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Abstract
In the present study, molybdenum disulfide  (MoS2) thin films were synthesized by the physical vapor deposition (PVD) 
method thermal evaporation on quartz substrates. We have synthesized the films on substrates, at room temperature. Some 
of the films were annealed at 1000 °C at atmospheric pressure before analyzing. The optical properties of  MoS2 films are 
investigated using UV-Vis spectroscopy as well as photoluminescence (PL) analysis. Relatively high transparency of the 
films is observed from the recorded UV-visible transmission spectrum. From these spectra, the bandgap of the prepared 
few-layered  MoS2 is estimated at 1.78 eV. PL spectra of  MoS2 emissions are also discussed. We have used Raman scatter-
ing analysis to study the effect of annealing on the vibrational modes of layered  MoS2. By annealing the prepared films, we 
have detected some remarkable shifts in the main Raman peaks. Atomic force microscopy (AFM) analysis is performed to 
investigate the surface morphology of the  MoS2 films. We have also reported and discussed the electrochemical properties 
of the  MoS2 layers. The resistance charge transfer for molybdenum disulfide is calculated to be 277 Ω.
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1 Introduction

In recent years, two-dimensional materials have been the 
subject of intense research for their properties and char-
acterization [1–5]. These materials are used in various 
fields such as solar cells, transistors, memories and pho-
todetectors, ultrafast lasers, polarizers, touch panels, and 
optical modulators [6]. Two-dimensional materials of lay-
ered transition metal di-chalcogenides (TMDCs) such as 
 WS2 and  MoS2 have many physical behaviors like those of 
graphene [7–11]. TMDCs have the general formula  MT2, 
where M is a transition metal such as Mo and W atoms 
and T is chalcogenide such as S and Se atoms [12–14]. 
 MoS2 crystallizes in three different polymorphs including 
1T-MoS2 (which is octahedral); the molybdenum atom is 
located in the center of each unit cell. 2H-MoS2 is trigonal 
prismatic with two S–Mo–S units located around Mo in 
each unit cell, and 3R-MoS2 is trigonal prismatic with three 
S–Mo–S units located around Mo in each unit cell [15–17]. 

The  MoS2 structure is as usual a semiconductor that has a 
tunable bandgap. The indirect bandgap is about 1.2 eV in 
bulk state, which increases up to 1.8 eV by decreasing the 
thickness; then,  MoS2 is now converted to a direct bandgap 
semiconductor. However, on the monolayer level, the more 
commonly found 2H monolayers are semiconducting, while 
the comparatively metastable 1T monolayers are metallic. 
In addition, multiple stacking arrangements are possible 
[18–21]. TMDC compounds can be obtained in thin-film 
form using techniques such as sputtering, chemical vapor 
deposition (CVD), spray pyrolysis, and physical vapor dep-
osition technique (PVD) [22–26].

Today, supercapacitors play essential roles in energy 
storage devices. They have many applications in various 
fields such as hybrid electric vehicles because of their long 
cycle life, higher power density, and fast recharge capability. 
The research community has paid more attention to these 
immense properties to develop new electrode materials for 
advanced energy storage devices. It is well-known that elec-
trode materials play a crucial role in the improvement of 
high-performance supercapacitors in terms of morphology 
and topology. Two-dimensional structures such as graphene 
and TMDCS structures are widely used in various applica-
tions for next-generation nanoelectronic devices including 
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supercapacitors. Supercapacitors are a type of new energy-
saving and conversion equipment that is supposed to have 
the potential of high power density, great circulation feature, 
rapid discharge-charge, poor self-discharging, safe working, 
and low cost. Based on several mechanisms of energy sav-
ing, supercapacitors are categorized into two kinds includ-
ing pseudocapacitive and electrical double-layer capacitor 
or EDLC. The attributes of EDLC, usually improving can 
save charge by an electroactivation procedure. Ordered 
mesoporous  MoS2 can be employed as an excellent pseudo-
capacitive material owning to its large capacitance. Among 
electrode materials, metal sulfides are also known to be elec-
trochemically active materials for supercapacitor applica-
tions; however, to date, very few metal sulfides such as  WS2 
and  MoS2 have been employed to fabricate supercapacitor 
electrodes due to their high conductivity and high surface 
area [27–29].

Although several studies have been performed to syn-
thesize and characterize molybdenum disulfide thin films, 
by CVD [30] or PVD (such as sputtering and laser ablation 
[31]), reports about the synthesis of this nanostructure by 
thermal evaporation deposition are still limited.

Therefore, in this article, we investigated the effect of 
annealing on the optical and structural properties of the 
 MoS2 layers prepared by this type of PVD method.

2  Experimental

The deposition of  MoS2 was carried out as follows: a quartz 
plate with a 1 × 2  cm2 dimension was used as a substrate. To 
remove and eliminate impurities from the surface, the quartz 
substrate was washed with ethanol, acetone, and deionized 
water for 10 min, respectively. The substrate was then put 
in an oven at 100 °C for 10 min to be dried. Afterwards, 
a  MoS2 thin film with a thickness of ~ 20 nm (the coating 
machine has an automatic thickness gauge) was depos-
ited on the quartz substrate using a PVD device (EDS-I 
100). For this, 100 mg of molybdenum disulfide powder 
(99.00%, MFCD00003470) was poured into a tungsten boat. 
The chamber was depleted to a base pressure of  10−5 mbar 
using rotary and diffusion pumps. Finally, molybdenum 
disulfide powder was evaporated by passing an electric cur-
rent through the boat. The deposition was performed on the 
quartz substrate at room temperature. The prepared sam-
ple, at this stage, was physically analyzed as below. Then, 
the samples annealed at atmospheric pressure at 1000 °C 
were also analyzed. The morphology of the thin films was 
characterized by an atomic force microscope (AFM) (Nano 
Magnetics Instrument, S/N C-01-04); the optical behavior of 
the samples was characterized using UV-visible (Rayleigh, 
model UV 2601) and PL (fluorescence spectrophotometer, 

F-2700) spectrometers. Raman spectroscopy was carried out 
using an Ocean Optics model QE PRO device. The power 
of the laser was 50 mW, and this analysis was performed at 
a wavelength of 532 nm. The prepared  MoS2 film coated 
on a quartz substrate was electrochemically analyzed using 
a three-electrode system for application in a supercapaci-
tor electrode. In this three-electrode system, platinum wire 
and Ag/AgCl are used as counter electrodes and the refer-
ence electrode, respectively. Cyclic voltammetry (CV), gal-
vanostatic charge-discharge (GCD), and electrochemical 
impedance spectroscopy (EIS) tests are performed on a 2 M 
KOH electrolyte to evaluate the capability of the synthe-
sized electrodes for use in supercapacitors. To perform EIS 
characterization, the  MoS2 layer was located as a working 
electrode; 0.2 M KOH solution was placed inside the cell as 
an electrolyte. Measurements were performed at open-circuit 
voltage in the range of 100 kHz to 100 MHz (KOH), 1 to 
10 MHz  (Et4NBF4), and 1 to 100 MHz (BMIM-PF6).

To prepare the working electrode in the three-electrode 
system of supercapacitive electrochemical tests, 2 mg  cm−2 
of  MoS2 powder was deposited on the surface of the quartz 
substrate.

3  Results and Discussion

3.1  UV‑Vis Measurements

Figure 1 shows the UV-visible absorption spectra (at the 
range of 200–800 nm) of a molybdenum disulfide nanosheet 
synthesized by thermal evaporation deposition at room tem-
perature. Both cases of the annealed at 1000 °C and non-
annealed samples are shown in this figure. After annealing, 
several peaks of the molybdenum disulfide structure appear. 
In this figure, the exciton peaks of the molybdenum disulfide 
structure are clearly visible after annealing. Four peaks (A, 
B, C, and D) are observed at 671, 634, 455, and 383 nm, 
respectively. Also, the absorption intensity of the sample 
has decreased after annealing. The almost complete absence 
of peaks in the spectrum of the as-deposited films suggests 
an amorphous structure whereas the appearance of peaks 
after annealing confirms crystallization and ordering of the 
 MoS2 lattice.

Figure 2 shows the transmission spectra of the  MoS2 sam-
ple before and after annealing between 200 and 800 nm. As 
can be seen, after annealing, the transmittance of the sample 
increases slightly and several valleys appear in the spectra, 
which are related to the position of excitons in the structure 
of molybdenum disulfide. The highest transmittance of the 
sample before annealing is about 97.8%, and it increased a 
little bit by the annealing process (Fig. 3).
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3.2  PL Spectroscopy

PL spectroscopy was performed to investigate the optical 
properties of the prepared films. The PL spectra of the 

samples are shown in Fig. 4 between 1.65 and 2.1 eV, and 
the positions also of the full width at half maximum of the 
peaks of annealed and non-annealed samples are compared 
in Table 1. This analysis shows a comparatively broad 

Fig. 1  UV-visible absorption 
spectra of the deposited  MoS2 
nanosheet (a) before and (b) 
after annealing at 1000 °C
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Fig. 2  UV-visible transmittance 
spectra of the deposited  MoS2 
nanosheet (a) before and (b) 
after annealing at 1000 °C
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emission from the A-excitons. This is due to overlapping 
of two emissions from neutral excitons X at ~ 1945 eV 
and charged excitons T at 1.91  eV. Another emission 

attributed to defect-related excitons, known as the L-peak, 
is observable at ~ 1.85 eV. As shown in Fig. 4b (and from 
Table 1), the emission from the charged excitons vanishes 

Fig. 3  Bandgaps of  MoS2 thin 
film (a) before and (b) after 
annealing estimated by (αhυ)2

1.6 1.8 2.0 2.2 2.4
0.000000

0.000015

0.000030

0.000045

0.000060 MoS2-before annealing

(a
h
u)

2

E (eV)

Eg= 2.02 eV

a

1.6 1.8 2.0 2.2 2.4
0.000000

0.000005

0.000010

0.000015

0.000020

MoS2-after annealing

Eg= 1.78 eV

b

Fig. 4  PL spectra of  MoS2 
nanosheets (a) before and (b) 
after annealing
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while neutral exciton emission dominates, by annealing. 
The neutral and defect-related excitons exhibit a wider 
line with this thermal treatment. However, the FWHM 
of four other features (in Table 1) of PL spectra are sig-
nificantly decreased by the annealing process. Therefore, 
the optical properties of  MoS2 films are now averagely 
improved. These observations indicate that defect densi-
ties of annealed  MoS2 films are different from those of as-
synthesized samples. By annealing, some defect sites are 
excited to higher energy levels, the grain sizes becomes 
larger, and the amount of defects becomes smaller. Mean-
while, after annealing, the PL peak at 1.75 eV which is 

related to a defect-induced bound to the neutral excitons 
X appears narrower (~ 19 meV) than before annealing pos-
sibly due to a lower density of defects.

3.3  Raman Spectroscopy

In order to further investigate the structure of molybdenum 
disulfide and the effect of the annealing process, Raman 
spectroscopy was performed. As probable laser annealing is 
common for the two experiments with the annealed and as-
synthesized samples, we consider only the effect of extra ther-
mal annealing. Raman spectroscopy of  MoS2 is characterized 
by two vibration modes  A1g and  E1

2g, which are related to 
the in-plane oscillations of molybdenum and sulfur atoms and 
the in-plane oscillations of sulfur atoms, respectively [32, 33]. 
Raman analysis results are shown in Fig. 5. As can be seen 
in the figure, the peaks of  A1g and  E1

2g before annealing are 
located at 404  cm−1 and 387  cm−1. These peaks are shifted 
after annealing to 411.3  cm−1 and 386.7  cm−1, respectively. 
In both samples, the  A1g intensity is higher than of the  E1

2g 
mode. Due to annealing treatment, the frequency shift (Δω) 
between the two modes is increased from 17 to 24.6  cm−1. 
Similar (Δω) differences are reported for single-layer and bulk 
 MoS2, respectively [34]. From our data analysis, it seems that 
 MoS2 grain sizes become larger by annealing, confirming the 
finding in the PL section, and the prepared films show fre-
quency shifts like bulk  MoS2.

Table 1  The obtained data from PL spectroscopy for  MoS2 thin film 
(a) before and (b) after annealing

* FWHM full width at half maximum

Peak Energy (eV) FWHM*

Before 
annealing

After anneal-
ing

Before annealing After annealing

A 2.09 2.10 44.33 29.03
B 2.05 2.07 57.80 39.96
C 1.99 2.03 61.71 56.46
D 1.91 1.96 51.17 60.79
E 1.86 1.87 52.68 76.18
F 1.75 1.76 94.62 75.97

Fig. 5  Raman spectra of as-syn-
thesized  MoS2 nanosheets (a) 
before and (b) after annealing
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3.4  AFM

AFM images were acquired in contact mode to investi-
gate the morphology the samples. As shown in Fig. 6, the 
nanosheets of the  MoS2 structure are observed to be several 
nanometers wide. As a result, the roughness of the  MoS2 
thin layers decreased after annealing treatment at 1000 °C. 
The roughness before annealing is σ = 150 pm, and after 
annealing, it is σ = 90 pm. This greater uniformity after 
annealing may be attributed to removal of oxide layers and 
rearrangements of particles via the annealing process, due 
to the high-temperature effects (Fig. 6c, d). Table 2  shows a 

comparison of reported and determined Raman peak posi-
tions, roughness, and optical bandgap of  MoS2 thin films 
prepared by different methods.

3.5  Electrochemical Measurements of  MoS2

To investigate the effect of the scan rate on capacitive capacity, a 
CV test was performed at various scan speeds including 10, 25, 
50, 75, and 100 mV  s−1 and in the potential range of 0 to 0.35 V. 
Figure 7 shows the behavior of the  MoS2 electrode at different 
scan speeds. According to these CVs, we only see the capacitive 
behavior of  MoS2. It is observed that the  MoS2 electrode exhibits 

Fig. 6  AFM image of  MoS2 
nanosheet a, c before and b, d 
after annealing

a) b)

d)d)c)

2 μm 2 μm

5μm 5μm

5
μ
m5
μ

m
10 nm 10 nm

Table 2  A comparison with some other works on  MoS2

Fabrication method Raman AFM Optical bandgap

[35] Thickness of the  MoS2 
film = 32 nm

Polymer-assisted deposition E1
2g = 380  cm−1

A1g = 404  cm−1

Δ = 24  cm−1

- -

[31] Thickness of  MoS2 films 
deposited at RT on thermally 
oxidized Si/SiO2

wafer = 13 nm

Magnetron sputtering - Roughness ≈ 1.2 nm -

[36] Thickness of the  MoS2 film 
on p-Si substrate = 25.2 nm

Thermolysis of ammonium tetrathiomolybdate 
((NH4)2MoS2) was used to form the  MoS2 thin film

- Roughness ≈1.8 nm Eg = 1.39 eV

Current work (thickness = 20 nm) Before annealing Thermal evaporation E2g = 387 cm
A1g = 404  cm−1

Δ = 17  cm−1

Roughness = 150 pm Eg = 2.02 eV

After annealing E1
2g = 386.7  cm−1

A1g = 411.3  cm−1

Δ = 24.6  cm−1

Roughness = 90 pm Eg = 1.78 eV
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elliptical (S shape) curves at all scan rates without any redox 
peaks, indicating the presence of a typical EDLC-type behavior. 
In addition, a slight deviation from the rectangular shape infers a 
weak pseudocapacitance due to reversible redox reactions (i.e., 
change of the Mo oxidation state from + 4 to + 3) that originate 
from the intercalation of electrolyte  (H+) ions into  MoS2. The 
absence of any peaks in CV curves signifies a faster charging/
discharging in the  MoS2 electrode, which also increases the 
current density with increasing scan rate. Because of the rising 
trend in current density with scan speed increase, C is calculated 
using the formula C =

Q

2mv
=

1

2mvΔV
∫ IdV [37], which indicates 

a decrease in capacitance with increasing scan rate. The reason is 
that the electrode at high scanning speeds has not enough time to 
exchange electrons with electrolytes. In addition, at higher cur-
rent density values, the diffusion rates of electrolyte ions into 
the electrode material will be slower, leading to a decrease in 
the capacitance of the material. The capacitance at a scan rate 
of 10 mV  s−1 for  MoS2 is calculated to be about 24.42 mF  cm−2 
(~ 12.21 F  g−1), which is comparable with other reported works 
[38]. Q (in C) is the total charge obtained by the integration of the 
positive and negative sweeps in a CV curve; m (in g) is the mass 
of active material in two electrodes; and v (in V  s−1), which is the 
scan rate (V = V+ − V−), represents the potential window between 
the positive and negative electrodes. For the GCD technique, the 
potential is generally linear with respect to the charge/discharge 
time (dV/dt = constant) during a constant-current operation.

Table 3 shows the specific capacitance at various scanning 
rates. Figure 8 shows the scanning velocity versus specific 

capacitance. The maximum C drop is observed between 10 
and 25 mV  s−1. This relatively large drop can be related to the 
hydrophobicity of the electrode surface at high scanning speeds.

At high scanning speeds, only the outer surface and not 
the core of the  MoS2 thin film reacts with the electrolyte.

Figure 9 shows the Nyquist plot of the measured  MoS2 
thin films. This analysis is performed to investigate the 
charge transfer and ion transport of samples. The Nyquist 
plot consists of a semicircle whose diameter denotes resist-
ance of charge transfer (Rct) and a line at its end (Warburg 
line). The slope of the Warburg line indicates the capacitive 
behavior of electrodes. The Rct for molybdenum disulfide 
is calculated to be 277 Ω.
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Table 3  Calculated specific capacitance at various scanning rates

Specific capacitance (F  g−1) 12.21 8.73 7.68 6.91 6.77

Scan rate (mV  s−1) 10 25 50 75 100
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Galvanostatic charge-discharge (GCD) behaviors are ana-
lyzed to evaluate the electrical charge storage of the  MoS2 
electrode at current densities of 0.5, 1, 2, and 4 A  g−1.

Electrochemical reactions of electrical charge storage in 
these electrodes can be related to  Mo+2 →  Mo+3.

Figure 10 shows the GCD curve corresponding to the  MoS2 
electrode. As we can see, using the formula Csp =

It

mΔV
 [37, 

39], the maximum specific capacitance for the electrode at the 
lowest current density (i.e., 0.5 A  g−1) is 11.98 F  g−1, in which 
I (in A) is the discharge current, m (in g) is the total mass of 
the active materials of the two electrodes, t (in s) is the dis-
charge time, and V (in V) is the potential during the discharge 
process after the IR drop. Hence, dv

dt
 is the slope of the dis-

charge curve. It has been recommended that the specific capac-
itance should be calculated by using two datum points from a 

discharge curve with dv
dt

= (Vmax −
1

2
Vmax)∕

(

t2 − t1
)

 [37], 
especially in the case of nonlinear response between potential 
and time resulting from pseudocapacitive reactions. Here, t2 
and t1 (in s) are the discharge times at the points of maximum 
potential (Vmax) and half of the voltage 

(

1

2
Vmax

)

 , respectively. 
In general, it can be stated that at a current density of 0.5 A  g−1, 
the electrode is in full contact with the electrolyte; this larger 
surface provides more transmission channels for electron trans-
port, and charge transfer to the electrolyte, which improves the 
electrochemical properties.

Figure 11 shows specific capacitance versus current density. 
According to this Figure and Table 4, with increasing cur-
rent density, the specific capacitance decreases. This decline 
can be attributed to the electrical filling of the electrode sites 
by electrolyte ions at a low current density and the complete 
penetration of ions into the electrode and saturation of the elec-
trode surface.

4  Conclusion

In summary, we successfully fabricated a thin film of 
molybdenum disulfide using a thermal evaporation depo-
sition technique. Bandgap analysis showed a remarkable 
promotion from 1.2 to 1.78 eV, which indicates a transition 
from an indirect to a direct semiconductor by decreasing 
the film thickness to ~ 20 nm. The effect of annealing on the 
properties of 2H  MoS2 nanosheets grown by this process 
was investigated. Optical and morphological properties of 
the prepared film were significantly changed by annealing 
at a temperature of up to 1000 °C. The UV-visible spec-
tra showed bandgap promotion to 1.78 eV. The UV-visible 
and PL spectroscopy confirmed the preparation of a few 
layers of the  MoS2 structure. The electrochemical meas-
urement showed a specific capacitance of 24.42 mF  cm−2 
(~ 12.21 F  g−1) obtained at a scan rate of 10 mV  s−1 for 
 MoS2 synthesized by PVD, which is comparable with other 
reported works. This work opens a feature to develop mul-
tilayer-layer semiconducting  MoS2 for future photoelectric 
device applications in switches, memories, light-related 
sensors, photovoltaics, etc. The properties of the annealed 
2H  MoS2 are controllable by annealing, which may be 
potentially useful for device fabrication.
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Table 4  Specific capacitance obtained at various current densities of 
0.5, 1, 2, and 4 A  g−1

Specific capacitance (F  g−1) 11.98 8.51 7.61 7.53

Current densities (A  g−1) 0.5 1 2 4
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