short response time make our device a good candidate for photodetector. However, the 

device exhibits lower photogain and photoresponsivity than other group 4 TMDs-based MSM 

photodetector reported, due to the long electron transit time, relatively low conductivity of the 

PtSe2 electrodes and residues generated by laser ablation. The device with shorter channel 

length has better performance on the photoresponse, for more electron–hole recombination 

occurs in devices with longer channel length. Back-to-back Schottky diodes model was applied 

to estimate the barrier height of PtSe2/WS2 heterojunction. The barrier height decreases with 

increasing laser power, which can be explained by photoinduced lowering of Schottky barrier 

height. For the future work, we can also fabricate a lateral structure of few-layered PtSe2-

monolayer PtSe2-few-layered PtSe2 by using direct laser to thin down few-layered PtSe2 film 

on the channel area to monolayer semiconductor. In this way, the contact resistance at the 
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interface between few-layered PtSe2 electrode and monolayer PtSe2 semiconductor can be 

largely reduced, comparing with using graphene electrode. In addition, the thickness of PtSe2 

lying on the channel can be easily tuned by parameters during the laser patterning, which is 

promising for broadband photodetector. Our study provides a new opportunity for the material 

choices of 2D electrodes and explores the possibility of applying low-cost laser patterning on 

the fabrication of optoelectronic devices. 

 

Experimental methods 

PtSe2 synthesis:  

A 2 nm Pt layer was first deposited on top of a SiO2/Si substrate via e-beam evaporation. 

Selenium powder (Se, ≥99.5%, Sigma-Aldrich) and the substrate with uniform Pt coating were 

loaded in a 2 inch-diameter quartz tube. Two individual furnaces were used to control the 

temperature of Se and Si substrate with Pt coating. Once sealed, the system was first flushed 

with pure argon (Ar) flow for 30 min to drive off all the reactive gases in air such as oxygen. 

After that, Se and the substrate were ramped up to 230 and 350 °C respectively, at which point 

the selenization began. We continued utilizing Ar flow as the carrier gas to transport Se vapour 

downstream to the substrate surface. This process lasted for 40 min, leading to formation of 

PtSe2. Finally, the reaction ended by slow-cooling of both the Se and the as-produced PtSe2 

with Ar flow. 

 

CVD synthesis of WS2:  

WS2 single domains were grown on a 2 cm × 2 cm SiO2/Si substrate in a double furnace 

system in ambient pressure. Sulfur powder (300 mg, purum grade >99.5%, Sigma-Aldrich) and 

WO3 (200 mg, puriss grade >99%, Sigma-Aldrich) were separately placed in outer and inner 

tube, and two individual furnaces were used to control each temperature. The Si substrate was 
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situated downstream S and WO3. The system was firstly flushed with pure Ar for 30 min before 

the ramping of the temperature to exhaust the air in the system. Ar flow also transport the 

upstream S and WO3 vapour to the Si substrate during the material growth. The growth started 

at the time when S and WO3 reached to 180 oC and 1145 oC together. The growth time lasted 

for 3 min. Finally both furnace was turned off and moved away for fast cooling with Ar flow.  

 

Material transfer: 

Poly(methyl methacrylate) (PMMA) (495A8, MicroChem) was firstly spin-coated 

(4500 rpm for 60 s, 500 nm) to WS2 or PtSe2 surface and baked at 150 oC on hotplate for 90 s. 

For both WS2 and PtSe2 were grown on the Si substrate with SiO2 layer on top, potassium 

hydroxide (KOH, 1 M, Sigma-Aldrich) were used for etching solution. After thoroughly 

washed in DI water, the material film covered with PMMA was scooped out to target substrate 

and naturally evaporated overnight. Finally, PMMA coating was removed in acetone for 4 h 

after 15 min baking at 150 oC on hotplate. 

 

Device fabrication:    

A mask aligner for UV photolithography was used to pattern PtSe2 ribbons by using a 

bilayer resist (PMMA 495 A4/S1813). MF-319 was used as developer and oxygen plasma was 

used to etch the PtSe2 film to PtSe2 ribbons. LabRam Aramis Raman spectrometer was used 

for laser patterning, with the laser wavelength of 532 nm and a 100× objective lens. Bond pads 

were patterned by E-beam lithography (JEOL 5500 FS) and Cr/Au were deposited using a 

thermal evaporator. PMMA layer was in hot acetone overnight. 

 

Electrical and opto-electronic measurements: 
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All of the electrical and opto-electronic measurements were performed on a probe 

station based on a confocal microscope system. The 532 nm diode-pumped solid laser 

(Thorlabs, DJ523-40) and a 10× objective lens were used to forms a 2 μm spot on the sample. 

Electrical measurements was carried out by Keithley 2400 source meter. 

 

 

Supporting Information. AFM study of PtSe2 film; comparison study of single-layer recipe 

and bilayer recipe for photolithography; channel width measurements; I-V curve for the 

photodetector under dark condition; time-resolved photoresponse of the device; curve fittings 

by using back-to-back diodes mode; summarized photoresponsivity of different WS2-based M-

S-M photodetectors 
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