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Molybdenum (Mo) thin films are widely used as a back contact for CIGS-based solar cells. This paper determines the optimal
settings for the sputtering parameters for an Mo thin film prepared on soda lime glass substrates, using direct current (dc)
magnetron sputtering, with a metal Mo target, in an argon gas environment. A Taguchi method with an L9 orthogonal array, the
signal-to-noise ratio, and an analysis of variances is used to determine the performance characteristics of the coating operation.The
main sputtering parameters, such as working pressure (mTorr), dc power (W), and substrate temperature (∘C), are optimized with
respect to the structural features, surface morphology, and electrical properties of the Mo films. An adhesive tape test is performed
on each film to determine the adhesion strength of the films. The experimental results show that the working pressure has the
dominant effect on electrical resistivity and reflectance. The intensity of the main peak (110) for the Mo film increases and the full
width at half maximum decreases gradually as the sputtering power is increased. Additionally, the application of an Mo bilayer
demonstrates good adherence and low resistivity.

1. Introduction

Copper indiumgallium selenium (CIGS) solar cells are highly
efficient, low-cost thin film solar cells, and efficiencies of
20.0% have been reported, so the commercial production
of CIGS films is growing rapidly [1]. The CIGS cell uses a
substrate, Mo (back contact), CIGS (absorber layer), CdS
(buffer layer), ZnO, and Al

2
O
3
-doped ZnO (window layer),

in which each layer has a different role in the working
cell [2]. The back contact layer functions as a barrier that
hinders the diffusion of impurities from the substrate into the
absorber. Molybdenum (Mo) thin films are widely used as a
back contact for CIGS-based solar cells. Substrates of Mo-
coated soda lime glass can be purchased from commercial
sources. An Mo back contact with good adherence and low
resistivity is essential, because the properties of the Mo thin
films significantly affect the performance of CIGS solar cells
[3].

Several materials have been with the subjects of exper-
iment for use as a back contact for CIGS thin film solar
cells. In order to ensure good electronic device properties,
the formation of an ohmic contact for the majority carriers
(holes) and a low recombination rate for theminority carriers
(electrons) at the CIGS/back contact interface is essential [4].
Compared with other materials, such as W, Ta, Nb, Cr, V, or
Ti, Mo metal is an ideal back contact material for CIGS solar
cells, because of its inertness and high conductivity [5]. The
advantages of this refractory metal are its low susceptibility
to corrosion in a selenium atmosphere and its ability to allow
Na diffusion from a soda lime glass substrate to a CIGS
layer.

Traditional experimental methods are too complicated
and difficult.These methods require a large number of exper-
iments, when the number of process parameters increases.
The Taguchi method increases experimental efficiency and
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Figure 1: Schematic diagram of sputtering system.

allows the design of low-cost products with improved quality
[6].Themixed orthogonal table in the Taguchi quality design
derives important coating factors. In order to optimize the
process, using the experimental data, a traditional statistical
regression requires a large amount of data, leading to diffi-
culty in treating a typical normal distribution of data and a
lack of variant factors [7].

This study analyzes the preparation of high quality
Mo back contact thin films prepared on soda lime glass
substrates, using direct current (dc) magnetron sputtering.
Mo films deposited at lower working pressures generally
demonstrate poor adherence to the substrate and higher
conductivity, but those deposited at higher working pressures
tend to demonstrate good adherence and high resistivity [5].
In order to optimize the design of the deposition process
for Mo film, this study uses an Mo bilayer to achieve good
adherence and low resistivity for Mo films [2].

2. Experimental Procedure

Mo thin films were deposited on soda lime glass substrates
under various coating conditions, using a dc magnetron
sputtering device, as shown in Figure 1. The diameter of the
Mo target (99.95% purity) was 50.8mm, and its thickness
was 3mm. The Mo sample was deposited in an argon
gas atmosphere, using a base pressure of about 4 × 10−6
Torr. The substrate-to-target distance and rotation of the
substrate about the vertical axis were maintained at 85mm
and 10 rpm, respectively. Prior to coating, the target was
presputtered for 5min, in order to remove any contam-
ination, and the substrates were ultrasonically cleaned in
acetone, rinsed with deionized water, and dried in nitro-
gen. The magnetron sputtering system was controlled by a
microprocessor.

The structure and properties of deposited Mo layers
are changed significantly by variations in process param-
eters, such as working pressure, dc power, and substrate
temperature [8, 9]. Therefore, the optimization process is
necessary to improve Mo layers performance. The Taguchi
method, which combines experimental design theory and the
quality loss function concept, is used for robust design [10].
Three influential sputtering parameters are chosen: working
pressure (3, 8, and 13mTorr), dc power (200, 300, and 400W),
and substrate temperature (room, 100, 200∘C), each of which
is assigned high, medium, and low levels, as shown in Table 1.
The Taguchi experimental design uses an L

9
(33) orthogonal

array (Table 2), with three columns and nine rows. Since the
L
9
orthogonal array has four columns, one column of the

array is left empty for the error of experiments: orthogonality
is not lost by letting one column of the array remain empty
[11, 12].

An analysis of variance (ANOVA) was performed, in
order to evaluate the coating parameters that were statisti-
cally significant. Using the signal-to-noise (𝑆/𝑁) ratio and
ANOVA analyses, the optimal combination of the process
parameters can be predicted [13]. A confirmation experiment
was then conducted to verify the optimal process parameters
obtained using these parameters. An ANOVA and an 𝐹-test
were used to analyze the experimental data as follows:
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Table 1: Sputtering parameters for Mo thin films, factors, and levels.

Substrate Soda lime glass (25 × 25 × 1mm)
Target Molybdenum (99.95% purity)
Gas Argon (99.95% purity)
Base pressure 4 × 10

−6 Torr
Substrate-to-target distance 85mm
Substrate rotation speed 10 rpm
Level Sputtering parameter 1 2 3
A Working pressure (mTorr) 3 8 13
B dc power (W) 200 300 400
C Substrate temperature (∘C) Room 100 200

Table 2: The L9 (3
3) orthogonal array with three columns and nine

rows.

No. Control factors
A B C

1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2
A: working pressure (mTorr), B: dc power (W), and C: substrate tempera-
ture (∘C).

where 𝑆
𝑇
is the sum of the squares due to the total variation,

𝑆
𝑚
is the sum of the squares due to the means, 𝑆

𝐴
is the sum

of the squares due to parameter 𝐴 (𝐴 represents working
pressure (mTorr), dc power (W), and substrate temperature
(∘C), resp.), 𝑆

𝐸
is the sum of the squares due to the error, 𝜂

𝑖
is

the 𝜂 value of each experiment (𝑖 = 1, . . . , 9), 𝜂
𝐴𝑖
is the sum of

the 𝑖th level of parameter 𝐴 (𝑖 = 1, 2, 3), 𝑁 is the repeating
number of each level of parameter 𝐴, 𝑓

𝐴
is the degree of

freedom of parameter 𝐴, 𝑉
𝐴
is the variance of parameter 𝐴,

and 𝐹
𝐴𝑜

is the 𝐹-test value of parameter 𝐴.
The film thickness was measured using a surface pro-

filometer (𝛼-step, AMBIOS XP-1). The surface morpholo-
gies were analyzed using field emission scanning electron
microscopy (SEM, JEOL, and JSM-6500F). An atomic force
microscope (AFM, PSIA-XE-100) was used to obtain topo-
graphic images. The crystalline structural properties were
determined byX-ray diffraction (Rigaku-2000X-rayGenera-
tor), using Cu K𝛼 radiation with an angle incidence of 1∘. The
electrical resistivity was measured by the four-point probe
method (Mitsubishi chemical MCP-T600).The adhesion test
was assessed qualitatively, using a Scotch tape adhesion test.
The optical reflectance was measured using unpolarized light
in the wavelength range of 250∼2000 nm.

3. Results and Discussion

In the Taguchi method, the signal-to-noise (𝑆/𝑁) ratio is
the most important component of parameter design. The
term “signal” represents the desired target for good products,
and the term “noise” represents the undesired value. Table 3
shows the ANOVA results for the electrical resistivity of the
Mo films; the most important variable affecting the electrical
resistivity factor is the working pressure (𝑃 = 94.77%).
Figure 2 shows the 𝑆/𝑁 response graph for the electrical
resistivity of the Mo films. It is seen that a lower working
pressure and higher dc power result in lower electrical
resistivity. In general, at low working pressure, the kinetic
energy of the Mo ions is increased, because of decreased
particle scattering. As a result, the films become denser
structures and are well crystallized, resulting in increased
resistivity [14]. However, an increase in dc power causes the
Ar ions to bombard the target with higher energy; so greater
numbers of Mo particles arrive at the substrate and become
deposited layer, which causes the rapid growth of a relatively
thick film. An increase in the film thickness results in a
decrease in the resistivity of the Mo films [15].

The X-ray diffraction patterns for the Mo films for the
L
9
orthogonal array from no. 1 to no. 9 are shown in

Figure 3(a). The XRD patterns for all of the films show the
most intense peak at 2𝜃∼40.4∘, which is attributed to the
Mo cubic structure (JCPDS Card No. 3-065-7442) and a
preferred orientation along the (110) direction. All of the Mo
films have a sharp (110) peak, which indicates that the Mo
films are well crystallized, during the deposition. It is seen
that, at lower working pressures (experiments no. 1, no. 2,
and no. 3), the diffraction peaks of the Mo films are sharper
and more intense, which indicates an improvement in the
crystallinity. The reflectivity of the Mo back contact is also
a crucial parameter for solar cell efficiency. By maximizing
the light reflectance of the back contact, more photons can be
absorbed [16]. Figure 3(b) shows that the Mo films deposited
at lower working pressures (experiments no. 1, no. 2, and
no. 3) demonstrate better reflectivity than those deposited at
higher working pressures.

In order to assess the crystalline quality of the Mo films,
the full width at half maximum (FWHM) values for the
(110) peak and the crystalline dimensions were estimated,
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Table 3: ANOVA results for the electrical resistivity of the Mo films.

Factor Degrees of freedom Sum of the squares Variance Contribution (%)
A 2 1093.37 546.684 94.77
B 2 28.52 14.259 2.47
C 2 12.79 6.393 1.11
Residual error 2 18.94 9.470 1.65
Total 8 1153.61 100

Table 4: Summary of the X-ray diffraction measurements and the results for electrical resistivity, reflection, and adhesion tests.

No.
Factors XRD Resistivity (Ω-cm) Reflection (%) Adhesion (fail/pass)

A B C FWHM (110) (deg) Grain size (nm)
1 1 1 1 0.50 17.69 2.53 × 10

−5 55.40 Fail
2 1 2 2 0.51 17.34 1.87 × 10

−5 55.22 Fail
3 1 3 3 0.49 18.05 1.65 × 10

−5 58.87 Fail
4 2 1 2 1.01 8.76 2.558 × 10

−4 38.63 Pass
5 2 2 3 0.58 15.25 1.047 × 10

−4 40.11 Pass
6 2 3 1 0.83 10.66 1.418 × 10

−4 42.90 Pass
7 3 1 3 1.03 8.58 4.454 × 10

−4 32.47 Pass
8 3 2 1 1.25 7.07 5.873 × 10

−4 34.55 Pass
9 3 3 2 0.96 9.21 2.769 × 10

−4 42.97 Pass

Table 5: Sputtering parameters for the Mo bilayer and the resultant characteristics.

dc power 400W, soda lime glass substrate temperature 200∘C
Sample Mo bilayer Pressure (mTorr) Thickness (nm) Resistivity (Ω-cm) Reflectance (%) Adhesion (fail/pass)

1 1st layer 13 100
1.79 × 10

−5 58.80 pass
2nd layer 3 900

2 1st layer 13 200
1.87 × 10

−5 57.03 pass
2nd layer 3 800

3 1st layer 13 300
1.99 × 10

−5 56.82 pass
2nd layer 3 700

4 1st layer 13 400
2.52 × 10

−5 55.61 pass
2nd layer 3 600

5 1st layer 13 500
3.26 × 10

−5 55.40 pass
2nd layer 3 500

using Scherrer’s formula. Table 4 summarizes the sputtering
parameters for the L

9
orthogonal array and the experimental

results. Table 4 clearly shows that the parameter set, A
1
B
3
C
3

(working pressure: 3mTorr, dc power: 400W, and substrate
temperature: 200∘C), in experiment no. 3 produces the best
performance of the nine experiments. Figure 4 shows the
3D and 2D AFM images of the surface morphologies and
the surface roughness (Ra) of the films, deposited using the
experimental conditions (a) no. 3, (b) no. 6, and (c) no. 9.This
verifies the relationship between grain size and the sputtering
parameters and is consistent with the XRD observation that
the grain size increases at a lower working pressure and
higher dc power. However, the Mo films deposited at lower
working pressure (3mTorr) did not pass the adhesion test as
shown in Table 4.

The residual stress changes from a compressive stress
to a tensile stress, as the working pressure is increased.
Films deposited at high powers and low pressures tend to be
more conductive, but these films demonstrate poor adhesion
between the Mo film and the substrate, because the films
are subject to a compressive stress. Films deposited at a
higher pressure tend to be subject to a tensile stress and
demonstrate higher resistivity and good adhesion to the
glass substrate [5]. In order to obtain the optimal Mo film
with lower resistivity and good adhesion, an Mo bilayer film
is formed, using a sequentially changing working pressure
during the sputtering process. Table 5 lists the sputtering
parameters and the properties of the Mo bilayer film. The
first bottom layer was deposited at a higher working pressure
(13mTorr), in order to provide better adhesion. Subsequently,
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Figure 2: 𝑆/𝑁 response graph for the electrical resistivity of the Mo films. (a) Working pressure (mTorr), (b) dc power (W), and (c) substrate
temperature (∘C).
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Figure 3: Mo films grown on glass for the L
9
orthogonal array from no. 1 to no. 9: (a) XRD patterns and (b) reflectance.

the second top layer was formed at a lower working pressure
(3mTorr), in order to produce a lower resistivity. All of
the Mo bilayers passed the Scotch tape test. An Mo bilayer
with optimal properties was produced (sample 1) with the
1st layer being deposited at 13mTorr (thickness was 100 nm)
and the 2nd layer being deposited at 3mTorr (thickness was
900 nm), which demonstrated good adhesion, low resistivity
(1.79 × 10−5Ω-cm), and high reflectance (58.80%). Figure 5

shows the surface (left) and cross-sectional (right) SEM
micrographs of the Mo bilayer films detailed in Table 5. The
1st layer was deposited at a high working pressure and the
2nd layer at a lowworking pressure.The total layer (1st + 2nd)
thickness is 1000 nm. All of the films exhibited a columnar
structure with faceted and elongated surface features. In
Figure 5(a), it is seen that sample 1 has a larger grain size,
which results in a reduced resistivity.
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Figure 4: AFM images (left 3D and right 2D) of Mo thin films deposited using various sputtering parameters: (a) experimental conditions
no. 3, Ra = 2.703 nm; (b) no. 6, Ra = 3.132 nm; and (c) no. 9, Ra = 3.121 nm.
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Figure 5: Surface (left) and cross-sectional (right) SEM micrographs of the Mo bilayer, corresponding to Table 5: (a) sample 1, (b) sample 2,
(c) sample 3, (d) sample 4, and (e) sample 5.
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4. Conclusions

Molybdenum (Mo) thin films were grown on soda lime glass
using a direct current (dc) magnetron sputtering system.
The Taguchi method provides an effective experimental
design method for the study of the effect of the sputtering
parameters on the electrical, structural, and morphological
properties ofMo films.The analysis of variance results for the
electrical resistivity of the Mo films deposited demonstrate
that the working pressure has a significant affect.The optimal
deposition parameters for the sputtering of Mo thin films
are a working pressure of 3mTorr, a dc power of 400W, and
a substrate temperature of 200∘C. For the Mo single layer
system, the XRD results show that the crystallites of the
films are mainly oriented in the (110) direction. In order to
produce an optimalMo film, with a lower resistivity and good
adhesion, an Mo bilayer film is formed using a sequentially
changing working pressure. In order to ensure optimum
properties for the Mo bilayer, the 1st layer is deposited
at 13mTorr (thickness was 100 nm), and the 2nd layer is
deposited at 3mTorr (thickness was 900 nm), which ensures
good adhesion, low resistivity (1.79 × 10−5Ω-cm), and high
reflectance (58.80%).
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[8] L. Assmann, J. C. Bernède, A. Drici, C. Amory, E. Halgand, and
M. Morsli, “Study of the Mo thin films and Mo/CIGS interface
properties,” Applied Surface Science, vol. 246, no. 1–3, pp. 159–
166, 2005.

[9] P. Blosch, S. Nishiwaki, T. Jaeger et al., “Alternative back contact
designs for Cu(In, Ga)Se

2
solar cells on polyimide foils,” Thin

Solid Films. In press.
[10] H. L. Hsu, C. B. Yang, C. H. Huang, and C. Y. Hsu, “Electrical

and optical studies of Ga-doped ZnO thin films,” Journal of
Materials Science, vol. 24, pp. 13–19, 2013.

[11] W. H. Yang and Y. S. Tarng, “Design optimization of cut-
ting parameters for turning operations based on the Taguchi
method,” Journal of Materials Processing Technology, vol. 84, no.
1–3, pp. 122–129, 1998.

[12] P. S. Kao and H. Hocheng, “Optimization of electrochemical
polishing of stainless steel by grey relational analysis,” Journal of
Materials Processing Technology, vol. 140, no. 1–3, pp. 255–259,
2003.

[13] S. J. Kim, K. S. Kim, and H. Jang, “Optimization of manufac-
turing parameters for a brake lining using Taguchi method,”
Journal of Materials Processing Technology, vol. 136, no. 1–3, pp.
202–208, 2003.

[14] Z. H. Li, E. S. Cho, and S. J. Kwon, “Molybdenum thin film
deposited by in-line DCmagnetron sputtering as a back contact
for Cu(In,Ga)Se

2
solar cells,” Applied Surface Science, vol. 257,

pp. 9682–9688, 2011.
[15] A. E. H. B. Kashyout, H. M. A. Soliman, H. A. Gabal, P. A.

Ibrahim, and M. Fathy, “Preparation and characterization of
DC sputtered molybdenum thin films,” Alexandria Engineering
Journal, vol. 50, no. 1, pp. 57–63, 2011.

[16] M. Jubault, L. Ribeaucourt, E. Chassaing, G. Renou, D. Lincot,
and F. Donsanti, “Optimization of molybdenum thin films for
electrodeposited CIGS solar cells,” Solar Energy Materials and
Solar Cells, vol. 95, no. 1, pp. S26–S31, 2011.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Inorganic Chemistry
International Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

 International Journal ofPhotoenergy

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Carbohydrate 
Chemistry

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Physical Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com

 Analytical Methods 
in Chemistry

Journal of

Volume 2014

Bioinorganic Chemistry 
and Applications
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Spectroscopy
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Medicinal Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Chromatography  
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Applied Chemistry
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Theoretical Chemistry
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Spectroscopy

Analytical Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Quantum Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Organic Chemistry 
International

Electrochemistry
International Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Catalysts
Journal of


