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In present work, we have prepared molybdenum (Mo) thin films having low resistivity and good adhesion to corning substrates by using DC-

magnetron sputtering. The influence of working gas pressure on electrical, structural, morphological, optical and topological properties of Mo 

thin films have been investigated using various techniques such as Hall Effect measurement, x-ray diffraction (XRD), field emission scanning 

electron microscopy (FE-SEM), UV-Visible spectroscopy, non-contact-atomic force microscopy (NC-AFM) etc. Hall Effect measurements 

showed that the electrical resistivity of Mo films increases with increase in working gas pressure. The enhancement in adhesion of Mo with 

increase in working gas pressure was observed by Cross-hatch cut and Scotch tape adhesion test. As-deposited Mo films showed preferred 

orientation in (110) direction and decrease in crystallite size with increase in working gas pressure. It also showed that the Mo films deposited 

at 0.01 mbar exhibit compressive strain while those deposited at 0.05 mbar and above exhibit tensile strain. FE-SEM analysis showed that all 

Mo films have dense, homogeneous and crack-free microstructures. NC-AFM characterization showed that surface roughness of films 

increases with increase in working gas pressure. The as-synthesized Mo thin films were then successfully used to deposit Cu ZnSnS  (CZTS) 2 4

layer by electrochemical deposition. Kesterite-CZTS thin films with preferred orientation along (112) direction were synthesized at room 

temperature by single step method through electrodeposition-annealing route.
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1. Introduction
Due to industrialization and ever-growing world's population, there is 

huge demand of energy. Currently, the energy demand is fulfilled by 

fossil fuels. However, burning of fossil fuel produces greenhouse gases, 

which contributes to global warming. Nowadays, photovoltaics (PV) 

turn out to be a more essential technology to solve the newly emerged 

problems related to environment like global warming. The PV system 

converts sunlight directly into electrical energy and provides pollution 

free power. As –on-today the PV market is dominated by silicon (Si) 

wafer based solar cells. However, due to high production cost, there is 

limitation on the application of Si based solar cells in domestic and 

industrial sectors.  The dilemma of high cost of elements can be solved 

by deposition of semiconductor thin film on the substrate instead of 
1 using Si wafer. The major advantage of thin film solar cells is that their 

2band gap of can be adjusted by varying the composition of elements.  

Consequently, larger portion of solar spectrum can be used to achieve 

higher efficient solar cells. Hence, from last few years, silicon based 

solar cells are replaced by chalcogenide thin film solar cells such as 

copper indium gallium sulphide/selenide (CIGS) and copper indium 

sulphide/selenide (CIS), etc.  The CIGS solar cells have reached the 

3power conversion efficiencies up to 20.8%.  This efficiency is 

comparable with the 25% record efficiency of crystalline silicon solar 
4cells.  However, there are limitations on application of CIGS and CIS 

solar cells due to scarcity of key elements and their toxic problems 
5concerned with health and safety.  Hence, many efforts have been made 

in worldwide to develop non-toxic and low cost thin film solar cell by 

abundant materials from earth crust. Recently, quaternary compound 

semiconductor, Cu ZnSnS  (CZTS) has been receiving huge 2 4

consideration due to their excellent photovoltaic and optoelectronic 
6,7properties.  The CZTS is the promising candidate material because of 

their low cost, earth abundant and non-toxic elements. Moreover, it has 

optimal band gap of the order of 1.4-1.5 eV with high absorption 
4 -1 8, 9 coefficient 10  cm . Theoretical efficiency of CZTS thin film solar cell 

10is 32.4 %.  Recently, the power conversion efficiency of 12.6% has 
 11been achieved by Mitzi et al.

The metal back contact collects the charge carriers from absorber 

layer to achieve better current density, which enhances the efficiency of 
12the solar cell.  The great varieties of material were studied as the metal 

back contact for solar cells, including silver (Ag), gold (Au), aluminum 
13 14(Al) , molybdenum (Mo), platinum (Pt),  tungsten (W), tantalum (Ta), 

15niobium (Nb), vanadium (V), titanium (Ti), magnesium (Mn),  nickel  
16(Ni)  etc. Among them, molybdenum is the best back contact material 

17for thin film solar cells.  Mo possesses properties such as chemical 
18inertness, high conductivity,  suitable ohmic contacts for chalcopyrite 

19compounds based solar cells,  relative stability at the processing 
20temperature and resistance to alloying with Cu, Zn and Sn.  All these 

properties of Mo satisfy the necessary requirements of best back contact 

material for the chalcopyrite compounds based solar cells. The Mo thin 
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films can be fabricated by variety of techniques such as radio frequency 
21(RF) magnetron sputtering,  e-beam evaporation, direct current (DC) 

22magnetron sputtering,  etc.  However, DC magnetron sputtering is the 

suitable technique since it provides better adhesion, good uniformity and 
23scalability over large areas of substrate.  It is reported that the properties 

of DC magnetron sputtered thin films depend on the sputtering 

parameters such as substrate temperature, target-to-substrate distance, 

deposition power, working gas pressure, etc. The influence of sputtering 

parameters on properties of Mo thin films has been studied by many 
24research groups. Rondiya et al.  studied the effect of substrate 

temperature on DC sputtered Mo thin films and reported that surface 

roughness of the film increases as the substrate temperature increases. 

The smoother Mo films with high resistivity can be fabricated at higher 
25target-to-substrate distance has been reported by Pandharkar et al. . 

26Moreover, Guo et al.  fabricated the Mo thin films with good adhesion 

with substrate by DC and RF magnetron sputtering at low deposition 

power and reported that the electrical resistivity of Mo thin film 

decreases with increase in deposition power. 

The adhesion and residual stress plays a crucial role in the 
27 28performance of the thin film solar cells.  Malhotra et al.  Reported that 

excessive residual stress during growth of Mo thin film can affect their 

electrical, mechanical and optical properties. The Mo thin films with 

compressive stress have low resistivity but poor adhesion to the 

substrate and those under tensile stress have high resistivity and good 
29 30 adhesion to substrate.  Deambrosis et al. predicted that change in stress 

in the films is due to the variation of deposition rate. Moreover, the 

change in working gas pressure influences the deposition rate and mean 
31free path of the sputtered atoms.  A recent study revealed that increasing 

argon pressure during Mo thin film deposition increases the width of 

amorphous oxidized phase (MoO ) at inter-grain regions that acts as a 3
32channel for sodium diffusion into the absorber layer.  As a back contact 

in thin film solar cells, lower electrical resistivity and good adhesion 
33with the substrate are essential to get highly efficient solar cells.  

17Scofield et al.  showed that adhesive films with low resistivity can be 

fabricated by varying working gas pressure. In the present research 

work, we have investigated the effect of working gas pressure on 

adhesive, structural, optical, morphology and electrical properties of Mo 

thin films to achieve better sputtering conditions. Furthermore, the 

performance of the fabricated Mo thin film with better property, were 

studied by using it as a working electrode in electrochemical deposition 

of CZTS thin films.

Table 1  Deposition parameters used to synthesize Mo thin films by using DC-Magnetron sputtering.

Deposition parameter  Parameter value  Unit 

Substrate temperature  400 
o
C 

Target -to-substrate distance  9 cm 

Deposition time  40 min 

Base pressure  2×10 -5 mbar  

Deposition power  200 Watt 

Working gas pressure  0.01-0.1 mbar  

 

2. Experimental�
2.1 Synthesis of Mo thin films
The molybdenum (Mo) thin film fabrication was carried by commercial 

planar DC magnetron sputtering unit (Model: 12" MSPT, Hind High 

Vacuum) using a target of 4 inch diameter (99.99%, Vin Karola 

Instrument, USA) on  corning #7059 substrate (2 cm x 5 cm).The 

following cleaning procedure of substrate was used for Mo thin film 

deposition. First, substrates were cleaned using soap and piranha 

solution and next by double distilled water with ultrasonic bath for 30 

min. After drying, well cleaned substrates were mounted on substrate 

holder in the vacuum chamber. The target-to-substrate distance and 

substrate temperature were maintained at 90 mm and 400 °C 

respectively. The deposition process was carried out for 40 minutes. 
-5After achieving a base pressure of 2x10  mbar, pure Ar (99.99%) was 

introduced in the vacuum chamber. Depositions were performed at 

different working gas pressures from 0.01mbar to 0.1mbar in steps of 

0.05mbar. The deposition parameters are listed in the Table 1.

2.2 Film characterization
The structure and crystallinity of sputtered Mo thin films was 

investigated by using a x-ray diffractometer (Bruker D8 Advance, 

Germany) utilizing the CuK line (  = 1.54 Å). The surface λ

morphological evaluation of Mo thin films was analyzed by using field 

emission scanning electron microscope (FE-SEM) (Hitachi, S-4800, 

Japan) with the operating voltage of 15 kV. The thickness measurement 

of deposited Mo thin films was estimated by using cross sectional SEM 

(JEOL JSM-6360A) with operating voltage of 20 kV. The surface 

topographical investigation was carried out by using non-contact mode 

atomic force microscopy (NC-AFM) (JEOL, JSPM-5200). The 

reflection spectra were measured by using a UV-Visible 

spectrophotometer (JASCO, V-670) in the range of 400-800 nm. The 

electrical resistivity of Mo thin films was estimated by using Ecopia 

Hall Effect measurement (HMS-3000) set up. The Mo film thickness 

was calculated by surface profiler (KLA Tencor, P-16+) and also 

verified by FE-SEM analysis.

3. Results and Discussion
3.1  Adhesion test of Mo thin films
The adhesion test of Mo thin films was carried out by Cross-hatch cut 

and Scotch tape test. The film deposited at low working gas pressure 
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(0.01 mbar) shows poor adhesion and gets delaminated during tape test 

while, those deposited at higher working gas pressure (0.05 mbar and 

above) shows good adhesion. Moreover, the enhancement in adhesion 

of Mo thin films to the corning glass substrate has been observed when 

working gas pressure increased from 0.01 mbar to 0.1 mbar (See Table 

2).The Mo thin films deposited at lower working gas pressure exhibits 

compressive strain shown less adhesion while those deposited at higher 

working gas pressure exhibit tensile strain shown good adhesion. The 

enhancement in adhesion of Mo thin film with increase in working gas 

pressure is attributed to transformation of residual stress from 
34compressive to tensile strain. Forest et al.  reported that the 

compressive stress in thin film is related with the absorption of 

impurities (O, H and water vapor) in the inter-granular voids. 

3.2  Variation of deposition rate
The deposition rate is calculated from thickness measurement and 

deposition time period taken for Mo thin film fabrication. The variation 

of deposition rate as a function of working gas pressure is shown in Fig. 1. 

It increases from 21.95 nm/min to 34.55 nm/min when working gas 

pressure increased from 0.01 mbar to 0.1 mbar. The inset table shows 

the thickness of Mo thin films and the applied working gas pressure. As 

working gas pressure grows from 0.01 mbar to 0.05 mbar, the number 

of Ar ions increases, which ejects more number of Mo atoms from 

target, as a result, deposition rate increases rapidly. While, as the 

working gas pressure increased further from 0.05 mbar to 0.1 mbar, 

probability of colliding Ar atoms with ejected Mo atoms increases and 
 35hence there is a reduction in the kinetic energy of ejected Mo atoms.  

As a result, deposition rate increases at a slower rate at higher working 

gas pressures. It can be predicted that the deposition rate will achieve a 

saturation value at higher working gas pressures.

Fig. 1 Variation of deposition rate as a function of working gas pressure 

for Mo films prepared by using DC-Magnetron sputtering.

3.3 X-ray diffraction analysis
The x-ray diffraction (XRD) is widely used technique for the study of 

structural investigation of materials synthesized via different methods. 

The structural investigations such as crystal structure, preferential 

orientation of crystal, crystallite size and strain of Mo thin films were 

investigated from X-ray diffraction (XRD) analysis. The XRD pattern 

of Mo thin film deposited on corning substrate at various working gas 

pressures is shown in Fig. 2. The crystallites of Mo thin films have the 

cubic (BCC) crystal structure (JCPDS card # 00-001-1208) with 

preferential orientation along (110) direction. With increase in working 

gas pressure, the line-width (Full width at half maximum, FWHM) of 

diffraction plane (110) increases and hence, decrease in its crystallite 

size (d ) is observed. The d  was estimated by using Debye-Scherer's x-ray x-ray
36formula,

where,   is the wavelength of diffracted radiation,  is the Bragg angle Bλ θ

and  is FWHM in radians. It is observed that with increase in working β

gas pressure the crystallite size decreases (see Table 2). Furthermore, 

with increase in working gas pressure the diffraction peak (110) slightly 

shifts towards lower diffraction angle. The shifting of (110) peak 

position to lower diffraction angle can be attributed to presence of strain 
37in the films.  The intrinsic strain (%) in the Mo film was calculated 

38from the (110) diffraction peak by using following equation .

where a  and a represents the reference lattice constant (0.3143 nm, 0

JCPDS card # 001-1208) and lattice constant of the Mo films obtained 

from the XRD measurements respectively.

d  =x-ray

0.9λ

βcosθB

(1)

Strain (%) =                 x 100 
a - a0

a0

(2)

Fig. 2 XRD patterns of Mo films deposited by using DC-Magnetron 

sputtering at different working gas pressures.

The estimated values of lattice constants and the strain in the DC-

Magnetron sputtered Mo films are listed in Table 2.

As seen from the Table 2, the Mo films deposited at working gas 

pressure 0.05 mbar and above exhibit tensile strain and its value 

increases with increase in working gas pressure, while the Mo film 

deposited at working gas pressure 0.01 mbar exhibit compressive strain.

3.4 Field emission scanning electron microscopy (FE-SEM) 

analysisa4) 350 W
The surface morphological study of Mo thin films has been analyzed by 

field emission scanning electron microscopy (FE-SEM). Fig. 3(a1)-(a3) 

shows FE-SEM micrographs of Mo thin films deposited at various 

working gas pressures. 
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Table 2 XRD analysis of Mo films deposited using DC-Magnetron sputtering.

Working gas pressure 

(mbar)  

Crystallite  size 

(nm) 

Lattice constant 

(Å) 

Electrical resistivity  

(  cm) 

Strain (%)  Adhesion  

tape test  

0.01 16.3  3.1075  5.67× 10 -5 -1.1291  Fail 

0.05 15.9  3.1471  2.12× 10 -4 0.1333  Pass 

0.1 14.5  3.1621  15.6 ×10 -4 0.6096  Pass 

 

Ω

Fig. 3 FE-SEM micrographs of Mo thin films deposited at different working gas pressures a1-a3) Surface morphology and b1-b3) Cross-section view 

of FE-SEM micrographs.
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As seen from figure, the FE-SEM images clearly show tiny irregular 

prismatic shape like morphology with decreasing particle size. It is 

observed that Mo thin film deposited at lower working gas pressure is 

having dense and homogeneous microstructure without any inter-

granular voids. Films deposited at higher working gas pressure are less 

dense and more porous. Hence, enhancement in inter-granular voids and 

porosity with increase in working gas pressure is observed. At lower 

working gas pressure due to less particle scattering, Mo atoms with 

more energy get deposited on the substrate, which forms denser Mo thin 

film. However, at higher working gas pressure, due to enhanced particle 

scattering, Mo atoms with reduced energy get deposited on substrate, 
38 which forms porous films. Fig. 3(b1-b3) shows cross-section of SEM 

micrographs of Mo thin films deposited at various working gas 

pressures used for the thickness measurements. The thickness 

measurement evaluated from cross-section SEM micrographs well 

match with the thickness measured by KLA Tencor, P-16+profilometer.

3.5 Atomic force microscopy (AFM) analysis
The surface roughness analysis study of Mo thin film was studied by 

non-contact atomic force microscopy (NC-AFM). The surface features 

of deposited Mo films were studied by the measurement of root mean 

square (RMS) roughness values. Fig. 4 represents the 3-D AFM images 

of Mo thin films at deposited at various working gas pressures. 

As the working gas pressure increased from 0.01 mbar to 0.1 mbar, 

the increase in RMS roughness from 3.32 nm to 9.78 nm is clearly 

observed from figure.

3.6  UV-Visible spectroscopy analysis
The efficiency of the thin film solar cell depends on the reflectance of 

the back contact. For higher reflectance of back contact, more photons 
39get generated, which enhances efficiency of solar cells.   The optical 

reflection properties of sputtered Mo thin films were recorded using a 

UV-Visible spectrophotometer. The reflectance of Mo films deposited at 

Fig. 4 3-D AFM (5×5μm) images of Mo thin films at deposited at various working gas pressures a) 0.01 mbar b) 0.05 mbar and c) 0.1 mbar.

Fig. 5 UV-Visible reflectance spectra of Mo films deposited at different 

working gas pressures.

various working gas pressures are plotted in Fig. 5 as a function of 

wavelength.

It is clearly seen from the figure that the enhancement in working 

gas pressure from 0.01 mbar to 0.05 mbar results into reduction in 

average reflection of Mo thin film from ~ 24 to ~ 13% in the visible 

range. The decrease in average reflection with increase in working gas 

pressure was observed and this result matches with the reported 
40literature by Cao et al.  The Mo thin films forms denser microstructure 

at lower working gas pressure, hence shows higher reflectance. 

However, porosity increases with increase in working gas pressure due 

to optical scattering. Hence, Mo thin films deposited at higher working 

gas pressure shows lower reflectance.

3.7  Electrical resistivity measurement
The Mo back contact with low electrical resistivity is essential to 
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minimize the series resistance of solar cell device. The electrical 

resistivity of Mo films was measured using Van der Pauw method 

(Ecopia HMS-3000 Hall Measurement System) at room temperature. 

Fig. 6 shows the variation of electrical resistivity of Mo thin films 

deposited at different working gas pressure. As seen from the figure, the 
-5  electrical resistivity gradually increases from  5.67x10 -cm to Ω

-4  15.6x10 -cm when the working gas pressure increased from 0.01 Ω

mbar to 0.1 mbar [Fig. 6]. At higher working gas pressure, there is a 

reduction in kinetic energy of Mo thin films due to increased particle 

scattering. Hence, less dense films were formed. As a result, the 
41 17electrical resistivity of Mo thin film increases.  Scofield et al.  reported 

that enhancement of porosity is responsible for increase in resistivity at 

higher gas pressures.

4. Czts Thin Film Deposition
The Cu ZnSnS (CZTS) thin films were deposited on DC sputtered Mo 2 4 

thin films by electrochemical deposition (Potentiostat: Metrohm Autolab 

PGSTAT302N) at room temperature. The electrochemical deposition of 

CZTS thin films was carried out in a conventional three-electrode 

electrochemical cell assembly on Mo-thin film deposited at working gas 

pressure of 0.05 mbar. The Mo-coated glass substrate was used as the 

working electrode, a platinum electrode as an inert counter electrode and 

saturated calomel electrode (SCE) as a reference electrode. The 

electrolytic bath consists of 20mM CuSO , 10 mM ZnSO , 20 mM 4 4

SnSO  and 16 mM Na S O . The tri-sodium citrate (Na C H O ) was 4 2 2 3 3 6 5 7

used as complexing agent in precursor solution. The pH of the 

electrolytic solution was 4.5-5.0. The Mo-coated glass substrates were 

cleaned ultrasonically in acetone, ethanol and double distilled water. The 

uniform and well adherent CZTS thin films were deposited at −1.05 V 

vs SCE in potentiostatic mode at room temperature for 45 min. After 

deposition, the films were rinsed in doubly distilled water. The deposited 
ofilms were annealed at 475 C for 10 minutes in Ar + H S atmosphere 2

and used for further the investigations.

The XRD pattern of annealed CZTS film deposited on Mo coated 

glass substrate is shown in Fig. 7. It is observed from figure that CZTS 

film have major diffraction peaks at 2  ~ 28.77, 33.28, 47.00 and 54.42. θ

These diffraction peaks are well matched with those of standard data 

and identified to be due to reflections originated from (112), (200), (220) 

and (312) planes respectively of characteristic of kesterite crystal 

structure of CZTS (JCPDS card # 26-0575). The strongest (intense) 

peak at 2  ~ 28.77 represents the preferential orientation along the (112) θ

Fig. 6 Electrical resistivity of Mo films deposited at different working 

gas pressure.

plane. The highly intense and sharpness of (112) peak indicate that the 

material has the high degree of crystallinity. No noticeable diffraction 

peaks due to secondary phases were observed in the diffraction pattern 

signifying formation of pure kesterite phase of CZTS. Existence of 

kesterite-CZTS is further confirmed by Raman spectroscopy.

The Raman spectrum of CZTS thin film deposited on Mo coated 
0glass substrate and annealed at 475 C for 10 minutes in Ar + H S 2

-1 atmosphere in the range 100-600 cm is shown in Fig. 8. As seen two 

major shoulders corresponding to the CZTS films were observed at  338 
-1 -1 -1cm  and  288 cm . The strongest peak is located at 338 cm , is the main 

42  vibrational A1 symmetry mode from kesterite-CZTS phase. No 

additional Raman peaks were observed corresponding to various binary 

phases, suggesting that formation of the pure single phase of kesterite-

CZTS film. The results are consistent with the results obtained from 

XRD analysis.

Conclusions 
We have deposited Mo thin films having low resistivity and high 

adhesion by DC-magnetron sputtering for back contact electrode for 

electrochemical deposition of CZTS absorber layer. We have 

investigated the influence of the working gas pressure on structural, 

electrical, optical and morphological properties of Mo thin films 

Fig. 7 XRD pattern of CZTS thin film deposited on Mo coated glass 
osubstrate and annealed at 475 C for 10 minutes in Ar + H S atmosphere.2

Fig. 8 Raman spectra of CZTS thin film deposited on Mo coated glass 
osubstrate and annealed at 475 C for 10 minutes in Ar + H S atmosphere.2
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deposited by DC-Magnetron sputtering. The enhancement in adhesion 

of Mo film on corning glass substrate has been observed with increase 

in working gas pressure which  is tested by using Cross-hatch cut and 

Scotch tape adhesion test. The XRD analysis showed that as-deposited 

Mo films have preferred orientation in (110) direction. With increase in 

working gas pressure, decrease in crystallite size has been observed. 

Moreover, XRD analysis showed that the Mo films deposited at 

working gas pressure 0.01 mbar exhibit compressive strain while 

deposited at 0.05 mbar and above exhibit tensile strain. Enhancement in 

porosity of Mo films was observed with increase in working gas 

pressure and was investigated using FE-SEM analysis. Non-contact 

atomic force microscopy (NC-AFM) revealed that the average surface 

roughness of the films increases from 3.32 nm to 9.78 nm when 

working gas pressure increased from 0.01 mbar to 0.1 mbar. Electrical 

properties carried out using Hall Effect measurements showed that the 

electrical resistivity of Mo films increases with increase in working gas 

pressure. Finally, kesterite-CZTS compound with no secondary phases 

has been revealed by XRD and Raman spectroscopy of electrodeposited 

CZTS.
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