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a b s t r a c t

With this study for the first time effects of post annealing on morphological, structural, optical and
electrical properties of spray pyrolyzed copper–indium–gallium–sulfide (CuInGaS2) thin films have been
investigated. Pros-and-cons of conventional (CA) and rapid thermal annealing (RTA) have been discussed
to obtain the high quality thin film absorbers for solar cell applications. X-ray diffraction analysis
revealed that all of the spray pyrolyzed CuInGaS2 thin films have chalcopyrite structures with a highly
(112) preferential orientation. Raman spectra also confirmed this structure. However, metal oxide sec-
ondary phases such as copper oxide and gallium oxide were detected when the temperature ramp rate
was increased during RTA process. Energy dispersive X-ray measurements revealed that both copper
and gallium diffused through the surface after annealing processes. Moreover, copper diffusion became
pronounced especially at high annealing temperatures. Optical transmission measurements in the wave-
length range between 600 and 1100 nm showed that band gap energy of CuInGaS2 thin films was ranging
between 1.36 and 1.51 eV depending on the annealing conditions. Very high mobility values have been
observed for both processes. The maximum electrical mobility, 30.9 cm2/V s, was observed for the films
annealed at 600 �C via CA. This is the highest reported value among the CuInGaS2 thin film absorbers
deposited by both solution and vacuum based techniques. As a result, post-annealing of spray pyrolyzed
CuInGaS2 thin films without usage of highly toxic gases, reported in this study, is very promising and
environmentally friendly method to produce solar cell quality absorber layers.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Chalcopyrite semiconductors have a huge potential as absorber
layer in thin film solar cell applications. Very high absorption coef-
ficient in a broad spectral range, proper band gap energy value,
excellent stability and radiation hardness are among the main
advantages of these materials [1–5]. The reported record efficiency
of 20.4% for CuInGaSe2-based thin film solar cells on polymer foils
indicates the potential of chalcopyrite semiconductors for efficient
energy conversion [2]. Within the copper based family of chalcopy-
rite semiconductors, the sulfur compounds, such as CuInS2, CuGaS2

and CuInGaS2, have been gaining more attention due to no need for
selenium containing toxic precursor materials [3,4]. Numerous
studies have been reported on the fabrication of CuInGaS2 thin
films via two-stage evaporation and/or co-sputtering followed by
the reactive annealing using hydrogen sulfur (H2S) gas [4,5]. Even
though the efficiencies of the thin film solar cells produced by
these methods exceeded the 10%, the module cost was very high

because of the expensive vacuum based equipments used to fabri-
cate these devices [6,7]. Moreover, H2S gas is highly toxic and need
extra care to use even at laboratory scale. In these respects, solu-
tion based methods can be a better alternative over vacuum depo-
sition. Solution based manufacturing such as chemical bath and
electrochemical deposition have already been industrialized to
deposit both absorber and window layers of thin film solar cells
[8]. However, there are very limited studies on wet chemical
deposition of the CuInGaS2 thin films [9–11]. Coughlan et al. have
been reported a systematic study on the synthesis and shape
development in colloidal CuInGaS2 nanocrystals [9]. However, thin
film formation and scalability of these nano materials have not
been discussed in that study. In another study, Pan et al. reported
the gallium doping of CuInS2 thin films via chemical bath deposi-
tion method [10]. They have observed that the values of energy
band gap and carrier densities of the Ga-doped samples were in
the range of 1.50–1.51 eV and 2.07 � 1015–4.50 � 1015 cm�3,
respectively. Recently, Kim and Kim deposited the CuInxGa1�xS2

thin film on molybdenum coated glass substrates by spray pyroly-
sis technique and converted them into CuInxGa1�xSe2 via post-
selenization [11]. To our knowledge, no work about the effects of
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post annealing process on the film properties of the spray pyro-
lyzed CuInGaS2 have been published yet. With this study for the
first time, improvement of the structural, optical and electrical
properties of the spray pyrolyzed CuInGaS2 thin film to obtain high
quality absorber layers for thin film solar cell applications have
been reported.

2. Experimental

SonoTek flexicoat ultrasonic spray pyrolysis system has been used to form thin
films on the molybdenum coated soda lime glass substrates. The experimental set-
up for the deposition has been described in our previous studies [12,13]. Aqueous
precursor solutions were prepared using copper (II) chloride–dehydrate (CuCl2,
Sigma–Aldrich), indium (III) chloride (InCl3, Acros Organics), gallium (III) chloride
(GaCl3, Sigma–Aldrich) and thiourea (NH2CSNH2, Sigma–Aldrich) as copper, indium,
gallium and sulfur source, respectively. Table 1 summarizes the other experimental
parameters used to build standard CuInGaS2 thin films in this study. All samples
have been deposited in two steps. First copper rich solution has been sprayed on
molybdenum coated soda lime glass. Then indium rich solution has been sprayed
on top of this layer. Post-annealing of the samples has been performed under nitro-
gen environment via Vaksis CVD-Handy/Tube RTA System. The surface morphology
of the films was investigated by FEI, Quanta 200 FEG Scanning electron microscope
(SEM). Energy dispersive X-ray (EDX) microanalysis has been used to evaluate the
chemical compositions of the films. In order to increase the reliability of EDX
results, we reported the average value of measurements of three distinct regions.
EDX analysis was performed at 15 kV accelerating voltage over large areas
(300 � 300 lm2). The crystal structure of the films was confirmed using Panalytical
X’pert Pro MPD X-ray) diffractometer (Cu Ka, = 1.5405 Å). Raman spectra were
obtained by excitation using argon ion and diode lasers (Horiba Jobin Yvon Model:
IHR550). Optical measurements have been performed in the wavelength range of
250–1100 nm using a Perkin Elmer Lambda 45 UV–VIS spectrophotometer. Hall
Effect measurements were performed on Lake Shore Hall Effect system at room
temperature. Samples, having square-shaped (7 � 7 mm2) Van der Pauw geometry,
were prepared with four contacts at the corners by silver sputtering. The ohmic
behavior of the contacts was confirmed by the linear polarization of current–
voltage characteristics. During Hall Effect measurements, the potential was applied
to cross-contacts and current values were recorded.

3. Results and discussions

3.1. As-deposited and conventionally annealed (CA) films

One of the difficulties to build solar cell quality thin films via
solution based manufacturing techniques is caused by the
uncontrollability of the physical properties of these films during
the fabrication. To build the chalcopyrite structure at least three
elements are used and actually, each compositional atom has the
possibility of occupying various lattice sites and even generating
a vacancy and/or an interstitial during growth. This inevitably
leads to difficulties in getting a micro-crystalline crystals. Also
the temperatures higher than 300 �C are vital to obtain chalcopy-
rite structure with amenable crystal properties. However, films
deposited at this temperature and under atmospheric conditions
suffer from the formation of oxide phases. Moreover, highly diffu-
sive elements such as copper and gallium may cause formation of
secondary phases on the film surface. Therefore, it is very impor-
tant to understand the effects of temperature-involved treatments

on the physical properties of chalcopyrite thin films. For this pur-
pose, we first deposited the CuInGaS2 thin films on molybdenum
coated glass at 300 �C under atmospheric conditions. Then films
have been annealed at various temperatures. Fig. 1(a) shows the
SEM images of the 2.1 lm thick CuGaInS2 thin films deposited on
molybdenum coated soda lime glass via spray pyrolysis at 300 �C.
As can be seen in this figure large density of hillocks was observed.
These hillock type structures, most probably were caused by the
diffusion of highly mobile elements like copper through the surface
during the heat-involved processes, which could result the copper
based secondary phase formation. Similar morphologies have been
reported in literature for absorber layers deposited via both chem-
ical and vacuum based techniques [11–15].

It has been known that the post annealing of the spray pyro-
lyzed thin films provides better crystallinity, and therefore, better
electrical properties [16]. Besides deposition of the window and
transparent conductive oxide (TCO) layers on top of the absorber
layer may include high temperature processes. Therefore, it is
important to have knowledge about the film properties of the
spray pyrolyzed CuInGaS2 absorber layers after post-annealing
process. With these motivations we have annealed CuInGaS2 thin
films at 400, 500 and 600 �C for 30 min. These samples were
named as As dep., S400, S500, S600 respectively in the text. Fig. 2
shows the temperature profile of both conventional and rapid ther-
mal annealing processes used in this study. Smoother surfaces
have been observed with increasing the annealing temperature
(Fig. 1). In other words, the density of the hillocks decreased with
increasing the annealing temperature and more homogenous sur-
faces have been obtained by post-annealing process. This could
be an advantage to build homogenous window/absorber layers
on top of the CuInGaS2 absorber layer. Table 2 summarizes the
composition of the as deposited and conventionally annealed sam-
ples determined via EDX analysis, which has also been used to cal-
culate the atomic percent ratios of Ga/(In + Ga), Cu/(In + Ga) and S/
(Cu + In + Ga). Typically quaternary compounds of copper indium
gallium disulfide/diselenide have been characterized by the stoi-
chiometry, which is the Ga/(In + Ga) ratio [17,18]. Also non-stoichi-
ometric films, copper or indium rich, have been used in
photovoltaic and electronic applications [19,20]. As can be seen
in Table 2, while Ga/(In + Ga) and Cu/(In + Ga) ratios were increas-
ing with annealing temperature, a slight decrease in S/
(Cu + In + Ga) ratio has been observed as a general trend of the con-
ventionally annealed CuInGaS2 thin films. Moreover, the increase
in the Cu/(In + Ga) ratio was greater than the increase in Ga/
(Ga + In) ratio indicating the copper diffusion occurred faster than
the gallium diffusion with raising the annealing temperature.
Another important result obtained from the EDX analysis was the
change in atomic percents of carbon, chlorine and oxygen, which
were the undesired contaminants. Regardless of the annealing
temperature, conventional annealing process resulted the decrease
in atomic percents of both carbon and chlorine in the spray pyro-
lyzed CuInGaS2 thin films. Additionally, amount of carbon and
chlorine contaminants disappeared at 600 �C and 400 �C, respec-
tively. On the other hand, oxygen atomic percent in the films have
been raised with annealing temperature. Presence of oxygen in the
spray pyrolyzed chalcopyrite semiconductors have been reported
earlier [21,22]. Hence it is possible to conclude that oxygen atoms
became mobile with increasing the annealing temperature and
formed oxygen based secondary phases on the surface.

The effect of annealing on the structural properties and the for-
mation of the secondary phases due to the contaminations
observed in the EDX have been investigated via XRD and Raman
analyses. Fig. 3 shows the XRD pattern of as-deposited and conven-
tionally annealed samples. XRD peaks observed around 28.0�,
32.1�, 46.3�, and 54.1� (2h) could be indexed to the (112), (004)/
(002), (204)/(220) and (111)/(312)/(215) reflections of the

Table 1
Experimental parameters to build standard CuInGaS2 thin films.

Deposition parameters Values

Plate temperature 300 �C
Infuse rate 1.5 ml/min
Solvent 75% DDW + 25%

MeOH
Carrier gas pressure 4 MPa
Solution loading for each deposition 0.51 ml/cm2

CuCl2/InCl3/GaCl3/NH2CSNH2 molarities in the first
spray solution

5.50/2.25/2.25/13.50
(mM)

CuCl2/InCl3/GaCl3/NH2CSNH2 molarities in the second
spray solution

4.50/2.75/1.75/13.50
(mM)
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