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Abstract. This paper reports the optimization of the molybdenum thin ﬁlm electrode as the back contact of
dye-sensitized solar cell (DSSC). The molybdenum thin ﬁlm was grown on the glass substrate by direct current sputtering techniques of which the sputtering power was 150 W at 18 sccm ﬂow rate of Ar. At such sputtering parameters,
the Mo ﬁlm can reach the lowest resistivity of 1.28E−6  cm at 400 nm thick. And the reﬂection of Mo membrane
was 82%. This value is considered as a very good result for preparation of the back contact of DSSC.
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Introduction

The Sun offers Earth more than 1 kW m−2 but the maximum
energy that people can harvest is 25.6%.1 To date, the siliconbased technology is still dominant in solar cell production.2
The silicon solar cell beneﬁts from the silicon and semiconductor technology, the mature processes that require the use
of clean room and high thermal treatment during the fabrication. Much effort has been made, on one hand; to reduce
the raw material consumption in cell production, on the other
hand; to enhance the efﬁciency of the solar cell.3–6 However, using expensive raw material and clean process together
with high thermal treatment makes it high cost of production; and leads to the limitation in application of silicon solar
cell.
Dye-sensitized solar cell (DSSC) is considered as the
alternative choice for the conventional technology due to
the advantages of low cost and ease of fabrication from
stable and abundant materials.7 In comparison with siliconbased cells, the DSSC has the ability to absorb more radiation per area. The ﬂexible cells can be implemented for
various applications that are not applicable in rigid silicon
cells. In addition, for the last decade, the scientists and engineers have tried to narrow the gap in cell efﬁciency with
that of silicon solar cell2,8,9 by overcoming the obstacles
in preparation of the materials and every single fabrication
processes.10–14
A typical DSSC consists of a nanocrystalline TiO2 layer
in conjunction with the dye prepared on a transparent
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conducting oxide (TCO), a metal counter electrode and an
electrolyte solution redox couple between the electrodes
(ﬁgure 1). The dye works as a photon adsorption and,
incorporation with the TiO2 layer, converts the solar radiation into electron current. The back contact, a thin layer of
metal covers the entire back surface of the cell.
The back contact, at the electronics of charge-separating
interfaces contributes in the reduction of the energy losses
associated with exciton dissociation, charge separation, and
collection, works as a conductor that needs to be thin and
low resistive so that the charge can be accumulated to create
a better current density which contributes to better efﬁciency
of the solar cell.
In order to collect the carriers from the dyes, the Ohmic
contact is required at the back of a DSSC. For this purpose,
a number of metals have been investigated so far as Cu,15
Pt,16,17 Mo,18–20 Ni21 or, in recent times, the conductive
materials as conducting polymer22 carbon nanotube and
graphene,23,24 cobalt sulphide25 and composite ﬁlm.26,27
Among them, molybdenum meets most requirements in solar
cell production. Mo offers an inert properties in deposition
process; large grain28,29 via an intermediate MoSe2 layer.30
This metal allows the Ohmic contact in DSSC or copper–
zinc–tin–sulphur–selenium (CZTSSe) that leads to a formation of an interfacial layer Mo–Se in between during the
thermal treatment. Thus, molybdenum does not only work as
a back contact but also like a chemical barrier.31 The performance of copper indium gallium (di)selenide (CIGS), especially the open-circuit, can be signiﬁcantly improved by a
small amount of sodium in the absorber. The diffusion trace
of sodium can be controlled by modifying the molybdenum
layer thickness, the grain density, and by a diffusion barrier
to the glass.32
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Figure 1.

Structure and operation mechanism of a DSSC.

Figure 2. Mo layers were obtained by using the DC sputtering technique at different sputtering times. The base vacuum was 1E−6 mbar,
the sputtering vacuum was 10 mbar; the sputtering power was 150 W. The average sputtered rate was 9.95 nm min−1 .

Molybdenum can be obtained by pulse direct current magnetron sputtering,33 thermal evaporation34 and
e-beam evaporation.35 The DC sputtering is considered
a suitable technique for deposition of Mo membrane of
which will meet the requirements in solar cell development.

2.

Experimental

2.1 Materials and apparatus
Brieﬂy, 2 in diameter, 99.99% Mo target (Semiconductor
Wafer Inc., Taiwan), soda lime glass (SLG) as sputtering
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substrate, sulphuric acid 98%, acetone and isopropanol (IPA)
from Merck.
DC sputtering machine, SIEMENS D5005, surface proﬁlometer (Veeco Dektak 150), Jasco V530UV–Vis/NIR,
scanning electron microscope S4800-Hitachi; the fourpoint probe RM3000 Test Unit from Bridge Technology
USA.
2.2 Experiment set-up
Before the sputtering process, the substrate surface needs
to be chemically treated in order to remove the defect and
enhance the adhesion. The SLG substrate was dipped; with
ultrasonic assisted, in sulphuric acid for 30 min followed by
cleaning by acetone; IPC and de-ionized water. Then, it was
dried by blown nitrogen and attached on the substrate holder.
Before every coating process, the target was clean by presputtering in 5 min to remove the native oxide layer on the
substrate surface. A Cr thin ﬁlm as lining layer was used to
enhance the adhesion of Mo thin ﬁlm to SLG substrate. The
sputtering power (100, 150, 200, 250 W), the ﬂow rate of
argon (18, 20, 26, 30 sccm), the sputtering time (9, 16, 38,
44, 72 min) and the thin ﬁlm’s thickness was investigated to

1893

evaluate their inﬂuence to the electrical and optical properties of the Mo thin ﬁlm. The substrate temperature was kept
constant, the distance between target and substrate was ﬁxed
at 25 cm, the basic vacuum was set at 1.E−6 mbar and the
sputtered vacuum was 10 mbar.
Because a series of experiments were carried out, to
investigate the inﬂuence of technological factors, only one
deposition parameter was changed at a time while keeping
all other conditions unchanged.
The thickness of the Mo layer was determined by the
Veeco Dektak 150 surface proﬁlometer, the morphology was
investigated using Hitachi SEM S4800. The XRD spectrum
was performed by SIEMENS D5005 with copper anode (λ =
1.54056 Å), scan step 0.02◦ , step time 1.0 s, and at room
temperature.
The sheet resistance range of the RM3000 Test Unit is
from 1 m square−1 (10−3 ) up to 5 × 108  square−1 with
0.3% accuracy. The volume resistivity range is from 1 m
cm (10−3 ) up to 106  cm. This range refers to measuring a
bulk material directly as opposed to measuring a thin ﬁlm and
converting to volume resistivity using the built-in software.
And, the optical properties of the thin ﬁlm were measured by
Jasco V530UV–Vis/NIR Spectrophotometer.

Figure 3. Thickness of Mo ﬁlm obtained by different sputtering powers (including 35 nm of chromium as
lining layer): (a) P = 100 W; (b) P = 150 W; (c) P = 200 W and (d) P = 250 W. The base vacuum was
1E−6 mbar, the sputtering vacuum was 10 mbar; the sputtering time was 10 min.
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Results and discussion

3.1 The sputtered rate and the thickness of the Mo thin ﬁlm
The sputtered rate was empirically calculated by using the
dummy layer. The sputtering time was set at 9, 18, 36, 44 and
72 min. As can be seen in ﬁgure 2, the obtained thickness is
100, 200, 400, 600 and 800 nm, respectively. These values
include 30 nm of the Cr lining layer.
The surface proﬁles of Mo thin ﬁlms in ﬁgure 2c and d
are both smooth and ﬁne because the grains on thin ﬁlm’s
surface are small enough in comparison with the thickness
of the ﬁlm. However, a thicker ﬁlm requires more material,
more power, and takes longer time. For a suitable thickness
value, the average sputtered rate was set at 9.95 nm min−1
and the ﬁnal thickness would be 400 nm.
3.2 Sputtering power
The deposition speed at different DC powers can be calculated based on the thickness of the ﬁlm (obtained by the
surface proﬁlometer) by using following equation:
S = τ/t,

(1)

where s is the deposition rate (nm min−1 ); τ the thickness
(nm); t the deposition time (min).
As illustrated in ﬁgure 3, at 100 and 150 W sputtering
power, the surface proﬁles of Mo thin ﬁlms are uniform and
stable with the average peaks’ height smaller than 50 nm. At

P = 150 W, peaks are smooth, the ﬁlm’s surface is uniform,
and no large drain observed. At P = 200 W, ﬁlm surface
becomes less smooth. The ﬁlm’s surface becomes very unstable with big amplitude of ﬂuctuation. The thickness changes
from 110 to 150 nm along a path of 1500 nm long. When the
sputtering power was set at 250 W, the ﬁlm’s thickness is not
uniform over the entire sputtering area.
As depicted in ﬁgure 3, the surface morphologies of Mo
ﬁlms obtained by different DC powers are indicatives of
evolving microstructures at various stages of ﬁlm growth by
the scanning electron microscope image.
In ﬁgure 4, the similar morphology of the Mo layers,
deposited at 100 and 150 W, is honeycomb and randomly
oriented crystallites. The layers grown at 200 W had strip
structure incorporation with conglomerates in large dimension (ﬁgure 4c). The layers, obtained at 250 W, had smooth
surfaces but cracks of 150–750 nm widths appeared which
may be caused by the internal stress (ﬁgure 4d). The applied
energy for the bombarding particles in this case was sufﬁcient to grow a highly oriented crystal structure.
3.3 Flow rate of argon
Varying the argon ﬂow means changing the working pressure in sputtering chamber or changing the deposition rate
of the Mo membrane. Lower pressure corresponds to longer
mean free path, less collisions of the sputtered particle with
the gas and therefore leads to higher deposition rate. Due
to this reason, the sputtered particles will reduce the arrival

Figure 4. Scanning electron microscope images of deposited Mo thin ﬁlms formed with different
sputtering powers: (a) 100 W; (b) 150 W; (c) 200 W and (d) 250 W.
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angles to the substrate. Thus, the possibility of the formation of inter-granule void reduced, which, in turn, results in
the dense structure of the grains and hence the improvement
in the crystal size of the ﬁlms to be increased. At a higher
pressure (higher Ar ﬂow), due to the multiple collisions of the
sputtered particles with the gas, the deposition rate is reduced
and the crystal size is decreased.
At ﬁxed sputtering power and desired thickness of thin
ﬁlm (400 nm), lowering the deposition rate will result in
smoother ﬁlm. However, very low sputtering rate will require
a longer sputtering time.
In ﬁgure 5, the deposition rate of Mo varies about
10% when the Ar ﬂow was changed from 18 sccm
(11.9 nm min−1 ) to 30 sccm (9.8 nm min−1 ). Other investigation shows that the argon ﬂow rate at 18 sccm contributed
good results as smoother surface, lower resistance and higher
reﬂectivity.

3.4 Dependence of microstructure of Mo ﬁlm on argon
ﬂow rate
The X-ray diffraction of Mo thin ﬁlms deposited at different
argon ﬂow rates is in good matching with (110) planes with
the JCPDS data card 01-1208 (ﬁgure 6). Using the values of
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the full-width half-maxima (FWHM) and Scherrer’s formula,
the crystallite size (D) was 3.48 nm at high argon ﬂow rate
and increased to 21.04 nm for the low argon ﬂow rate. In this
work, as depicted in ﬁgure 6 (small one) the suitable ﬂow
rate of argon is 18 sccm.
3.5 Electrical properties of Mo thin ﬁlms
The electrical properties of 400 nm Mo thin ﬁlms measured
by four-point probe are listed in table 1. The lowest resistivity
was 10.52E−06  cm (at 1 mA applied current) when the
sputtering power 150 W.
3.6 Optical property of the Mo membrane
It is known that more light in a solar cell structure more
electron–hole pairs created, leading to a better efﬁciency. In
this work, the Mo thin ﬁlms obtained by implying different
sputtering parameters were examined using the UV–vis spectroscopy. The results show that smaller sputtering power will
provide a better reﬂection (ﬁgure 7a). However, the smallest power means that the sputtering process takes longest to
gain 400 nm thick. In accordance with the above discussion
about the sputtering powers, in this work, 150 W is found

Figure 5. Thickness and surface proﬁle of samples obtained by DC sputtering at different Ar ﬂows: (a) 18
sccm; (b) 22 sccm; (c) 26 sccm and (d) 30 sccm.
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Figure 6. XRD pattern of obtained Mo membrane. The working pressure was at 18 sccm (the results are the same for 22 and 30 sccm,
data not shown). The DC sputtering power was 150 W and the total thickness was 400 nm.
Table 1.
No. 1
P01
P02
P03
P04

Electrical properties of the thin ﬁlms as measured by four-point probe.
P (W)

R ( cm−2 )

V (mV)

Thickness (nm)

ρ ( cm)

100
150
200
250

18.1
0.262879
0.285541
0.593744

8.796
0.058
0.063
0.131

400
400
400
400

72.4E−05
1.052E−05
1.142E−05
2.375E−05

Figure 7. Reﬂection of the Mo membrane (including 35 nm of Cr layer) depends on: (a) the sputtering power
and (b) the ﬂow rate of Ar. The base vacuum was 1E−6 mbar, the working vacuum was 10 mbar; the sputtering
time was 10 min.
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to be a suitable value for Mo sputtering process. Figure 7b
also presents a matching result with previous discussion in
which 18 sccm is suitable ﬂow rate of Ar for Mo membrane
formation.
The obtained Mo thin ﬁlm can reﬂect 82% of the incident light in the visible range. This value is considered as
facilitating factor for a back contact of the DSSC.
4.

Conclusion

The development of the Mo membrane, by using DC sputtering technique, towards the back contact electrode of a
DSSC is reported in this work. So far, the optimal DC sputtering parameters for Mo deposition are 150 W sputtering
power; 18 sccm of argon ﬂow; 1E−6 mbar base vacuum;
10 mbar working vacuum; and 30 min sputtering time. At
such conditions, the lowest resistivity of the Mo ﬁlm can
reach 1.28E−6  cm and the reﬂection of Mo membrane
can reach 82% that is considered as very good value for back
contact in DSSC. Further study is needed for better understanding the electrical behaviour at the Mo junction and the
cell.
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