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A B S T R A C T

CuGaxIn1−xSe2 (CIGS) (x= 0, x= 0.3 and x=1) absorber layers were deposited onto transparent conducting
oxide (SnO2) substrates using close-spaced vapor transport technique (CSVT). The aim of this work was to assess
the quality of CIGS absorber films with various gallium contents. Composition found by Energy Dispersive
Spectroscopy (EDS) showed that the investigated samples were Cu-poor and CuGa0.3In0.7Se2 thin film had a
composition close to 0.3 as planned. The structural properties were investigated by X-ray diffraction analysis
(XRD) and Raman spectroscopy, while optical properties were investigated by measuring transmittance and
photoluminescence spectroscopy. It was found that all investigated samples crystallize with (112) as a pre-
ferential crystallographic direction. The shift of the XRD peaks towards a higher value of 2θ with the increase of
Ga composition was observed. The grain size determined from the width of 112 XRD peak was within 40–75 nm
range with no clear correlation with Ga content. Raman spectra of samples with x=0 and 0.3 featured mainly a
peak assigned to the A1 mode at about 175 cm−1. In CuGaSe2 the secondary Cu2Se phase was detected both by
XRD and Raman. The band gap as evaluated by optical transmission measurement is shifted towards lower than
expected values due to substantial defect-related bands broadening. A large concentration of defects in the
samples was also confirmed by low or absent PL signal in the vicinity of the bandgap, while the emission due to
deep defects was prevailing in the spectrum. The optoelectronic properties as indicated by photoluminescence
have to be improved if CSVT method of absorber preparation is to be used more widely in photovoltaics.

1. Introduction

Among thin film solar cells, the Cu(In, Ga)Se2-and CdTe-based ones
exhibit the highest efficiency [1]. Recently, Kamada et al. [2] achieved
a new world record efficiency of 22.8% for CIGS thin-film solar cells in
laboratory scale cells by substituting the ZnO/CdS buffer with opti-
mized (Zn,Mg)O/Zn(O,S,OH) buffer layers. The drawback of CIGS
technology is rather complicated absorber preparation technology;
therefore other methods are studied with the aim of finding the
cheapest, possibly non-vacuum and easy to upscale fabrication method
while still preserving the high efficiency of the devices. Close-spaced
vapor transport (CSVT) is an easy process of thin films fabrication
which is not only a technique suitable for large-scale module produc-
tion but also the one with the potential to yield high module efficiencies
[3–5]. However, not much work has been done up to now on CIGS
absorbers obtained by CSVT technique used to investigate their

properties and opto-electronic quality as a function of gallium.
The structural quality of the films might be revealed using X-ray

diffraction spectroscopy and Raman spectroscopy while photo-
luminescence (PL) is a non-destructive tool providing insight into their
optoelectronic quality in terms of concentration of defects responsible
for recombination [6]. In this work, we use the above-mentioned
methods for characterization of the series of CuGaxIn1-xSe2 samples
fabricated by CSVT method with various gallium contents: x= 0,
x=0.3 and x=1. The main goal is to find out whether structural and
opto-electronic properties of these films signify quality necessary for
making them suitable as absorbers in efficient solar cells.

2. Experimental details

Samples were grown onto SnO2 substrates using close-spaced vapor
transport technique. The powder used as a material source in the CSVT
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system was obtained from polycrystalline CIS, CIGS and CGS ingots
grown by cooling a molten stoichiometric mixture of (Cu (99.9999%),
In (99.999%), Ga (99.9995%) and Se (99.999%)) elements (Alfa Aesar).
The CIS, CIGS, and CGS alloy ingots were then reduced to a fine powder
by optimizing the milling conditions to develop powder grain sizes less
than 40 µm. After milling, the powder was compressed to form pellets
by using a hydraulic press system with a pressure of about 3×104 kPa.
Solid iodine was used as the transporting agent and it is kept in the
lower-temperature region. The reaction zone consists of a graphite cell
placed in a quartz reactor. The atmosphere used during the deposition
was Ar-gas with few mTorr pressures, while the temperature difference
between source and substrate is about 50 °C. Material is transported
from the source to the substrate through iodine which acts as a trans-
port agent. The graphite blocks are heated by SiC resistance. The
temperatures of the blocks are controlled separately by thermocouples.
The substrate temperatures were varied between 400 °C and 530 °C
during 30min at a growth rate of up to 250 nm/min (more details on
CSVT technique can be found elsewhere [3–5,7]).

The schematic drawing of the CSVT system is shown in Fig. 1.
The EDS compositional analysis of CuGaxIn1-xSe2 thin films are

measured by JEOL-JSM 5310 LV scanning electron microscopy oper-
ating at an accelerating voltage of 15 kV and equipped with an energy
dispersive spectroscopy (EDS) analytical system.

XRD experiments for structural analysis of these thin films were
performed for 2θ configuration over 10–120° using X′pert PANalitycal
Philips diffractometer, Bragg-Brentano system, (Cu-Ka radiation,
λ=1.5406 Å).

The structural characteristics of the considered samples were also
investigated by Raman spectroscopy using RENISHAW in Via Raman
Microscope with an Ar+ laser excitation source of 633 nm.

The optical properties, including transmittance and reflectance,
were recorded using Bentham PVE300 setup in the 300–1800 nm range
of light wavelength. The reflectance was measured in the diffused
standard.

The PL measurements were carried out in a temperature range of
20–200 K provided by helium closed-cycle cryostat. The incident laser
light of 514.5 nm line (Ar+ blue laser) was focused on the sample's
surface with a maximal power of about 100mW/cm2. The area of a
laser spot was about 2mm2. The iHR550 grating monochromator was
used. The PL signal was collected by a liquid nitrogen cooled germa-
nium detector and amplified by using a standard lock-in technique
(Stanford Reserach SR 530 with choppoer SR 540) [8].

3. Results and discussion

3.1. Structural analysis

The results of EDS compositional analysis of CuGaxIn1-xSe2 thin
films are summarized in Table 1. All films were Cu-poor and CIGS thin
film had a composition close to 0.3 as planned.

To examine the crystalline phases of the films, XRD measurements
were carried out. The diffraction spectra of our samples are presented in
Fig. 2. Main peaks appear associated to (112), (200), (220)/(204),
(221) and (312)/(116) planes of the chalcopyrite structure with (112)
as the preferential crystallographic direction. This preferential or-
ientation was located around 26.86°, 26.94° and 28.41° for CIS, CIGS,
and CGS respectively. The increase of Ga led to a shift of peak position
towards higher values of 2θ and this shift, as reported by Olejníček et al.
[9], is consequently due to the decrease in lattice constants a and c.

The inter-plane distances (dhkl) for the samples were calculated
using Bragg's diffraction equation:

Fig. 1. Schematic of horizontal CSVT reactor system.

Table 1
EDS compositional analysis of the CIGS thin films.

Sample Atomic compositions

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

CIS 24.61 27.05 / 48.34 0 0.90
CIGS 27.21 19.11 8.67 45.01 0.31 0.97
CGS 26.09 / 26.86 47.05 1 0.96

Fig. 2. XRD patterns for CIS, CIGS and CGS.
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=d nλ θ/2 sinhkl (1)

where n is a positive integer, λ=1.5406 Å and θ is the Bragg's angle.
The crystallite size G of CIGS was estimated by using Scherrer's

formula

=G kλ β θ/ cos (2)

where k is a dimensionless crystallite shape factor, λ is the X-ray wa-
velength, β is the full width at half maximum intensity (FWHM), and θ
is the Bragg angle [10–12]. The most common value for k is around
0.94.

Table 2 summarizes the average grain size G and inter-planar dis-
tances of the thin films.

For the quadratic system (a=b‡c) in which the CuGaxIn1-xSe2
compounds crystallize, the inter-reticular distance dhk1 is given by:

=
+

+d h k
a

l
c

1/hkl
2 2

2

2

2 (3)

From the X-ray spectra, we calculated the lattice constants a and c.
The values found are listed in Table 3.

As given in Table 2, the inter-planar spacing (d112) decreases from
3.316 to 3.139 Å with Ga concentration increase, as expected. The
lattice constant values a and c are also affected by GGI ratios as shown
in Table 3 and they decrease as GGI increases. As indicated e. g. by
Vidhya et al. [10] this behavior is due to a different ionic size of Ga
(0.62 Å) and In (0.81 Å). We would also expect the decrease of the grain
size with increasing gallium content as found in CIGS films by Clay-
poole et al. and Witte et al. [13,14] by combining two characterization
techniques, secondary ion mass spectroscopy (SIMS) and scanning
electron microscopy (SEM). In contrast here we observed that CGS
sample has a slightly higher grain size than CIGS sample which prob-
ably means that the presence of In-Ga mixture has a negative impact on
the grain growth in the case of CSVT technique.

Fig. 3 shows Raman spectrum measured on our films. The spectrum
features a prevailing peak at about 175 cm−1 for CIS and CIGS, that is
assigned to the basic A1 mode dominating in Raman for the chalco-
pyrite Cu(In,Ga)Se2 phase. A similar value was found by Izquierdo-Roca
et al. (2011) [15], Fontané et al. [16], and Liu et al. [17]. According to
Insignares-Cuello et al. [6], the Ga/(In+Ga) ratio play a critical role in
the frequency of this peak. As Ga concentration increases, the signal
shifts toward larger diffraction angle as reported by Theodoropoulou
et al. [18]. Furthermore, the morphology of the chalcopyrite, in parti-
cular, the compositional structure and formation mechanism play a role
in the intensity and sharpness of this peak.

As shown in Fig. 3, the 175 peak is not visible in CGS. Indeed, in this
sample, other peaks than those belonging to the chalcopyrite structure
were noticed. These peaks are consistent with the results reported by
Ben Marai et al. [11]. Based on what Izquierdo-Roca et al. (2007) [19]
reported, the additional peak observed for CGS in the range
290–320 cm−1 was assigned to Cu2Se secondary phase. It is worth

noticing that a close examination of the XRD patterns of CGS (see
Fig. 2) reveals small peak around 26° consistent with Cu2Se phase as
reported by Ben Marai et al. [11], Cho et al. [20], and Witte et al.
(2008) [21].

Summing up, the Raman spectroscopy indicated inferior CGS thin
film quality comparing to other CIGS compositions.

3.2. Optical measurements

The optical properties of the CIGS thin films were studied by mea-
suring transmittance spectra in the range 300–1800 nm. Using trans-
mission and reflection measurements, the absorption coefficient α was
calculated using the following expression:

= − −α ln T R d( /1 )/ (4)

Here d refers to the estimated thickness of the polycrystalline thin
film (Our samples are roughly 2 µm thick).

Fig. 4 shows the Tauc plot of the absorption coefficient of the CIGS
thin films obtained from transmission and reflection measurements. We
have to add, that due to a presence of the thin back surface layer of
unknown origin, the absolute values of transmission were distorted
even below the bandgap they did not exceed 25% - therefore we show
the α2(hν) plot in arbitrary units. Despite that, all films feature a well-
defined absorption edge in the range of 700–1300 nm. The linear ex-
trapolation of the (αhν)2 dependence gives an estimation of the
bandgap energy Eg=0.98, 1.12 and 1.57 eV for CIS, CIGS, and CGS,
respectively (Fig. 4). Values of 1.04 and 1.68 eV were found by Witte
et al. [14,21] and 1.14 eV by Contreras et al. [22] for CIS, CGS, and
CIGS, respectively. The shift of our results towards lower energies is
expected for highly defected material. The optical bandgap of CuGaxIn1-

Table 2
The particle size G and inter-planar distances d of the thin films.

Peak Samples 2θ dhkl(Å) FWHM (radians) Grain size G (nm)

[112] CIS 26,86 3.316 0,00199 75
CIGS 26,94 3.306 0,00371 40
CGS 28,41 3.139 0,00307 49

Table 3
The crystalline parameters of the investigated samples.

Samples a (Å) c (Å) c/a

CIS 5.76 11.40 1.97
CIGS 5.74 11.38 1.98
CGS 5.45 10.80 1.98

Fig. 3. Raman spectra of CIGS samples on SnO2 substrate (with x=0, 0.3, 1).

Fig. 4. Plot of (αhν)2 versus photon energy hν of CIGS films.
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xSe2 can be calculated according to Wei et al. [23] formula:

= − + − −E x x E xE bx x( ) (1 ) (1 )g g
CIS

g
CGS

(5)

Where x is the ratio of Ga/ (In+Ga) and the bowing coefficient, b is
about 0.21 eV. In case of Ga/(In+Ga)= 0.3 as in our CIGS sample
Eg=1.13 eV which is in good agreement with the value extrapolated.

Similar values of the bandgap are also found by Siebentritt et al.
[24] and Theodoropoulou et al. [18] for CIS and CIGS, respectively.

Fig. 5 depicts a PL spectrum of CIGS thin films of various compo-
sitions in the temperature range 20–200 K. No emission at all the high-
energy part (close to the bandgap) was observed in most of the samples.
Whenever the signal close to bandgap was observed, it consisted of
broad overlapping peaks. One example is shown in Fig. 5(a) for CIS
sample. According to Siebentritt et al. [24], its shape and position are
typical for Cu-poor CIS, while the signal intensity is very low comparing

to typical emission measured in CIGS films produced by standard co-
evaporation methods [8]. A feature characteristic for PL spectra of our
samples is the presence of the low energy, defect-related signals. It is
dominating the spectrum for all samples, and in most of them, it is the
only one detected. E.g. in case of CGS sample, a very prominent peak
around 1 eV is observed while no emission in the vicinity of the
bandgap was detected at all.

More detailed typical peak analyses of the PL spectra are depicted in
the insets of Fig. 5. The insets show the experimental data (orange line)
and the results of fitting to Gaussian distribution (dash lines) at
T=20 K. In case of the CIS spectrum, the de-convolution of two peaks
appearing close to the bandgap provided values of 0.948 eV and
0.978 eV. These emissions were usually attributed to either to a free-
bound (FB) or a donor–acceptor (DA) transition. Siebentritt [24]
showed that the exact position of these signals labeled here as P2 and
P3 depended on the deviation from stoichiometry - the shift towards
lower energies and broadening of the spectrum increases with copper
deficiency was observed and attributed to an increase of fluctuating
electrostatic potentials. The low energy emission P1 was too close to the
spectral limit of Ge detector which made the de-convolution not pos-
sible. This peak was assigned to the donor–acceptor pairs (DAP) tran-
sition [25].

In the CIGS thin film with 30% of gallium that low energy emission
moved towards higher energy, therefore we were able to perform the
de-convolution of these signals. The analysis provided peak values
(inset of Fig. 5(b)), equal to 0.718 eV, 0.73 eV, and 0.761 eV. These
peaks were assigned to DAP transition. Typical PL emissions around
0.95 eV and 1 eV and attributed to free-to-bound transitions (FB) in-
volving InCu antisite or Cu vacancy (InCu and VCu) [26–29] were not
observed in our sample.

The PL spectra of CGS are displayed in Fig. 5(c). Peaks at around
0.827 eV and 0.981 were observed, no emission involving shallow de-
fects was detected. The emission from deep defects at somewhat higher
energies (1.10 eV and 1.24 eV) was observed also in the epitaxial Cu-
rich CGS samples by Spindler et al. [30]. It was attributed to deep
donor-acceptor transitions involving one acceptor and two different
donor states. According to Spindler et al. [30], these deep donors were
attributed to two antisite defect states, GaCu and Ga2-Cu. These two deep
broad transitions were observed in our sample near 0.827 eV (DDA1)
and 0.981 eV (DDA2) and it was fitted with Gaussian distributions with
FWHM values of 192meV and 202meV, respectively as it is shown in
the inset of Fig. 5(c).

It is worth to note that very deep PL emissions move towards lower
energies with decreasing gallium content in our samples: peak below
0.7 eV in CIS, 0.72–0.76 eV in CIGS and 0.82–0.98 in CGS.

For more quantitative analyses, the temperature dependency of the
emission magnitudes is depicted in Fig. 6 where we use the following
Boltzmann distribution function:

∑+
=

−T a e1/1 .
i

i
E k T3/2

1

/ai B

Here Ea is the carrier activation energy, kB is the Boltzmann con-
stant, and T is temperature. The PL intensity at high temperatures is
then given by the following formula:

∝ −I E exp E k T( ) ( / )a B (6)

Fig. 6 depicts the PL temperature dependence in the temperature
range of 20–160 K for CIGS thin films of various compositions. The total
peak intensity evaluated by integration of the peaks P1 in case of CIS,
P2 in case of CIGS and P2 for CGS. At T < 60 K, the line shape remains
constant and broader at the low energy part. At T≥ 60 K, the curves
start to drop slightly and tend to follow a straight line in the semi-
logarithmic scale. In this range, the PL spectra exhibit an important
broadening of the high energy part. These features imply that at
T > 60 K the carriers have attained thermal equilibrium while at
T < 60 K the carriers are not thermalized.

Fig. 5. PL spectra of CIGS thin films under temperature 20–200 K. Insets are the
fitting result of the deep bands of PL spectrum at 20 K using Gaussian dis-
tribution.
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The activation energies were extracted from the linear fits of the
high-temperature slope and they are lower than found in [24,30]. We
attribute these differences to much more defected CGS material with
more pronounced potential fluctuations than epitaxial samples in-
vestigated in [24].

4. Conclusion

CIGS layers on SnO2 substrates grown by CSVT technique were in-
vestigated by several structural and optical methods. XRD analysis re-
vealed the chalcopyrite structure of CIGS with a (112) dominant peak.
The decrease in lattice constants has been observed with the increase in
Ga concentration. The Raman studies indicate the shift in peak towards
higher value with the increase in Ga content and allow detecting the
presence of Cu2Se secondary phase in CGS sample. The bandgap energy
of the investigated samples is around 0.98, 1.12 and 1.57 eV for CIS,
CIGS, and CGS, respectively. They are shifted towards lower energies
comparing to literature data [14,21,22] indicating defect-related
broadening of the bands, especially in case of CGS sample. The most
important feature of the PL study was the observation of emission re-
lated to DAP process prevailing over typical free-to-bound transitions
observed at low temperatures in CIGS compounds. It is a sign of ex-
ceptionally large concentration of deep defects in the studied materials.

Summing up, the results of XRD and Raman measurements confirm
good crystalline and compositional quality of the CIS and CIGS samples
obtained by CSVT. Only in the CGS layer, a contribution of secondary
phase Cu2Se was detected. However, photoluminescence intensity is
much weaker in all samples than in case of absorbers used in the effi-
cient CIGS devices [8,31] indicating a domination of non-radiative
transitions. The spectra feature rather an emission from very deep levels
while typical transitions involving shallow states are practically absent.
We conclude that the films obtained by CSVT are much more defected
and its optoelectronic properties are worse compared to the CIGS
polycrystalline thin films fabricated by co-evaporation.
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