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ABSTRACT

In this study, molybdenum disulfide (MoS2) nanostructures were prepared on

glass substrates using spray pyrolysis. Some of the prepared samples were

annealed at 500 �C under argon gas in the chemical vapor deposition (CVD)

furnace and others in the atmospheric oven for 60 min. After preparing the

samples, the samples were characterized by UV–visible spectrophotometry,

Photoluminescence spectroscopy (PL), Raman spectroscopy, Fourier-transform

infrared spectroscopy (FTIR) and Thermogravimetric analysis (TGA) to verify

their optical and structural properties. Next, the relatively high transparency of

the films prepared was observed through the transmission spectrum of the

samples. After annealing, the optical bandgap of the films decreased from 1.83

to 1.81 eV suggesting the creation of single-layer and few-layer of MoS2
nanocrystals and because of the two exciton peaks generated by the K point in

the Brillouin zone of MoS2. Performance of the silicon photovoltaic cells assisted

by MoS2 layers were investigated via a solar simulator. The Current–Voltage

characteristics verified that the silicon solar cell conversion efficiency was

enhanced by MoS2 deposited layer. The cell with the MoS2 layer that was

annealed at 500̊ C in Ar gas environment showed the highest efficiency of 11.9%.

1 Introduction

Transition metal dichalcogenides (TMDCs) are sub-

stances with the chemical formula of MX2, where the

M is the transition metal of the VI, V, and IV groups

and X is chalcogen such as Te, Se, and S, belonging to

chalcogenides [1–3]. MoS2 is one of the TMDCs

semiconductor [4], which in the bulk state with

indirect transmission has a bandgap of � 1.2 eV and

in the single or multi-layer state, a direct band gap of

� 1.9 eV [5–9]. The minimum conduction band at the

K point is located in the Brillouin area, and the

maximum valence band is found at the C point of the

Brillouin area. For bulk sample, the conduction band

minimum is halfway between these two points, and
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thus the bandgap becomes less than the monolayer or

multi-layer state [10].

2D nanoscale materials like MoS2 have been used

in various fields including photovoltaic, energy con-

version, interaction with hydrogen, and oscillating

piezoelectric voltage generation and also sensors,

lubricants, photodetectors, lithium batteries, and in

solar cells [11–17]. Although various research have

been done to synthesize and investigate the structure

of MoS2 [18–20], the application of solar cells based

on annealed MoS2 nanostructure in different envi-

ronments has been less analyzed.

It is important to notice that TMDCs structures

such as MoS2 absorb 5–10% of sun radiation in low

thickness and have a higher sun light absorption than

other solar absorbers such as silicon solar cells [21]. In

the current work, MoS2 nanostructures are synthe-

sized via a simple spray pyrolysis method to improve

the electrical properties of silicon solar cells based on

the drop-casting technique. Moreover, the optical,

structural and morphological effect of annealing

process on the prepared layers have been studied.

2 Experimental

2.1 Fabrication thin films of MoS2 by spray
pyrolysis method

In the present work, the chemical pyrolysis spray

method was applied to prepare the MoS2 structure.

The process was carrying out using a locally made

spray pyrolysis. First, glass plates with dimensions of

2 9 6 cm2 were used as substrates for deposition of

MoS2 layers. For cleaning the substrates from the

surface pollution, the glass substrates were placed in

Acetone for 10 min at 30 �C. In the second step,

substrates were placed in methanol for 5 min at

30 �C. Afterward, they were washed out in DI water

and dried with N2 gas. The substrates were placed on

a rotating hot plate embedded in a spray pyrolysis

device to synthesize MoS2 layers. For this purpose,

0.61 gr of Ammonium heptamolybdate tetrahydrate

(NH4)6Mo7O24.4H2O powder Sigma-Aldrich and 0.19

gr of Thiourea SC (NH2)2 powder Sigma-Aldrich

were used as precursors to make the solution for

synthesizing the MoS2 layers. The precursors were

dissolved separately in 25 ml of deionized water on

the magnetic stirrer with 1800 rpm at room temper-

ature. The solutions were mixed together for 60 min

until reaching a clear colorless solution. The glass

substrates have been heated by an electrical heater.

Substrate temperature of 300 ± 5 �C has been con-

trolled within by an iron-constantan thermocouple.

Eventually, the prepared 50 ml solution has been

sprayed on pre-heated glass substrates at 300 �C. In
this process, the interval between nozzle and sub-

strates was about 33 cm, with 1 ml/min aqueous

solution rate. Schematic of the synthesis of MoS2
layers shown in Fig. 1.

2.2 Annealing process of MoS2 thin films

After preparing the samples, some of them were

annealed in an atmospheric oven at 500 �C for 60 min

and some of them were annealed in an Ar gas envi-

ronment in a CVD furnace at 500 �C for 60 min.

Details of sample preparation are given in Table 1.

After preparing the samples, UV–visible, PL, Raman,

FTIR spectroscopy and TGA were performed to

determine the effect of annealing. Photovoltaic

properties such as cell conversion efficiency were

measured with (SIM-1030, power: 100 mW/cm2,

calibrated by standard silicon cell).

To exfoliate MoS2 and disperse in DI water and

ethanol solution, at first, the MoS2 layer was picked

up from the surface of the glass substrates and the

resulting powder was added to a solvent (DI water

and ethanol in a ratio of 2 to 3). We used an ultra

sonicator to dispersion MoS2 powder in the solvent.

The operation power was 20 W and frequency was

40 k Hz. The exfoliated MoS2 layers were dispersed

in the ultra sonicator for 30 min. Next, 1 ml of the

resulting suspension was coated on the silicon pho-

tovoltaic cells. Figure 2 shows the drop casting of the

MoS2 suspensions on the silicon photovoltaic device.

3 Result and discussion

3.1 UV–visible spectroscopy

Figure 3 presents the absorption spectrum of MoS2
thin films before and after annealing process under

different conditions (Ar environment and atmo-

spheric environment at 500 �C in the wavelength

range of 300–800 nm). As can be seen, the absorption

is enhanced by annealing process. However, there is

no excitonic peak in the sample before annealing, the

UV–visible spectra of the samples after annealing
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show four prominent excitonic transitions deter-

mined as A, B, C, and D excitons. These transitions

are located at about 683 nm (1.81 eV), 634 nm

(1.95 eV), 454.3 nm (2.73 eV), and 394.8 nm (3.14 eV),

respectively. The lack of peaks in the spectrum of the

untreated MoS2 sample attributed to the amorphous

structure while the appearance of peaks by annealing

verifies crystallization and arranging of the MoS2
structure.

Eg of the obtained MoS2 thin films were estimated

from absorption spectra utilizing the Tauc formula

[22]:

ahm ¼ B hm� Eg

� �m ð1Þ

Which a is the absorption coefficient, B is a constant,

hm is photon energy and Eg is the optical band gap

energy. m takes different values which correspond to

different transitions. The exponent value for direct

and indirect transitions are 1/2 and 2, respectively.

By the Beer–Lambert’s formula as:

Fig. 1 Procedure of MoS2 layers preparation

Table 1 Details of sample preparation

Sample

number

Deposition temperature

(�C)
Deposition rate (mL/

min)

Annealing temperature

(�C)
Annealing

condition

Annealing

time

1 300 1 – – –

2 300 1 500 Atmosphere 60 min

3 300 1 500 Under argon flow 60 min

Fig. 2 MoS2 nanostructure drop casting on silicon photovoltaic

device

Fig. 3 UV–visible spectra for sample #1 (pristine- MoS2), sample

#2 (annealed in Atmospheric environment at 500 �C) and sample

#3 (annealed in Ar environment at 500 �C) in absorption mode

J Mater Sci: Mater Electron           (2023) 34:57 Page 3 of 11    57 



a mð Þ ¼ 2:303� A=d ð2Þ

Which d and A are the thickness and absorbance.

We can write Eq. 1 in terms of k:

a kð Þ ¼ B hcð Þm�1k 1=k� 1=kg
� �m ð3Þ

Which kg wavelength correspondent to the optical

Eg, c and h are the light speed and Plank’s constant,

respectively. We can write Eq. 3 in terms of

absorbance:

A kð Þ ¼ D1k 1=k� 1=kg
� �m þD2 ð4Þ

where D1 = [B(hc)m-1 d/2.303] and D2 is a constant

takes the refection into account.

Then, the Eg (in eV) can be determined from the

parameter kg by below:

Eg ¼ 1240=kg ð5Þ

Which the kg is obtained using elongating the linear

part of the (A/k)1/m vs. (1/k) relation at (A/k) 1/

m = 0. For the present system with direct transitions,

m = 1/2 [23].

Figure 4 illustrates the Tauc plot (A/k 2 versus 1/

k) of the samples synthesized via the spray pyrolysis

method. The bandgap of the pristine sample is cal-

culated � 1.83 eV, which corresponds to the single-

layer or multi-layer state of the MoS2 structure.

Consequently, the bandgap of the annealed sample in

both atmospheric and Ar environments decreased by

� 0.02 eV and reached 1.81 eV. By annealing pro-

cess, the bandgap of the MoS2 structure declined

because of the two exciton peaks produced by the K

point in the Brillouin zone of MoS2 [24, 25].

Fig. 4 Tauc plot from absorbance spectra sample #1 (pristine- MoS2), sample #2 (annealed in Atmospheric environment at 500 �C) and
sample #3 (annealed in Ar environment at 500 �C)

   57 Page 4 of 11 J Mater Sci: Mater Electron           (2023) 34:57 



3.2 PL spectroscopy

The emission spectra of MoS2 samples were exam-

ined using PL spectroscopy. All samples were excited

using a CW solid-state laser at a wavelength that

comes from absorbance spectra of the sample (k max)

to collecting PL data. Figure 5 presents the PL spectra

of the sample before and after annealing process in

the wavelength range of 600–700 nm. As shown, the

excitonic A emission peak emerged for all three

samples. Also, to calculate the bandgap of the MoS2
structure, the PL spectra were plotted in terms of

energy. All samples approximately have a bandgap

between 1.81 and 1.83 eV related to a single or multi-

layers of MoS2 thin film [26]. The optical band gap

after annealing has declined by about 0.02 eV. Also,

its emission peak power has fallen significantly

compared to the pristine sample. In comparison, this

emission peak emerged as a shoulder before the

annealing process. The peak intensity declines with

increasing the film thickness. This behavior is

strongly affiliated with the grain surface area. Band

gap reduction indicates the increase in the thickness

of the thin film, since as the thickness increases, the

absorption increases, as can be seen from Fig. 4, as a

result of this increase in thickness, the emission

intensity decreases [27].

Figure 5c presents PL spectra characterization of

the sample before and after annealing treatment. This

spectra represents a tunable bandgap in the sample

that can be explained by a sulfur evacuation that may

cause anion evacuation in the structure. Also, it can

be transformed from charged excitons to neutral free

excitons. These peaks, which are observed for all

Fig. 5 a PL spectra between 600–700 nm. b PL spectra for MoS2
thin films in terms of energy. c PL spectra for sample #1 (pristine-

MoS2), sample #2 (annealed in Atmospheric environment at

500 �C) and sample #3 (annealed in Ar environment at 500 �C)
between 350 and 475 nm
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three emission peaks at wavelengths of 366.4, 415.8,

and 468.5 nm, have energy of 3.38, 2.98, and 2.64 eV,

respectively.

3.3 Raman spectroscopy

Raman spectroscopy is used to study the electronic

structure of the prepared samples. The results of

Raman spectroscopy for MoS2 samples are given in

Fig. 6 and Table 2. All three samples have vibration

modes A1g and E2g
1, corresponding to the S atoms’

out-of-plane and the Mo-S atoms’ in-plane vibrations,

respectively. The Dx between the two modes A1g and

E2g
1 shows the number of the layers. The intensity of

the peaks linked to in-plane and out-of-plane vibra-

tions of the prepared samples increased due to

annealing. Also, in all three samples, the intensity of

E2g
1 is lower than A1g. Two fingerprint A1g and E1

2g

peaks have shifted according to the change of the

thickness. A1g mode shifts to higher wavenumbers as

the thickness enhances, because of stronger van der

Waals forces. On the other hand, the E1
2g peak has a

Fig. 6 Raman spectra for

sample #1 (pristine- MoS2),

sample #2 (annealed in

Atmospheric environment at

500 �C) and sample #3

(annealed in Ar environment at

500 �C)

Table 2 Raman spectroscopy data for the MoS2 layers before and

after annealing treatment

E2g
1 (cm-1) A1g (cm

-1) Dx (cm-1) Sample

386.7 400 13.3 Sample #1

387.5 404.2 16.7 Sample #2

387.5 404.2 16.7 Sample #3

Fig. 7 FTIR spectra for sample #1 (pristine- MoS2), sample #2

(annealed in Atmospheric environment at 500 �C) and sample #3

(annealed in Ar environment at 500 �C) between 450 and

4000 cm.-1
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redshift with increasing strain or interlayer van der

Waals force [28, 29].

3.4 FTIR spectroscopy

Figure 7 demonstrates the FTIR spectra for MoS2
samples. Spectra for all samples have one peak at a

very high wavelength, which is attributed to medium

O–H due to water existing in the MoS2 structure.

Absorbance peak of S = O appeared at the wave-

length of 1124 cm-1. The bands at 2922 cm-1 and

2853 cm-1 can be indexed to C–H asymmetric and

symmetric vibrations. The band at 1458 cm-1 can be

attributed to the bending vibrations of the C–H.

There is a broad absorption at 1622 cm-1 that is

corresponded to MoS2. The FTIR spectra shows a

band near 3445 cm-1 is related to O–H stretching and

bending vibration of H2O adsorbed on MoS2 surface

[30]. The band at 1393 cm-1 is because of the

asymmetric stretch of[C = O. Here, an absorption

band appears at about 593 cm-1 because of Mo–O

stretching vibration [31, 32].

3.5 TGA/DTA analyze

TGA is an analytical technique used to indicate a

material’s thermal consistency and its deduction of

volatile ingredients by monitoring the weight change

caused by heating a sample at a constant rate. The

thermal evolution in the decomposition of the as-

prepared deposits during annealing is investigated

using TGA. The TGA analysis performed from 27 up

to 800 �C with 10 �C min-1 heating rate, is presented

in Fig. 8. The TGA curve for prepared MoS2 thin

films consists of a four-step weight loss at around

100 �C, 200 �C, 400 �C, and 500 �C for sample #1, as

shown in the DTA curves. It has to be noted that the

first step of weight loss after annealing remains

Fig. 8 TGA/DTA curves at 10 �C min-1 for a sample #1 (pristine- MoS2): black and dark blue, b sample #2 (annealed in Atmospheric

environment at 500 �C): red and orange and c sample #3 (annealed in Ar environment at 500 �C): green and cyan between 27 and 800 �C
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steadily the same, while the three other weight loss

steps for the MoS2 structure have shifted to the higher

temperatures. The first weight loss from 27 to 100 �C
happens immediately after heating begins. This

weight loss is assigned to the evaporation of absor-

bed water/moisture from the atmosphere [33]. The

loss of chemisorbed water (300–400 �C), and the

conversion of MoS2 to molybdenum oxide and sulfur

dioxide (400–550 �C), respectively [34, 35].

3.6 Photovoltaic properties

A solar simulator and IV tracer device are applied to

investigate the performance of the silicon solar cell

Fig. 9 a I–V, b -dV/dJ vs. (JSC-J)
-1 and c Ln (JSC-J) vs. V ? RSJ

plots for untreated silicon solar cell and MoS2 layer coated on

silicon solar cell devices [sample #1 (pristine- MoS2), sample #2

(annealed in Atmospheric environment at 500 �C) and sample #3

(annealed in Ar environment at 500 �C)]

Table 3 Information obtained

from I-V curves for samples Sample JSC (mA/ cm2) VOC (V) FF (%) Efficiency (%) RS (X. cm2) RCH (X. cm2)

Bare 14.0 0.620 68 8.5 1.7 43.7

Sample #1 16.1 0.620 68 9.7 1.5 38.0

Sample #2 18.8 0.620 68 11.4 1.4 32.3

Sample #3 19.6 0.620 68 11.9 1.2 31.0
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including fill factor and cell conversion efficiency

after the MoS2 layer coated on silicon solar cells. I-V

measurement demonstrates max power (Pmax), which

is a functional parameter in a solar cell device. Fill

factor (FF) is a quality measurement of a photovoltaic

cell and is a squareness measurement of the I-V

curve. It is obtained from below formula:

FF ¼ Pmax

ISC � VOC
ð6Þ

Which, Pmax, VOC and ISC are the maximum power,

the open-circuit voltage and the short-circuit current.

The expression for cell conversion efficiency (g)
can be calculated from the FF value as shown below:

g ¼ FF� ISC � VOC

Pin
ð7Þ

To study the performance of the Photovoltaic devices,

the series resistance (RS) of the devices are calculated

using bellow equation [36]:

� dV

dJ
¼ ATKBe

�1 JSC � Jð Þ�1 þ RS ð8Þ

Ln JSC � Jð Þ ¼ e

AKBT
V þ RS � Jð Þ þ LnJ0 ð9Þ

where A is the ideality factor, T is the absolute tem-

perature, KB is Boltzmann constant.

The characteristic resistance (RCH) of a solar cell is

the inverse of the slope of the line, shown in the

figure above as Vmax divided by Imax for most cells,

RCH can be approximated by VOC divided by ISC, as

shown below:

RCH ¼ Vmax

Imax
� VOC

ISC
ð10Þ

Figure 9a indicates the Current–Voltage character-

istics of bare silicon solar cell, MoS2 samples depos-

ited on silicon solar cells, Fig. 9b shows -dV/dJ

versus (JSC-J)
-1 plots and Fig. 9c shows Ln (JSC-J)

versus V ? RSJ plots of the samples. The photovoltaic

parameters of the fabricated cells including ISC, VOC,

FF, QE, RS and RCH are shown in Table 3. The results

show, however, that the VOC remained the same for

all samples, I–V performance indicates higher cell

conversion efficiency when MoS2 layers were coated

on silicon solar cells. VOC indicates the bandgap

performance. The nanostructures generate excessive

carriers and efficiently collect charges. As a result, the

MoS2 nanostructures negligibly affect Eg and also

equivalent shunt resistance of the p–n junction.

Indeed, MoS2 coated layers can improve conversion

efficiency by principally increasing photon harvest-

ing property of the silicon solar cells. So, this phe-

nomena can increase Isc for the silicon solar cells,

while, Voc and FF remain fairly constant. The cell

conversion efficiency of the bare silicon solar cell,

with FF of 68%, calculated 8.5%. The low short-circuit

current density can be attributed to the bare silicon

solar cell (14.0 mA/cm2). The cell with MoS2 before

annealing treatment showed an efficiency of 9.7%

with JSC 16.1 mA/cm2, VOC 0.620 V and FF 68%. The

cell with MoS2 annealed at 500 �C in atmosphere

environment showed a QE of 11.4% with JSC
18.8 mA/cm2, VOC 0.620 V, and FF 68%. The cell with

the MoS2 layer that was annealed at 500 �C in Ar gas

environment showed the highest efficiency of 11.9%

with JSC 19.6 mA/cm2, VOC 0.620 V and FF 68%. The

consequences show that the cell coats by the MoS2
layer exhibited better efficiency compared to the bare

silicon solar cell. The enhancement of ISC shows the

large absorption rate of the sun radiation by the MoS2
layer. It is important to notice that the unannealed

sample shows the least cell conversion efficiency in

comparison with annealed samples, because the

reduction concentration of interface defects decreases

carrier recombination due to cathodic behavior [37].

4 Conclusion

In this work, we showed the successful synthesis of

MoS2 layers through a simple spray pyrolysis

chemical method. In order to improve the optical,

electronical properties, some of the samples were

annealed in various environment, of which the

annealed sample in Ar environment is the optimal

sample. Furthermore, we successfully improved the

efficiency of silicon solar cells by coating MoS2
nanostructures on these photovoltaic cells. The

results of UV–visible spectroscopy indicate the for-

mation of MoS2 nanostructures and the band gap is

calculated 1.83 eV which is reduced by 0.02 due to

annealing treatment. PL results confirm reduction in

band gap after annealing. Raman results show

increasing the number of MoS2 nanostructures layer

after annealing. Finally, the photovoltaic characteri-

zation shows, although the VOC remained the same

for all samples, I–V performance showed higher g
when MoS2 layers are coated on silicon solar cells and

the cell with the MoS2 nanostructures that was
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annealed at 500 �C in Ar environment showed the

highest efficiency of 11.9%. Finally, we offer a simple

method to improve silicon-based solar cells perfor-

mance, which potentially opens up new opportuni-

ties for the next generation high efficiency and

inexpensive solar cells.
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