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a b s t r a c t

Cu(In1-xGax)Se2 (CIGS) thin films and their graded (x ¼ 1 to 0) layer were grown on soda lime glass
substrates using chemical spray pyrolysis (CSP) at different substrate temperatures (Ts). After optimi-
zation of Ts, depositions were carried out at different gallium composition (x) at optimized temperature
of 350 �C. All the films deposited at Ts � 350 �C were polycrystalline chalcopyrite structure, with a
preferential orientation of (112), including the graded layer. With increase in x, lattice parameters a and c
were observed to decrease. Line scan of the CIGS layer showed intersection of gallium and indium
concentrations, revealing the graded nature of the film. Composition dependence of Raman peak for
CuInSe2 (CIS) deposited by CSP was analyzed. Optical transmittance at a wavelength of 800 nm of the
film with x ¼ 0 (CIS) (30%) was found lower than that of the film grown with x ¼ 0.82 (CIGS) (50%). Cusp-
shape of the resistivity was observed with an increase of x leading to steep rise in resistivity of the films
(1.61e71.68 U-cm) till x ¼ 0.42 and then decreased to 4.78 U-cm at x ¼ 0.82. Carrier concentrations of the
films were evaluated in the order of 1016e1019 cm�3 with p-type conductivity. These results indicate that
graded CIGS thin films with modulated gallium composition can be prepared by CSP.
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1. Introduction

Ternary chalcopyrite semiconductors of I-III-VI2 group have
attracted considerable attention over the last two decades, because
acterization of graded Cu(In1-xGax)Se2 thin films by spray pyrolysis,
emphys.2015.05.001

mailto:velu@cinvestav.mx
mailto:vels64@yahoo.com
mailto:yi@yurim.skku.ac.kr
mailto:yi@yurim.skku.ac.kr
www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
http://dx.doi.org/10.1016/j.matchemphys.2015.05.001
http://dx.doi.org/10.1016/j.matchemphys.2015.05.001
http://dx.doi.org/10.1016/j.matchemphys.2015.05.001


B.J. Babu et al. / Materials Chemistry and Physics xxx (2015) 1e102
of their potential application in optoelectronic devices, particularly
in solar cells [1e10]. Among the same family of materials, CuInSe2
(CIS) and CuGaSe2 (CGS) have proved to be effective and stable light
absorbers for the fabrication of heterojunction solar cells [1]. The
band gap of CIS (1.04 eV) is well below the optimum value (1.4 eV)
suitable for efficient energy conversion. Alloying with Ga [2], S [3]
or Al [4] increases the band gap of CIS making it more suitable
for high-efficiency single junction and multi-junction devices [1].
Solar cells based on polycrystalline Cu(In,Ga)Se2 (CIGS) absorber
layers have yielded the highest conversion efficiency among all
thin-film technologies [6e8,10]. Composition gradient in the
absorber layer is the main reason for inferior performance and by
adjusting it appropriately, very high efficiencies can be obtained
[7,8]. Researchers at Stuttgart's Centre for Solar Energy and
Hydrogen Research (ZSW) recently achieved 21.7% efficiency with a
new CIGS solar cell [6]. Advanced co-evaporation technique gives
the best control of composition and compositional grading
throughout the films [11]. The highest CIGS cell efficiency was ob-
tained by a three-stage co-evaporation process [5e10]. However,
the high cost of vacuum-based fabrication process and low utili-
zation of source material becomes a barrier to make affordable
commercial modules [12].

An efficient, simple, low cost non-vacuum processes such as
electrodeposition, screen printing, spin-coating, doctor blade and
spray pyrolysis has the potential to overcome this barrier. Several
low cost techniques have already been recording efficiencies of
11e15% in the recent years [12,13]: co-electrodeposited CIGS
absorber with 13.8% (0.48 cm2) efficiency was reported for an in-
dustrial process on flexible substrates [14], Nanosolar has reported
14% efficient CIGS cells using mixed selenide nano-particles and a
single-stage annealing treatment [15]. Guo et al. [16] utilized
multinary sulfide nanocrystal ink deposition followed by annealing
in a selenium atmosphere to produce high performance (h¼ 12.0%)
thin film Cu(In1-xGax) (SySe2-y) based photovoltaic devices, the
power conversion efficiency of 15.2% (the highest published value
for a pure solution deposition technique for any photovoltaic
absorber material) was reported for a hydrazine-processed CIGS
solar cell [13] and the record for efficiency remains with the 5%
energy conversion efficiency reported by Duchemin et al. [17] for a
CIS device deposited using spray pyrolysis. Improved control of the
Ga profile in the CIGS layers might lead to improved device effi-
ciencies. This is likely to be difficult for particulate and electrode-
position techniques, though the hydrazine technique has already
been used to demonstrate CIGS layers with controlled Ga depth
profile [12]. However hydrazine is highly reactive and toxic mate-
rial, the precursor preparation and deposition must be achieved
under an inert atmosphere.

CIGS layer deposition is the most challenging step for low cost
cell processing, since it is themost critical layer of the cell. Selection
of metal salts (e.g. chlorides and nitrates) offers the easy and the
most intuitive ways to introduce the various constituent elements
into a CIGS precursor solution, since these salts offer good solubility
in water and alcohol. In the absence of binding agent, this type of
solution has low viscosity and therefore spray pyrolysis (pneu-
matic, ultrasonic or electrostatic) is typically used to produce a
thick film [12]. Spray pyrolysis of CIGS is based on the decompo-
sition and reaction of premixed precursors, generally metal-
chlorides and a chalcogen compound (typically n, n-dimethyl
selenourea or selenourea), on a heated substrate (300e400 �C)
[11,12]. Earlier attempts to prepare the solid solutions of I-III-VI2
compounds by spray pyrolysis were made by Pamplin and Fei-
gelson [18] and Tiwari et al. [19] and they succeeded in depositing
sphalerite forms of CuGaS2, CuInS2, CIS and CGS. This was followed
by a considerable number of investigations that were carried out
for the preparation and characterization of CIS films deposited by
Please cite this article in press as: B.J. Babu, et al., Deposition and char
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spray pyrolysis [17e24]. The use of CuCl2 in place of CuCl was re-
ported to lead enhanced formation of chalcopyrite phase CuInSe2
[20]. Substrate temperature (Ts) is a very crucial parameter during
the deposition of CIGS using spray pyrolysis. At temperatures below
300 �C, impurities from the precursor (i.e. C, Cl, N) remain in the
resulting films at unacceptably high levels. Above approximately
400 �C, a loss of S and Se has typically been noted, resulting in the
formation of oxides [12,18].

Although spray pyrolysis technique is one of the best investi-
gated non-vacuum deposition processes (mainly for CIS), only few
reports are available for CIGS thin films [25e28]. Prior to this work,
CIGS nanopowders and thin films were fabricated by our group,
using non-vacuum processes such as mechano-chemical alloying
[29e31], screen-printing [30] and spray pyrolysis [32,33]. In the
present work, we report optimization of Ts to obtain single phase
CIGS thin films on glass substrate using spray pyrolysis technique.
Structural, optical and electrical properties of CIGS thin films with
different gallium alloy composition (x) and Cu stoichiometry were
also discussed. The optical band gap of CIGS thin films increased
with an increase in gallium content (x), revealing homogeneous
incorporation of gallium into chalcopyrite lattice. Also, for first
time, we report deposition of graded CIGS layer by chemical spray
pyrolysis (CSP) and its systematic characterizations.

2. Experimental procedure

CIGS thin films were prepared by CSP, using 20 vol. % aqueous
ethanol (Fermont) solution containing copper chloride
(CuCl2$2H2O), indium tri chloride (InCl3), gallium tri chloride
(GaCl3) and n, n dimethyl selenourea (C3H8N2Se) as the precursor
solutions. All compounds are analytical grade from Sigma Aldrich,
USA and used without further purification. Concentrations of CuCl2
and GaCl3/InCl3 were maintained at 0.0015 M, while that of sele-
noureawas 0.0055 M. The [Cu]:([Ga]þ [In]):[Se] atomic ratio in the
solution was maintained at 1:1:3.5. An excess of n, n dimethyl
selenourea was added to the precursor, in order to compensate the
loss of selenium, due to its high vapor pressure. A detailed chemical
reaction involved in the formation of CIS compound during spray
pyrolysis using above chemicals is given by Brown et al. [24].
Similarly CIGS compound formation can be formularized as
follows:

CuCl2ðaqÞ þ ð1� xÞInCl3ðaqÞ þ x GaCl3ðaqÞ
þ 3 NH2ðCH3Þ2NCSeðaqÞ þ 6H2O

¼ CuðIn1�xGaxÞSe2ðsÞ þ 3ðCH3Þ2NHðgÞ þ 3NH3ðgÞ þ 3CO2ðgÞ
þ H2SeðgÞ þ 4HClðgÞ þ 1=2Cl2ðgÞ

(1)

In order to study the effect of Ts and to determine optimum Ts,
depositions were carried out with x ¼ 0.5, at temperatures ranging
from 250 to 400 �C. All the depositions were carried out for 25 min,
keeping the source to substrate distance at 25 cm. CIGS thin films
with x¼ 0 (CIS) to 1 (CGS) and graded CIGS layer (5 layers� 25min)
were deposited onto glass substrate at 350 �C. The solution was
sprayed at a flow rate of 6.5 ml/min and nitrogen was used as the
carrier gas, at a pressure of 0.11 MPa. The entire deposition process
was carried out in dark inside a deposition chamber to avoid the
dissociation of selenourea into elemental selenium.

Structural characterization of deposited CIGS films was carried
out, using PANalytical Xpert X-Ray Diffractometer, with CuKa1
(l ¼ 1.5406 Å) and CuKa2 (l ¼ 1.5444 Å) lines in qe2q mode. X-ray
diffraction (XRD) patterns were recorded in the scanning range of
20e80� with a scan step size of 0.04923�. Crystallite sizes (D) are
roughly calculated using the Scherrer's formula,
acterization of graded Cu(In1-xGax)Se2 thin films by spray pyrolysis,
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D ¼ 0:94l=b cos q; (2)

where b, is full width at half maximum (FWHM) intensity of re-
flected peak at the Bragg angle, q. Strain (ε) is also evaluated using
the relation

b ¼ ½l=ðD cos qÞ� � ε tan q; (3)

and the dislocation density (d) is defined as the length of disloca-
tion lines per unit volume of the crystal and can be evaluated from
Equation (4)

d ¼ 1
.
D2: (4)

The Surface morphology of the films was examined by Carl Zeiss
AURIGA Field emission scanning electron microscopy (FESEM)
workstation, with an operating voltage of 5 kV. Cross-sectional
FESEM images were taken and allow measurements of the film
thickness. The composition of all the deposited films were deter-
mined using Bruker energy dispersive analysis of X-ray (EDAX)
system, attached to a secondary electron microscope, with an
accelerating voltage of 20 kV. Raman studies were performed using
Horiba-Jobin Yvon equipment, model LabRAM HR800 with HeeNe
laser operated at 632 nm of 20 mW, but limited to 5 mW at the
sample. Optical absorption spectra of CIGS thin films have been
recorded as a function of wavelength, in the range between 400 and
2000 nm, by Cary 5G UVeViseNIR spectrophotometer. Hall mea-
surements were carried out by the Van der Pauw method, using a
Walker scientific HV-4H equipment, at room temperature. IeV
measurements were performed, using Keithley 6487 picoammeter/
voltage source and Lakeshore 330 auto tuning temperature
controller.
3. Results and discussion

3.1. Optimization of substrate temperature (Ts)

CIGS with sphalerite or chalcopyrite phase can be obtained
without any secondary phases such as Cu2Se, Cu2-xSe or In2Se3
depending upon the deposition conditions like, the substrate
temperature (Ts), acidity (pH), ionic ratio (R) and Cu precursors in
the starting solutions. The effects of Ts, pH and R on CIS and CIGS
thin films using CSP were investigated by several authors
[18,19,21,25,27,34]. Based on their investigations we have synthe-
sized CIGS thin films at different Ts ranging from 250 to 400 �C and
Fig. 1. XRD patterns of CIGS thin film with gallium (x) ¼ 0.5 in the precursor solution
deposited at different substrate temperatures (Ts).
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determined the optimum value of 350 �C to obtain single phase
CIGS thin film on the basis of following characterizations.

Fig. 1 presents the XRD patterns of CIGS thin films deposited at
different Ts, ranging from 250 to 400 �C. As Ts increases there is an
improvement in the crystallinity of the films with the elimination
of secondary phase such as InSe, consequently leading to the strong
preferential orientation along the (112) direction [18]. At 250 and
300 �C secondary phase of InSe, was formed alongwith CIGS, which
was depicted in the diffraction patterns shown in Fig. 1, which
matched well with joint committee on powder diffraction stan-
dards data card number 23-0294 and 40-1488 (x ¼ 0.5), respec-
tively. Other diffraction lines of InSe phase hindered due to
overlapping of CIGS peaks. Pure CIGS single phase was formed
above 350 �C with lattice planes assigned to (112), (220)/(204) and
(116)/(312). As temperature increases, amorphous phase was
observed due to signals arising from glass substrate at lower
diffraction angle. It was also observed that there is decrease in
thickness of the CIGS film due to re evaporation of selenium
because of its higher vapor pressure [19]. Growth rate decreased
from 19.44 nm/min to 2 nm/min, when the Ts is increased from 350
to 400 �C. From the observations made by Pamplin et al. [18] and
our XRD results, we noticed that films deposited by spray pyrolysis
above 350 �C are not well crystalline and do not adhere well on the
substrate due to re-evaporation of selenium at higher tempera-
tures. Thus based on the above discussion we confirm that the Ts of
350 �C will be optimum, since at Ts� 300 �C thin films were formed
with secondary phases; whereas above 350 �C growth rate was
very slow, with poor crystallinity.

According to Table 1, 2q values shifted towards lower angles
with an increase in FWHM, due to increased strain induced by
higher temperature. Crystallite size decreased and dislocation
density increased with increase in Ts, indicating poor crystallinity of
the films [18]. Fig. 2 shows the optical absorption curves, for sam-
ples prepared at different temperatures. An absorption edge at a
value of 1.23 eV (1008 nm) for CIGS thin film deposited at 350 �C
and similar edges were observed for samples deposited in the
temperature range of 350e385 �C. Due to structural disorder, quite
flat background was noticed for 400 �C specimen. Similar obser-
vations were made by Pamplin et al. [18] for CIS films deposited by
spray pyrolysis at Ts of 200 and 400 �C. The absorption coefficient
was calculated using the transmittance (T) value measured for a
particular wavelength, and the film thickness (t), using the relation,

a ¼ �lnðTÞ=t (5)

From the plot of (ahn)2 versus (hn) (inset of Fig. 2) the band gaps
of CIGS thin films deposited at 350, 365, 375, 385 and 400 �C were
found to be 1.23, 1.11, 0.97, 0.95 and 0.82 eV, respectively. The low
band gap value for the films deposited at high temperature appears
to be linked to structural imperfections. Indeed, the films deposited
by non-vacuummethods contain additional states in the vicinity of
the band edge due to structural defects within the grains and grain
boundaries [35]. This behavior is in consistency with XRD results.
3.2. Effect of gallium composition (x)

After achieving the pure CIGS phase at a Ts of 350 �C, all the
deposition parameters were maintained at the same conditions for
future investigations. In order to obtain CIGS films with different
band gaps, they were grown with various x ranging from 0 to 1,
with an interval of 0.25. Fig. 3 shows selected angle XRD pattern of
CIGS thin films grown at 350 �C with an increase in Ga content,
evaluated by EDAX. The reported content is lower in the precursor
solution, and this reduction is more pronounced at higher x values;
for instance, solution prepared with x ¼ 1 ended up having 0.82 in
acterization of graded Cu(In1-xGax)Se2 thin films by spray pyrolysis,
emphys.2015.05.001



Table 1
Structural parameters of CIGS thin film with gallium content, x ¼ 0.5 in the precursor solution deposited at different substrate temperatures (Ts).

Ts (�C) Peak (112) 2q (�) FWHM, b (�) Crystallite size, D (nm) Strain, ε � 10�4 (lines�2 m�4) Dislocation density,
d � 1015 (lines/m�2)

350 27.09 0.33 25.72 16.6 1.5
365 27.05 0.35 24.24 17.6 1.7
375 27.03 0.37 22.93 18.6 1.9
385 26.92 0.40 21.21 20.2 2.2
400 26.74 0.42 20.19 21.4 2.4

Fig. 2. Optical absorption of CIGS thin film with gallium (x) ¼ 0.5 in the precursor
solution deposited at different substrate temperatures (Ts) (the inset figure shows plot
of (ahn)2 vs. hn).
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the deposited film due to re-evaporation of precursors during
deposition. As Ga fraction increases from 0 to 0.82, the diffraction
peaks were shifted towards higher angles (26.63�e27.62�) as re-
ported in Fig. 3. The peak marked with “*” in Fig. 3 is due to the Cu2-
xSe phase [28]. Fig. 4(a) summarize the FWHM values of (112) XRD
Fig. 3. Selected angle XRD pattern of CIGS thin films deposited at a substrate tem-
perature (Ts) of 350 �C with different Ga/(Ga þ In) ratio in precursor solution.
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line versus the composition (x). At first glance, FWHM values
decreased with increasing x, and this infers an increase in the
crystallite size [36]. However, it should be noted that for low gal-
lium concentrations, i.e. x < 0.22, only smooth change occurs on
FWHM [28].

For all CIGS films, lattice parameters a and c, were calculated
manually, using the Cohen method, taking d-spacing into consid-
eration for tetragonal structure, i.e.

d ¼
��

h2 þ k2
�.

a2 þ l2
.
c2
��1=2

:

Fig. 4(b) shows a graph of the lattice parameters versus Ga/
(In þ Ga). As Ga content increases, lattice parameters a and c, are
observed to decrease for all CIGS films [25,28]. These results sug-
gest small ionic size of Ga (0.62 Å), compared to that of In (0.81 Å)
[29]. It is well known that lattice parameters decrease linearly, with
increase in Ga fraction. For our CIGS films, the linear decrease is
clearly observed. However lattice constant a, exhibiting bowing
behavior (Fig. 4(b)) was fitted to second order polynomial equation.
The best fitting gives a (x) ¼ 5.78 � 0.089x � 0.215x2, with an
adjusted r-square value (coefficient of determination) as 0.997. This
indicates that the lattice constant a, slightly deviated from Vegard's
law. Shirakata et al. [25] noticed similar phenomenon for CIGS films
deposited by spray pyrolysis. Fig. 4(b) shows variations in c/a vs. Ga
fraction, where c/a value also decreases, with increase in Ga. It is
observed that in the range of Ga concentration 0.1e0.2, c/a value is
nearly 2 (tetragonal structure), and the distortion of tetragonal
structure is more severe at higher Ga concentrations. Similar results
were reported by Lee et al. [28], for CIGS films deposited by ultra-
sonic spray pyrolysis.

Raman measurements have been performed, in order to study
the film structure and phase separation, which cannot be obtained
by XRDmeasurements. Fig. 5(a) shows Raman spectra of CIGS films
with various x. All Raman spectra exhibit a strong characteristic A1
mode phonon peak (166 cm�1 for CuInSe2 and 180 cm�1 for
CuIn0.18Ga0.82Se2). It is noted that the frequency of A1 mode for CIS
film is measured to be 166 cm�1, which is smaller than other re-
ported values [25,37,38]. When the substrate temperature is low
during spray of CIS, the as-deposited film shows A1 peak at lower
frequency but after thermal annealing, the A1 peak frequency is
restored [28]. For films with lower Ga concentrations, no active
modes were observed at higher frequency, except for CuIn0.18-
Ga0.82Se2, where a Raman peak was detected near 266 cm�1

emanating from Cu2-xSe which is known to cause degradation of
open circuit voltage [37]. Previous Raman studies on CIS films
grown by CSP report an intense new peak at 182 cm�1, which is a
finger print of sphalerite CIS phase. This peak is located at the
slightly higher energy side of A1 mode (174 cm�1), when the
growth temperature is low, or the film is In-rich [28,38]. In this
study, no extra Raman peak was observed near the A1 mode; and
therefore all CIGS films are considered to have chalcopyrite struc-
ture. As can be seen in Fig. 5(b), CIGS A1 phonon mode present in
the frequency range of 166e180 cm�1 is linearly dependent on the
composition (x) [28,38]. Thus, Raman spectroscopy can be used, as a
acterization of graded Cu(In1-xGax)Se2 thin films by spray pyrolysis,
emphys.2015.05.001



Fig. 4. a) FWHM (b) and crystallite size (D) of (112) peak and b) lattice parameters a and c vs. alloy composition (x) for CIGS thin films with different Ga/(Ga þ In) ratio in precursor
solution deposited at a substrate temperature (Ts) of 350 �C.
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method complementary to EDAX, to calibrate the Ga-fraction in
quaternary selenides of unknown stoichiometry.

Compositional dependence of CIS film on Raman spectra is given
in Fig. 5(c), with an intense A1 Raman active mode of chalcopyrite
phase. In contrast to Cu0.89InSe2 (165 cm�1), the A1 peak position of
Cu1.04InSe2 film shifts to higher wave number around 172 cm�1,
indicating decrease of the bond-stretching forces with decrease in
the Cu content [39]. For Cu0.89InSe2, two weak Raman bands are
observed, which are due to the mixed B2(TO)-E(TO) mode at
205 cm�1, and the mixed B2(LO)-E(LO) mode at 220 cm�1 [25].
Asymmetric A1 mode with a shoulder at 178 cm�1 is noticed for Cu
richfilm. In fact, similar shoulder peaks have recently been observed
in nearly stoichiometric CISfilms, grown at substrate temperature of
about 400 �C [28], and in Cu-poor or Cu-rich films, grown at tem-
perature of 320 �C by electron beam evaporator [39]. According to
the suggestions by Lazewski et al. [40], these shoulder peaks, which
are responsible for the broadening of A1 modes, are assigned to E2

mode of CA-ordered phases. The formation of CA-CIS and
Fig. 5. a) Raman spectra of CIGS thin films deposited at a substrate temperature (Ts) of 350 �C
plotted as a function of alloy composition (x) and c) composition dependence of Raman sp
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Chalcopyrite (CH)eCIS phases proceed through CuxSe matrix, at
growth temperature of 350e400 �C. Due to atomic diffusion pro-
moted by increasing the deposition time, metastable CA-CIS phases
in the films should be fully transformed into stable chalcopyrite-
ordered phase, through thermodynamic equilibrium. Following
the interdiffusion reaction, there is 1) spontaneous Cu migration
from the surface to film interiors and 2) indium anti-diffusion along
the intragranular Cu vacancies [41]. This induce a) Cu-poor com-
pounds near the grain boundaries (GBs) on surface, b) Cu-poor
materials near the GBs inside the film and c) nearly stoichiometric
(Chalcopyrite or CA ordering), at the grain interiors (GIs). Thus, CA
ordering phases can be accommodated in some GIs domains. From
the Raman spectra in Fig. 5(c), it is reasonable to postulate that the
fraction of such CA ordering phase domains should be rather larger
in Cu1.04InSe2 films, than that in Cu0.89InSe2. The spontaneous for-
mation of defects, such as Cu vacancies, can enhance the stable (112)
preferred orientationwhich maymore likely be correlated with the
formation of the CA ordered secondary phases [39].
with various Ga/(Ga þ In) ratio in precursor solution, b) frequency of A1 phonon mode
ectra for CIS films deposited at a Ts of 350 �C.

acterization of graded Cu(In1-xGax)Se2 thin films by spray pyrolysis,
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Fig. 6. FESEM images of CIGS thin films deposited at a substrate temperature (Ts) of 350 �C, with different Ga/(Ga þ In) ratio in precursor solution.
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The micro structural changes induced by gallium incorporation
into CueIneSe structure are shown in Fig. 6. The films do not show
clear grain structure, probably due to lesser thickness (~200 nm),
and did show minor influence of Ga incorporation. The chemical
composition of these films is given in Table 2 with the composition,
x in the film slightly lower than that in the solution. Though the
Cu:(In þ Ga):Se atomic ratio in the solution is taken as 1:1:3.5, the
re-evaporation of gallium and selenium are evident, due to their
high vapor pressure [19]. Low gallium content in the films are more
pronounced at higher x values, and selenium loss is observed more
in quaternary above x > 0.22 than in ternary compound. Inter-
diffusion of ternaries will be driven by the increase of entropy in
quaternary compound, compared to ternary chalcopyrites and
therefore, reaction rate depends on the concentration gradient [41].
The Cu atomic ratio in the solution is taken slightly below unity, in
order to form Cu-poor films. Cu deficiency increases the majority
carrier (hole) concentration (p-type conductivity), by increasing the
number of Cu vacancies, which act as electron acceptors [42].

In absorbance spectra, the sharp absorption edge at funda-
mental absorption region shifts toward lower wavelength, with
increasing Ga content from 0, 0.22, 0.42, 0.61 to 0.82 in CIGS films,
as shown in Fig. 7(a). A variation of band gap of CIGS with
increasing x from 0 to 0.82 is depicted in Fig. 7(b) [43]. Thus, optical
studies indicate an increase in the band gap with increasing the
gallium content, in agreement with the homogeneous incorpora-
tion of gallium into chalcopyrite lattice [44]. A band gap of CIS
around 0.9 eV agrees well with the value reported by several au-
thors [45e47]. According to Jaffe et al. [48], the band gap anomaly is
influenced by two factors. On one hand, the chemical contribution
alters the Se 4p e Cu 3d hybridization and cation electronegativity.
On the other hand, the structural contribution consists in variations
in the Se position, and in a small contribution from tetragonal
distortions. The structural contribution alters the energy gap of CIS
thin films when compositional changes occur, particularly in near-
stoichiometric films.
Table 2
Compositional data of CIGS thin film with various Ga/(Ga þ In) ratios in precursor soluti

Ga/(Ga þ In), x in solution Cu (at %) In (at %) Ga (at %

0 (CIS) 23.23 24.70 e

0.25(CIGS) 21.39 17.69 5.02
0.50(CIGS) 23.81 15.53 11.60
0.75(CIGS) 22.23 11.60 18.37
1(CGS) 21.66 e 22.80
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It can also be seen from Fig. 8, that the band gap values sys-
tematically increased with an increase in the Ga/(Ga þ In) atomic
ratio. Although Vegard's law predicts a linear shift for the band gap
with increasing x, it was experimentally observed that the band gap
versus Ga/(Ga þ In) atomic ratio exhibits a bowing behavior, as
reported by other authors [44,49], similarly, a least square fit of our
experimental data indicated a bowing effect in band gap versus x
plot which may be expressed as follows

EgðxÞ ¼ E1 þ ðE2 � E1 � bÞxþ bx2; (6)

where, E1 and E2 are the band gap values of CIS and CGS, respec-
tively; while b is the bowing parameter. Second order polynomial
curve fitting to the band gap versus Ga/(Ga þ In) ratio plot (Fig. 8)
shows the following relation to be valid for the specific films shown
in Fig. 7. A better measure is obtained by the adjusted r-square
value (coefficient of determination) of the fit, and it is determined
as 0.993.

EgðxÞ ¼ 0:90þ 0:58xþ 0:14x2; (7)

Concerning the bowing parameter adjusted in our work at 0.14,
Wei et al. [50] have observed that ‘b’ is often dependent on the
growth method. Also, the most reproducible values of bowing pa-
rameters for CIGS films were within the range of 0.15e0.24 eV [50].
It was noticed that the bowing parameter obtained from the re-
ported [44,46] values of band gap for two stage processed and
single crystal CIGS was higher (~0.43). But the value obtained by us
(~0.14) is very low, indicating that disorder in the alloy system is
quite low. This also suggests that the amount of gallium atoms
expected to replace indium has been reduced during the process of
alloying, leading to a low band gap of the corresponding films. For
instance, if x ¼ 1, then from Equation (7), Eg ¼ 1.62 eV, which is
slightly low, compared with the expected band gap of CGS
(~1.68 eV).
on deposited at a substrate temperature (Ts) of 350 �C.

) Se (at %) Molecular formula Ga/(Ga þ In)

52.07 Cu0.89(In1.00Ga0.00)0.94Se2 0
55.91 Cu0.76(In0.78Ga0.22)0.81Se2 0.22
49.06 Cu0.97(In0.58Ga0.42)1.10Se2 0.42
47.79 Cu0.93(In0.39Ga0.61)1.25Se2 0.61
55.55 Cu0.77(In0.00Ga1.00)0.82Se2 0.82
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Fig. 7. a) Optical absorption of CIGS thin films deposited at a substrate temperature (Ts) of 350 �C with different Ga/(Ga þ In) ratio in precursor solution and b) plot of (ahn)2 vs. hn for
CIGS films deposited at a Ts of 350 �C with varying Ga/(Ga þ In) ratio (t is thickness of the film).

Fig. 8. Variation of band gap (Eg) of CIGS thin films deposited at a substrate temper-
ature (Ts) of 350 �C with different Ga/(Ga þ In) ratio in precursor solution as a function
of alloy composition (x).
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The variations of resistivity, mobility and carrier concentration
with x in CIGS thin films are given in Table 3. The resistivity
increased from 1.61 to 71.68 U-cm, as x increased from 0 (CIS) to
0.42 (CIGS), and then decreased to 4.78 U-cm, as the gallium con-
tent reached to 0.82. As per reports [43], these parameters decrease
with increasing in x. However, several factors, such as sodium
doping or chemical composition, also contribute to the electric
properties. As we can see from Table 2, with the chemical compo-
sition varying from film to film, the obtained values were also
randomly distributed. But the majority carrier (hole) concentration
is more pronounced, due to Cu deficiency in the films.
3.3. Properties of graded CIGS layer

CIGS films grown with various Ga compositions were stacked
together, to form a graded thin film. Preliminary deposition of
graded CIGS (x ¼ 1 to 0) layer on glass substrate yielded
Table 3
Electrical properties of CIGS thin film with various Ga/(Ga þ In) ratios in precursor solut

Ga/(Ga þ In), x Resistivity, r (U-cm)

0 (CIS) 1.61
0.22(CIGS) 22.86
0.42(CIGS) 71.68
0.61(CIGS) 19.84
0.82(CIGS) 4.78
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chalcopyrite phase, as given in Fig. 9, with a preferred (112)
orientation. The (112) family of planes corresponds to Cu and In
lattice (Se excluded), and it is intuitive that the “annihilation” of
InCu antisites will lead to better ordering of the cations. Such
ordering will result in an increase in the periodicity of (112) family
of planes, and therefore, a stronger diffraction intensity (“better
crystallinity”) [51]. Other strong peaks observed from the XRD
pattern corresponds to the (220)/(204), (116)/(312) and (316)/(332)
orientations. In addition to these lattice planes, one more peak
corresponding to (103) plane was also seen, which shows the
presence of chalcopyrite structure. An inset figure presented in
Fig. 9 indicates a clear tetragonal splitting of (316)/(332) peak
which is also a characteristic of chalcopyrite structure. Lattice pa-
rameters a ¼ 5.78 Å and c ¼ 11.83 Å showed that the film is
tetragonal in nature. The splitting of doublet peak indicates the
deviation of tetragonality, c/a ¼ 2.04, induced by Ga substitution
[26,28].

The Surface morphology of graded CIGS layer and its cross
sectional image are presented in Fig. 10(a) and (b), respectively,
which shows a dense and thick (~700 nm) layer. The line scan given
in Fig. 10(c) shows a decrease in Ga/(Ga þ In) ratio from the bottom
layer to the top layer, revealing the graded nature of the film. Cu/
(In þ Ga) ratio varies from 0.77 to 1.06, from bottom to top. The
beneficial effect of such grading on conversion efficiency (19.2%) of
CIGS thin film solar cell has been addressed by Ramanathan et al.
[52]. A recent study by Lundberg et al. [53] shows that the band gap
grading can increase the open circuit voltage (Voc) by 20e30 mV.
Another possible cause for unexceptional Voc of devices could be
reduced band bending, resulting from a higher than desirable
activation energy of the CIGS film. In order to determine the acti-
vation energy, a modified Arrhenius plot is used, as shown in Fig. 11.
Log (I) is plotted versus the inverse thermal voltage, 1/kT as given in
the following equation:

Log10I ¼ log10I0 � ðEa=kTÞ (8)

In the case of CIGS film on glass, Arrhenius plot of the saturation
current I0 shows a linear dependence with the activation energy Ea.
ion deposited at a substrate temperature (Ts) of 350
�
C.

Mobility, m (cm2/V s) Carrier concentration, p (cm�3)

0.17 2.21 � 1019

0.99 2.75 � 1017

1.42 6.09 � 1016

0.84 3.70 � 1017

18.64 6.79 � 1016
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Fig. 9. XRD pattern of graded CIGS (x ¼ 1 to 0) layer deposited at a substrate tem-
perature (Ts) of 350 �C (the inset shows selected angle XRD pattern).

Fig. 11. Modified Arrhenius plot of current vs. temperature with their linear fit curves
of graded CIGS (x ¼ 1 to 0) layer deposited at a substrate temperature (Ts) of 350 �C.
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The activation energy of the CIGS to glass is 0.49 eV (value extracted
from graph shown in Fig. 11), while it is 0.5 eV on CIGS/ZnO, as
reported by F.J. Haug et al. [54]. It can be concluded that the high
temperature step corresponds to the bulk defects (hole traps) in the
absorber (activation energy ~0.4e0.5 eV) layer [55]. Thus, damp
heat treatment significantly reduces the grain boundaries
passivation.
Fig. 10. FESEM analysis of graded CIGS (x ¼ 1 to 0) layer deposited at a substrate temperatu
mapping.
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4. Conclusions

The feasibility of preparing graded CIGS layer using simple spray
pyrolysis is demonstrated. CIGS thin films were deposited at
different substrate temperatures and their structural characteriza-
tion lead to the optimum temperature as 350 �C yielding single
phase films. Raman studies on CIGS films showed a linear depen-
dence of the characteristic A1-mode frequency with increasing
re (Ts) of 350 �C: (a) Surface morphology, (b) cross sectional image and (c) its line scan

acterization of graded Cu(In1-xGax)Se2 thin films by spray pyrolysis,
emphys.2015.05.001
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gallium composition. The stoichiometry effect (Cu poor and Cu rich)
on A1 Raman mode frequency of CIS films indicated a decrease in
the bond-stretching forces with that of Cu content. Gallium incor-
poration was carried out at optimized substrate temperature, in
order to modulate the band gap of CIS thin films. The optical band
gap of CIGS films shifted from 0.9 to 1.48 eV, as the gallium content
increased from 0 to 0.82, confirming homogeneous incorporation
of Ga into the chalcopyrite lattice. Slight bowing behavior of the
band gap was observed, with increase of the Ga/(Ga þ In) ratio. It is
also worth noting that CIGS thin films with gallium grading pre-
pared by spray pyrolysis, in conjunction with post selenization
treatment, will be one of the promising ways to fabricate low cost
CIGS based solar cells.
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