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Morphology of CIGS thin films deposited by single-stage
process and three-stage process at low temperature’
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Cu(In,Ga)Se, (CIGS) thin films are prepared by a single-stage process and a three-stage process at low temperature in

the co-evaporation equipment. The quite different morphologies of CIGS thin films deposited by two methods are

characterized by scanning electron microscopy (SEM). The orientation of CIGS thin films is identified by X-ray dif-

fraction (XRD) and Raman spectrum, respectively. Through analyzing the film-forming mechanisms of two prepara-

tion processes, we consider the cause of such differences is that the films deposited by three-stage process at low tem-

perature evolve from Cu-poor to Cu-rich ones and then back to Cu-poor ones. The three-stage process at low tempera-

ture results in the CIGS thin films with the (220)/(204) preferred orientation, and the ordered vacancy compound

(OVC) layer is formed on the surface of the film. This study has great significance to large-scale industrial production.
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For space applications, light weight Cu(In,Ga)Se, (CIGS)
devices show the potential to increase the specific power
with excellent radiation hardness!"”. In 2008, the
American National Renewable Energy Laboratory
(NREL) used three-stage process to deposit CIGS thin
film solar cells on glass substrate, which yielded an effi-
ciency of 19.9%"). In 2011, the German ZSW laboratory
improved the efficiency of CIGS thin film solar cells on
glass substrate to 20.3%!*!. The efficiency of flexible
CIGS thin film solar cells on polyimide (PI) substrate
prepared by Swiss Federal Institute of Technology
reached 17.6% in 2010P), and increased to 18.7% in
201211,

In this paper, CIGS absorber layers are deposited on PI
substrate via a single-stage process and a three-stage
process at low temperature in the co-evaporation equip-
ment, respectively. The quite different morphologies of
CIGS thin films are characterized by scanning electron
microscopy (SEM), and the orientation of CIGS thin
films is identified by X-ray diffraction (XRD) and Ra-
man spectrum, respectively. This study has great signifi-
cance to large-scale industrial production.

CIGS absorber layers were prepared in a co-evaporation
equipment with Cu, In, Ga, Se evaporation sources at the
base pressure of 1.0x10 Pa. The evaporation sources
and substrate heating system were adjusted by propor-

tional-integral-derivative (PID) temperature controller.
The distance between evaporation sources and substrate
is about 25-28 cm. CIGS thin films were deposited by a
single-stage process and a three-stage process at low
temperature.

In the single-stage process at low temperature, Cu, In,
Ga and Se were deposited at the same time with the sub-
strate temperature of 490 °C in 55 min as shown in
Fig.1(a). In the three-stage process at low temperature as
shown in Fig.1(b): Firstly, In, Ga and Se were deposited
with the substrate temperature of 350 °C in 20 min to get
a precursor layer with In:Ga=0.7:0.3. Secondly, Cu and
Se were evaporated at the substrate temperature of 490
°C with constant power heating, and we utilized end-point
detection method to control the preparing time!”. Thirdly,
In, Ga and Se were co-evaporated with substrate tem-
perature of 490 °C in 3—5 min.

The thicknesses of CIGS thin films were tested by a
KLA Tencor mechanic profiler, and the compositions
were identified by a Spectro Xepos XRF. A Rigaku
TTRIII XRD and a Horiba Tubin Yvon T4000 Raman
spectrum were used to detect the orientation of the films.
The surface and cross-section images were obtained by a
Hitachi S-4800 SEM.

Fig.2 shows the SEM images for the CIGS thin films
deposited by a single-stage process and a three-stage
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process at low temperature. Fig.2(a) and (b) present the
surfaces of CIGS thin films, and it can be seen that the
CIGS thin films deposited by single-stage process have a
large number of triangular-shaped grains, and the struc-
ture is compact. But there are some small holes between
the grains. However, the CIGS thin films prepared by
three-stage process have a lot of block grains, and the
structure is extremely dense. Practically, there is no hole
between the grains. The cross-sectional structures of the
CIGS thin films are revealed by Fig.2(c) and (d). It can
be seen from Fig.2(c) that the grain size of CIGS thin
films prepared by single-stage process is small. The grain
size is large in the longitudinal direction, but in the
transverse direction, the grain boundaries can be found
obviously. Fig.2(d) shows the cross-sectional structure
for the CIGS thin films deposited by three-stage process
is very dense. There is no obvious boundary from both
longitudinal and lateral views.
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Fig.1 Co-evaporation process diagrams of single-stage
process and three-stage process at low temperature

It is shown that if the films are Cu-rich at the begin-
ning of the growth, they are found to be (112) oriented,
and the degree of this orientation increases as the Cu
excess decreases™. In contrast, the films grown from a
Cu-poor start are found to be (220)/(204) oriented!"".
Some researches have shown that for the commonly used
three-stage process, the degree of (220)/(204) orientation
depends on the Se flux in the first stage of the growth!'!),
while other orientations in the films are correlated with
the properties of the Mo back contact!'?. In this paper,
the CIGS thin films are deposited on the same Mo back
and contacted with the same Se flux.
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Fig.2 The SEM images for the films deposited by sin-
gle-stage and three-stage processes

Fig.3 shows the XRD patterns of the CIGS thin films
prepared by two different processes, which have different
crystal orientations. Cu(Ing;, Gag3),Se; phase exists in
both CIGS thin films which have two crystalline orienta-
tions: one is (112) crystal direction, and the other one is
(220)/(204) crystal direction accompanied by (312) crys-
tal orientation. The CIGS thin films deposited by sin-
gle-stage process at low temperature have strong (112)
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and (220)/(204) peaks, but there is no obvious preferred
orientation. However, the CIGS thin films prepared by
three-stage process at low temperature have a strong
(220)/(204) peak which is the preferred orientation.
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(b) Three-stage process

Fig.3 XRD patterns for the films deposited by different
processes

We can see from Tab.1 that the compositions of CIGS
thin films deposited by different processes are similar,
but their morphologies and preferred orientations are quite
different. We consider the cause of such differences is the
different film-forming mechanisms. The three-stage process
is more complicated than the single-stage process, and
the films evolve from Cu-poor to Cu-rich ones and then
back to Cu-poor ones as shown in Tab.2.

Tab.1 The compositions of CIGS thin films deposited
by different processes

Cu/(In+Ga) Ga/(In+Ga)

Porcess Cu (%) Ga (%) Se (%) In (%

(%) Ga (%) Se (%) In (%) %) %)
Single-stage 23.13  7.69 50.24 18.94 0.87 0.29
Three-stage 22.90 7.76 51.10 18.24 0.88 0.30

Tab.2 The compositions of CIGS thin films deposited
by three-stage process at different stages

Cu/(In+Ga) Ga/(In+Ga)
Stage Cu (%) Ga (%) Se (%) In (%)

(%) (%)
Iststage 0.13 1446 49.97 3544 0.01 0.29
2nd stage 27.22  6.85 50.23 15.69 1.21 0.30
3rdstage 22.90 776 51.10 1824 0.88 0.30
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In the second stage, the (In,Ga),Se; precursor layers
transform to Cu(In,Ga)Se, by exposing to fluxes of Cu
and Se at the substrate temperature of 490 °C until the
overall composition becomes Cu-rich. Tab.2 demon-
strates the composition of CIGS thin films at the end of
the second stage.

During the second stage of the growth, the top surface
of films is grown more Cu-rich than the bulk, and we
believe that this Cu gradient results in a Cu diffusion
which acts as a driving force for the recrystallization of
the film"'”". The SEM images for the CIGS thin films are
presented in Fig.4, and we can see that the grains of thin
films are large with few boundaries, but there is a layered
structure at the surface of thin films. The Raman spec-
trum for the films deposited at the end of the second
stage is shown in Fig.5, which indicates that Cu,Se can
be locally presented at the surface of the films. The spec-
trum shows the presence of the Cu,Se-related peak at
about 155 cm™ for CIGS thin films at the end of the sec-
ond stage. It is the fact that Cu-rich CIGS is a two-phase
mixture (Cu(In,Ga)Se, and Cu,Se), where the chief part
of Cu,Se phase can swim on top of Cu(In,Ga)Se; in most
processes. The emissivity of Cu,Se is higher than that of
stoichiometric or Cu-poor CIGS. During a deposition
process, the substrate temperature is recorded while the
heating power of substrate remains constant (“constant
power mode”), and crossing the “stoichiometry line”
from Cu-poor to Cu-rich manifests itself by a tempera-
ture drop!”'¥. When the substrate temperature is higher
than 523 °C, the Cu,Se turns into liquid phase which
accelerates the CIGS grain growth rate, while the Inc,,
Gac, and V(, defects which exist in the original film all
disappear due to Cu-rich structure!'*'”. Recently, Bar-
reau!'® proposed that the liquid phase Cu,Se was not the
necessary condition to deposit large grain CIGS thin
films. The experiments also confirmed that the CIGS thin
film which did not undergo a Cu,Se liquid phase stage
could also get a large grain size'”’. In this paper, the sub-
strate temperature is too low to generate liquid phase
Cu,Se on the surface of CIGS, but the Cu-poor/rich/poor
sequence still promotes the grains to be large.

However, the CIGS thin films deposited by sin-
gle-stage process do not have the Cu-poor/rich/poor se-
quence. As we can see from Tab.3, the compositions
maintain constant, and the films do not present a trans-
formation from Cu-poor to Cu-rich ones and then back to
Cu-poor ones.

(a) Surface
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Fig.4 The SEM images for the films deposited at the end
of the second stage
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Fig.5 The Raman spectrum for the films deposited at
the end of the second stage

Tab.3 The compositions of CIGS thin films with dif-
ferent preparing time by single-stage process at low
temperature

Cu/(In+Ga) Ga/(In+Ga)
Time Cu (%) Ga (%) Se (%) In (%)

(%) (%)
20min  23.13  7.69 50.24 18.94 0.87 0.29
30min  22.89 8.06 5041 18.03 0.86 0.30
40min 2335 8.09 50.78 17.77 0.90 0.31
50min 2355 7.74 50.71 17.99 0.91 0.30

Fig.6 shows the XRD patterns for the CIGS thin films
deposited by single-stage process at low temperature
with different preparing time. There are two crystalline
orientations: one is the (112) crystal direction, and the
other one is (220)/(204) orientation.

The two different processes can influence the compo-
sition and phase formation of the CIGS films. The Ra-
man spectra of the CIGS thin films grown with different
processes are shown in Fig.7. The spectra show that the
OVC-related peak appears at about 155 cm™ for CIGS
thin films deposited by three-stage process, but does not
appear for those deposited by single-stage process. We
assume that the CIGS thin films grown with a Cu-poor
/rich/poor sequence make the presence of OVC phase.
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Fig.6 The XRD patterns for the films deposited by
single-stage process at low temperature with different
preparing time
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Fig.7 The Raman spectra for the films deposited by
two different processes

CIGS thin films grown by a single-stage process and a
three-stage process are investigated. The quite different
morphologies of CIGS thin films deposited by two
methods are characterized by SEM. The grains grown by
three-stage process are much larger than those deposited
by single-stage process. The orientation of CIGS thin
films is identified by XRD and Raman spectrum, respec-
tively. The Raman spectra show that there is an OVC-
related peak at about 155 cm™ for CIGS thin films de-
posited by three-stage process, but there is not for those
deposited by single-stage process. Through analyzing the
film-forming mechanisms of two preparation processes,
the reason of such differences is that the films deposited
by three-stage process at low temperature evolve from
Cu-poor to Cu-rich ones and then back to Cu-poor ones.
The CIGS thin films deposited by the three-stage process
at low temperature have the (220)/(204) preferred orien-
tation, and there is an OVC layer on the surface of the
film. The study has great significance to large-scale in-
dustrial production.
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