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We deposited WS2 thin films by pulsed laser deposition on sapphire substrates at room 

temperature, and studied the effect of post-annealing temperature on the quality of the WS2 

films. By comparing the full-width-at-half-maximum of the characteristic WS2 Raman peaks, 

we explored the relationship between the post-annealing temperature and the crystallinity of 

WS2 films. The optoelectronic measurements conducted on post-annealed WS2 film-based 

photodetectors showed improvement with rising annealing temperatures. Our study revealed 

the possibility of preparing large-area dichalcogenides for optoelectronic applications. 
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Introduction 

     

Layered transition metal dichalcogenides (TMDs) such as MoS2 and WS2 have attracted a 

lot of attention due to their exotic properties, such as indirect bandgap-to-direct bandgap 

transition, spin-orbit-induced electronic-band splitting, and spin-valley coupling [1,2,3]. 

Typically, TMDs are prepared by chemical vapor deposition (CVD) [4,5,6] and mechanical 

exfoliation [7,8], but these methods suffer from drawbacks such as limited control over size, 

the need of suitable precursor materials, elevated growth temperatures and prolonged growth 

time. 

Physical vapor deposition has the advantage of preparing ultrathin layers of materials with 

high uniformity. In particular, pulsed laser deposition (PLD) has been generally deployed in 

the fabrication of complex materials for retaining the stoichiometry of the resultant thin films. 

Reported PLD preparation of WS2 thin films were conducted in sulphur-abundant conditions 

at around 350°C [9,10]. It was also reported that post-annealing after the deposition process 

can influence the crystallinity of the resultant films [11]. Based on these, we studied the effect 

of post-annealing on room temperature (RT)-deposited WS2 thin films systematically. 

Besides, their optoelectronic performances were also investigated. Our study sheds light on 

the PLD preparation of large-area WS2 samples, which can have potential for device 

applications. 

 

 

Experimental details 

 

WS2 film deposition. WS2 films were produced by PLD on 1 mm-thick sapphire (0001) 

substrates of area 55 mm2 at RT, by ablating a WS2 target (99.99% purity) using a KrF 

excimer pulsed laser source (wavelength = 248 nm). The pulse repetition rate and power were 



1 Hz and 250 mJ. The chamber was pumped down to 2 × 10-4 Pa before deposition. The 

thickness of the deposited WS2 films was 12 nm as determined by atomic force microscopy. 

In order to improve the crystallinity of the WS2 layer, the films were post-annealed at fixed 

temperatures in a rapid thermal processor (RTP) with flowing nitrogen at atmospheric 

pressure for 20 min, and then cooled down to RT naturally to complete the annealing process. 

Raman spectra of the WS2 thin films were obtained using a laser source of wavelength 488 

nm.  

 

Device fabrication. Au electrodes of area 60  450 m2 were deposited on top of the WS2 

films with sapphire substrates by electron beam (e-beam) evaporation, using a stainless steel 

shadow mask to define the channels (channel length = 100 µm and channel width = 450 µm) 

for photoelectrical measurements. We used a blue LED of wavelength 452.5 nm for photo-

excitation, with a uniform sample illumination of intensity between 0.1 to 200 mW-cm-2 over 

the channel region. Electrical measurements were performed at RT using a Keithley 2400 

sourcemeter and a Keithley 6487 picoammeter. 

 

Results and discussions 

 

The Raman spectra of the WS2 films before and after annealing are presented in Fig. 1. As 

shown in Fig. 1(a), the as-deposited WS2 film without undergoing annealing process (Sample 

I) shows no Raman signal. After post-annealing the film ex-situ at 610°C in a nitrogen flow 

for 20 min, two characteristic WS2 peaks are observed from the film (Sample III). For 

comparison, we also measured the Raman spectrum of WS2 film deposited at 300°C but 

without undergoing post-annealing (Sample II). It is noticed that the peak intensities of 610°C 

post-annealed WS2 film are much stronger than those from WS2 film deposited at 300°C but 

without post-annealing, implying a higher quality for the WS2 film which has undergone 



post-annealing.  

 

As previously reported, there are two characteristic Raman peaks for WS2, namely the in-

plane vibration peak (E1
2g) at 356.7 cm-1 and the out-of-plane vibration peak (A1g) at 421.0 

cm-1 [6,8,11]. The E1
2g and A1g peaks are both observed in WS2 films deposited at high 

temperature without post-annealing (Fig. 1(a)), and in RT-deposited samples which have 

undergone post-annealing (from 310C to 610C, Fig. 1(b)). The separation between the two 

peaks is 64.2 cm-1 for all the samples, implying a multilayered structure of WS2 films. Also, 

there is no obvious shift of the two peaks among samples post-annealed under different 

temperatures.  

Fig. 1 (c) summarizes the change in the full-width at half-maximum (FWHM) of the 

characteristic Raman peaks in the WS2 films shown in Fig. 1(b), as a function of the post-

annealing temperature. Generally, the FWHM of WS2 films is found to decrease with 

increasing annealing temperature. This result indicates the WS2 film crystallinity can be 

improved by RTP treatment. Such an improvement can be attributed to the recrystallization 

process [12]: by the RTP treatment the nanocrystalline flakes could be reorganized to form 

larger flakes.  

  



 

300 400 500

(a)

 

 

In
te

n
si

ty
 (

a.
u

.)
 

Raman Shift (cm-1
)

 

 

 Sample I
 Sample II
 Sample III

 

300 400 500

(b)

64.03 cm-1

A
1g

E1

2g

 

 Raman Shift (cm-1
)

In
te

n
si

ty
 (

a.
u

.)
 

 

 

 310 oC
 410 oC
 510 oC
 610 oC
 RT

 

5

10

15

360 420 480 540 600
5

10

15

  
 

E1

2g

(c)

 

 Temperature (oC)

F
W

H
M

 (
cm

-1
)

 

 

A
1g

 

Fig. 1 Raman spectra of WS2 films. (a) comparison between samples deposited at RT (I and III) and at 300C 

(II), with sample III underwent post-annealing (at 610C) while others did not. (b) Raman spectra of RT-

deposited WS2 samples post-annealed at different temperatures. (c) Relationship between post-annealing 

temperature and the FWHM of E1
2g and A1g Raman peaks.  



 

It is interesting to correlate the observed improvement of film microstructure to the 

performance of WS2 in fabricated devices for specific applications. To this end, we tested the 

effect of post-annealing on WS2 films’ photoelectrical properties. Photoelectric performances 

of the post-annealed films were tested using the device geometry shown in Fig. 2(a), which 

consists of Au electrodes evaporated on as-deposited WS2 films as described in the 

experimental section. Table 1 lists the dark current of WS2 photodetectors prepared with 

films post-annealed at different temperatures, under an applied bias (Vds) of +5 V. When the 

post-annealing temperature increases from 310°C to 610°C, the device dark current rises 

from 3.6×10-10A to 1.24×10-4 A.   

Fig. 2(b) shows the current-voltage (I – V) curves of WS2 films post-annealed at different 

temperatures and measured with a light intensity of 160 mW-cm-2. The measurements were 

done by sweeping the applied voltage between ±5 V. The linear and symmetric I – V traces 

for small bias voltages indicate Ohmic contacts between the WS2 channel and the Au 

electrodes. At the same Vds, the photocurrent increases with rising post-annealing temperature 

of the WS2 film. The better conducting performance and higher photo-generated current can 

be attributed to the better crystallinity of the films annealed at higher temperatures. 

To understand how the post-annealing temperature and the light power affects the photo-

generated current, I−V measurements were carried on the devices under different 

illumination intensities. Fig. 2(c) shows the dependence of the photocurrent with the incident 

light intensity. Generally, the photocurrent rises with increasing light intensity as expected. 

Besides, the photocurrent is larger under identical illumination for samples annealed at higher 

temperatures. The slope of the log-plots in Fig. 2(c) can be fitted by the power law I = kPα, 

where I and P correspond to the photocurrent and incident light intensity, and k is a constant 

[14]. The fitted values of α for samples annealed at different temperatures are listed in Table 

2. A non-unity value of α is caused by the complex processes of electron-hole generation, 



trapping, and recombination resulting from defects or charge impurities within the 

semiconductor [15, 16] The increasing value of α with rising annealing temperature therefore 

implies an improved WS2 crystallinity, which is consistent with the decreasing FWHM of 

Raman peaks as shown in Fig. 1(c)). 

Important optoelectronic properties such as photoresponsivity (R), detectivity (D*), and 

external quantum efficiency (EQE) of photodetectors were also studied for evaluating the 

device performance. Photoresponsivity is a measure of the device electrical response to 

incident light and is defined as 𝑅 =
ூ

஺௉
, where A is the effective area of the detector. The 

annealing temperature-dependent responsivity of the WS2 devices is displayed in Fig. 2(d), 

under an incident power density of 160 mW-cm-2. R is found to be higher for WS2 films 

annealed at higher temperatures. For example, the largest R value under a 5 V bias is 0.001 

AW-1 for device with WS2 annealed at 310°C, as compared with 0.18 AW-1 for WS2 annealed 

at 610°C [17].  

Temperature (°C) 310 410 510 610 

Dark current (A) 3.6 × 10 -10 4.52 × 10-7 8.16 × 10-5 1.24 × 10-4  

 

Table 1 Dark current for WS2 samples post-annealed at different temperatures (Vds = 5 V).  

 



 

Fig. 2 Photodetector device measurements based on PLD and post-annealed WS2 films. (a) Schematic of 

photodetector structure, with the LED light applied normal to the film. (b) to (d) shows the measurement results 

for photodetectors with WS2 post-annealed at different temperatures, including current–voltage plots obtained 

in the presence of laser (b), photocurrent vs. light intensity (c) and responsivity as a function of Vds. 
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Fig. 3 Dependence of detectivity (a) and EQE (b) on WS2 post-annealing temperatures. 

 

Annealing temperature (°C) 310 410 510 610 

α 0.78 0.81 0.96 1.16 

 

Table 2 Values of α in equation I = kPα for WS2 post-annealed at different temperatures. 

 

 

In photodetector investigations, the specific detectivity (D) is typically used as the figure 

of merit for device performance. By assuming that shot noise from dark current constitutes a 

major contribution to the total noise, D can be defined as D=
𝑹𝑨𝟏/𝟐

(𝟐𝒆𝑰𝒅𝒂𝒓𝒌)
𝟏/𝟐

, where e is the 



electron charge and Idark is the dark current. The correlation between D and WS2 post-

annealing temperature is shown in Fig. 3(a). With the increase of the annealing temperature, 

there is an improvement of the crystallinity of the samples and hence enhanced charge carrier 

lifetime and reduced electron-hole recombination [18]. These result in a strong increase in R 

and D, despite the rise of Idark with increasing sample annealing temperature.  At an incident 

light intensity of 160 mW-cm-2, there is a change of D by 3 orders of magnitude, as the WS2 

post-annealing temperature changes from 310°C to 610 °C [14]. Finally, EQE is the number 

of photo-induced carriers that are detected per incident photon. It is defined by the equation 

EQE =
𝒉𝒄𝑹

𝒆𝝀
, where h is Planck constant, c is the velocity of light, and λ is the incident 

wavelength [19]. The variation of EQE with the post-annealing temperature is illustrated in 

Fig. 3(b). Again the EQE has shown significant improvement with the rising annealing 

temperatures, which can also be explained by the reduced carrier recombination due to an 

improved sample crystallinity with rising annealing temperature, that has led to an improved 

R and hence the EQE value.  

 

Conclusions  

We studied the effect of post-annealing on WS2 films deposited by pulsed laser deposition 

at room temperature on sapphire substrates. Raman spectra on the samples have shown 

improved WS2 film qualities with the post-annealing process. Photodetection studies based 

on the post-annealed samples have shown strong correlations between the post-annealing 

temperature and the photodetection responses.  Our studies have shown the potential of PLD-

deposited WS2 thin films in photodetection applications, and has identified a simple route for 

improving the quality of the WS2 films for achieving better photodetection performances. 
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