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Abstract

Copper—indium gallium disulfide (CIGS) is a good absorber for photovoltaic application. Thin films of CIGS were prepared
by spray pyrolysis on glass substrates in the ambient atmosphere. The films were characterized by different techniques, such
as structural, morphological, optical and electrical properties of CIGS films were analyzed by X-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic force microscopy (AFM), spectrophotometer and Hall effect, respectively.
After optimization, the deposited films structure, grain size, and crystallinity became more important with an increase of
annealing time at 370 °C for 20 min. Transmission electron microscopy (TEM) analysis shows that the interface sheets are
well crystallized and the inter planer distance are 0.25 nm, 0.28 nm, and 0.36 nm. The atomic force microscopy (AFM)
observation shows that the grain size and roughness can be tolerated by optimizing the annealing time. The strong absorbance
and low transmittance were observed for the prepared films with a suitable energy bandgap about 1.46 eV. The Hall effect
measurement system examined that CIGS films exhibited optimal electrical properties, resistivity, carrier mobility, and car-
rier concentration which were determined to be 4.22x10° Q cm, 6.18 x 10> cm? V™! S~ and 4.22 x 10 cm 3, respectively.

The optoelectronic properties of CIGS material recommended being used for the photovoltaic application.

1 Introduction

Copper—indium gallium disulfide (CIGS) thin-film solar
cells with a direct bandgap are already available in the mar-
ket with a power conversion efficiency up to 23.8%, in the
laboratory-scale which is very close to the silicon-based
multi-crytalline solar cells [1]. To implement this technol-
ogy, CIGS has a tuned bandgap of 1.04—1.68 eV depending
on the gallium (Ga) content and has a high optical absorption
coefficient of @ > 10°> cm™! [2]. To improve the efficiency of
the cell, it is necessary to understand what parameter could
affect the absorber layer performance [3].
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Several techniques are developed to elaborate CIGS thin
films such as sputtering [4], PVD [5], CVD [6], sol-gel [7],
electrodeposition [8], co-evaporation [9], and pulsed laser
[10]. Many efforts have been devoted to the developed alter-
native technique for elaboration of CIGS thin films using
spray pyrolysis method. Spray pyrolysis and post-heat treat-
ment are recognized as a promising low-cost method for the
fabrication of CIGS absorber layers, based on their inherent
advantages such as no requirement of expensive vacuum
equipment, low cost, potentially suitable to obtain good
quality and suitable for production large-area thin films eco-
nomically [11]. A great amount of work has been published
on sulfurization and salinization temperature. Few research-
ers give more details on the morphology and structures on
the growth of CIGS thin films, especially in the temperature
range from 200 to 400 °C [12].

In this work, we report low-cost spray pyrolysis method
to synthesis CIGS films with different annealing times (5,
10 and 20 min). The films were characterized by X-ray
diffraction (XRD), surface electron microscopy (SEM),
energy-dispersive spectroscopy (EDS), transmission elec-
tron microscopy (TEM), atomic force microscopy (AFM),
UV-Vis spectroscopy and with four-point probe method to
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Table 1 Parameters of XRD for sprayed CIGS films

Dislocation
density (/nm)

Sample Grain size (nm) Lattice strain (&)

541 x 10° 0.62
3.35%x 10° 0.56
3.10x 10 0.52

Sprayed CIGS-1  429.82
Sprayed CIGS-2  546.26
Sprayed CIGS-3  567.22

get an idea of the structural, morphology, optical and electri-
cal properties of the thin films. The annealing temperature
has a great impact on the optical, morphology and electrical
properties of the films. The Hall effect has proved to be a
convenient and useful tool for penetrating charge transport
properties in the solid state and is routinely used as a stand-
ard material characterization method. The annealing time
is the key factor of this work which is further discussed in
detail in the “Results and discussion” with a constant anneal-
ing temperature 370 °C.

2 Experimental

The CIGS thin films were successfully deposited on glass
substrates using a spray pyrolysis technique [13]. Spray tech-
nique involves preparing CIGS from electrolytic bath con-
taining Cu—In—-Ga-S elements in the form of CuCl,, InCl,,
GaCl,;, and SC(NH,),. Thin CIGS films were prepared using
different precursors, CuCl, (1 x 1072 M), InCl; (1 x 107> M),
GaCl, (1 x 10 M) and SC, (NH,), (3 x 107 M) as a sulfur
source which were dissolved in distilled water. The substrate
temperature was kept at 370 °C. Nitrogen (N,) was used as
the carrier gas, distance between the nozzle and substrate
was set to 25 cm, and the spray rate was 1.0 ml min~! with
deposition time of 30 min [13].

During the spray, all parameters were fixed. Finally, the
samples were rinsed under deionized water (DI) and dried
at 60 °C in oven for 5 min, and for the crystallinity improve-
ment, the as-deposited samples were annealed on the hot
plate at 370 °C for different annealing times.

The crystal structure of CIGS at different annealing
time (5, 10 and 20 min) composites were investigated by
X-ray diffraction (XRD) using a Rigaku Ultima IV diffrac-
tometer in the Bragg—Brentano configuration using CuKa
radiation (4= 1.54060 A). Chemical composition, surface

morphology, and topography were characterized using
energy-dispersive spectroscopy (EDS) and field emission
scanning electron microscopy (FESEM), a Zeiss ULTRA 55
model equipped with an In-Lens SE detector, respectively.

Optical properties of the CIGS films were measured at
room temperature using IR-Vis—UV spectrophotometer at
a wavelength within the range 400-900 nm.

2.1 Lattice parameters

To calculate the lattice parameters [14], the following two
equations could be used taking into consideration the fol-
lowing values: the angle 20 and the value of the plane Akl
correspondent:

1 n+k> P
2= 2 @ M

nA = dy, sin(9), )

where a and c represent the lattice parameters, d,,, is the
lattice spacing of hkl. hk, and [ are the Miller indices, k is
the wavelength of the CuK, radiation (0.154 nm), and 26 is
the diffraction angle of the corresponding plane. After the
calculation, we got the lattice parameters:

a=554Aand ¢c = 11.14A.
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Fig.1 XRD results for sprayed CIGS samples with different anneal-
ing time

Table 2 The deposition

~ Samples name Annealing temperature Pressure (bar) Thickness (um)  Annealing
conditions of sprayed CIGS °C) time (min)
samples
Sprayed CIGS-1 370 2.5 2 5
Sprayed CIGS-2 370 2.5 2 10
Sprayed CIGS-3 370 2.5 2 20
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Fig.2 SEM images with different annealing time: a CIGS-1 for 5 min, b CIGS-2 for 10 min, ¢ CIGS-3 for 20 min and d cross-section for CIGS

20 min

2.2 Grain size and effective lattice strain

Effective lattice strain can give us an idea about the imperfec-
tions and deformations of the grains in the level of the thin
layer sprayed, and for the calculation, we can use the following
equation where it links the grain size with the effective lattice
strain [15]. The grain size of the films sprayed CIGS increased
from 2.8 to 7.67 nm with increase of annealing time (Table 1):

fcos(0) = % + 4e sin (0), 3

where k is a constant whose value was taken as 0.94, k is the
wavelength of X-ray used, f is the full-width half maximum
(FWHM), @ is the Bragg angle, D is grain size and € is the
effective lattice strain.

2.3 Dislocation density

The dislocation density can be estimated by measurements
made by transmission electron microscopy (TEM) which gives
more precision on a specific area of the thin layer or by calcu-
lations from X-ray diffraction data (XRD) [16]. The disloca-
tion density of the crystal was evaluated using the following
formula [17], where y is the dislocation density and D is the
grain size of the thin films. The deposition condition of spayed
CIGS thin films is presented in Table 2, where all the param-
eters are constant except annealing time (5, 10 and 20 min):

y=1p. 4)
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(c) 20 min

(b) 10 min

Fig.3 TEM results a CIGS-1 for 5 min, b CIGS-2 for 10 min and ¢ CIGS-3 for 20 min

3 Results and discussion
3.1 X-ray diffractogram (XRD) analysis

Figure 1 shows representative XRD peak with a chalco-
pyrite structure of the annealed CIGS samples. The major
XRD peaks are observed to be oriented to [112, 220/204
and 312/116] diffraction planes. The pattern well matches
with tetragonal structure JCPDS NO. 075-0104 corre-
sponding to CIGS. The diffraction peaks confirm that the
intensity of the peaks increases due to different annealing
times (5, 10 and 20 min).

3.2 Scanning electron microscopy (SEM)

Figure 2 shows the surface morphology of the CIGS films
sprayed with different annealing times. The variation in
the grain size from 429 to 567 nm (Table 2) of the samples
has been evident that the annealing time has an impact on
it is an agreement with XRD results of Fig. 1. The samples

@ Springer

treatment of the surface of the thin films at temperature
370 °C for 20 min plays an essential role for the enlarge-
ment of the grain size which has considerable importance
for the effectiveness of the absorber layer.

3.3 Transmission electron microscopy (TEM)

Transmission electron microscopy is a direct method to have
direct access to the size and shape of grains, and polydisper-
sity of nanocrystals [18], and the images taken by transmis-
sion electron microscopy shows that inter-plane distance of
the grains is becoming larger with the duration of surface
treatment of the thin layers prepared by spray pyrolysis.

The surface treatment times 5 min, 10 min and 20 min of
the samples increases the inter-planer distance of the sam-
ples to 0.25 nm, 0.28 nm, and 0.36 nm, respectively (see
Fig. 3).
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Fig.4 2D and 3D AFM images of CIGS thin films: a CIGS-1 5 min, b CIGS-2 10 min and ¢ CIGS-3 20 min
3.4 Atomic force microscopy (AFM) According to AFM analysis, annealing time affects the

roughness and the grain size of the samples (Table 3). The
Figure 4 shows the 2D and 3D surface topography with  grain boundaries of the films become low due to increasing
a difference in roughness and grain size of the films [19]. grain size to reduce the recombination rate and increase the
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Table 3 Roughness and grain size of CIGS thin films prepared by 2.50E+013
spray pyrolysis ——CIGS 5min
Pray pyroy —— CIGS 10min
Sample ID Roughness (nm)  Grain size (nm) 2.00E+013 - — CIGS 20min
Sprayed CIGS-1 5 min 318 429.82 =
Sprayed CIGS-2 10 min 490 546.26 —.; Ll
Sprayed CIGS-3 20 min 751 567.22 2
3 1.00E+013
K=
g
i 5.00E+012 -
3.5 | ——CIGS 5 min
g ——CIGS 10 min 0.00E+000 T T T T T T
s CIGS 20 min 14 16 18 hé'%eV) 22 24
< 25
8 1 Fig.7 The optical absorbance of the CIGS thin films
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e
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<« Table 4 Optical properties of the CIGS thin films
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Fig. 5 The optical absorbance of the CIGS samples obtained by spray
with annealing 25
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Fig.6 Optical transmittance of the CIGS thin films

device performance, which is favorable for the performance
of solar cells as the roughness increases to trap more light.

3.5 Optical properties

Annealing temperature and annealing time have a great
impact on the optical properties and the optical constants
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Wavelength (1)

Fig.8 The imaginary part dielectric constant of the CIGS thin films

which are very important for the efficiency of a semicon-
ductor [20]. The absorbance in Fig. 5 shows the recorded
absorption for the sprayed CIGS-3 sample treated at a
370 °C temperature for 20 min in the wavelength range
400-900 nm. It is found that all the films have a high absorb-
ance and low transmittance. There is a small difference in
the results in terms of percentage (%) of the absorbance and
transmittance of the films. The highest transmittance value
is observed for the CIGS-1 sprayed (25%) with annealing
for 5 min and the CIGS-3 film with lower transparency of
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Fig.9 The real-part dielectric constant of the CIGS thin films

0.10

1
900

——k=a*L/4*Pi
k=a*L/4*Pi
s | k=a*L/4*Pi

0.06 —

0.04 4

Extinction coefficient (k)

T > T Y T 4 T
400 500 600 700
Wavelength (1)

Fig. 10 The extinction coefficient of the CIGS thin films
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Fig. 11 Refractive index of the CIGS thin films

10% (Fig. 6). The data reveal that the increase in absorption
and decrease in transmission with annealing time is related
to improving grain size and roughness of the samples. The
roughness of the surface played an important role to absorb
more light that cause to improve the device performance.

By processing the slaps at a temperature 370 °C for
20 min shows high absorbance in the visible region with a
maximum value of about 1.15.

To calculate the gap energy of the thin films prepared, we
use the following equation and it concludes from the linear
diagram of (ahv)? versus ho [21]:

(ahv)* = B (hv - E,), )

where a is absorption coefficient calculated by Eq. (5), &
is the Planck constant, B is a constant, Eg is the bandgap
energy and ¢ is the thickness of the thin film.

1 1

a=-In <T> ©)

The calculated values of bandgap energy are 1.66 eV for
sample sprayed CIGS-1, 1.62 eV for sprayed CIGS-2. For
sample sprayed CIGS-3, a strong absorbance and bandgap
energy of the order of 1.46 eV make the films annealed at
370 °C for 20 min a good choice for photovoltaic application
[8] (see Fig. 7).

3.6 Optical constants

The optical constants, namely refractive index n, extinction
coefficient (k), real part (¢,) and imaginary part (¢;) of die-
lectric constant for CIGS, are calculated using the following
equations whose values are presented in Table 4 [22]:

_(1+R 4R
”_(1—R>+1/(1_R)z_k2’ ™

al
fTar ®
g, =n*—k%, 9)
g; = 2nk, (10)

where n is the refractive index, k is the extinction coefficient,
A is the wavelength, o is the absorption coefficient and R is
the reflectance of the films. The value of the refractive index
for the films sprayed is attributed to the thickness of the
films. The high extinction coefficient value is observed for
this sprayed CIGS-3 due to the high absorption into this film
compared to the other samples. The high extinction coeffi-
cient values are attributed to the high absorbance of CIGS-3.
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Table 5 Ele'ctrical properties of Samples Concentration Rs (Q sq’l) R (102 Q cm) Conductivity Mobility (Cm? Vs
the CIGS thin films calculated -3
. (1 cm™) (1 Qcm)
using Van der Pauw method
CIGS-1 5 min 1.5 % 10" 404.40 606.60 2.5x% 105 6.87 x 10
CIGS-210min 1.1 x 10'° 434.07 651.01 3.8x 105 7.98 x 10!
CIGS-320min 1.2 x 10" 435.01 652.60 0.8 x 10" 8.74 x 10!

Both real and imaginary parts of dielectric constant
decrease with the wavelength and the maximum values are
observed on the sample sprayed CIGS-3 (see Figs. 8, 9, 10,
11).

3.7 Electrical properties

Hall effect measurements gave us information about the
electrical properties. Using four-point probe methods, elec-
trical resistance is obtained using the following equation
[13]:

R = R x1, an
where ¢ is the thickness and R is the resistivity of the thin
film.

The resistivity of the three thin layers is of the order of
1072 Q cm, the lowest resistivity value is observed for the
annealed films where the resistivity in the orderd of 0.65 2 cm
for all the samples. The low values of resistivity are attributed
to the electrical nature of CIGS semiconductors. The concen-
tration and mobility of the charge carriers in the CIGS lay-
ers are determined by Hall effect measurements [23, 24]. The
measurements made by the Hall effect allowed us to determine
the resistivity (R,) where we found that it is in the order of
1072 Q cm and the mobility (u) is of the order 102cm?V='s,
and for the concentration carriers (n), the order 10° 1 cm™.
The mobility (u,) and the concentration (n) of the charge car-
riers are listed in Table 5.

4 Conclusion

The CIGS thin films were prepared and deposited by spray
pyrolysis technique and treated with a 370 °C annealing
temperature at different annealing times. Thin films have
been studied using several characterization techniques such
as X-ray diffraction to calculate the lattice parameters, effec-
tive lattice strain, and dislocation density. Scanning electron
microscopy (SEM) shows that the surface is with a notice-
able difference in grain size. Transmission electron micros-
copy (TEM) results confirm the strong relation that films
are polycrystalline.

Atomic force microscopy (AFM) shows outstanding
relation with the grain size and roughness of the surface of
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the films. The high absorbance and low transmittance are
observed for the films prepared with a bandgap energy of
approximately 1.46 eV. Optical constants such as refractive
index (n), extinction coefficient (k), real part (&,) and imagi-
nary part (¢;) of the dielectric constant were extracted by
absorbance/transmittance data.

The carrier concentration, the mobility, resistivity and
conductivity for the films treated at a 370 °C time for 20 min
are 1.2 x 10'® 1 cm™, 652.60 x 107 Q cm, 0.8 x 10"
1 Qcm™!, 8.74 x 107" cm? V™! S7!, respectively. By con-
sidering the values found for the electrical properties, it is
proposed that 20 min annealing under 370 °C temperature
is an optimum choice for the CIGS solar cells.
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