OPTOELECTRONICS AND ADVANCED MATERIALS — RAPID COMMUNICATIONS  Vol. 7, No. 11-12, November - December 2013, p. 845-848

Annealing effects on phase transformation and optical
enhancement of CulnSe, film solar cells
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Sputtering deposited CulnSe; films are of potential important as absorber material in thin-film solar cells as long as we can
optimize the annealing process to enhance their optical properties. The aim of the present study is to find the phase
transformation mechanism and predict the enhanced optical behaviour of CulnSe; films as a result of annealing processes.
The results show that low-temperature annealing processes not exceeding 250 °C can produce regrown and recrystallised
CulnSe; phases to enhance the conversion efficiency of CulnSe; solar cells. High-temperature annealing processes (at 350
and 400 °C) are found to be vital for the transformation from the CulnSe, phase to CuSe,/Cu,-Se and InSex/In,Ses

structures. Finally, three selenization models related to the selenisation of the annealing processes are proposed.
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The sputtering method is the most popular metal
transformation process for producing complex alloys [1, 2],
since it is capable of producing different components, and
also because of its great economic advantages and high
production rates.

Primarily in the energy industry, this method is very
important for control of the composition of solar cell de-
vice materials [3-5]. CulnSe, (CIS) films or other promis-
ing solar cell materials can be produced, with pure struc-
tures. Annealing is one of the most efficient and
cost-effective methods for producing accurate composition
and for achieving phase transformations during the sput-
tering stage.

The annealing process is becoming very important
because of the increase in the manufacturing of electric
parts between conductive and absorbing layers [6, 7]. An-
nealing processes can have a purely protective function [8,
9], or be used for improving the optical properties of solar
cell films [10], and they are also able to hide superficial
defects or modify surface properties. A manufacturer’s
objective is to produce these types of parts whilst mini-
mising costs [11]. This can be achieved by minimising the
production time of each layer, i.e. by reducing the insulat-
ed parts in the deposition cycle [12]. If this superficial as-
pect can be addressed during the annealing process, then
production time and material needs can be reduced.

Over the last few years, various authors have studied
the annealing process used for energy materials [13, 14].
The main aspect studied has been the effect of the anneal-
ing process on synthesis and surface characteristics during
the deposition cycle; however, this directly affects the
structural changes when one layer is linked to another.

None of the previous reports mentions this latter aspect,
and no one considers the possibility of improving the op-
tical properties. There are no references to these kinds of
studies when the films are used in solar cells. In this article,
an annealing process is designed to speed up the phase
transformation of CIS films, in order to find a useful
method for the manufacture of highly effective CIS film
solar cells. Also, three selenization models are proposed to
optimise the electrical and optical properties of CIS layers
before manufacturing series of parts.

1. Experiment

1.1 Synthesis of CIS thin films

Solar cells were fabricated with the structure
SFO/CdS/CIS. A CdS buffer layer was deposited first on an
SFO (SnO,: F) glass using 50 W power, and then the CIS
adsorbed layer was deposited at 100 W power on the CdS
window layer. Thin films of CIS and CdS were all depos-
ited by radiofrequency sputtering using a magnetron sput-
tering system (FJL560D2). Cylindrical CulnSe, (Cu:ln:Se
= 1:1:2) and CdS ceramic targets of 8 cm in diameter were
used. No changes in target composition were observed
with time and usage. The deposition chamber’s base pres-
sure was 1.6 x 10 Pa, and during deposition, the gas
pressures were maintained constant at 0.5 Pa. The sub-
strate-to-target distance was 100 mm. Depositions of CIS
and CdS layers were performed at room temperature for
180 and 25 min, respectively. Finally, the layers of
CIS/CdS were heat treated in a vacuum with annealing
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processes at different temperatures (200, 250, 350 and
400 °C) for 60 min.

1.2 Characterizations of CIS films

Optical properties of the CIS layers were measured at
normal incidence using a double-beam ultravio-
let-visible—near-infrared spectrophotometer (Shimadzu)
with optical transmittance in the photon energy range of
(1.76-10.56) x 10 *° J. To investigate the crystallographic
properties of the films, coupled 6-26 X-ray diffraction
(XRD) scans were performed in the range 26 = 20-80° by
use of the Cu K, line of an X-ray source (Rigaku
D/max2550). The surface morphologies of films were
examined by atomic force microscopy (DI Nanoscope IH1A
Multimode), and the cross-sectional morphologies were
examined by scanning electron microscopy
(SEM-3400-N).

2. Results and discussion

2.1 Effects of annealing processes on phase trans
formation

Fig. 1 shows the XRD patterns of CIS films prepared
at various annealing processes. For the as-deposited film,
the formation of minor chalcopyrite phase-like CIS (1 1 2),
(220)and (2 1 1) planes and tetragonal phase-like CIS (3 1
0), (31 2) and (4 0 0) planes was observed [15]. In the case
of films annealed at 200 and 250 °C, the preferential ori-
entation of the planes in the films became much stronger,
which indicated that CIS particles of better crystallinity
and larger grain size were formed during low-temperature
annealing processes not exceeding 250 °C. Obviously, the
annealing process contributes to the diffusion of atoms
adsorbed on the substrate and accelerates the migration of
atoms to energetically favourable positions, resulting in an
enhancement of the crystallinity [16]. With an increase in
annealing temperature to 350 °C, two small XRD peaks
are observed around 33° and 62°, which indicate the ex-
istence of CuSe, and InSe, structures. This transformation
from CIS phase to CuSe, and InSe, structures is associated
with the evaporation of indium and selenium in the inter-
mediate-temperature annealing process. When the anneal-
ing temperature was increased further to 400 °C, the CuSe,
and InSe, peaks disappeared completely, and strong
Cu,,Se and In,Se; peaks appeared. This behaviour im-
plied that the transformation from CIS to Cu,Se and
In,Se; required a high-temperature annealing process ow-
ing to the slower diffusion kinetics. It is clear that
low-temperature annealing processes not exceeding
250 °C can produce a highly effective CIS solar cell that
contains the single CIS phase in the CIS absorbing layer.
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Fig. 1. XRD patterns of CulnSe, films prepared at var-
ious annealing temperatures.

2.2 Effects of annealing processes on grain growth

Fig. 2(a)—(e) shows the atomic force microscopy
surface morphologies of as-deposited CIS films and CIS
films annealed at temperatures of 200, 250, 350 and
400 °C, respectively. It is found that the annealing pro-
cess has a great influence on grain nucleation and growth.
The as-grown CIS layer contained a high density of va-
cancy defects, which led to a large surface roughness, as
indicated in Fig. 2(a). In addition, it can be seen in Fig.
2(b), (c) that the CIS grains in the films annealed at 200
and 250 °C seem to be rather compact and dense. Obvi-
ously, low-temperature annealing processes can improve
the surface diffusion and cause the grains to regrow and
recrystallise. Furthermore, as shown in Fig. 2(d), (e), the
films annealed at 350 and 400 °C exhibited a columnar
structure and the surfaces became rougher, which shows
that it is easy for the grains to agglomerate with each
other through a thermally activated growth mechanism
during annealing at the highest temperatures. In addition,
it was found that increasing the annealing temperatures
increased the lattice mismatch and decreased the mobility
of holes in the films.

-

Fig. 2. AFM images of CulnSe, films prepared at
various annealing temperatures: (a) As-deposited;
(b) 200°C; (c) 250°C; (d) 350°C; (e) 400°C.



Annealing effects on phase transformation and optical enhancement of CulnSe, film solar cells 847

The cross-sectional morphologies of the CIS films
annealed at different temperatures are shown in Fig. 3. It
can be seen from Fig. 3(a), (b) that the CIS film annealed
at 200 °C had a much thicker section than the as-deposited
film, which confirms the occurrence of regrowth and re-
crystallisation as indicated by the XRD patterns. It can be
seen in Fig. 3(c) that the density of grains was increased
with increasing grain sizes at the CIS/CdS interface, which
was considered to be because of the reconstruction and
improvement in the CIS crystals at the supplement of high
energy for the annealing process at 250 °C. For the films
annealed at 350 and 400 °C (Fig. 3(d), (e)), it is seen that
the interface is destroyed, with some cracks between the
grains being present in the films, which implies that phase
transformation occurs accompanied by evaporation of in-
dium and selenium.

Fig. 3. SEM cross-section morphologies of CulnSe2
films prepared at various annealing temperatures: (a)

(b) 200°C, (c) 250°C, (d) 350°C, (e)
400°C.

As-deposited,

2.3 Effects of annealing processes on optical
properties

Fig. 4 shows the absorption spectra of CulnSe, films
deposited with different annealing temperatures. It clearly
shows an improvement in the optical performance f the CIS
film after annealing at 250 °C compared to that of the other
annealed temperatures.

Experimental values of (ehv)® against hv for the
CIS/CdS layers are plotted in Fig. 5. The optical band gap
Eq can be determined with the help of the following rela-
tion [17]:

0:=A/hu(hu—Eg)”2 1)

where A is a constant and hv is the radiation energy. Fig.5
shows that the optical band gap E4 of CIS/CdS layers var-
ies from 3.55 x 10 *° to 3.73 x 10 *° J, with the annealing
temperature varying from 250 to 400 °C.
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Fig. 4. Absorption spectra of CulnSe, films deposited
with different annealing temperatures.

It can be seen in Fig. 5 that the band gaps of the CIS
films increased initially, and then decreased with increas-
ing annealing temperature. Evidently, the low-temperature
annealing processes not exceeding 250 °C cause a signifi-
cant increase in the optical band gap close to the best ab-
sorbed band gap of sunlight. In addition, it can also be ob-
served that the high-temperature annealing processes at
350 and 400 °C can destroy the CIS/CdS conductive layer
with a high density of vacancy defects, which leads to a
loss of positron trapping at these increased numbers of
vacancies. Therefore, controlling the optical band gap us-
ing the low-temperature annealing processes is a good way
to enhance the conversion efficiency of a CIS solar cell.
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Fig. 5. Plot of (hv)? versus hv for the CulnSe, films
prepared at various annealing temperatures.
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2.4 Possible selenisation models for the annealing
processes

It was reported by Milton [18] that the selenization
mechanism of three-element alloy films (Se particles ad-
sorbed to Cu and In particles) can be represented through
three models: slow selenization model, rapid selenization
model and non-selenization model. Therefore, three mod-
els for the sputtering process are proposed (Fig. 6). For the
first model (slow selenization model), applicable for films
annealed at 25 °C with lower surface energy, the seleniza-
tion reaction by Se, Cu and In particles takes place, and as
a consequence, two phases appear in the films. For the
second model (rapid selenization model), induced at 200
and 250 °C with higher surface energy, the formation of
the more stable CIS phases occurs. Finally, for the third
model (non-selenization model), induced at 350 and
400 °C with the highest surface energy, when the sputter-
ing temperature reaches the evaporation temperature of in-
dium and selenium, formation of Cu, ,Se and In,Se;
structures in the CIS films occurs.
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Fig. 6. Selenization models of CulnSe, films deposited
at various annealing temperatures.

3. Conclusions

In conclusion, we systematically investigated the
phase transformation and optical properties of CulnSe,
films with different annealing processes. This indicates
that low-temperature annealing processes not exceeding
250 °C can produce pure chalcopyrite and tetragonal CIS
phases. In addition, high-temperature annealing processes
have a strong effect on the transformation from the CIS
phase to CuSe,/Cu,,Se and InSe,/In,Se; structures. We
find that low-temperature annealing processes not exceed-
ing 250 °C could cause a significant increase in the optical
band gap, which can be used to enhance the conversion ef-

ficiency of CIS solar cells. Finally, we proposed three
models to explain the relationship between the selenisation
and annealing processes.
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