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Experimental and theoretical studies of the structural and optical properties of Copper Indium Gallium
diSelenide thin films have been performed. Thin films of CIGS were deposited on glass substrates by
chemical bath deposition. From the XRD results of the films, it is found that the films are of chalcopyrite
type structure. The lattice parameter were determined asa=5.72 Aand c=11.462 A. The optical properties
of the thin films were carried out with the help of spectrophotometer. First principles density functional
theory calculations of the band structure, density of states and effective masses of electrons and holes
of the CIGS crystals have been done by computer simulations. The experimental data and theoretically

aIGs calculated data have demonstrated good agreement.
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1. Introduction

At present thin films of copper indium diselenide (CIS) and
copper indium gallium diselenide (CIGS) have received very good
attention among the emerging materials for solar cell fabrication
[1]. CIS and CIGS are direct band gap materials and have a large
optical absorption coefficient; CIS and CIGS solar cell modules have
shown long term stability [2]. Thin films of CIGS are considered
as the most promising material for low cost and high efficiency,
because of their high stability against photo degradation [3]. The
best solar cells based on Culn;_xGaxSe; materials with x<0.3 have
reached efficiencies in the range of 20% [4-7]. The Culn;_xGaxSe;
quaternary alloy is a semiconductor with the gap energies vary-
ing from 1eV (for x=0) to 1.7 eV (for x=1); thus it allows tailoring
of optical band gap for optimum solar cell conversion [7]. There is
an increasing interest on fabrication technology and properties of
Culn;_xGaxSe, thin films. CIGS thin films have been deposited using
various techniques including physical evaporation [8-10], rapid
thermal process [11], selenization of sequentially stacked precur-
sors[12,13]. All these vacuum deposition techniques are carried out
to be heavy and expensive. It is found that chemical bath deposition
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technique is low cost, potentially suitable to obtain good quality,
large area CIGS precursor films and they are suitable for growing
large area thin films economically. A better understanding of the
quaternary formation processes is essential for optimizing these
films for solar cell fabrication. We present the results of inves-
tigation of the structural and optical properties of chemical bath
deposited Culn;_xGaxSe; thin films and also the simulation results
of the chalcopyrite CIGS structure.

2. Experimental details
2.1. Deposition of thin films

Cuy, In, Ga, and Se atoms are co-deposited from the solution onto
the well-cleaned substrates with the help of their ions in reaction
mixture. The reaction mixture used for preparing CIGS thin films
consists of CuCl,, LiCl, GaCls, H,Se0s3, and InCl3 substances of ana-
lytical grade chemicals (99.99% Sigma Aldrich) [14]. The mixture
was prepared by taking each 10 ml of above solutions in 100 ml
beaker. The pH value of mixture was measured with the help of
digital pH meter and it was found to be 2 + 0.05. Two well-cleaned
glass plates (37.5mm x 12.5mm x 1 mm) were suspended verti-
cally with the help of substrate holder and dipped into the beaker
containing the reaction mixture. The beaker containing the reac-
tion mixture and glass substrates was placed in water bath, was
stirred with the help of magnetic stirrer as shown in Fig. 1. The
deposition bath turned pure white and then to colorless as the time
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Fig. 1. Schematic diagram of chemical bath.

progress. The deposition was carried-out at two different tempera-
tures (300K, and 323 K) by taking two different time of deposition
(60 min and 120 min). The mixture with glass substrates was kept
at one particular temperature and stirred continuously, while stir-
ring the solution; the substrates were taken out at the intervals of
60 minutes. The glass plates were dried in open air in order to evap-
orate the moisture content. Two representative films from each
deposition temperatures 300 K and 323 K are identified and labeled
as film 1 and film 2 for the characterization.

2.2. Characterization of thin films

The structural analysis of the films is carried out using a com-
puter controlled X-ray diffractrometer system model JDX 8030 with
Ni filter and Cu Ka radiation. The scanning is carried out using 6-26
scan coupling mode the ratings being 40 kV, 20 mA. The crystalline
sizes (D) are calculated using the Scherrer’s formula from the full
width at half maximum ([3) using the relation D = 0.94\/[3 cos 6.
The strain (g) is calculated from the slope of 3 cos versus sinf
plot using the relation 3 = A/D cos 0 - € tan@. The dislocation den-
sity (8) is evaluated from the relation § = 1/D?. The width of the
peaks decreases as the deposition temperature increases. This could
be due to reduced strain within the film or an increase in grain
size indicating a better crystalline perfection. The lattice parame-
ters (a and c) of the crystal are determined by using the relation

a%/(h% + k) + c2/I2 = 1/d?, where (hKl) is the miller indices of the
peaks. The particle size, lattice parameter, strain, lattice spacing
and dislocation density values for the various films have been calcu-
lated. Micro structural investigations of thin films on glass substrate
are carried out using Scanning Electron Micrograph (SEM JOEL).
Compositions of the films are determined by EDAX measurements
(JOEL). Thicknesses of all the films are measured by using multiple
beam interferometer technique. The optical studies are made on the
films deposited on glass substrates in the wavelength range from
190 to 2500 nm at room temperature by using spectrophotometer
(JASCO-370V).

2.3. CIGS simulation

The calculations were performed within the framework of the
density functional theory (DFT) [15]. The exchange correlation
term was treated by using the functional of LDA - CA PZ [16] and
GGA-PW91 [17,18]. The ultra-soft pseudo-potential was applied to
describe the electron-ion interaction. A plane wave basis set with
a 290eV energy cut-off was used to expand the electronic wave
functions. Reciprocal space integration was performed by k-point
sampling with sets of special points obtained by using the stan-
dard special k points technique of the Monkhorst and Pack. In our
case (i.e. for Chalcopyrite CIGS) a 4 x 4 x 2 MP meshes were used,
yielding ten k points in the irreducible wedge of the Brillouin zone.
CIGS chalcopyrite structure belongs to P65 symmetry group, which
displays only identity and inversions operations.

3. Results and discussion
3.1. Structure and composition of thin films

All the films deposited on well cleaned glass substrates are
smooth, uniform, adherent and transparent in color. The trans-
parency decreases with increase in thickness of the thin films. Fig. 2
shows XRD graphs of the thin films (deposition temperatures 300 K
and 323K) of thicknesses 1500 nm, and 3700 nm respectively. The
predominant peaks in XRD graph of CIGS thin films could be proba-
bly associated with (101), (112), (103), (211), and (105) reflections
of the chalcopyrite structure. The peak intensities of all the film
increases with increase in deposition temperature, it is due to
increase in the crystalline nature of the film. The lattice param-
eters, particle sizes, strain and dislocation densities of thin films

Fig. 2. X-ray diffraction pattern and SEM images of CIGS thin films.
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Table 1
XRD results of CIGS thin films.

Film* Lattice parameter (A) Particle size (D) (nm) Strain (&) (x10~4 lines—2 m*) Dislocation density (8) (x10'2 lines m~2)
a c
1 5.7236 11.4472 397 1.708 6.344
2 5.7332 11.4664 445 0.409 5.049
Table 2

Results of EDAX studies.

Film # Cu (%) In (%) Ga (%) Se (%) Molecular formula
1 21.04 9.13 17.54 52.29 Culng24Gag.76Se;
2 20.97 9.85% 17.05 52.13 Culng26Gag74Sez

deposited are given in Table 1. It is found that the size of the par-
ticle increases with the bath temperature in all the films. These
results are in agreement with the SEM results. The compositions
of the films are identified from the EDAX measurements and their
data are tabulated (Table 2). The particle sizes in SEM micrograph
of all the alloys are measured and the mean values of the particle
sizes are found to be 397 nm (film 1), and 445 nm (film 2) which
are very close to the XRD results.

3.2. Optical studies of thin films

The optical transmittance spectra of thin films are as shown in
Fig. 3. The insets in the graph shows the corresponding plot of
(achv)? versus hv and the extrapolation of the linear portion to
the abscissa are the band energy gap of the film. The absorption
coefficient « is estimated from the optical transmittance spectra
using the relation a = 2.3031og(1/T)/t where T is the transmit-
tance (in %) and t is the thickness of the film. All such graph satisfies
the condition for a direct transition in the excitation process i.e.
o =(Ey-E;)"” for allowed direct transition, where E, is the top of
the valence band and E; is energy of the initial state from which
the transition is made. All the films exhibit direct band gap struc-
ture and their band gap values are found to be 1.15 eV (film 1), and
1.1eV (film 2) [18,19]. Hence as starting point we have computed
the structural and band energy gap of the chalcopyrite structure
(Fig. 4) of Cu(Ing5Gag.75)Se, using self consistently.

3.3. ab initio studies of CIGS structure

We performed the ab initio band calculations for the structure
with both local density approximation and generalized gradient
approximation schemes. The equilibrium lattice parameters were
comparable with the experimental data. The computed band struc-
ture of the compound using both LDA and GGA schemes indicate
a direct band gap located at the gamma point. It is clearly that

Fig. 3. Transmittance spectra and dependence of (ahy)? on photon energy for CIGS
thin films.

Fig. 4. Chalcopyrite structure of CulngsGag7s5Se;.

the band gap values given by LDA and GGA are in good agree-
ment with the experiments. Effective masses of electrons and holes
are important parameters describing the most carrier transport
properties in the compound. The effective masses of the electrons
and holes near the gamma valley are calculated from the equation
1/m* = 42 /h? (d*E/dk?). The effective masses of the electrons
and holes are 0.089 m. and 0.693 me.

4. Conclusions

Good quality thin films of the CIGS have been prepared by a
chemical bath deposition method with two different bath temper-
atures and two different deposition times. X-ray analysis revealed
that the films are crystalline in nature with chalcopyrite phase
(lattice parameters nearly a=5.72A and c=11.462A) and their
molecular formulae are Culng;4Gag76Se; and Culng,6Gag74Se;.
Optical studies revealed that the thin fundamental absorption
edge arises at 1.15eV (film 1) and 1.1eV (film 2). The band
gaps are due to the direct electronic transition. The first princi-
ples pseudo-potential method is used to investigate the structural
properties and stability of the compounds Culng24Gag76Se; and
Culng 26Gag.74Se;. The calculated energy band gap values of exper-
imental and simulated CIGS were found to be in good agreement
to each other as well as with those reported in the literature. The
reported results give an indication that the deposited layers may
find applications in the fabrication of thin film solar cells and photo-
detector.
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