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Abstract In this study, the molybdenum (Mo) thin films

were deposited onto soda lime glass (SLG) substrates by

RF magnetron sputtering method at different temperatures.

After the deposition, two of the deposited films were

annealed at 500 �C for 30 min under a high purity Argon

(Ar) gas atmosphere inside. The all films tested with the

tape test had good adhesion to the SLG substrates. The

structural and morphological properties of the obtained

films were clarified by X-ray diffraction, atomic force

microscopy, scanning electron microscopy and energy

dispersive X-ray spectroscopy techniques. The films

exhibited a strong peak at the range of 40.56 and 41.05

with an orientation of the (110) plane. The electrical and

reflectivity properties of the films were investigated by Hall

Effect measurements and UV–visible spectroscopy tech-

niques, as a function of the substrate and annealing tem-

peratures. The films had a good resistivity of

*10-4 X cm. The films deposited at 250 �C had an

average optical reflectivity as high as 48.1 % within the

wavelength at the range of 400–1100 nm. In addition,

diffused sodium (Na) concentrations into the Mo films

from SLG substrate were determined by secondary ion

mass spectroscopy. It was seen that Na atoms diffused to

Mo layers from SLG substrates.

1 Introduction

In thin film solar cells such as copper indium gallium

diselenide (CIGS) and copper tin zinc sulfide (CZTS),

electrical back contact layer usually consists of molybde-

num (Mo). For a workable back contact in thin film solar

cells, Mo is one of the most suitable materials with its

excellent properties [1]. The back contact materials for thin

film solar cells should have low resistivity, high conduc-

tivity and show good adhesion to the substrate, which is

mostly preferred soda lime glass (SLG) in CIGS and CZTS

photovoltaic devices [2]. As a back contact material Mo

meets many of the requirements explained above. Fur-

thermore, the characteristic production methods of CIGS

and CZTS devices require the high temperature processes

over 500 �C and thus, it is necessary to use the high tem-

perature steady back contacts for these devices. A heat-

resistant metal Mo commonly used for high temperature

applications exhibits so good heat and chemical stability

and Mo does not diffuse into the absorber layer easily when

the temperature increases [2, 3]. So far in CIGS and CZTS

based thin film solar cells; the highest energy conversion

efficiency has obtained by using Mo as back contact [4].

Therefore, Mo layer plays a major role on enhancing the

efficiency of the thin film solar cell devices. In addition,

precisely determination of the sodium (Na) concentration

in the Mo contact layer is important due to Na diffusion

into the absorber layer from SLG substrate has an impor-

tant effect for improvement of the cell efficiency [5].

Depending on deposition parameters, microstructures of

Mo thin films change from dense to porous and this change
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in the microstructures leads to variations in electrical

resistivity and film adhesion [6, 7]. In order to achieve low

resistivity and good adhesion at once, a bilayer structure of

Mo thin film is a popular method for optimizing the

properties of Mo back contacts [8, 9].

Thin films on a substrate can be prepared with several

physical, chemical and electrochemical deposition methods

such as sputtering [10–12], pulsed laser deposition (PLD)

[13], chemical vapor deposition (CVD) [14], chemical bath

deposition (CBD) [15] and anodic oxidation deposition

[16, 17]. Among these methods, sputtering method has

been widely used for various kinds of thin film deposition

due to its capability of large scale applications. Deposition

of the Mo films on SLG substrate can be achieved with DC

and RF sputtering techniques as a back contact layer of the

thin film-based solar cells. Mo thin films are usually

deposited by DC magnetron sputtering method due to its

high deposition rate or sputtering yields [11, 12, 18–20].

Although the sputter yield in RF sputtering from a metallic

target is quite lower than DC sputtering, the electrical

characteristics such as resistivity, carrier concentration and

mobility of RF-sputtered metallic films are better than

those of DC-sputtered ones due to differences in plasma

conditions of RF and DC discharge [21]. The studies on

deposition of Mo thin films by RF magnetron sputtering

technique depending on the substrate temperature are

limited in the literature. In light of this knowledge, the

main purpose of the presented work was deposition of Mo

film onto SLG substrates via RF magnetron sputtering

using a co-sputtering system. The structural, morphologi-

cal, electrical, reflectivity and adhesion properties of

sputtered-Mo thin films were investigated depending on the

substrate temperature and thermal annealing process which

was made in argon (Ar) atmosphere at the temperature of

500 �C for 30 min to investigate thermal behaviors of the

films after the deposition. In addition, diffusion of the

sodium (Na) ions into the Mo thin film from SLG substrate

determined by SIMS depth profile measurement. More-

over, in this work, it was aimed to achieve single layered

Mo thin films which have both low resistivity and good

adhesion properties.

2 Experimental

In this study, Mo thin films were deposited onto 3 9 5 cm2

SLG substrates by RF magnetron sputtering using a multi-

target magnetron (co) sputtering system (Nanovak,

NVTS500) in a chamber with a base pressure of about

*10-7 Torr (Fig. 1).

A high purity (99.95 %) Mo sputtering target with a

dimension of 200 dia 9 0.25000 thick was used for the

deposition. Initially, the substrates were cleaned in

soapsuds by using a sponge and then they were rinsed in

deionized water, respectively. After this preliminary

purification, the substrates were ultrasonically cleaned in

soapsuds bath for 5 min and then the substrates were dried

by a nitrogen blower before loading them into the sput-

tering chamber. The flow rate of Ar gas was adjusted to 6.3

sccm during the deposition processes. The substrate holder

was fixed at a distance of 12 cm from the target surface,

which was tilted 45� to the substrate and to obtain a

homogeneous film, the substrate holder was rotated at

8 rpm. The Mo targets were pre-sputtered with the aim of

cleaning by Ar plasma for a period of 8 min. All deposi-

tions of Mo thin films were carried out by using a 20 mTorr

Ar pressure and 100 W RF power at 25, 250, 350 and

500 �C substrate temperatures (TSub), and named as S1, S2,

S3 and S4, respectively. In addition, another two Mo films

were re-sputtered in the same deposition conditions as

previous ones at 25 and 250 �C substrate temperatures. To

determine thermal behaviors of the films, after the depo-

sition, the films were annealed in Ar gas atmosphere in the

deposition chamber at the temperature of 500 �C for

30 min. The annealed films were named S5 and S6,

respectively.

A stylus type profilometer (Veeco, Dektak 150) was

used to measure the thicknesses of the Mo films. The

crystal structure of the films was investigated by XRD

using an APD 2000 PRO diffractometer. The X-ray scans

were done by using CuKa radiation (k = 1.54052 Å) in a

scanning 2h mode with 0.02� step size over a 2h range of

20� to 90�. Grain size of (110) crystal plane was calculated

from the full-width at half maximum (FWHM) values of

XRD spectra using Scherrer’s formula. The reflectivity
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.
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Fig. 1 Schematic diagram of sputtering system
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properties of the films were determined in the wavelength

at the range of 200–1100 nm by Perkin Elmer Lambda 2S

UV–VIS Spectrometer. Electrical characteristics of the

films such as carrier mobility, carrier density and resistivity

were obtained by the van der Pauw technique using Lake

Shore Hall-effect Measurement System at room tempera-

ture. After the deposition process, Mo adhesion on SLG

was tested with tape by describing method in ASTM

standard D3359-09. The surface morphology of the films at

3 9 3 lm2 surface area was clarified by high performance

AFM (hpAFM, Nano-Magnetics Instruments) using

dynamic mode scanning. All measurements were con-

ducted at room temperature. Surface morphologies and

elemental compositions of the films were analysed by using

SEM and EDX. The depth profile of the Mo layers was

performed to determine diffused sodium concentrations

into the Mo film from SLG substrate by SIMS (Hiden

Analytical Ltd., Warrington, UK) measurement. To

understand sharpness of the interfaces of Mo/SLG, main

elements (Mo, Si, and Na) in the layers were detected by

mass spectrometer.

3 Results and discussion

XRD patterns of the deposited and annealed Mo thin films

at various temperatures are shown in Fig. 2. The all Mo

thin films exhibited a strong peak at the range of 40.56�–

41.05� with an orientation of the (110) plane of the bcc

structure (JCPDS Card No. 3–065–7442). However,

another observed diffraction peaks were along the (211)

and (220) directions. Among these three main peaks of Mo,

corresponding to the orientation along (211) and (220)

directions were weaker compared to (110) direction. As

seen in easily inset in Fig. 2, (211) peak was observed for

S1, S2 and S3 samples and also the (220) peak was

obtained for S4, S5 and S6 samples. In addition, it appears

from the Fig. 2, the (110) peak intensity of S4, S5 and S6

are more intense and sharper than the others.

Some XRD parameters and grain sizes calculated using

Scherrer’s formula [22] are seen in Table 1 as well. In line

with peak intensity and sharpness, the FWHM values listed

in Table 1 of these (110) peaks for S2, S3, S4 and S6 are

narrower than those of the S1 and S5 films. The obtained

results showed that the crystallization of the films increased

at TSub of over 250 �C. It was also found that the films

deposited at 25, 250 �C and afterwards treated thermal

annealing process (S5, S6) had a slight improvement on

their crystallization features.

The grain size of the films was calculated from FWHM

values of the (110) peaks using Scherrer’s formula [22]:

D ¼ 0:9 k
bCosh

where k is the X-ray wavelength (k = 1.54052 Å), bis the
FWHM of the (110) peak and h is the Bragg angle. The

grain size (D) changed from 9.75 to 32.62 nm depending

on the substrate temperature and thermal annealing pro-

cess. It was calculated that the grain size of the films (S1

and S2) increased with annealing (S5 and S6), as seen in

Table 1.

Analyzing surface morphology of the films and

knowing the root mean square (RMS) values of the sur-

face roughness are quite important to investigate the

surface properties of nanometer-scale structures, in par-

ticular, to determine the formation of cracks and corrosion

of the films. Because, the corrosion and formation of the

cracks are effective on low efficiency of the solar cell

devices [23, 24]. A non-uniform surface can cause

breakdown or shortening with upper layers and thus

serious problems may occur on the performance of the

devices [25]. AFM which is one of the methods to analyze

the surface, gives information both surface roughness and

homogeneity of the surface. Figure 3 shows three-di-

mensional (3D) AFM images with 3 9 3 lm2 scan area of

deposited and annealed Mo thin films on SLG substrates

at various temperatures. It can be seen that the surface

microstructure of the films was formed of columnar

structured grains. Similar AFM images were also obtained

in DC-sputtered Mo thin films with different sputtering

conditions [26, 27].
Fig. 2 XRD patterns of the Mo thin films. Inset represents (211) and

(220) diffraction peaks
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RMS values of the surface roughness of the films listed

in Table 1. Consistent with the grain sizes obtained from

the XRD results, RMS values of the films increased with

the increasing temperatures. The increase of RMS values is

associated with the coarse grains. Also, it was observed

that the thermal annealing process was effective on the

surface morphology of the deposited films at Tsub of 25 and

250 �C, their RMS values increased with annealing.

The SEM surface images of Mo thin films deposited at

various temperatures and annealed for 30 min at 500 �C
are shown in Fig. 4a, b and the corresponding EDX spectra

can be seen in Fig. 5. The results showed that the

Table 1 Some structural and morphological parameters of the prepared Mo films on SLG substrates

Sample

code

Substrate

temperature (�C)
Thermal annealing process

(500 �C/30 min)

Thickness

(nm)

2Theta

(�)
FWHM

(�)
Grain size

(nm)

Surface roughness,

RMS (nm)

S1 25 – 1217 41.01 0.87 9.75 1.25

S2 250 – 1194 41.04 0.45 18.85 2.52

S3 350 – 1173 41.05 0.43 19.73 2.55

S4 500 – 1197 40.56 0.32 26.47 3.78

S5 25 4 1208 41.04 0.52 16.31 3.44

S6 250 4 1104 41.02 0.26 32.62 4.10

Fig. 3 3D AFM images of the Mo thin films. The scan area is 3 9 3 lm2 in the all images
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deposition temperature and annealing process influenced

substantially the morphologies of the Mo films and all of

the Mo films had uniformly stacked grains and compact

crystalline structures. It was also observed that the distri-

bution of the grain sizes was very homogeneous for all

films. Figure 4 revealed that the Mo film deposited at

Fig. 4 a SEM images

(magnification: 980 k) of the

Mo thin films. b SEM images

(magnification: 9300 k) of Mo

films for S2 and S6 samples
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25 �C had a smoother microstructure with smaller grain

size and surface roughness compared to the other films in

line with AFM results as mentioned above. It was also

found that the Mo film deposited at 25 �C had a densely

packed microstructure with less crystallinity. For the films

deposited at higher temperatures, it can be clearly seen that

the average grain sizes increased and the crystallinity of the

films enhanced. When the substrate temperature increased

from 25 to 250 �C, the grains with small tripod shape were

observed for S2. By increasing the substrate temperature to

350 �C, the shapes of the grains in the S3 sample changed

to fish shape. On the other hand, with increasing deposition

temperature to 500 �C, it was seen that the grains with

pyramidal shape formed in the S4 sample. When we

compared the films deposited at 25, 250 �C substrate

temperatures and annealed for 30 min at 500 �C (S5 and

S6) with the films deposited at the same substrate tem-

peratures without annealing process (S1 and S2), we

obtained similar grain shapes. However, the grain size and

surface roughness of S5 and S6 samples were bigger than

those of S1 and S2 samples. The S5 sample displays a

shape which is more round compared to S1 sample and the

S6 sample has bigger grain size respect to S2 as well as the

rougher surface morphology. However, S2 has a more

elongated grain structure compared to S6 sample. Similar

behavior was also observed between S1 and S5. These

results show that the surface morphologies of the films

were significantly affected by deposition and annealing

temperature. In addition, from the EDX analysis, it was

determined that 100 % Mo thin films were deposited on

SLG substrates (Fig. 5).

In addition, to clarify annealing effects on surface

morphology, x300 k magnification SEM images of S2

(deposited 250 �C) and S6 (annealed form at 500 �C of S2)

were given in Fig. 4b, as an example. As seen in these

images, annealing of the film leaded to bigger grain size as

well as larger voids between the grain boundaries. The

larger voids help to increase Na incorporation in Mo films

by out diffusion from SLG substrate [20].

In case of Mo films’ usage in thin film solar cells as

back contact material, Mo films should have a low

resistivity in order to reduce the series resistance in the

devices. In this context, the electrical properties of the

films were also investigated in this work and the obtained

parameters were exhibited in Table 2, as a function of the

substrate temperature and annealing process. As seen in

Table 2, the conductivity of the Mo films was improved

with the deposition and annealing temperature. For

instance, the resistivity of the films drastically decreased

from 1.12 9 10-3 Ohm cm to 2.18 9 10-4 Ohm cm by

increasing substrate temperature from 25 �C (S1) to

250 �C (S2). Additionally, when the films deposited at 25

and 250 �C were treated thermal annealing (S5 and S6),

the resistivity values decreased compared to un-annealed

samples which were deposited at the same substrate

temperatures. Moreover as seen in Table 2, the mobility

of the films has an oscillation with deposition and

annealing temperatures. Similar behavior of the mobility

for Mo thin films deposited on SLG substrate was

observed in Ref. [13]. This behavior may be related with

Na incorporation and homogeneity in the Mo films.

According to SIMS analysis as discussed below section,

Na amount in the S1 and S3 was less than the others. In

sample S6, Na distribution has non-homogeneity com-

pared to the others. The carrier densities of the films are

about *1022 cm-3.

Fig. 5 EDX spectrum of the

Mo thin films
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As it is known, the film deposition at lower sputtering

pressures gives a low resistivity and a poor adhesion of the

film to the substrate. On the contrary, the film deposition at

higher sputtering pressures gives an undesirable high

resistivity and a better adhesion. Therefore, researchers

have been interested in a bi-layered Mo back contact

structure in last years in order to obtain both low resistivity

and good adhesion together, which is consisted of a bottom

layer sputtered at higher sputtering pressures for better

adhesion to the substrate and in the sequel a top layer

sputtered at lower pressures to improve conductivity. In

this context, one of our aims in this work is to achieve this

phenomena on mono-layered Mo films. It can be seen that

Mo films were obtained with the resistivity values near to

ours at 20 mTorr or below 20 mTorr Ar pressure in the

literature [19, 20, 25].

Figure 6 shows the wavelength dependence of reflec-

tance of the Mo thin films on SLG substrates with different

deposition and annealing temperatures. The average

reflectivity variation of the Mo films changed from 18.72 to

48.1 % as shown in Fig. 6 and Table 2. The films depos-

ited at Tsub on 250 �C had an average optical reflectivity as

high as 48.1 % within the wavelength from 400 to

1100 nm and thermal annealing process of the films

resulted in a decreased reflectance significantly.

To evaluate the effect of annealing on Na concentration

in Mo thin films, Na out-diffusion from SLG substrates to

Mo layers was determined by SIMS depth profile analysis.

It was seen that Na atoms diffused to Mo layers from SLG

substrates for all deposited films. As seen in Fig. 7, Na

diffusion exhibits better homogeneous distribution for S2

sample than the other samples. This can be the reason of its

better optical reflectance among the samples due to the

homogeneous distribution of Na means its regular place-

ment among the grains of Mo films. It may be considered

that optical reflectance increases with Na homogeneity in

Mo layer. When the films were compared to each other in

terms of Na incorporation, it was observed that all films

had different Na distributions depending on deposition and

annealing temperatures. The lowest amount of Na incor-

poration observed in S1 sample which has the smallest

grain size and the most densely packed microstructure

according to SEM and AFM analysis. In addition, it is

Table 2 Some electrical, adhesion and reflectivity properties of the prepared Mo films on SLG substrates

Sample Substrate

temperature

(�C)

Thermal annealing process

(500 �C/30 min)

Thickness

(nm)

Resistivity

(Ohm cm)

Mobility

(cm2/V s)

Carrier

density

(1/cm3)

Adhesion

(pass/fail)

Reflectivity

(%)

S1 25 – 1217 1.12 9 10-3 0.219 2.53 9 1022 Pass 37.28

S2 250 – 1194 2.18 9 10-4 1.650 1.73 9 1022 Pass 48.10

S3 350 – 1173 1.15 9 10-4 0.814 6.70 9 1022 Pass 38.25

S4 500 – 1197 1.43 9 10-4 1.910 2.28 9 1022 Pass 33.03

S5 25 4 1208 2.27 9 10-4 1.600 1.72 9 1022 Pass 21.68

S6 250 4 1104 1.77 9 10-4 1.020 3.47 9 1022 Pass 18.72

Fig. 6 The variation optical reflectance of the Mo thin films

1.00E+04

1.00E+05

1.00E+06

1.00E+07

1.00E+08

0 200 400 600 800 1000 1200 1400

N
a 

co
un

ts
 (a

rb
.u

)

Depth (nm)

S1 S2 S3
S4 S5 S6

280nm

Fig. 7 Na distribution in Mo films measured by SIMS. Inset

represents Na content in the region near the substrate for the each

samples
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another remarked result that the Na distributions in the

films has a good homogeneity from the film surface to a

considerable depth in the films. However, it was observed

an obvious increase of Na amount for annealing films at the

near region of Mo/SLG interfaces. Inset in Fig. 7, SIMS

depth profile was given to clearly understand Na diffusion

in the near region of Mo/SLG interface. This region was

particularly selected as a distance of 280 nm into the films

from the substrate surface due to it has non-homogeneous

Na distribution for S5 and S6 samples. It was observed that

Na incorporation into this region from SLG substrate was

increased with the temperature. Furthermore, it was seen

that the S6 sample shows much higher Na incorporation

compared to the other samples. This may be related to high

growth and annealing temperatures. Although the anneal-

ing temperature was same for S5 and S6, Na incorporation

in S6 was higher than the that of S5 sample. It is considered

that this may be related to larger voids between the grain

boundaries in S6 sample compared to S5 as seen in Fig. 4a.

4 Conclusions

In this study, the deposition of Mo thin films with thickness

of about 1100 nm on SLG were carried out by using RF

magnetron sputtering with 100 W RF power under 20

mTorr Ar pressure at Tsub of 25, 250, 350 and 500 �C. In
addition, another two films were deposited at 25 and 250

�C, after the deposition, they were annealed at 500 �C for

30 min in Ar atmosphere in the deposition chamber. The

all samples passed the tape test for adhesion to the SLG

substrate. It was found that the deposited films exhibited a

strong XRD peak at around 41� with an orientation of the

(110) plane. The resistivity values of the films were

*10-4 X cm. The films deposited at 250 �C substrate

temperature had maximum optical reflectance value of

48.1 % in the wavelength range from 400 to 1100 nm and

it was seen that the thermal annealing process of the films

reduced the reflectance value substantially. Depth profile

analysis with SIMS showed that out-diffusion of the Na

from SLG is strongly depended on the deposition temper-

ature as well as the annealing. Moreover, annealing of the

Mo films at 500 �C was led to increasing of the Na

incorporation near the Mo-SLG interface in Mo layer. It

was observed that the crystallinity of the films was

improved as well as the conductivity with annealing.

However, the annealing and high deposition temperature

led to the reduction of the optical reflectivity that is

important to reflect of the light into the absorber layer from

the Mo back contact in the thin film solar cells applications.

Obtained results suggest that deposition of the Mo layer at

250 �C is suitable to obtain the good back contact of

electro-optical devices.
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