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Polycrystalline ZnS films were prepared by pulsed laser deposition (PLD) on quartz glass
substrates under different growth conditions at different substrate temperatures of 20, 200,
400, and 600 ◦ C, which is a suitable alternative to chemical bath deposited (CBD) CdS as a
buffer layer in Cu(In,Ga)Se2 (CIGS) solar cells. X-ray diffraction studies indicate the films
are polycrystalline with zinc-blende structure and they exhibit preferential orientation along
the cubic phase β-ZnS (111) direction, which conflicts with the conclusion of wurtzite structure by Murali that the ZnS films deposited by pulse plating technique was polycrystalline
with wurtzite structure. The Raman spectra of grown films show A1 mode at approximately 350 cm−1 , generally observed in the cubic phase β-ZnS compounds. The planar and
the cross-sectional morphology were observed by scanning electron microscopic. The dense,
smooth, uniform grains are formed on the quartz glass substrates through PLD technique.
The grain size of ZnS deposited by PLD is much smaller than that of CdS by conventional
CBD method, which is analyzed as the main reason of detrimental cell performance. The
composition of the ZnS films was also measured by X-ray fluorescence. The typical ZnS films
obtained in this work are near stoichiometric and only a small amount of S-rich. The energy
band gaps at different temperatures were obtained by absorption spectroscopy measurement,
which increases from 3.2 eV to 3.7 eV with the increasing of the deposition temperature.
ZnS has a wider energy band gap than CdS (2.4 eV), which can enhance the blue response
of the photovoltaic cells. These results show the high-quality of these substitute buffer layer
materials are prepared through an all-dry technology, which can be used in the manufacture
of CIGS thin film solar cells.
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layer in ZnO/ZnS/CuInS2 devices [13]. ZnS has a wider
energy band gap than CdS, which can enhance the blue
response of the photovoltaic cells. So some groups have
reported on high-efficiency CIGS devices where the CdS
buffer layer is replaced by a ZnS layer [14-16]. Most
of the successful ZnS-based buffer layers contain large
amounts of oxygen (Zn(OH,O,S) or Zn(S,O)), which is
important for the functionality of the buffer layer. In
general, the buffer layers are all deposited by wet chemical methods, such as chemical bath deposition (CBD),
which cannot be used for the manufacture of CIGS thin
film solar cells in an all-dry process. The process of
CBD requires non-vacuum conditions, which would be
the main challenge in realizing the whole all-dry vacuum
process.

I. INTRODUCTION

With the highest efficiencies among all thin films
solar cells, approaching 20% [1-3], the Cu(In,Ga)Se2
(CIGS)-based solar cells have been recognized as the
most promising solar cell technologies for cost-effective
power generation [4-6]. However, the use of Cd is undesirable from the viewpoint of environmental compatibility and commercial potential. Moreover, the quantum efficiency of CdS/CIGS solar cells drops at shorter
wavelengths due to optical absorption loss from the CdS
layer. ZnS has potential applications in optoelectronic
devices such as blue light emitting diodes [7], electroluminescent and photovoltaic cells [8]. As window or
buffer materials, ZnS can partner with different absorber semiconductors [9-11]: Cd/ZnS/CuInSe2 solar
cells with efficiencies of 11% [12] and ZnS as a buffer

Several techniques on growing ZnS thin films have
been reported, such as atomic layer epitaxy (ALE)
[14], chemical bath deposition (CBD) [15-17], thermal evaporation[18], chemical vapour deposition (CVD)
[19], molecular-beam epitaxy (MBE) [20], metalorganic
chemical vapour deposition (MOCVD) [21], and successive ionic layer adsorption and reaction method (SLAR)
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[22]. Pulsed laser deposition (PLD) technology shows
excellent advantages: the required stoichiometry, high
deposition rates, and lower crystallization temperatures
which is another promising condition for obtaining highquality ZnS thin films [23,24]. So in this work, we prepare ZnS thin films by PLD method at different temperatures, which is an all-dry technology for growing
ZnS films, and applied in window layers for solar cells.
To our knowledge this is the first report on the pulse
deposition of ZnS films at different deposition temperatures and this is first time to deposit ZnS buffer layer
by PLD technique replacing the CBD CdS in CIGS thin
films solar cells. The structure and the optical properties of the ZnS thin films were also investigated by X-ray
diffraction (XRD), Raman spectrum, scanning electron
microscopy (SEM), X-ray fluorescence (XRF), and optical absorption spectra.

II. EXPERIMENTS

Prior to deposition, the quartz glass substrates are
cleaned by sequential heated ultrasonic bath in acetone,
ethanol and deionized water for 10 min, and then blowdried with nitrogen gas. ZnS ceramic target (99.999%)
was purchased from Beijing Nonferrous Metal Research
Institute of China. The deposition of ZnS thin films
are carried out in a vacuum chamber at a pressure of
10 µPa using an KrF excimer pulsed laser (the wavelength: 248 nm, the pulse width: 25 ns, the pulse energy: 200 mJ, and the repetition rate: 5 Hz). The laser
beam is focused onto a rotating target which is made
of ZnS ceramic through a quartz lens outside the chamber. The ZnS thin films are deposited onto quartz glass
substrates. The distance between the target and the
substrate is about 35 mm, which is just at the edge of
the plume. The substrate temperatures are from room
temperature to 600 ◦ C during the deposition process.
The deposition time is 20 min for each sample. After
the deposition, the samples are kept at the deposition
temperature for half an hour.
The preparative conditions for CBD CdS on the
quartz glass substrates are as follows. The bath solution
used in the CBD CdS process is composed of 73.2 mL of
deionized H2 O, 13 mL of NH4 OH ammonium hydroxide (25%-28%), 10 mL of cadmium sulfate (0.015 mol/L
CdSO4 ), and 5 mL of thiourea (1.5 mol/L NH2 CSNH2 ).
A water-heated vessel is used to contain the bath solution, which is constantly stirred by a magnetic chuck
during the deposition process. The deposition process
is maintained at 60 ◦ C for 20 min. After the deposition
process, the sample is washed by the deionized water
and then blow-dried with nitrogen gas.
The phase composition and the crystal structure of
the films are identified by XRD method (D/Max-rA).
The morphology of ZnS thin films are observed on a
field emission scanning electron microscope (FESEM,
JEOL-JSM-6700F). The composition and the thickness
DOI:10.1088/1674-0068/22/01/97-101
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of ZnS films are measured by XRF (SHIMADZU, VF320) method. The Raman spectrum is measured in
backscattering configuration at room temperature using LABRAM-HR spectrometer with 514.5 nm wavelength as a light source. The optical absorption spectra
is recorded on a UV-Vis-365-type spectrophotometer in
a range 200-800 nm.

III. RESULTS AND DISCUSSION

ZnS is found in nature as zinc-blende (also called
sphalerite, β-ZnS, with cubic structure) and as wurtzite
(2H, hexagonal, α-ZnS). ZnS, both natural and synthetic, crystallizes in as many as ten different polytypes
and mixed crystals. Large, good quality crystals are
found in nature and can also be grown in the laboratory at relatively low temperature. The cubic form
is stable at room temperature, while the less dense
hexagonal form is stable above 1024 ◦ C at atmospheric
pressure [25]. Figure 1(a) shows the XRD patterns of
the ZnS films prepared by PLD technique on quartz
glass substrates at 20 ◦ C. The films exhibit preferential
orientation along the cubic phase β-ZnS (111) direction at 28.54◦ , and the crystal lattice (a) 0.5413 nm is
quite consistent with the theoretical value of 0.5414 nm.
There are emanations of the (220) and (311) peaks on
the XRD pattern, which belonged to the cubic phases
of ZnS. The other characteristic peaks of (100), (101),
(102), (103), and (200) planes of hexagonal are not

FIG. 1 XRD pattern of ZnS films by PLD (a) at 20 ◦ C and
(b) at different temperatures.
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present in all spectra. Therefore, it can be concluded
that we have prepared ZnS films with cubic structure
(β-ZnS). But Murali et al. reported that the XRD studies indicated the ZnS films deposited by pulse plating
technique was polycrystalline with wurtzite structure
[24]. In general, ZnS bulk material would be steady cubic phasesphalerite structure when the temperature is
below 1024 ◦ C. From the XRD pattern of the ZnS films
on quartz glass substrates, we can conclude that the
films prepared by PLD technique should be the β-ZnS
phase. This agrees with the result of Nasr et al. who
has reported the cubic structure of ZnS films by CBD
[26].
Figure 1 (b) shows the XRD patterns of the ZnS
films prepared by PLD technique on quartz glass substrates at different deposition temperatures 20, 200,
400, and 600 ◦ C. All the films exhibit preferential orientation along the cubic phase β-ZnS (111) direction.
The full width at half maximum (FWHM) is decreased
from 0.58◦ to 0.46◦ as the temperature rises from 20
◦
C to 600 ◦ C. The crystal lattice is also changed from
0.5413 nm to 0.5428 nm as the temperature rises from
20 ◦ C to 600 ◦ C. The intensity ratio of the (111) peak
to the other peaks exceeds others by many multiples,
indicating that there is deep degree of (111) preferred
orientation in this film. So we can conclude that the
quality of the ZnS films is improved as the temperature
is increased. The position of the (111) diffraction moves
to the direction of the lower angles as the temperature
is increased. This is caused by the expansion of the material. In general, the grain size D can be calculated by
the Scherrer formula [27]:
D=

kλ
β cos θ

(1)

where β refers to the FWHM, θ refers to Bragg angle,
k is 0.9, and λ equals to 0.154056 nm. All the structure parameters are shown in Table I. Due to the deposition temperature increasing, the grain size D also
grows from 24.67 nm to 31.10 nm. In a word, the quality of the ZnS films is improved and the grain size also
increased as the temperature increased.
Typical Raman spectrum of ZnS films deposited at
20 ◦ C is presented in Fig.2. The Raman spectra of
grown films show A1 mode at approximately 350 cm−1 ,
generally observed in the cubic phase β-ZnS compounds. ZnS crystallizes in as many as ten different

TABLE I The structure parameter of ZnS at different temperatures.
T /◦ C
20
200
400
600

2θ/(◦ )
28.54
28.50
28.48
28.46

FWHM/(◦ )
0.58
0.52
0.50
0.46
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a/nm
0.5413
0.5420
0.5424
0.5428

D/nm
24.67
27.51
28.61
31.10
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FIG. 2 The Raman spectra of ZnS films deposited at 20 ◦ C.
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FIG. 3 The planar SEM micrograph of ZnS films at (a)
20◦ C, (b) 200 ◦ C, (c) 400 ◦ C, and (d) 600 ◦ C.

polytypes and mixed crystals, transforming from one
structure to another at stacking faults. Serrano et al.
have reported the Raman scattering in β-ZnS [28]. Because the dependence of the observed spectra on temperature and pressure and other factors such as the
preparation method is quite different and very important, the Raman scattering is also very complicated.
The spectrum shows that it is really a cubic phase βZnS structure, which is confirmed in the XRD result.
The planar SEM micrograph of ZnS films by PLD
technique on quartz glass substrates at different deposition temperatures of 20, 200, 400, and 600 ◦ C are
shown in Fig.3 (a), (b), (c), and (d), respectively. The
SEM image clearly shows that the dense, smooth, uniform grains are formed on the quartz glass substrates
through PLD technique. The samples of ZnS films display small columnar grains approximately 30 nm in diameter. The grain size of the ZnS films is larger as the
temperature is increased, which is also observed in the
result of XRD.
The cross-sectional SEM micrograph of ZnS films by
PLD technique on quartz glass substrates at 400 ◦ C is
also shown in Fig.4. The thickness of the pillar growth
ZnS films after deposition for half an hour reaches about
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500 nm

FIG. 4 The cross-sectional SEM micrograph of ZnS films.

670 nm. Many columnar grains are also observed in the
cross-sectional SEM micrograph of ZnS film.
Figure 5 indicates the planar SEM micrograph of CdS
films by CBD technique on quartz glass substrates at
60 ◦ C. Many uniform and compact spherical particles
approximately 150 nm in diameter are observed on the
surface of the quartz glass substrates. The grain size of
ZnS film by PLD is much smaller than that of the CdS
by CBD. But there are many cavities on the surface of
the CdS by CBD, which may be a detriment to the performance of the solar cells. Another important aspect
for the buffer layer is the interface formation and the
need for conformal coverage of the rough CIGS surface
without damage to the CIGS surface. The photovoltaic
devices are typically fabricated using a high-resistivity
buffer layer applied in the CIGS thin films solar cells
in order to avoid the formation of undesirable shunt
paths, so the density and the roughness must be the
key issues. From the planar SEM micrograph of ZnS
films, the compact and uniform surface is obtained by
PLD, showing the good quality of the substituted buffer
layer materials prepared through the all-dry technology
in this work. It is questionable if stochiometric ZnS is
suitable as a buffer layer since the band alignment with
CIGS causes a large barrier for electrons. All successful
ZnS-based buffer layers contain large amounts of oxygen
(Zn(OH,O,S) or Zn(S,O)), and this is important for the
functionality of the buffer layer. This may be caused
by the grain size of the buffer layer and the content of
oxygen. This also can be easily realized by deposition
on Zn(S,O) target or deposition at the oxygen pressure.
To improve the band alignment with CIGS, we can deposit on a target with dopants, such as In, Ga, Al, and
so on, elements. The optimization of this technique will
be addressed in our future work.
The composition and the thickness of the ZnS films
were also accurately determined by XRF measurement.
The thickness of the ZnS films was 682 nm, which agrees
quite well with the value obtained by cross-sectional
SEM micrograph. Zn was 48%, S was 52%, the ratio
of Zn to S is 0.92, which is very closer to 1. ZnS is a
non-stoichiometric compound. In this work, it becomes
an S-rich compound, which can be explained by the
existence of another sulphide. The angle at which the
sample is placed and the density of ZnS films must cause
DOI:10.1088/1674-0068/22/01/97-101
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FIG. 5 The planar SEM micrograph of CdS films by CBD.

FIG. 6 The photon energy dependence of the absorption
coefficient for ZnS and CdS films.

some little error. In the end, we conclude that a nearstoichiometric, somewhat S-rich ZnS films are obtained.
The optical absorption spectra were recorded on a
UV-Vis-365-type spectrophotometer in a range of 200800 nm. Figure 6 shows the photon energy dependence
of the absorption coefficient for ZnS and CdS films. ZnS
is an important II-VI semiconducting material with a
wide direct band gap of 3.6 eV. It is of great importance
in optoelectronic applications. The band gap of the
films is determined by plotting a graph between (αhν)2
versus hν. Extrapolation of the straight line to the hν
axis gives the band gap of the film. Therefore, energy
band gaps at different temperatures are obtained by
absorption spectroscopy measurement. It can be seen
that the band gap increases from 3.2 eV to 3.7 eV with
the increasing deposition temperature. Generally, high
temperature will lead to bigger grain size and the bigger size should have narrower band gap, which conflicts
with the result of experimentation. It is well-known
that ZnS is a non-stoichiometric compound. At low
temperature, only a small amount of S-rich ZnS films
are obtained in our research, which causes the reduction
of the band gap. With the temperature increased, the
composition ratio of Zn to S is closer to 1, so the band
gap increases to 3.7 eV. All the band gaps of ZnS films
are larger than those of CdS films (2.4 eV). ZnS has a
wider energy band gap than CdS, which can enhance
the blue response of the photovoltaic cells. Moreover,
the quantum efficiency of CdS/CIGS solar cells drops
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at shorter wavelengths due to optical absorption loss
from the CdS layer, which also can be easily observed
from Fig.6, where we see a heavy absorption below the
wavelength of 500 nm. Therefore, this shortcoming can
be resolved by the substituted buffer layer of ZnS films.
In addition, interference pattern can be observed in the
Fig.6, which shows the good quality of ZnS film by PLD.
IV. CONCLUSION

The zinc-blende structure of ZnS films was obtained
by PLD ZnS ceramic target on quartz glass substrates in
different growth conditions at different substrate temperatures (20, 200, 400, and 600 ◦ C), which is a suitable
alternative to chemical bath deposited CdS as buffer
layer in CIGS solar cells. XRD studies indicate the films
exhibit preferential orientation along the cubic phase βZnS (111) direction, which is in conflict with the conclusion of wurtzite structure by Murali et al. [24]. The
quality of the ZnS films is improved and the grain size is
also raised as the temperature is increased. The Raman
spectra of grown films show A1 mode at approximately
350 cm−1 , generally observed in the cubic phase β-ZnS
compounds, and that the films were really the cubic
phase β-ZnS structure, which is confirmed by the XRD
result. The planar and the cross-sectional morphology
were observed by SEM. Dense and well-defined grains
are formed on the quartz glass substrates through PLD
technique. The grain size of ZnS deposited by PLD is
much smaller than that of CdS by conventional CBD
method, which is analyzed as the main reason of detrimental cell performance. The composition of the ZnS
films was also measured by XRF. A typical near stoichiometric, only a small amount of S-rich ZnS films
are obtained in our research. The energy band gaps
at different temperatures were measured by absorption
spectroscopy. It can be seen that the band gap increases
from 3.2 eV to 3.7eV with the increasing of the deposition temperature. ZnS has a wider energy band gap
than CdS, which can enhance the blue response of the
photovoltaic cells. The high-quality ZnS thin films are
obtained in this work by PLD, which can be used in
the manufacture of CIGS thin film solar cells using an
all-dry process.
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