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Abstract Copper—indium—gallium—disulphide (CulnGaS,)
is a promising absorber material for thin film photovoltaic.
In this paper, CulnGaS, (CIGS) thin films have been pre-
pared by chemical spray pyrolysis method onto glass
substrates at ambient atmosphere. Structural, morphologi-
cal, optical and electrical properties of CulnGaS, films
were analysed by X-ray diffraction (XRD), Raman spec-
troscopy, scanning electron microscopy (SEM), UV-Vis
spectrophotometer and Hall Effect measurement, respec-
tively. The films exhibited single phase chalcopyrite
structure. The strain and dislocation density decreased with
increase of spray time. The grain size of the films increased
from 4.45 to 9.01 nm with increase of spray time. The
Raman spectrum indicated the presence of the principal
chalcopyrite peak at 295 cm~!. The optical properties of
the synthesized films have been carried out through the
measurement of the absorbance spectrum. The optical band
gap was estimated by the absorption spectrum fitting (ASF)
method. For each sample, the width of the band tail (Er,;)
of CulnGaS, thin films was determined. The resistivity (p),
conductivity (¢), mobility (u), carrier concentration and
conduction type of the films were determined using Hall
Effect measurements. The interesting optical properties of
CulnGaS, make them an attractive material for photo-
voltaic devices.
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1 Introduction

Copper—Indium—Gallium—Sulfide (CIGS) quaternary film
with chalcopyrite structure is a promising absorber material
for photovoltaic applications and solar cells. This is mainly
due to its direct band gap of about 1.50 eV and a high
optical absorption coefficient of ~ 10° cm~! in the visible
spectral range [1]. Many methods, such as sputtering [2],
co-evaporation [3], chemical spray pyrolysis (CSP) [4, 5],
and electrodeposition [6], have been developed for the
deposition of CIGS films. We have been using a chemical
spray pyrolysis system for deposition CulnGaS, thin films.
This method does not require vacuum and films may be
deposited on a large area. The composition of the films can
be controlled easily by varying the concentration of com-
ponents in the spray solution. Therefore, films with various
compositions can be prepared unlike all other deposition
processes. The ease with which the doping can be done by
incorporating the dopants in a spray solution and the pos-
sibility of varying stoichiometry of samples by varying the
atomic ratio of the spray solutions of the components are
the other advantages of this technique [7].

In the present work, the fabricated films were character-
ized by using X-ray diffraction (XRD), Raman spec-
troscopy, scanning electron microscopy (SEM), UV-Vis
spectrophotometer and Hall Effect measurement. XRD data
used to calculate the grain size, dislocation density and
lattice strain of the spray pyrolyzed CulnGaS, thin films.
The morphological property is studied using scanning
electron microscopy (SEM). We use the absorption spectra
fitting procedure (ASF) to obtain the band gap of CulnGaS,
thin films semiconductors that only requires the measure-
ment of the absorbance spectra and without the need of
additional information, such as the film thickness or
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reflectance spectra [8, 9]. For each sample, the width of the
band tail of the CulnGaS, was determined. Based on these
measurement results, we will discuss the growth properties
of CulnGaS, films. So, we have two purposes in this work;
the first is determining of the optical band gap and tailing
states and the second is to discuss about some of the
structural, morphological and electrical properties of
CulnGaS, thin films.

2 Experimental details

The CulnGaS, thin films were deposited by spray pyrolysis
method on ordinary glass slices. Prior to deposition, the
glass substrates were chemically cleaned with acetone,
ethanol and double distilled water separately. The copper
(ID) chloride, indium (IIT) chloride and thiourea are mixed
to form CulnS, material. The following reaction gives the
reasonable mechanism responsible for the formation of
CulnS, thin films [10]:

CuCl + InCl; + 2SC(NH,), + 4H,0

1
= CulnS; + 2CO; + 4NH4Cl m

The gallium (III) chloride was added to the starting solu-
tion to obtain CulnGaS, thin films. During the deposition
process, the precursor solution is pulverized onto the sub-
strates using compressed air as carrier gas. CulnGaS, thin
films with Cu:In ratio 1.1, Ga:In ratio 0.05 and S:Cu ratio
3.63 were prepared using different times of spray 25, 30
and 40 min, keeping all other parameters constant. The
distance between spray head and substrate was maintained
at 30 cm. Substrate temperature was kept constant at 375
°C during all experiments, because this temperature is
found in our previous work as the optimum temperature
that gives better optical and electrical properties of CulnS,
thin films [11]. The spray rate was 1.6 ml/min. Spray
pyrolysis is responsible for the formation of a fine vapor of
very small droplets containing the reactants onto the hot
substrates. At substrate temperature of 375 °C, the solvent
(double distilled water) evaporates before the droplet
arrives the substrate. Then the CulnGa$S, precipitate melts
and vaporizes in air without decomposition. Finally, the
vapor diffuses on the glass substrate to undergo thermal
decomposition process, which then result into the film
formation [12]. The crystallographic structure was studied
by a instead an X-ray diffractometer (XRD) with CuKo
radiation (4 = 0.154nm) at 20 from 20° to 75°. Wil-
liamson—-Hall method was used for estimating average
grain size and effective lattice strain. The crystal structure
of the films was confirmed using Raman spectra. The
surface morphology is studied using scanning electron
microscopy (SEM). The spectral absorbance of the films
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was recorded in the wavelength range 500-900 nm by using
a UV-Vis spectrophotometer and the electrical properties
[the resistivity (p), conductivity (o), mobility (u), carrier
concentration and type of conductivity] of the films were
measured by Hall Effect measurement.

3 Result and discussions
3.1 Structural properties

Figurel shows the X-ray diffraction pattern of the CulnGa$S,
thin films with various spray times. All of the samples are
consistent with the chalcopyrite (tetragonal) crystal structure
in the anticipated 20 position for the (112), (220/204) and
(312/116) crystal planes (ICDD card No: 00-027-0159) [13].
No other phases were observed in the X-ray diffractograms
indicating the formation of single phase material. All sam-
ples were polycrystalline in nature. The intensity of (112)
peak corresponding to CulnGaS; increased with spray time.

Microstructural parameters were estimated by studying
the X-ray diffractograms of CulnGaS, films. The tetrago-
nal lattice parameters were calculated from the 26 values of
all hkl planes and from relations (2) and (3) [14]:

2,12 p
1 h —i; k n é 2)

dy @
ni= 2dhk15in0 (3)

where a and c are the lattice parameters and dyy is the lattice
spacing of hkl. h, k and 1 are the Miller indices, 4 is the
wavelength of the CuK, radiation (0.154 nm) and 20 is the
diffraction angle of the corresponding plane. Lattice con-
stants were calculated to be: ¢ = 5.51 A and ¢ = 11.22 A.
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Fig. 1 XRD patterns of CulnGaS; films deposited at different times
of spray
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Among the available methods, Williamson—Hall analy-
sis is a simplified method where both size and strain
induced broadening is deconvoluted by considering the
peak width as a function of 20 [15]. Williamson—Hall
method was used for estimating average grain size and
effective lattice strain. The lattice strain (g) defines the
crystal imperfections and deformations produced in the
CulnGaS; thin film. The FWHM can be expressed as a
linear combination of the contributions from the lattice
strain and grain size as [16, 17]:

K
fcost = f + 4esinf (4)

where K is a constant whose value was taken as 0.94, 1 is
the wavelength of X-ray used, f is the full-width half-
maximum (FWHM), 0 is the Bragg angle, D is grain size
and ¢ is the effective lattice strain. The grain size can be
estimated from the linear fit. The inverse of the y-intercept
on the fcosf/ A axis gives a mean value of the grain size.
The slope of the fitted line indicates the presence of
effective strain in the crystal lattice of the CIGS thin films.
The grain size varied from 4.45 to 9.01 nm as the spray
time increased. Calculation of grain size from X-ray
diffractograms showed that even the best crystalline films
(HK-A3) had a grain size of only ~9 nm. Larger grain is
very desirable for the fabrication of high efficient CulnS,
solar cells [18]. The dislocation density 0, defined as the
length of dislocation lines per unit volume of the crystal
has been evaluated using the formula [19]:

6=1/D* (5)

The microstructural parameters are presented in Table 1.
From the table it is observed that the dislocation density
decreases with increase of grain size.

The Raman spectroscopy was used to obtain further
insight into the phase identification. Confirmation of the
chalcopyrite structure was underpinned by Raman spec-
troscopy (Fig. 2). All spectra are dominated by the A},
mode at 295 cm™!, which is the main vibrational band of
the CulnS, chalcopyrite phase, corresponding to the totally
symmetric vibration of the anion sublattice [20]. Figure 2
shows two other main vibrational modes identified as fol-
lows: peaks E3T0 (240 cm™') and Eio (340 cm™') are
assigned to the chalcopyrite crystalline phase [21].
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Fig. 2 Raman scattering measurements of CulnGaS, sprayed films
3.2 Morphological characterization

The surface morphologies of the films were observed by
scanning electron microscopy (SEM). The SEM surface
images of CulnGaS, thin films deposited at different spray
times are depicted in Fig. 3. As presented, enormous
morphological differences were found among CulnGaS,
thin films. The film sprayed at 25 minutes shows the non
continuous structure and some cavities or vacuums. For a
spray time of 30 minutes, the SEM image has more
apparent grains. As the spray time increases up to 40
minutes, the film surface becomes more compact with large
dense grains. This type of dense and compact morphology
is essential for the applications in thin film solar cells [22].
Consequently, we conclude that the surface morphologies
of the thin films clearly change with the increase of the
spray time.

Table 1 Some structural

properties of CulnGaS; thin Sample name

Time of spray (min)

Grain size (nm)  § (x10'°linesmm™2)  Lattice strain (¢)

films HK-Al 25
HK-A2 30
HK-A3 40

4.45 5.049 0.0344
7.59 1.735 0.0199
9.01 1.231 0.0166
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HK-A1 (25 min)

Fig. 3 SEM micrographs of CulnGa$S, films

3.3 Optical properties
3.3.1 Absorption spectra fitting procedure (ASF)

The absorption spectra fitting method was employed to
estimate the optical band gap (Eg). It is possible to
determine the energy band gap in semiconductors that
only requires the measurement of the absorbance spec-
trum without any information on film thickness or
reflectance spectra [23, 24]. This can be done by the
method so-called absorption spectrum fitting (ASF) [25].
The most usual method of the band gap determination is
based on measurement of the optical absorption coeffi-
cient and using the Tauc method; this method has been
extensively used for different binary and ternary semi-
conductor films [26-29]. The energy band gap (E) is an
important property for solar cell and photoelectrochemical
device applications. To introduce the absorption spectrum
fitting method, one can start with the Tauc relation for an
allowed direct band gap transition (at the high optical
absorption region a(Z) > 10*cm~") [30-33]:

@ Springer

HK-A2 (30 min)

ohv = B(hv — Eg)l/2 (6)

hv refers to the photon energy, B is a constant and E,
corresponds to the direct band gap. «(A) is the absorption
coefficient defined by the Beer-Lambert’s law as [34]:

a(2) = [2.303 x Abs(2)]/d (7)

where d is the film thickness and Abs(1) is absorbance of
the film. Fig. 4 shows the optical absorbance Abs(1)
spectra of CulnGaS, films in the wavelength range
500-900 nm. Using the Egs. (6) and (7), it is possible to
write a new equation as a function of wavelength:

1 1 1/2
Abs(J) = Ayl(E - z_> +A> (8)

4
where A; = [B(hc)fé x d/2.303] and A, is a constant that
reflect reflection. Employing equation (8), one can determine
the optical band gap by an absorbance spectrum fitting method

(ASF) without the need of the film thickness. The value of
band gap can be calculated from the parameter 4, using:
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Fig. 4 Optical absorption spectra of CulnGaS, films at different
deposition times
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Fig. 5 Absorption spectra fitting plots for samples with 25, 30 and 40
min deposition times

1239.83
ASF
Egup - /lg (9)

The direct band gap is obtained by the intercept point of the
(1/) axis by extrapolating the linear portion of (Abs/1)*
versus 1/ (Fig. 5). This method can be used when there is
a difficulty to measure the thickness of the films.

We can see from Table 2 that the value of band gap
decreases from 1.54 eV (HK-Al) to 1.50 eV (HK-A3)
following the increase of spray time. The optical analysis
using the absorbance measurements Abs(A) allow us to
determine the direct band gap energy value and it is in the
range 1.50-1.54 eV, which is close to the optimal theo-
retical value (E, = 1.5eV) [35]. This result indicates that
CulnGaS, compound has an absorbing property favorable
for applications in solar cell devices.

Table 2 Energy band gap and width of band tail for CulnGaS,

Sample name Time of spray (min) E, (eV) Ery (eV) R?

HK-Al 25 1.54 0.173 0.9872
HK-A2 30 1.52 0.202 0.9889
HK-A3 40 1.50 0.205 0.9865

3.3.2 Width of the tail of localized states

In the curve of the absorption coefficient and near the
optical band edge, there is an exponential part called
Urbach tail. This exponential tail appears in the low crys-
tallinity materials, poor crystallinity, disordered and
amorphous materials. In the low absorption region,
a(2) <10*cm™!, the spectral reliance of the absorption
coefficient (o) and the energy of photons (hv = hc/A) is
known as Urbach empirical rule, which is given by the
following equation [36, 37]:

a(l) = ocoexp(ﬂ he ) (10)

AE T4

where o is a constant and ET,; denotes the energy of the
band tail or sometimes called Urbach energy, which is
weakly dependent upon temperature and is often inter-
preted as the width of the band tail due to localized states in
the normally band gap that is associated with the disor-
dered or low crystalline materials [38]. Also, Ery; is width
of the tail of localized states corresponding to the optical
transition between localized tail states in adjacent of
valence band and extended state in the conduction band
lying above the mobility edge. In absorption spectra fitting
procedure, Eq. (10) can be written as:

Abs()) = Asexp (225 ~1> (11)

where Aj is (aod/2.303). Therefore, the band tail energy
(ETai1) or Urbach energy can be obtained from the slope of
the straight line of plotting Ln(Abs) against the inverse of
the wavelength (1/4) (Fig. 6) using the equation:

1239.83

12
slope (12)

Tail =
The least squares method was employed to calculate the
ETa1 values. Results of these calculations have been pre-
sented in Table (2) with the coefficient of determination
(R?) is a measure of the quality of the prediction of a linear
regression. It is observed that, the width of the band tail is
increased by increasing of the deposition time. The
behavior of (Et,) can be attributed to the increasing of the
spray time, which leads to increase the disordered atoms
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Fig. 6 Plots of Ln(Abs) vs. (1/2) for samples with 25,30 and 40 min
deposition times

and defects in the structural bonding. The disorder and
defects can introduce localized states at or near the con-
duction band level, which leads to increase the band tail
width Ety; [39, 40].

3.4 Electrical properties

In order to investigate the electrical behavior of the sam-
ples, the carrier concentration, mobility, resistivity, con-
ductivity and conduction type of samples were determined
using Hall Effect measurements. They are listed as shown
in Table 3. All samples were p-type semiconductors. The
positive sign of hall coefficient confirmed the p-type of
conductivity for all films. Generally, the conduction type of
[-III-VI, samples can be adjusted with small deviations
from stoichiometry in the crystal [41, 42]. The composi-
tional deviations from the ideal chemical formula for
CulnGaS, material can be conveniently described by non-
stoichiometry (Ay = [(2S/(Cu+3(In+Ga)))-1]) [43]. The
Ay parameter is related to the electronic defects and would
determine the type of the majority charge carriers. Films
with Ay >0 would behave as p-type material while
Ay <0 would show n type conductivity [44]. The main
donors in n-type semiconductors may be the group III
atoms (In) occupying the site of group I atoms (Cu) or S
vacancies. The main acceptors in p-type semiconductors
may be the group I atoms (Cu) occupying the site of group
IIT atoms (In) or S interstitials [45, 46]. The value of Ay =

[(2S/(Cu+3(In+Ga)))-1] molar ratio in samples is 0.75,
making them p-type semiconductors. Our study shows that
CulnGaS; thin films deposited at 40 min has a good per-
formance, compared with the others, with the carrier con-
centration of 7.74 x 10'® cm™3, the mobility of 1.51
cmz/V.s, the conductivity of 1.87 Q lem™! and the
resistivity 5.33x107" Qcm. The high value of carrier
concentration of CulnGaS; thin film is not favored for the
absorber of thin film solar cells. This is due to the elimi-
nation of some defects in the samples. The previous liter-
ature survey showed that the carrier concentration of CIGS
and CIS thin films with high efficiency was ~ 10'%cm—3
[47, 48]. Therefore, the films prepared at 25 min are not
favored for solar cells despite the low resistance and high
mobility. The conductivity is improved for the films
deposited at 40 min and this behavior may be due to a
combination of three mechanisms, namely, (i) due to dif-
fusion of phonons and point defects, etc., (ii) from film
surface and (iii) due to grain boundaries in polycrystalline
films [49]. The grain boundary is defined as region between
two grains. It is concluded that the conductivity of the
polycrystalline films is highly dependent on the grain size.
The growth in grains leads to a reduction in the diffusion of
grain boundaries, which increases the conductivity of the
films obtained. Moreover, the increase of grain size could
be attributed to the improvement of the crystallinity, which
is confirmed by X-ray diffraction (XRD) and SEM
micrograph. As a result, the quality factor of the film
increases with increasing grain size. The lowest resistivity
(p = 0.53 Q cm) and maximum value of Hall mobility (i =
1.51 cm?/Vs ) are obtained for the thin layers deposited at
40 min. These values suggest that CulnGaS, thin film is a
promising material for photovoltaic applications. Similar
carrier concentration, resistivity, conductivity and mobility
values are reported for CulnS, films prepared by mag-
netron sputtering [50], Cu,SnS; films prepared by co-
evaporation [51] and Cu,ZnSnS, thin films absorbers by
electro-deposition [52].

4 Conclusion

In brief, the studies reported here show that it is possible to
deposit CulnGaS, films using spray pyrolysis technique in
ambient atmosphere using compressed air as carrier gas.
The thin films were investigated using a variety of

Table 3 Electrical properties of

thin films obtained at different Name  Time (min) Carrier concentration (1/cm®) p (Qcm) o (1/Qem)  p(ecm?/V's) Type

deposition times HK-A1 25 1.3648E+19 25634E 1 3.9009E+0 1.7841E 40 p
HK-A2 30 1.5589E+18 5.6006E -1 1.7855E+4+0 7.1491E+0 p
HK-A3 40 7.7409E+18 5.3390E -1 1.8730E4+0 1.5103E+0 p
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characterization techniques including X-ray diffraction
(XRD) with CuK (4 = 0.154 nm) radiation. XRD data used
to calculate the grain size, the dislocation density and the
lattice strain of the spray pyrolyzed CulnGa$S, thin films.
Raman scattering measurements have been performed on
all samples. The Raman shifts near 240, 295 and 340 cm™!
are presumably belonging to E?}O, Aio and Eio modes of
the CH-ordering of chalcopyrite phase. The surface mor-
phology of CulnGaS, thin films was examined using
scanning electron microscopy (SEM). The optical absorp-
tion spectra of CulnGaS; thin films have been recorded in
the wavelength range 500-900 nm. Also, the optical band
gap (E,) (direct allowed transition), and width of the tail of
the localized states were determined using the absorption
spectrum fitting method (ASF). This method does not
require the film thickness. In addition, the values of band
gap (E,) decrease from 1.54 to 1.50 eV by increasing the
deposition time. For all samples band gap of the CulnGaS,
thin films deposited at 375 °C was around 1.50 eV, which
is very proper for solar conversion. The carrier concen-
tration, mobility, resistivity and conductivity for the films
deposited at 40 min are 7.74 x 10'® cm~3, 1.51 cm?/Vs,
534 x107" Qcm and 1.87 Q 'cm™! respectively. By
considering the values found for the electrical properties,
we suggest that the time of 40 min is the good choice for
the fabrication of CulnGaS, based solar cells. Structural,
optical and electrical properties of sprayed films depend on
the fabrication conditions, in particular on the time of

spray.
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