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Identification of growth mechanism of CBD CIAS thin films
from SEM analysis
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Near stoichiometric and stoichiometric Culn;_,)Al(,)Se, (CIAS) thin films have been prepared by chemical bath depo-
sition (CBD) technique. X-ray diffraction (XRD) and energy dispersive x-ray analysis (EDAX) spectra have been employed
to confirm the structure and composition of the prepared films. SEM analysis of near-stoichiometric and stoichiometric CIAS
thin films enabled us to estimate the grain size, to identify the growth mechanism and also to visualize the surface morphology.
Transmittance spectra have been employed to determine the type of transition and other optical parameters such as absorption
coefficient, extinction coefficient, dielectric constant, refractive index, Sellmeier parameters and bandgap which are reported in

this paper in detail.
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1. Introduction

Thin film solar cells based on chalcopyrite thin
films have gained increasing interest due to steady
progress in conversion efficiencies [1]. Solar cells
based on chalcopyrite compound CulnSe; [CIS]
thin films emerged as a leading absorber candidate
for low cost solar electric power generation twenty
years ago [1]. Several recent advances have been
made to improve its band gap (Eg). The band gap
of CIS can be increased to match the solar spectrum
for higher efficiency by alloying with group III or
IV elements. Extensive research work has been car-
ried out on Cu(In,Ga)Se; (CIGS) and Culn(S,Se),
(CISS) alloy systems. Significant effort has been
made to develop high-efficiency solar cells with
an increased band gap by gallium additions i.e.
Culn;_,Ga,Se; films and devices. Currently the
highest conversion efficiency reported is 20.3 % for
Cu(In,Ga)Se; (CIGS) solar cells [2]. The band gap
of CIGS can be varied from 1.0 to 1.7 eV. However,
with band gaps greater than 1.3 eV, the efficiency
of CIGS devices is limited by a degradation of the
electronic properties of the CIGS layer leading to
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losses in the fill factor (FF) and open circuit volt-
age (Voc) and a decrease in the junction quality fac-
tor [3, 4]. Cu(InAl)Se, (CIAS) may be a viable al-
ternative for higher band gap CIS-based solar cells
because it requires a smaller relative alloy concen-
tration than Ga or S alloys to achieve a comparable
band gap. Thus Culn(;_, Al Se; (CIAS) is a vi-
able alternative for higher bandgap absorbers and
is attractive to thin film solar cell production. The
highest confirmed 16.9 % conversion efficiency has
been reported for CIAS solar cells [5].

CIAS thin films have been prepared by several
techniques including co-evaporation [6—10] and se-
quential deposition methods [11-13]. In the present
work CIAS thin films have been grown by chemi-
cal bath deposition (CBD) technique in which the
deposition occurs when the substrate is maintained
in contact with dilute chemical bath containing re-
action mixture. The film formation on the sub-
strate takes place when the amount of ionic product
(IP) exceeds the amount of solubility product (SP).
Among various CBD techniques, a non-vacuum
electroless technique has many advantages such as
simplicity, no requirement for sophisticated instru-
ments, minimum material wastes, economical way
of large area deposition, no need of handling poi-
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sonous gases like HySe or Se vapour and possibility
of room temperature deposition. In view of these
advantages, CBD technique has been selected for
the preparation of CIAS thin films. Moreover, the
literature survey revealed that no researchers have
performed the surface morphological analysis of
CBD CIAS thin films in detail. Hence, it has been
planned to carry out a systematic study on the struc-
ture, surface morphology and optical properties of
near-stoichiometric and stoichiometric CBD CIAS
thin films.

2. Experimental details

Near-stoichiometric and stoichiometric CBD
CIAS thin films were prepared from the reaction
mixture containing copper sulphate (=99 % pu-
rity — Merck), trisodium citrate (=99 % purity
— Merck), indium trichloride (=99.999 % Sigma
Aldrich), selenium (=299.99 % Sigma Aldrich) alu-
minium sulphate (=99 % purity — Nice) and citric
acid (=99 % purity — Merck). All solutions were
prepared in double distilled water and the chemi-
cals used with different concentration and volume
for near stoichiometric and stoichiometric CIAS
thin films are presented in Table 1. A digital pH me-
ter (model 101 E-Electronic India) has been used to
adjust the pH of the reaction mixture. The pH me-
ter was standardized using buffer solutions of pH
4 £ 0.05 and 9.2 £ 0.05. The substrates used for
the deposition of the films were suspended closer
to the inner wall of the deposition beaker for better
uniformity and adherence of the film onto the sub-
strates and to avoid shaking of the substrates while
deposition [14]. A constant and very slow stirring
was provided while adding the different solutions
to the reacting mixture. CuSQOy4 solution was taken
in a 100 ml beaker, TSC solution was then added
drop by drop to it followed by sodium selenosul-
fite (Solution A). Citric acid was used as a com-
plexing agent for InCl3 and Al,SO4 and this solu-
tion was added drop by drop to solution A (reac-
tion mixture). The pH of the reaction mixture was
varied from 9 to 10 and optimized as 10 [15] and
the deposition time was optimized in the range of
30 to 120 minutes to obtain films of uniform thick-
ness. The depositions were carried out in water bath

at two different temperatures (50 °C and 60 °C)
and optimized as 60 °C. When the concentration of
copper sulphate was varied from 0.5 M to 0.2 M,
Cu-rich and Cu-poor CIAS thin films, were ob-
tained. The concentration of indium trichloride and
aluminium were changed to obtain In-rich and In-
poor thin films without changing the volume of the
solution (Table 1). The preparation conditions of
stoichiometric CIAS thin films have also been pre-
sented in Table 2. After deposition the films were
taken out and dried naturally.

2.1.

The thickness of the prepared CIAS films was
determined by a gravimetric technique and the
films were annealed at 100 °C for one hour and
used for the analysis. Structural characterization of
these films was carried out by using Shimadzhu
(Lab X-6000) X-ray diffractometer with Cu K,
(A = 1.5406 A) line in 26 range from 20 to 80 de-
grees. Compositional and morphological character-
ization of these films was carried out by using Hi-
tachi Model: S-3400N.

Characterization

3. Results and discussion
3.1. EDX analysis

Fig. 1(a) shows the representative EDX spec-
trum of a 625 nm thick CBD CIAS thin film re-
vealing the presence of the chemical constituents:
Cu, In, Al and Se. EDX quantitative results con-
firm the atomic percentage of the constituents in the
prepared films as well as the composition of near
stoichiometric and stoichiometric CBD CIAS thin
films (Table 3).

3.2. XRD analysis

A representative x-ray diffraction pattern of
CBD CIAS stoichiometric thin film of 625 nm
thickness is presented in Fig. 1(b). The prepared
films were found to be polycrystalline in na-
ture and exhibiting chalcopyrite structure. From
the diffraction profiles the diffraction angles and
the intensity of lines were measured with high
accuracy. Possible directions in which the films
diffracted the beam of monochromatic x-rays were
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Table 1. Concentration and volume of the chemicals used for the preparation of near-stoichiometric CBD CIAS

thin films.
. Concentration (M) Volume (ml)
Chemicals
Cu-rich Cu-poor In-rich In-poor Cu-rich Cu-poor In-rich In-poor
Copper sulphate 0.5 0.2 0.2 0.2 15 15 7.5 7.5
Trisodium citrate 0.1 0.1 0.1 0.1 10 10 7.5 7.5
Citric acid 0.1 0.1 0.1 0.1 20 20 25 25
Indium trichloride 0.1 0.1 0.2 0.1 10 10 12.5 12.5
Aluminium sulphate 0.1 0.1 0.1 0.125 10 10 12.5 12.5
Sodiumselenosulphite 0.1 0.1 0.1 0.1 20 20 40 40
Table 2. Concentration and volume of the chemicals Pl o 05 St
used for the preparation of stoichiometric CBD o N (a) 625 nm
CIAS thin films.
Chemicals Concentration Volume E-: ™ ‘
M) (mb) z -
Copper sulphate 0.2 20 E . f| ’| L,i‘
Trisodium citrate 0.1 10 = ‘ I, |
Citric acid 0.1 20 wl, el |
Indium trichloride 0.2 10 ALY At AMM««W*‘,W«J N
Aluminium sulphate 0.15 10 R R SV
Sodiumselenosulphite 0.1 40 . Energy (keV)
(b) 625 nm
60 ~
determined by Bragg’s equation [16]. The crystal- pay
lites were found to have main peak orientations %
along (112), (200), (204/220) (116/312), (301) g " §
and (325/413) directions. The absence of CuSe T S
crystals was also confirmed by the absence of § %0 R 1 <
CuSe peaks ((111) or (444)) in the XRD spec- £ , g _ & &
tra (Fig. 1(b)). Since no Joint Committee on Pow- S < §
der Diffraction Standards (JCPDS) file was avail- 10 Mww\ 1 <
able for CIAS, CulnSe, (JCPDS No.40-1487) 0 . y . A IMA
50 60 70

and CuAlSe, (JCPDS No.44-1269) standards were
used and the results were compared with earlier
reports [6-13]. The extra-protruding background
in the 20 range originates from the diffraction of
glass substrates [17]. The estimated lattice con-
stants, tetragonal structure and various structural
parameters have been reported elsewhere [15].

3.3. Morphological analysis

CBD CIAS thin films contain different types
of grains due to the variation in Cu/(In+Al) ra-

T T
30 40 80

20 (degrees)

Fig. 1. (a) EDAX (b) XRD spectra of a representative
CBD CIAS thin films.

tio. Merdes [18] reported that the significant dif-
ference in homogeneity and grain size observed
might be the indication of the strong dependence
between precursor composition and absorber struc-
tural properties. SEM micrographs (Fig. 2) illus-
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Table 3. EDX quantitative results of CBD CIAS thin films.

Near-stoichiometric CBD CIAS Films

Atomic percentage (%)

Film composition

Cu In Al Se
Slightly Cu-rich 27 11.32 11.20 50.49 Cuy 1(Ing45Alp.55)Ser
(t = 800 nm)
Slightly Cu-poor 23 13.19 12.11 51.36 Cug.92(Ing spAlp.as)Ser
(t =750 nm)
Slightly In-rich/Al-poor 23.64 14.41 11.10 50.94 Cu (Ing57Alp.44)Ser
(t =450 nm)
Slightly In-poor/Al-rich 25.17 10.48 12.87 50.54 Cu;(Ing42Alys;)Ser
(t = 600 nm)
Stoichiometric CBD CIAS films Cu In Al Se Film composition
(t =500 nm) 25.02 12.50 12.51 50.8 Culng 5Alp 5Ses
(t=625nm) 25.13 12.49 12.51 51.0 Culng 49Alg.50Ser
(t =710 nm) 25.40 12.51 12.48 50.7 Culng 5Alp.49Se;

trate the dependence of film surface morphology
on the film composition. It can be observed that
slightly Cu-rich CIAS films have a rough sur-
face morphology with a certain degree of non-
uniformity in the grain size [19, 20]. The picture
shows the co-existence of small and relatively large
grains with an average grain size of 2 um on the
film surface [12]. Similar observations were made
in CIS material composed of two types of grains
(bigger and smaller) where the bigger grain growth
was more appropriate to produce photovoltaic cells
with high efficiency [21] whereas the small-grained
absorber layers were useful for highly efficient
solar cells [2]. The surface morphology implies
that the growth of a slightly Cu-rich film is near
isotropic. The growth under slightly Cu-rich con-
ditions leads to the presence of the chalcogenide
phase with large grain size as suggested by Zoppi et
al. [22]. This was confirmed in the present study by
the higher grain size of slightly Cu-rich CIAS thin
films (2 um) compared with slightly Cu-poor CIAS
thin films (0.5 um). The slightly Cu-poor CIAS
films were strongly faceted and contained small
particles with the size of ~0.5 um. The observed
rose-like morphology of CIAS thin films was con-
firmed as the morphology of Cu-deficient CIS thin
film by L.C. Yang et al. [23]. Slightly Cu-rich
CIAS thin film is dense whereas slightly Cu-poor

CIAS thin film contains significantly more voids.
The morphology of slightly Cu-poor CBD CIAS
thin film is completely dominated by multinuclear,
spherical, outward growth, which typically leads to
the formation of large size clusters. Due to such
morphology, a very large surface area is required
for CIAS thin films. This is a positive quality as far
as large area CIAS thin films with minimum rugos-
ity factor are concerned, as reported elsewhere [24]
for CBD CIS thin films.

The morphology of In-rich films is totally dif-
ferent from that of slightly Cu-rich film. The grain
size of slightly In-rich CIAS thin film is smaller
compared with the slightly Cu-rich one (Table 4).
This may be explained by the mobility of Cu™
ions [25, 26]. The platelet like slightly In-rich film
structure may be derived from a twin-plane re-
entrant edge growth mechanism as suggested by
Artaud et al. [27]. Fig. 2 (SEM of slightly In-rich
CIAS thin films) corresponds to the backscatter-
ing topography where the chemical contrast is ev-
idenced. The presence of In makes the grain ap-
pear white, whereas the grey ones only contain
Cu, Al and Se. Moreover, an increase of In con-
tent leads to the decrease of the grain size be-
cause the grain begins to appear on the top of
the surface which is also related to the diminu-
tion of the growth rate [27]. A non-compact sur-
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Slightly Cu-rich
. Cuy.i(IngsAlgs)Se;

Slightly In-rich
Cui(Ing s7Alo.44)Se

10 um

Slightly In-poor
Cui(Ing.42Alp 52)Se>

15 um

Fig. 2. SEM micrographs of near-stoichiometric CBD CIAS thin films.

face composed of separated grains, clusters and ag-
glomerates was observed in slightly In-rich CIAS
thin films earlier [27]. When atomic percentage of
indium decreases, a very compact structure com-
posed of spherically shaped grains with typical size
varying approximately between 1.5 and 2 ym is
observed [28-31]. When In content decreases, the
grain size is found to increase in slightly In-poor
CIAS thin film as suggested earlier [28]. Voids are
present in slightly In-poor films and the film mor-
phology suggests that the growth is near isotropic.
Scanning electron micrographs of stoichiomet-
ric CBD CIAS thin films (Fig. 3) show irregu-
lar islands and cube shaped grains. All the sam-
ples showed a good adhesion to the glass sub-
strates. Olenjeck [32] reported that CIAS thin films
had some unwanted phases and impurities such as

Cu,_,Se and pure unreacted Se. The absence of
hexagonal plates in the micrographs suggested the
absence of CuSe crystals which was also confirmed
by the absence of CuSe peaks ((111) or (444)) [27]
in the XRD spectra (Fig. 1(b)). The absence of
white rods suggested the absence of unreacted Se
or the complete formation of CIAS. The absence
of white patches (indium segregation) enhanced the
morphology of the absorber film and the film had
uniform grey appearance [33]. The morphological
study of CBD CIAS thin films suggested that sto-
ichiometric films had relatively larger grains than
near-stoichiometric CBD CIAS thin films. Hayashi
et al. [34] reported that the surface roughness (rms
roughness) of CIAS thin film was influenced by
Cu/In (Cu/lIL,,) ratio. They found that the surface
roughness increased for Cu/Ill,,4 ratio up to 1.3 and
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Fig. 3. SEM micrographs of stoichiometric CBD CIAS
thin films.

saturated for the ratio values greater than 1.3. The
prepared near-stoichiometric as well as stoichio-
metric CBD CIAS thin films have Cu/Ill,; ratio
>1.6 (Table 4) and therefore they have the satu-
rated roughness.

The grain sizes of CBD CIAS thin films (Ta-
ble 4) are larger than the film thickness (Table 3)
and therefore the grains extend unbroken in the sur-
face. This is a positive attribute of this semicon-

ducting material as the large grains minimize the
grain boundaries and reduce the detrimental effect
on conductivity and carrier recombination. Further-
more, the minority carriers can pass through the
film without crossing the grain boundary as re-
ported earlier [22]. The large grain size and the
columnar-shaped crystals are advantageous to the
collection of photo-generated carriers [34]. The re-
sults of SEM analysis of CBD CIAS thin films
are presented in Table 4 and enable us to con-
clude that both near-stoichiometric and stoichio-
metric CBD CIAS thin films are suitable for solar
cell applications.

3.4. Optical analysis

Fig. 4 shows the transmittance spectra of near
stoichiometric and stoichiometric CIAS thin films.
It can be observed that in both near stoichiomet-
ric and stoichiometric thin films the absorbance in-
creases with the increase in film thickness as ob-
served by earlier studies for CIS and CIAS thin
films [6, 24]. A representative plot of (athv)? versus
hv for near stoichiometric and stoichiometric CIAS
thin films is presented in Fig. 5. The plot con-
firms that the prepared films have direct allowed
transitions and the average band gap energies es-
timated from the plot are in the range of 1.27 —
1.42 eV and 1.24 — 1.44 eV, respectively (see Ta-
ble 5). But the increase in band gap values from
1eV (CIS) to 1.2 — 1.5 eV (CIAS) confirms the re-
placement of indium atoms by aluminium. The ob-
served band gap energies are in a very good agree-
ment with reported values for CIAS thin films [3,
6, 8-10, 12, 13, 38, 39] and they decrease with
the increase in film thickness. This may be due
to the increase in crystallite size and a decrease
in strain leading to a decrease in band gap en-
ergy [40]. The plots (ahv)'/2, (athv)'/3, (ahv)3/?
versus photon energy (hv) were plotted for both
near-stoichiometric and stoichiometric CIAS thin
films, revealing that the CIAS thin films did not
have direct forbidden and indirect transitions.

3.5. Estimation of optical parameters

The optical parameters such as absorption coef-
ficient (), extinction coefficient (k), refractive in-
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Table 4. Results of SEM images of CBD CIAS thin films.

Film composition (Cu/In) | Grain size | Film Morphology Growth Mechanism Applications
ratio (um)
Cuy.1(Ing45Alg 55)Sen 2.4 2 Co-existance of smaller|Isotropic [18] Solar cells [35]
(Slightly Cu-rich) and larger grains with
(0.8um) densely packed structure
Cug.92(Ing 52Alp.48)Ser 1.8 5 Rose-like morphology | Anisotropic [18] High efficiency so-
(Slightly Cu-poor) lar cells [36]
(0.75um)
Cu;(IngeAlg4)Ser 1.6 1 Platelet like structure Twin-plane re-entrant  |High efficiency so-
(Slightly In-rich/Al-poor) edge growth [22] lar cells [37]
(0.45um)
Cu;(Ing4Alpg)Sen 2.5 1.5-2 |Morphology consisting|Near Isotropic High efficiency so-
(Slightly In-poor/Al-rich) of small and large spher- lar cells [36]
(0.6um) ical grains
Culng sAlysSer 2 1-2.5 |Morphology with cubi-|Complete formation of|High efficiency so-
(Stoichiometric films) cal shaped grains CIAS without unreacted |lar cells [37]
(0.5-0.71pum) In or Se
Table 5. Optical parameters of CBD CIAS thin films.

2 Thickness Band gap  Absorption coefficient (o) Extinction Dielectric Refractive  Sellmeier

g (nm) E¢ (eV) 109 m™! coefficient (k) constant (&) index (n) parameters

-% (A =1000 A) ng Ao (A)

2 450 1.42 1.95 0.155 16.45 4.06 2.52 8671

5 600 1.32 1.66 0.132 12.37 3.52 227 7971

z 750 1.30 1.28 0.100 391 1.98 2.00 7156

800 1.27 0.77 0.060 3.06 1.75 1.42 7121

2

g 500 1.44 12.2 0.97 9.75 3.27 1.7 9173

-j~; 625 1.35 9.78 0.77 9.52 3.18 1.7 9068

Q

2 710 1.24 8.60 0.68 8.77 2.69 1.7 8817

)

dex (n) and dielectric constant of CBD CIAS thin
films were estimated using the expressions reported
earlier [24, 41, 42] and are presented in Table 5.
It was found that optical parameters of both near
stoichiometric and stoichiometric CBD CIAS thin
films decrease with film thickness which can be
attributed to the improvement in crystallinity and
decreased strain in the thicker films [24, 43, 44].
The spectral dependence of refractive index and the
extinction coefficient of CBD CIAS thin films are
presented in Figs. 6 and 7, respectively. The re-
fractive index decreases with wavelength and film
thickness in both near stoichiometric and stoichio-

metric CBD CIAS thin films [45] (Table 5). The
decrease in refractive index with film thickness can
be attributed to the strong effect of surface and vol-
ume imperfections on the macroscopic scale [46—
49]. The decrease in refractive index with wave-
length shows normal dispersion behavior of the
material [45]. The decrease in extinction coefficient
with wavelength [43, 44, 50] (Fig. 7) shows that
the fraction of light lost due to scattering and ab-
sorbance decreases with wavelength.

The estimated refractive index values of CIAS
thin films have been used to compute the Sellmeier
parameters ny and Ag [24]. The parameter A is an
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Fig. 4. Absorbance spectra of (a) near-stoichiometric
and (b) stoichiometric CBD CIAS thin films.

empirical one and its decreasing nature proves the
real behavior of the semiconductor as reported ear-
lier [24, 41]. The parameter n, represents the re-
fractive index for longer wavelength far from the
absorption edge and this parameter is very use-
ful to study the influence of the composition and
growth conditions of the films on ny. The observed
value of ng varies for the films of various compo-
sition (Tables 3 and 5) and this variation indicates

Fig. 5. Plot of (ahv)®> vs. (hv) of (a) near-
stoichiometric and (b) stoichiometric CBD
CIAS thin films.

that the deposited near stoichiometric CIAS films
are of different composition. It is interesting to
note that stoichiometric CIAS thin films have con-
stant Sellmeier parameter ny. Therefore Sellmeier
parameter can also be used as a tool to find the
stoichiometric/near-stoichiometric nature of CBD
CIAS thin films.

4. Conclusion

Structural, compositional, morphological and
optical properties of CBD CIAS films depend on
the film composition and thicknesses. The growth
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Fig. 6. Spectral distribution of refractive index of (a)
near stoichiometric and (b) stoichiometric CBD
CIAS thin films.

mechanism of CBD CIAS thin films has been iden-
tified from morphological analysis and reported in
this paper. From the optical properties it has been
found that the band gap of both near-stoichiometric
and stoichiometric CBD CIAS films is suitable for
photovoltaic applications.
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