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Abstract: CulnS, thin films were deposited by chemical spray pyrolysis from aqueous solutions containing CuCl,, InCl; and
thiourea at substrate temperature of 300°C and annealed at 500°C in air. [Cu]/[In] molar ratio was varied from 0.8 to 1.4 in
precursor solution. The influence of [Cu]/[In] molar ratio on structural, morphological and optical properties of CulnS, thin
films was investigated. X-ray diffraction analysis shows that all the films have chalcopyrite structure with the preferential
orientation along (112) plane. CulnS, films with indium excess have poor crystallinity and consist of large quantity of small
particles while copper-rich films exhibit good crystallinity with large grains. The best film crystallinity is obtained for [Cu]/[In]
= 1.2. The scanning electron microscopy and atomic force microscopy images indicated that [Cu]/[In] molar ratio has a strong
influence on the microstructure and surface morphology of the films. It was observed that films obtained with [Cu]/[In] ratio of
0.8 are porous. But films surface became gradually dense with increase in [Cu]/[In] molar ratio. As consequence films
roughness decreased from 236.12 nm to 110.30 nm. Optical analysis shows that all the films have good absorbance in the
visible. The optical absorbance of films is found to increase with increase in [Cu]/[In] molar ratio.
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1. Introduction

The conversion of sunlight directly into electricity using
the photovoltaic properties of suitable materials is perfect

[4], PbS [5], CulnSe, [6], CulnS, [7], Culn (Se, S), [8],
Culn,Ga;Se; [9] and Cu (In, Ga) (Se, S), [10]. Among

energy conversion process [1]. Photovoltaic energy to be
widely used, the key issue is higher efficiency of energy
conversion, low-cost materials and low-cost manufacturing
process. In recent years, the critical issues of global warming
and energy-resource crises have driven scientists, engineers
and technologists to develop thin-films photovoltaic devices,
which directly convert sunlight into electricity mainly by
semiconductor absorber layers [2], such as CdTe [3], CdSe

these, the ternary chalcopyrite semiconductor CulnS, (CIS)
has received intense attention for its potential higher
conversion efficiency of 30% [11], utilising low-cost and
environmentally friendly materials [12]. It exhibits high
absorption coefficient of more than 10* cm™ [13] and direct
optical band gap of about 1.5 eV [14], which matches well
with the solar spectrum. In addition, CulnS, exhibts long-
term stability in photovoltaic applications [15].
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A variety of methods have been applied to deposit CIS
films, including a rapid thermal process [16], co-evaporation
from elemental sources [17], sulfurization of metallic
precursors [18], chemical vapor deposition [19], spray
pyrolysis [20], sputtering [21], chemical bath deposition [22],
etc. Among them, spray pyrolysis has several advantages
such as simplicity, low cost and low energy requirements
[23-24] as well as being ideally suited for large-scale
production.

Up to now, the conversion efficiency of polycrystalline
CulnS;-based cells is still far below the theoretical one (~
30%). The conversion efficiency of CulnS,-based cells is
influenced mainly by the qualities of CulnS, thin films.
Hence, many studies have focused on finding the correlation
between its preparation methods and the resulting properties
in structure, morphology and photo-electricity. Moreover, the
deposition temperature and [Cu]/[In] molar ratio play a
crucial role on the properties of CulnS, thin films. In our
previous work [20], we studied the effects of growth
temperature on the properties of spray deposited CulnS, thin
films for photovoltaic applications.

The main purpose of the present work is to prepare single-
phase CulnS, thin films by spray pyrolysis method. These
films are deposited from mixed solutions with different
chemical compositions ([Cu]/[In] ratios) and heated-treated
under room air at 500°C for 1h. The preparative parameters
were optimized and the influence of the [Cu]/[In] molar ratio
on different properties of CulnS, thin films was investigated.

2. Experimental Details

Spray pyrolysis deposited CulnS, thin films were obtained
from an aqueous solution containing CuCl,, InCl; and (CS
(NH,),). In the present study, [Cu]/[In] molar ratio in the
precursor solution was varied in the range of 0.8—1.4. First, a
solution of CuCl, and CS (NH;), was mixed, which was
followed by the addition of InCl; solution. The solvent was a
mixture of deionized water and ethanol with the ratio of
(4:1). Previous studies have shown that 300°C was the
optimal deposition temperature [20]. Thus, a solution of a
total amount of 50 ml was sprayed onto pre-heated glass
substrates at 300°C. Compressed ambient air was used to
atomize the solution at the pressure of 2 bar. Initially the
substrates were successively cleaned in an ultrasound bath,
using ethanol and distilled water, and were further dried in
air. Post-deposition annealing was done for lh in air at
500°C.

The crystalline structure of the samples was studied by
XRD analysis using a Bruker D8 Discover Advanced

Diffractometer with locked coupled continuous scan, using a
scintillation counter (12,800 steps, 2s/step) and a radiation
with 1.5406 A wavelength (CuKa,, at 40kV, 20mA). The
films surface morphology was investigated using a Scanning
Electron Microscope (SEM, Hitachi model S-3400 N type
121 II) and an Atomic Force Microscope (AFM, NT-MDT
model BL222RNTE). The images were taken in semi contact
mode with Si-tips (NSG10, force constant 0.15N/m, tip
radius 10nm). Absorption spectra were recorded using a UV—
VIS spectro-photometer (Perkin Elmer Lambda 25 UV/VIS),
in the 300-1200 nm range, with a scan rate of 60 nm/min
(lamp changes at 326 nm). The chemical composition of the
films was determined by energy dispersive X- ray
spectroscopy (EDX, with 15 kV operating voltage).

3. Results and Discussion
3.1. Structural Analysis

The structural properties of the films were investigated
using XRD measurement. Figure 1 shows the XRD spectra of
CulnS; thin films derived from different [Cu]/[In] ratios. The
protruding background in the range of 15 to 40° originates
from the diffraction of glass substrate. The diffraction peaks
can be assigned for CulnS, planes (112), (200), (204) (312)
and (400), respectively (JCPDS 65 — 1572). It is confirmed
that all the films have polycrystalline chalcopyrite CulnS,
structure with the preferred orientation along (112) plane. It
can be seen that the intensity of the peak (112) increases with
increase in [Cu]/[In] ratio up to 1.2. For further increase in
[Cu]/[In] ratio, the intensity of the peak (112) decreases and
we remarked the appearance of an additional phase of Cu,S
(Figure 1 (CIS_1.4)). Hence, the [Cu]/[In] ratio in the
solution can drastically affect the crystallinity of CIS films.
The crystallinity of the film with indium excess is poor
(Figure 1 (CIS_0.8)), which may be ascribed to the intrinsic
defects of indium in copper sites (Inc,) and indium
interstitials (In;) [25]. On the other hand, the improvement of
crystallinity with increase of the [Cu]/[In] ratios from 0.8 to
1.2 can be attributed to higher mobility of copper ions [26].

As seen in Figure 1, the preferential orientation of the
(112) peak do not increase monotonously with [Cu]/[In]
ratios. The near stoichiometric CulnS, film with [Cu]/[In] =
1.2 has the optimum value of the preferential orientation. We
noticed that when [Cu]/[In] ratio is higher than 1.2, the
crystallinity of the film decreases as a consequence of the
crystal structure deformation and/or recrystallization. This is
confirmed by the appearance of the second phase Cu,S with
the new peak (113).
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Figure 1. X-ray powder diffraction patterns of samples.

The average crystallite sizes corresponding to the
prominent peak (112) was calculated using Scherrer formula:

092
" B cosé

where P is the observed angular width at half maximum
intensity (FWHM) of the peak, A is the X-ray wavelength
(1.5406 A for CuKo,) and 0 is the Bragg’s angle. The
different crystallite sizes obtained for different [Cu]/[In]
ratios are reported in table 1. It can be seen that the crystallite
sizes varied with [Cu]/[In] molar ratios. The largest
crystallite size is obtained with [Cu]/[In] = 1.2 confirming the
good crystallinity of the films.

Table 1. Crystallite sizes and average roughness of CulnS, films with
different [Cu]/[In] molar ratios.

Sample name Crystallite sizes (nm) Roughness (nm)

CIS 0.8 8.05 236.12
CIS_1.0 9.72 202.75
CIS_1.2 25.40 110.30
CIS 14 17.95 143. 82

3.2. Compositional Analysis

The stoichiometric ratio of [Cu]/[In] is an important factor
in CulnS, films. By controlling the ratio of composition
element, n-type or p-type CulnS, can be adjusted easily [27].
Indium-rich films may lead to the formation of n-type CulnS,
film, while copper-rich may result in p-type CulnS,. Figure 2
compares the [Cu]/[In] ratio in the precursor solution and the
[Cu)/[In] ratio in the film. The [Cu]/[In] ratios in the
deposited films were calculated from the EDX results (Table
2). It is observed that the [Cu]/[In] ratio in film increases
monotonously with the increase of [Cu]/[In] ratio in the
precursor solution and always higher than that in precursor

solution. As the [Cu]/[In] ratio in the mixed solution was
varied from 0.8 to 1.4, [Cu]/[In] ratio in the film changed
from 0.9 to 1.9. This indicates that there was more Cu in the
film than in the precursor solution. It may be due to the fact
that, Copper has higher reactivity compared to indium.

Table 2. EDX results showing atomic percentage of elements in CulnS, films.

Sample o o o Cu /In Cu/In (in
name Emn) W) =) (in film) solution)
CIS 0.8 26.18 29.42 44.40 0.9 0.8
CIS 1.0 30.10 26.05 43.85 1.2 1.0
CIS 1.2 35.62 21.60 42.78 1.7 1.2
CIS 14 38.92 21.02 41.44 1.9 1.4
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Figure 2. [Cu]/[In] ratio in the film as a function of [Cu]/[In] ratio in
precursor solution.

3.3. Surface Morphology

The SEM images of CulnS, thin films deposited at
different [Cu]/[In] ratios are shown in Figure 3.
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Figure 3. SEM images of CulnS; films with different [Cu]/[In] molar ratios: (a) CIS_0.8; (b) CIS 1.0, (c) CIS 1.2; (d) CIS 1.4.

All the films are relatively homogenous, smooth and
adherent to the substrate. It can be seen from the AFM
images (Figure 4) that, [Cu]/[In] ratio has a strong influence
on the microstructure and surface morphology of the films.
Films deposited from precursor with [Cu]/[In] ratio of 0.8
(Figure 4 (a)) are very porous and consist of large quantity of
small particles which are less than 250 nm in size. When
[Cu)/[In] ratio increases, the film surface becomes dense
( Figure 3 (b, ¢ and d)) and the grain size also increases
(Figure 4 (b, ¢ and d)). The agglomeration of particles into

(a)

larger grains when [Cu]/[In] ratio increases may be caused by
both higher Cu content and its higher mobility [28]. It is
noticed that, as [Cu]/[In] ratio increases, the film roughness
decreases from 236.12 nm to 110.30 nm (Table 1). This can
be due to the fact that with increase in [Cu]/[In] ratio films
become dense, leading to films with smooth surface. The
surface morphology study reveals that, Cu-rich films had
well developed grains, whereas In-rich films exhibited poorly
grown grains. These observations are in good agreement with
the XRD results.

(a)




Advances in Materials 2018; 7(4): 111-117 115

(b)

(b)

AR R NN N

=10

(c)

(d)

st dan

Figure 4. AFM images of CulnS. films with different [Cu]/[In] molar ratios: (a) CIS_0.8; (b) CIS_1.0; (c) CIS 1.2; (d) CIS 1.4.

3.4. Optical Properties

Figure 5 shows the optical absorbance spectra of CIS films
in the wavelength range of 300-1200 nm. It can be observed
that all the films exhibit good absorbance in the visible. In
addition, it can be also seen that the absorbance increases
with increase in [Cu]/[In] ratio. This can be explained, on the
one hand by the fact that with increasing in [Cu]/[In] ratio
films thickness also increases leading to higher absorbance.
On the other hand, it can be due to the fact with increasing in
[Cu]/[In] ratio, films exhibit good crystallinity as discussed
in XRD results. It is well known that good crystallinity is a
key factor in thin film optical absorbance. But in the present

study, in contrast, we remarked that although films obtained
with [Cu]/[In] = 1.2 exhibit good crystallinity compared to
those obtained with [Cu]/[In] = 1.4, they present lower
absorbance. This can be interpreted by the poor crystallinity
or deviation from stoichiometry that gives rise to defect
states and thus induce smearing of absorption edge. On the
other hand, a possible reason for this phenomenon can be
carrier degeneracy in CulnS, films due to continuous
distribution of defect states. For example, copper and indium
vacancies (V¢, and Vp,), substitutional copper indium sites
(Cuyp,) and the defects pairs such as (2V¢, + Inc,>") and
(Cup® + Ing,>") can introduce shallow acceptor levels [29].
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Such defects and defects pairs which have particularly low
formation energies in grain boundaries may produce gap-
states near the band edge, and thus facilitate absorption.
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Figure 5. Optical absorbance spectra of the CulnS films with different
[Cu]/[In] molar ratios.

4. Conclusion

Sprayed CulnS, thin films have been deposited from
aqueous solutions containing CuCl,, InCl; and thiourea with
different [Cu]/[In] molar ratios. The effect of molar ratio on
structural, morphological and optical properties of CulnS,
have been investigated. The X-ray diffraction analysis shows
that all the films have polycrystalline chalcopyrite CulnS,
structure with the preferred orientation along (112) plane.
Films with indium excess have poor crystallinity while
Copper-rich films exhibit good crystallinity. The largest
crystallite size is obtained for [Cu]/[In] = 1.2. The surface
morphology study reveals that all the films are homogenous,
smooth and adherent to the substrate. Copper-rich films had
well developed grains, whereas indium-rich films exhibited
poorly grown grains. The optical analysis shows that all the
films exhibit good absorbance in the visible.
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