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Two different deposition sequences were carried to investigate ZnS and indium-tin oxide (ITO) multiple thin films on quartz substrates using
magnetron sputtering technique. In the deposition order of ITO on ZnS layer, ZnS acts as a buffer layer with a thickness of at least 10 nm, and
ITO thin film has (222) preferential orientation growth. Besides, lattice constant expansion phenomenon was observed when the film thickness
of ITO was increased, indicating tension stress increase in ITO film. The lattice constant mismatch of 5% is the reason for the preferential
orientation growth between ZnS and ITO thin films. In the other deposition sequence of ZnS on ITO layer, ZnS thin film has (111)
preferential orientation growth. While ITO was kept in multiple crystalline properties. Pinhole-free ZnS thin film was observed by
scanning electron microscopy for this deposition sequential, promising well interface in the thin film solar cells with lower interface defects.
1. Introduction: Indium-tin oxide (ITO) thin films are technically
important functional oxide materials which are widely used in thin-
film solar cells, transparent electronics and LED devices. In recent
years, the deposition of ITO thin films on flexible substrates has
attracted many interests since the multiple applications of flexible
solar cells, where ITO thin films can be used as electrodes to
collect the electrons generated from the absorption layers [1–10].
The crystalline structure and quality of ITO thin films have a signifi-
cant influence on the device properties.

ZnS is an n-type wide energy bandgap semiconductor with an Eg

value of 3.7–4.1 eV. ZnS, therefore, allows more photons to enter
into the absorption layers than the traditional n-type semiconductor
CdS, thus increase photocurrent [11–21]. ZnS is thus considered as
a possible partner material to form p–n junctions in thin-film solar
cells such as CdTe and CIGS [22–24].

In the substrate configuration of CdTe and CIGS solar cells,
ITO was deposited on the ZnS layer, while in the superstrate
configuration ZnS was deposited on the ITO layer. In order to
explore the influence of ZnS on the structure and morphology of
the ITO thin films, we used quartz glass as the substrate, and two
different deposition sequences were used, one was ITO on the
ZnS layer, the other was ZnS on the ITO layer. We found that
the ITO thin film had a preferential orientation growth with the
assistance of the ZnS buffer layer, while in the other deposition
order of ZnS on ITO, pinhole-free thin film was obtained.

2. Experiment: ITO and ZnS thin films were deposited by the
magnetron sputtering technique [25]. Both sputtering targets
were hot-pressed ceramics, and quartz glasses were used as the sub-
strates. Both radio frequency (RF) and DC powers were supplied by
AE Company (USA). The size of quartz glass substrates was
1 × 1 cm2, ultrasonically cleaned in acetone, isopropyl alcohol and
deionised water, and then blown with 5N N2 gas. The substrates
were then put into the vacuum chamber. Before the film deposition,
the chamber vacuum pressure was pumped to 2.0 × 10−4 Pa.
High-purity Ar gas was then fed into the chamber until the
vacuum pressure reached 7 Pa, this was the better point to ignite
the plasma in the chamber.

ZnS buffer layer preparation: The ZnS target was pre-sputtered
5 min to remove any possible contamination. Then, the ZnS thin
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film was deposited onto the quartz substrate under an RF power
of 70 W, a vacuum pressure of 2.0 Pa, a substrate temperature of
180°C, and the deposition time changed from 1 to 50 min.

ITO thin-film preparation: the ITO thin film was deposited onto
the ZnS/quartz substrate. During deposition, the vacuum pressure
was kept at 1.0 Pa, the DC power was changed between 70 and
130 W, the substrate temperature was kept at 180°C, and the depos-
ition time was changed from 1 to 60 min. The thickness of ITO thin
film was measured by cross-section scanning electron microscopy
(SEM) image and calibrated using a surface profiler.

The structural information of the films was analysed using X-ray
diffraction (XRD) measurement (Rigaku, Ultima IV) with CuKα
(λ= 1.54060 Å). The XRD data were collected in the 2θ range
from 20° to 70° with a step of 0.02°. The morphology information
of the films was analysed by field emission SEM (Zeiss, Sigma).
The element components of the oxidation films were collected
by energy dispersive X-ray spectroscopy (EDS, Oxford) which
installed in SEM chamber.
3. Results and discussion: Before investigating the influence of
ZnS on the growth of the ITO thin film and vice versa, ZnS and
ITO single layers on the quartz substrates were prepared separately.
The XRD results of single layer ITO, ZnS, and ITO on ZnS are
shown in Fig. 1. Fig. 1a shows the XRD pattern of the ITO
single layer. Four main peaks, corresponding to (222), (400),
(440), and (622), appearing in the 2θ range between 25° and 70°,
indicating the multiple crystalline properties of the ITO single
layer thin films on the quartz substrate. This result was similar to
the report of Zheng et al. [6]. Fig. 1b shows the XRD pattern
of the ZnS single layer. Only one prominent diffraction peak,
with a peak position of 28.78°, corresponding to the (111) crystal-
line face, is observed in the diffraction diagram. This indicates that
the growth of the ZnS thin film on the quartz substrate had a pref-
erential orientation with a zinc blende structure, similar to the result
reported in [11, 12]. Fig. 1c shows the influence of the ZnS buffer
layer (80 nm) on the growth of the ITO thin film (250 nm). There is
one prominent ITO (222) diffraction peak; the other diffraction
peaks are very weak. This indicates that with the addition of the
ZnS buffer layer, the ITO film exhibits preferential orientation
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growth. And the crystalline size was ∼37 nm of ITO (222) as cal-
culated using the Scherrer equation.
In order to investigate the influence of sputtering power on the

structure of ITO thin film with ZnS buffer layers, we prepared a
series samples with different thickness, the XRD results are shown
in Fig. 2a. The diffraction peak position of ITO (222) of three
samples has prominent shift, which is 30.547°, 30.289°, and
30.201° as the film thickness is increased from 110 to 200 nm, and
the total diffraction angle shift was 0.34°. This indicates that with
the thickness increase the lattice constant of ITO (222) crystalline
face is increased from 0.292398 to 0.295068 nm, which expands
about 0.913%. The lattice constant expansion phenomenon indicates
tension stress increase in ITO film as film thickness increase.
In order to investigate the influence of ZnS thickness on ITO

layer, a series samples with a different thickness of ZnS layer
were prepared, the minimum was 2 nm and the maximum was
40 nm, and kept all the ITO thickness at 110 nm. The XRD
results are shown in Fig. 2b. From this diagram, the minimum
effective thickness of ZnS is about 10 nm, as the peak height is
increased prominently. This can be explained as the coverage
changes for different ZnS thickness, the minimum thickness
required for cover the substrate is about 10 nm.
Fig. 2 Thickness influence of ZnS buffer layer and ITO thin films
a Thickness dependent of ITO (222) peak position with ZnS buffer layer, the
thickness of ITO was 110, 150, and 200 nm from bottom to up, and the ZnS
thickness was kept at 40 nm
b Thickness influence of ZnS on ITO (222) peak height, ITO thickness was
fixed at 110 nm, and the thickness of ZnS was an increase from 2 to 40 nm

Fig. 1 XRD results of
a Single-layer ITO thin film (180 nm) on quartz
b Single layer ZnS (80 nm) on quartz substrates
c XRD patterns of (222) preferential orientation of ITO film (250 nm) on
ZnS buffer layer (80 nm)
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The SEM results of the ZnS-buffered ITO thin film are shown in
Fig. 3. The average crystalline size of ITO thin films is about 40 nm
from high resolution SEM image in Fig. 3b. This was similar to the
results calculated from the XRD pattern. Clear grain boundaries can
be seen in this image, indicating better crystalline quality using ZnS
buffer layer.

When replacing CdS with ZnS in the thin film solar cell, if adopt
superstrate structure, ZnS will deposit on front contact such as
ITO thin film [22–24]. ZnS/ITO complex film was prepared using
magnetron sputtering and the structural and morphology infor-
mation were investigated. Fig. 4 shows the XRD result of ZnS
growth on ITO layer, ZnS thin film has preferential orientation
growth and ITO has multiple crystalline structures. SEM result
indicates large changes in morphology of this sequence multiple
layers, as shown in Fig. 5. ZnS film is quite dense, and there has
no any pinholes in the large area SEM image as shown in
Fig. 3 SEM images of ZnS-buffered ITO thin film
a Large-scale SEM image
b Magnified SEM image of ZnS-buffered ITO thin film, the thickness of
ZnS and ITO was 80 and 250 nm separately

Fig. 4 XRD result of ZnS deposited on ITO layers, ZnS and ITO thicknesses
were 80 and 180 nm separately

Fig. 5 SEM images of ZnS on ITO thin films
a Large-scale SEM image
b Magnified SEM image of ZnS thin film with a thickness of 160 nm. The
under layer was ITO thin film with thickness of 120 nm
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Fig. 5a, while compared with Fig. 3a there exist several pinholes in
the ZnS buffered ITO thin films. This pinhole-free ZnS thin film
will facility the good interface during form pn junction with
p-type semiconductor in the fabrication of thin film solar cells.

ZnS exhibited preferential orientation growth on the quartz
substrate as suggest from Fig. 1b. The lattice constant of ZnS
(111) crystalline face is 0.31151 nm, whereas the lattice constant
of ITO (222) crystalline face is 0.29566 nm. Thus, the lattice con-
stant mismatch of these two layers is ∼5%. If the lattice constant
mismatch is smaller than 5% in the hetero-layer, epitaxial growth
may be obtained, such as the epitaxial growth of SrTiO3 on Si
substrate [26–28]. Therefore, the reason for the ITO preferential
orientation growth on the ZnS buffer layer is the small lattice con-
stant mismatch. Another case can be found in the preferential orien-
tation growth of ITO thin film with the ZnO buffer layer reported by
Sun and Du [9, 29, 30], since ZnS and ZnO have the same crystal-
line structure.

4. Conclusion: Two different deposition sequences were used to
investigate ZnS and ITO double layer thin films. In the deposition
sequence of ITO on ZnS layer, ZnS behave as a buffer layer, the
ITO thin film will have preferential orientation growth with (222)
crystalline face. The minimum thickness of ZnS was 10 nm in
this case. Besides, there has lattice constant expansion phenomenon
when the film thickness of ITO was increased, indicating tension
stress increase in ITO film. The lattice constant mismatch of 5%
is the reason for the preferential orientation between ZnS and ITO
thin films. In the other deposition sequence of ZnS on ITO layer,
ZnS thin film will have preferential orientation growth with (111)
crystalline face. While ITO was kept in multiple crystalline prop-
erty. Pinhole free ZnS thin film was observed by SEM for this
deposition sequence, promising well interface in the thin film
solar cells with lower interface defects.
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