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Abstract
Objective: In this manuscript, we have investigated the temperature dependent electrical transport 
properties of CZTS/MoSe2/glass heterostructures for solar cell applications.

Methods: MoSe2 coated CZTS diode thin films were fabricated using sol-gel and thermal evaporation 
methods. During first step, CZTS thin films were grown on glass substrate by sol-gel process and in the 
2nd step, MoSe2 thin films were grown on CZTS/glass using thermal evaporation method. The grown 
structures were post growth annealed at 450-500℃ using a muffle furnace.

Results: The structure of each layer was verified by XRD and Raman spectroscopy. SEM analysis has 
confirmed the smooth surface formation of thin films with a uniform distribution of grains. Electrical properties 
have been studied by two probe technique after the junction formation between CZTS and MoSe2. Transport 
properties of the junction showed its semiconductor nature. The resistivity varies from 0 to 7×109ohm-cm 
for the sample annealed at 450℃ and varies 0 to 3×1010ohm-cm for the sample annealed at 500℃.

Conclusion: All these parameters made synthesized thin films promising candidates for higher efficiency 
solar cells, radio modulation and power conversion applications. The effect of the MoSe2 layer on the 
microstructure and performance of the CZTS film is discussed here in detail. These results serve as guiding 
principles for preparing high-quality CZTS thin films for potential applications in low-cost solar cells.

Keywords: CZTS/MoSe2 composite, structural analysis, surface morphology, Raman spectroscopy, DC 
resistivity
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1 INTRODUCTION
Innovative R&D to lay on light-trapping system in inorganic 

thin-film solar cells have been advanced recently. Two 
dimensional transition metal dichalcogenides based novel 
ultrathin devices are gaining importance over conventional 
3D device because of use of in-plane direction current in their 
device architectures. The most common of these materials like 
copper zinc tin sulfide copper zinc tin sulfide (CZTS), copper 
indium gallium sulfide, and cadmium telluride, which find 
applications in various electronic and optoelectronic devices 
such as metal-oxide-semiconductor field-effect transistors, wave 
shaping, LEDs, harmonic generation, and photovoltaics[1-4]. 
CZTS-based thin-film solar cells, in particular, are attracting 
increasing attention for thin-film photovoltaic applications. 
This is owing to their cost-effective large-scale production, high 
absorption coefficient of 104 cm−1, and efficiency above 30% 
with average band gap of about 1.5eV. CZTS is a promising 
p-type material because of its low cost and non-toxic materials 
compared to others of its kind and is considered potential 
candidate for 2nd generation solar cells[5].

The performance of thin film solar cell is affected by various 
factors including film stoichiometric, surfaces plasmonic, 
thickness hetro/homo junctions and others. The integration 
of plasmonic layers in photovoltaic devices enhances the 
optoelectrical properties. For effective light trapping, the 
layered thin film device such as an n-type layer over p-type 
CZTS has many advantages including more collection of 
electron-hole pairs, less quantity of high-quality materials 
is needed and less energy is used during the fabrication 
process[6-8]. Moreover, it also reduces the probability of 
materials losses. All these factors enhance the efficiency of 
CZTS based solar cells. In view of all this, researchers are 
doing efforts for making CZTS based solar cells more and 
more efficient[9,10]. The low open-circuit voltage (Voc) is the 
most critical impediment to achieving higher efficiencies 
in CZTS devices compared to the filling factor and short-
circuit current density. With this motivation, the effect of 
MoSe2 layer deposited on CZTS is studied for its enhanced 
photovoltaic performance.

In electronic devices, MoSe2, inherently n-type material, 
is a very attractive material to be used as a buffer layer 
because it provides photon transmission into the absorber 
semiconductor. For photovoltaics and single junction solar 
cells the optimal band gap should be ⁓1.55eV which is closer 
to band gap values of MoSe2 material[11]. It has large excitons 
binding energy, non-toxic and low cost materials. To form 
an ideal p–n junction with CZTS, an appropriate thickness 
of MoSe2 is needed so that it could give good quantified 
optical, morphological and electrical properties. It is because 
thick layer could hinder the transmission of photons and too 
thin layer could cause shorting due to pinholes in film[12,13]. 
In current work, MoSe2 coated CZTS diode thin films were 
grown as layer by layer by sol-gel followed by spin coating 
and thermal evaporation route. In current study the electrical 

properties of MoSe2/CZTS hetrojunction is reported first 
time. The synthesized diode thin film was further annealed 
and their temperature dependent charge transport properties 
were reported.

2 EXPERIMENTAL PROCEDURE
MoSe2 coated CZTS diode thin films were fabricated in 

three steps. In first step CZTS solution is prepared by sol-gel 
method. Copper acetate monohydrate, zinc acetate dehydrate, 
tin chloride, thiourea, 2-methaoxiethanol were used as source 
materials. All the source materials are alpha grade 99.9% 
pure. The solutions of all these materials were prepared 
according to stoichiometric calculations and were mixed 
together. Zinc acetate monohydrate, copper acetate dehydrate, 
tin chloride were added into the 2-methaoxiethanol and putt 
it on magnetic stirrer for an hour at 800rpm and temperature 
was settled at 50℃ the color of the solution was blue before 
adding the thiourea[14]. After stirring an hour the thio urea 
was added in the above solution and stirrer for 10 to 20min 
the color of the solution now changed to light yellow from 
the blue. In second step, the ultrasonically cleaned substrate 
was placed set into rotation at 3,000rpm by using spin coater 
and as prepared solution was spread over the surface of the 
substrate by micropipette 30s. The sample thus prepared was 
dried at 28℃ for 2-3min[15]. The whole procedure of spin 
coating was repeated 10 times. The thin film of molybdenum 
selenide (MoSe2) was prepared on the glass substrate in the 
evacuated tube by thermal evaporation. At first a test sample 
of MoSe2 thin films was prepared for phase purity, structural 
and morphological studies. Highly pure molybdenum and 
selenide powders were taken according to stoichiometric 
calculations and are kept in an alumina boat. The source to 
substrate distance was kept at 12cm and chamber pressure 
was maintained at 2×10-2Torr[16]. The deposition was made 
at 500℃. After deposition the sample was cooled to room 
temperature. In third step, the CZTS thin film coated glass 
slide was put inside tube furnace and MoSe2 thin film 
is deposited on it by thermal evaporation by keeping all 
vacuum parameters same as for test sample of MoSe2. 
The MoSe2 coated CZTS diode thin film thus prepared 
was further annealed at 450 and 500℃. The as-grown and 
annealed samples were characterized by XRD, Raman, SEM 
techniques for structural and morphological analysis. Electric 
transport properties of both diode thin films, annealed at 450 
and 500℃, were studied by IV measurements using two 
probe method.

3 RESULTS AND DISCUSSION
Figure 1A shows the XRD scans of CZTS thin film grown 

by sol-gel method. All the diffraction peaks in the XRD scans 
of CZTS material thin films is in good agreement with JCPDS 
card No. 26-0575. Traces of some other phases of SnS and 
CuS were also observed[17]. XRD diffractograms shown in 

Figure 1B indicate the pure phase formation of MoSe2 thin 
film that was deposited by thermal evaporation method[18,19]. 
The phase purity of as grown CZTS thin film and MoSe2 thin 
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films was further verified by Raman spectroscopy. Figure 2A 
shows the Raman spectra of the CZTS thin film deposited on 
glass substrate. The characteristic peak of CZTS is identified 
at 333cm-1 and the other peaks are observed at 222cm-1  
and 37m-1 corresponds to CZTS material. Binary and 
ternary secondary phases of SnS, SnS2, Cu2SnS3, ZnS, Cu2-xS, 
CuS, Cu2S and CuxS were also observed[20,21]. Figure 2B  
shows the vibrational modes of the thin film of MoSe2. The 
Raman profiles exhibited two characteristic phonon modes: 
One corresponded to the A1g mode (286cm-1) associated 
with the out-of-plane vibration of Se atoms and the other 

Figure 1. XRD patterns of (A) CZTS thin film synthesized by spin coating and (B) MoSe2 thin film grown by thermal 
evaporation.

Figure 2. Raman spectra of (A) CZTS thin film on glass substrate and (B) MoSe2.

Figure 3. Scanning electron microscopy of (A) CZTS thin film and (B) MoSe2 thin film deposited at 500℃.

corresponded to the E12g mode (394cm-1) associated with the 
in-plane vibration of Mo and Se atoms. SEM images of both 
films shows that grains are of comparably equal size and 
homogenously distributed as depicted in Figure 3A and 3B. 
MoSe2 thin film surface is smoother than CZTS. These images 
further shows the good compactness of these thin films[22].

After structural and morphological analysis the electrical 
carrier transport properties in the annealed CZTS/MoSe2/
Ag junction diode thin films were studied by two probe 
technique. The temperature is varied from 300 to 800K. 

A B

A B

A B
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Figure 4A and 4B shows the temperature dependent 
resistivity graphically. Maximum value of temperature 
dependent resistivity (ρ) of the materials increases from 
7×109Ω·cm to 3×1010Ω·cm with increase in annealing 
temperature. Moustafa M et al[23] used WS2 as buffer layer 
and observe an enhancement in cell performance to 26.81% 
Behera N et al[24] studied the electrical properties in vacuum 
annealed CZTS/Ag multi-layered stack structure of solar 
cells. They observe a gradual drop in the resistivity is 
observed with increasing Ag deposition time; however, it 
is within the tolerable limit of CZTS film. Vigil-Galán O et 
al[25] also reported the similar results for sprayed Cu2ZnSnS4 
thin films growth and its relation with secondary phase 
formation[25]. In current study both thin film diode samples 
resistivity of prepared samples firstly increases by increasing 
the temperature from room temperature to ⁓363K and then 
starts decreasing continuously as temperature rises. The value 
from where the temperature starts decreasing represents 
Curie temperature of the sample[26-28]. The lower values of 
resistivity is may be because of nanocrystallinity of thin films. 
In both annealed and unannealed samples the resistivity of 
the materials first increases upto temperature ⁓360K and then 
decreases at elevated temperatures. The decrease in resistivity 
is due to transport behavior and some dominating conduction 
mechanisms like thermionic emissions over grain boundaries 
barriers reported in other polycrystalline semiconductor thin 
films in literature. Band tailoring due to junction contributes 

Figure 4. IV characteristics of CZTS/MoSe2 junction annealed at (A) 450℃ and (B) 500℃ with (Ag) contact.

Figure 5. Resistivity plots of of CZTS/MoSe2 junction annealed at (A) 450℃ and (B) 500℃.

A B

A B

to resistivity[29]. Electrons gains additional thermal energy at 
higher temperatures which may result in their recombination 
with holes before getting to the depletion region and 
collecting. The bandgap also may become narrow at elevated 
temperatures thereby the recombination process of the 
electrons-holes pair’s is accelerated, causing a decrease in 
resistivity. It may also because of Ag-S bond which is long as 
compare to the Cu-S bond. This Ag-S bonding may weaker 
the p-d hybridization than Cu-S resulting in lowering in the 
valence edge position at higher temperatures.

Figure 5A and 5B depicted that the slop of sample annealed 
at 450℃ is greater than the sample annealed at 500℃ which 
indicated the change from ohmic behavior to Schottky-type 
behavior of junction with rising temperature. The electrical 
conductivity increases exponentially with increasing 
temperature (Figure 4A and 4B), hence follows the typical 
trend for semiconductor thin films[30]. Below 250K, the 
reverse bias current in both samples is higher than the 
forward bias current. It is found that conductivity increases 
with the increase in annealing temperature. Increment in 
the temperature provides an increase in free volume and 
segmental mobility. These two entities then permits free 
charges to hop from one site to another resulting in increase 
in conductivity. Moreover, the ions could also gain K.E from 
thermally activated hopping of charge carriers between the 
trapped sites at elevated temperatures.
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4 CONCLUSION
In current studies the junction between the MoSe2 and 

CZTS formed to study the electrical transport properties. The 
structural and morphological studies has confirm the successful 
growth of the desired thin films by the above mentioned route. 
MoSe2 serves as an excellent window layer by smoothing 
the device surface and lowering resistivity values. This could 
result in high transmittance to optimize the light incident 
on the CZTS absorber layer, as well as serving as a charge 
transport medium. A distinct conduction region is observed 
while studying the electric transport properties of the grown 
diode thin films. Both films exhibit positive dependence of 
conductivity on temperature, indicating more electrons are 
excited to the conduction band at elevated temperature. All 
these parameters made these synthesized thin films promising 
candidates for higher efficiency solar cells, radio modulation 
and power conversion applications. The effect of the MoSe2 
layer on the microstructure and performance of the CZTS 
film is discussed here in detail. These results serve as guiding 
principles for preparing high-quality CZTS thin films for 
potential applications in low-cost solar cells.
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