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Abstract CIS thin films have been grown electrochemi-
cally from an aqueous electrolyte at room temperature on
fluorine doped tin oxide coated glass substrate at different
deposition potentials ranging from —0.7 to —1.0 V versus
Ag/AgCl reference electrode. Cyclic voltammetry was
studied at slow scan rate to optimize the deposition
potential. The thin film samples were selenized in a tubular
furnace at 400 °C for 20 min. X-ray diffraction and Raman
analysis was used to study the structural properties. Optical
absorption, scanning electron microscopy and energy dis-
persive X-ray analysis (EDAX) have been used to inves-
tigate the band-gap, surface morphology and compositional
analysis. Electrical properties were studied with the help of
current—voltage measurements. Conductivity type for CIS
thin films was studied by using photo-electrochemical
study. The prominent reflections (112), (204/220) and (312/
116) of tetragonal chalcopyrite CIS have been revealed for
all as-grown and selenized samples. The energy band gap
of the selenized CIS thin film deposited at various depo-
sition potentials was found to be ~1.03 to 1.24 eV.
Granular, uniform and void free surface was observed in
as-prepared sample, while large clusters were noticed in
selenized samples. EDAX results reveal that the stoichio-
metric CIS thin film are deposited —0.8 V, however, Cu-
rich and In-rich CIS layers were grown at lower and higher
cathodic deposition potentials, deviated from —0.8 V.
The values ideality factor (m) calculated from I-V
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measurements were found to be decreased upon seleniza-
tion. The Raman spectra of stoichiometric CIS thin film
shows dominant Al mode with spectral features sensitive
to the microcrystalline quality of the layers. A ordered
defect compound layer and secondary phases of CuSe are
observed in In-rich and Cu-rich CIS layers, respectively.

1 Introduction

Copper indium selenide (CIS) polycrystalline semicon-
ductor is one of the most popular materials for thin film
solar cell fabrication due to large mean free path and long
diffusion length of minority carriers [1]. The direct energy
gap of CIS results in large absorption coefficient, which in
turn permits the use of thin layers (1-2 um) of active
materials. CIS based solar cells are also known for their
long term opto-electronic stability and ability to undergo
band-gap engineering (from 0.9 to 1.6 eV) by alloy for-
mation like replacement of Se by S or by doping Ga and Al
[2, 3]. Recently, the laboratory scale and module efficiency
of CIGS based devices reached to 21.7 and 15.7 %,
respectively [4].

The highest efficiencies of solar cells have been pre-
pared by using vacuum based evaporation methods, which
has various technical limitations like non-uniform evapo-
ration of metal precursors at high temperature over large
area, highly pure precursor material and capital investment.
Sputtering technique is appropriate for large area deposi-
tion, however it requires sophisticated equipment along
with vacuum and costly sputtering targets [5]. A great deal
of efforts has been made to develop low cost techniques for
preparation of CIS thin films such as electrodeposition
[6, 7]. Electrodeposition method is potentially suit-
able method to obtain the low cost deposition of complex
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metallic layers [8]. The electrodeposition process provides
several advantages viz. negligible waste of chemicals, low
equipment cost, high deposition rate, control on composi-
tion and thickness of material and deposition over large and
arbitrary shaped area. Electrodeposition process is mainly
controlled by several deposition parameters choice of
precursor materials, compositional ratio of the precursor
materials, solvents for processing, pH of solution, tem-
perature, deposition potential and ambient used. Elec-
trodeposition method has been successfully used for the
deposition of elemental, binary, ternary and quaternary
compounds [9-12]. In general, two procedures have been
employed to deposit CIS layers, first, the co-deposition of
Cu-In—Se [13] and other is deposition of Cu-In alloy and
subsequent selenization [14]. One-step electrochemical
method may offer a convenient way to deposit all the
elements together at desirable growth potential which
potentially lead to produce the stoichiometric CIS thin
films [15]. Reports are also available on electrodeposition
of CIS from aqueous [16] and non-aqueous [17, 18]
electrolyte.

The electrodeposition of CIS was initiated by Bhat-
tacharya [19] and subsequently Pottier et al. [20] have
reported the growth of CIS by using complexing agent. The
CIS based thin film solar cell devices with power conver-
sion efficiency ~5 to 6 % were produced by various
groups [21-24]. Recently Bhattacharya et al. [25] has
reported 14.1 % efficiency of CIGS solar cell using elec-
trodeposition and 15.4 % in combination of electrodepo-
sition with PVD technique [26].

In the present study we have used hydrion 3 pH buffer
solutions to produce CIS layers. The dependence of the
chemical composition, crystal structure, morphology,
conductivity type etc., on the deposition potentials along
with the electrochemistry of CIS system is explored.

2 Experimental details
2.1 Chemicals

All chemicals used for the electrodeposition of CIS thin
films were purchased from Sigma-Aldrich of purity at least
99.9 % and used as-received. Fluorine doped tin oxide
(FTO) coated glass substrates of sheet resistance 10-15 €/
[0 were purchased from Pilkington, UK. The double dis-
tilled deionized water was used as a solvent.

2.2 Electrodeposition of CIS thin films

Electrodeposition of CIS was performed potentiostatically
with three electrode cell configuration. The reference,

counter and working electrodes were Ag/AgCl, graphite
and FTO coated glass substrate, respectively.

The electrolyte consists copper chloride (CuCl,),
indium chloride (InCl;) and selenous acid (H,Se,Os)
(1:2:1 molecular ratio) dissolved in pH 3 hydrion buffer
solution. Sulfamic acid and potassium hydrogen phthalate
was used to prepare pH 3 hydrion buffer solutions in
order to reduce the H' and OH™ ions present in the
electrolyte. Lithium chloride (LiCl) is used as supporting
electrolyte.

The electrochemistry of ternary Cu—In—Se system was
studied by using cyclic voltammetry. The chronoamper-
ometric measurements to electrodeposit CIS thin films
were studied under potentiostatic condition for potentials
ranging from —0.7 to —1.0 V. Immediately after depo-
sition, the samples were thoroughly rinsed with warm
water and dried in air ambient. The samples were sel-
enized in Ar ambient to improve the crystallinity and
particle size. Two step annealing was employed to sel-
enize the samples. In the first step the samples were
heated at 200 °C for 30 min to melt the Se ingots and
secondly the temperature was maintained to 400 °C for
10 min, the temperature was then cooled naturally to
room temperature. The as-grown and selenized CIS thin
films electrodeposited at various deposition potentials
were thoroughly studied.

2.3 Materials characterization

Cyclic voltammetry and the electrodeposition of CIS
system was performed using p3AUT 70762 AUTOLAB
potentiostat/galvanostat. The structural properties were
studied by means of X-ray diffraction (XRD), model
Bruker D8 advance diffractometer with Cu Ko anode of
wavelength 0.154 nm and Raman spectrophotometer
model Invia Renishow with an excitation at 785 nm
emission line. Optical absorption measurements were
carried out by JASCO UV-Vis-NIR spectrometer. Sur-
face morphology was studied with the help of JEOL JSM
6360A, scanning electron microscope with an operating
voltage 20 kV. The elemental atomic percentage con-
centrations of samples were obtained by energy disper-
sive X-ray analysis technique equipped with the above
SEM unit. The Potentiostat, SP 300 Biologic equipped
with two probe measurement setup was employed to
study the electrical properties. The conductivity type of
CIS thin films was studied with photo-electrochemical
(PEC) measurements. Three-electrode geometry was
employed for PEC studies consisting graphite and Ag/
AgCl as counter and reference electrode, respectively in
1 M KCI. The samples were illuminated with white light
source of intensity ~ 100 mW/cm?>.
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3 Results and discussion

3.1 Electrochemistry of the CIS system: cyclic
voltammetry and chronoamperometry

3.1.1 Cyclic voltammetry of CIS system

The electrodeposition of CIS was performed in presence of
desired amount of precursor’s concentration and hydrion
pH 3 buffer solutions [27]. The cyclic voltammogram (CV)
recorded in presence of Cu, In and Se ions with hydrion
buffer 3 solution at 5 mV/s scan rate is depicted in Fig. 1.
Initially, at lower cathodic potentials up to —0.4 V, the
features noticed are assigned to the reduction of Cu and Se
by the following charge-transfer reactions marked as
region ‘A’,
Cu*" 42¢~ =Cu Eo = +0.34V versus SHE (1)

H,Se0; + 4e~ +4H' = Se + 3H,0 2)
Eo = +0.74V versus SHE

Metallic In is proposed to be electrodeposited by the fol-
lowing charge transfer reaction;

In*" 43¢~ =In Eo = —0.34V versus SHE (3)

The plateau region observed (marked as ‘B’) is assigned
to the diffusion controlled electrodeposition which could
be suitable for the synthesis of polycrystalline and con-
trolled stoichiometric CIS thin films. The sharp rise in the
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Fig. 1 Cyclic voltammogram recorded in presence of Cu, In and Se
precursors at 5 mV/s with respect to Ag/AgCl reference electrode
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cathodic current observed at —0.95 V is due the hydrogen
evolution as well as the metallic deposition of In.

The electrodeposition of CIS takes place by following
reaction;

Cu®" + In*" +28e03™ +9¢™ + 12H"
= CulnSe, 4+ 6H,0 (4)

The stripping peaks correspond to In, Cu and Se attributed
during the anodic scan and marked as ‘a’, ‘b’ and ‘c’,
respectively.

Note that the potassium compound used in pH 3 hydrion
buffer and LiCl used as supporting chemicals, produces the
K" and Li" ions in reaction matrix. The equilibrium
reduction potentials of K and Li are —2.93 and —3.05 V
with respect to SHE by the following charge transfer
reaction

K" +e” — K —2.93V versus SHE (5)

Li* +e” — Lisy —3.05V versus SHE (6)

These ions in the electrolyte are utilized only to increase
the conductivity to electrodeposit the desired amount of
Cu, In and Se ions onto working electrode. The applied
potentials were —0.7 to —1.0 V therefore K and Li are not
electrodeposited. Furthermore the K and Li were not
detected in the compositional analysis.

3.1.2 Chronoamperometry for CIS thin films

Chronoamperometric analysis for CIS thin films was per-
formed on to CIS samples deposited at —0.7 V (a), —0.8 V
(b), =09 V (c¢) and —1 V (d) are shown in Fig. 2. Inset
shows the magnified image for the curve (a). The
Chronoamperometric curve shows the current density
increases with increase in growth potentials.

The steady-state current is given by

I = 4nDFca (7)

where, ‘D’ is the diffusion coefficient, ‘a’ is the area, ‘c’ is
the concentration, ‘F’ is the Faraday constant and ‘n’ is the
number of electrons transferred per molecule. Each curve
confirms the diffusion controlled growth with instanta-
neous nucleation. The rapid decay observed initially is
proposed due to the charging/discharging of double layer
[28].

3.2 Structural properties: XRD and Raman studies
3.2.1 XRD analysis
The XRD pattern of as-grown and selenized CIS thin films

are shown in the Fig. 3A, B, respectively. The prominent
three reflections (112), (220/204) and (116/312) of
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Fig. 2 Chronoamperometric curves for CIS thin films grown at
a =07V, b —08V, ¢ =09V and d —1 V. Inset shows the
magnified curve for CIS thin film electrodeposited at —0.7 V

tetragonal structure of CIS are attributed for both as-grown
and selenized samples. It is noteworthy that the, metallic or
secondary phases were not observed in the sample depos-
ited at —0.8 V, where as the peaks related to InxSey along
with CIS were observed in the sample deposited at —0.9
and —1 V. The peaks attributed to FTO and InxSey are
marked as solid circles and hollow circles, respectively.
Small humps observed in XRD pattern of the CIS sample
deposited at —0.7 V is associated to CuSe. The enhance-
ment in the crystallinity is observed in all samples after
selenization. The results obtained from XRD analyses are
tabulated in Table 1.

3.2.2 Raman analysis

The CIS layers were further analyzed by Raman spec-
troscopy to understand the more structural details. Figure 4
shows the Raman spectra of as-grown and selenized CIS
thin films deposited from —0.7 V (a), —0.8 V (b), —0.9 V
(c) and —1 V (d). The formation of ternary CIS phase is
clearly identified by three peaks. The most intense peak
observed at 170 cm™' for all samples is assigned to the

Fig. 3 A XRD patterns for as-
grown CIS thin films deposited =y
at various deposition potentials =
—0.7 V (a), —0.8 V (b), =09 V
(c) and —1 V (d) with respect to
Ag/AgCl reference electrode.
Peaks related to FTO are
marked as a solid circle. B XRD
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Table 1 A summary of XRD results obtained from as-grown and selenized CIS layers deposited for different deposition potentials

Deposition potentials 20 (°) d (A) FWHM (°) Miller indices
Observed Standard ~ Observed Standard ~ Observed
As-grown  Selenized As-grown  Selenized As-grown  Selenized

0.7V 26.55 26.63 26.62 3.362 3.344 3.345 0.664 0.506 (111)
44.44 44.36 44.28 2.037 2.039 2.043 0.752 0.563 (204/220)
52.64 52.47 52.41 1.738 1.742 1.744 0.889 0.618 (116/312)

—-0.8V 26.54 26.48 26.62 3.355 3.361 3.345 0.998 0.557 (111)
44.28 44.30 44.28 2.043 2.042 2.043 1.021 0.685 (204/220)
52.60 52.31 5241 1.738 1.746 1.744 1.133 0.907 (116/312)

—-09V 26.69 26.53 26.62 3.362 3.355 3.345 0.762 0.589 (111)
44.42 44.12 44.28 2.037 2.050 2.043 0.996 0.826 (204/220)
52.47 52.35 52.41 1.742 1.745 1.744 1.037 0.923 (116/312)

-1V 26.68 26.69 26.62 3.337 3.336 3.345 0.629 0.493 (111)
44.32 44.36 44.28 2.041 2.039 2.043 0.689 0.557 (204/220)
52.62 52.55 5241 1.7137 1.739 1.744 0.711 0.576 (116/312)

characteristics A1 mode of the chalcopyrite CIS phase. The
peaks observed at 207 and 224 cm™ ' are associated to E
and B2 modes of CIS phase [29]. The strong peak appeared
at 260 cm™ " in Fig. 4a is related to the secondary phase of
CuSe. This peak is not observed in the sample deposited at
higher potentials. This agrees well with XRD result. The
presence of CuSe phases are highly conductive, which may
produce shunt paths and detrimental to the efficiency of
CIS solar cell. The Raman peaks observed in sample
(b) deposited at —0.8 V are corresponds to CIS only. The
features related to InxSey were not observed for the sample
deposited at higher growth potentials (—0.9 and —1 V),
however the formation of ordered defect compound (ODC)
of the CIS phase was obtained at 150 cm™". The formation
of ODC layer could be associated with EDAX analyses
which obtained low Cu/In ratio. When the CIS films are In-
rich/Cu-deficient then formed surface layer is known as
ordered defect compound (ODC). This ODC layer has
n-type conductivity. Cu vacancy (V¢,) is the most domi-
nated defect due to very low formation energy, which is a
consequence of the anti-bonding Cu—Se hybrid state at the
valence band [30]. The peak appeared at 150 cm™' in
Raman spectra for CIS thin films confirms the presence of
ODC Ilayer formation. Witte et al. reported the Raman
analysis of CIGS thin films with various copper content.
They observed a shoulder at around 150 cm™" in all Cu-
poor absorber layer in Raman spectra due to presence of
ODC phase [31]. Marquez et al. [32] report all physical
parameters including band structure, defects, effective
mass of carriers, dielectric constant, activation energy, etc.
for ODC layer. The ODC layer may be useful for the
development of high efficiency solar cell devices [33]. The
peak appeared at 118 cm™' observed in all Raman

@ Springer

spectra’s belongs to the laser line which was used for the
calibration of Raman wave number.

3.3 Optical properties

The optical absorption measurements were carried out with
the help of a UV-Vis spectrophotometer in the wavelength
region 600-1000 nm is depicted in Fig. 5. The energy
band-gap values were estimated by extrapolating the
straight line segment of the graph (athv)? versus hv, to the
x-axis. The energy band-gap values for as-deposited sam-
ples electrodeposited at —0.7 to —1 V were estimated in
the range of 1.03-1.24 eV. The energy band-gap of CIS
layers decreases upon selenization. The reduction in the
band-gap after selenization may be due to the recrystal-
lization and increase in the particle size. A systematic
change in the band-gap towards uphill direction was
observed for the sample deposited from lower to higher
growth potentials. The large band-gap estimated at higher
potentials could be associated to small grain size of the
deposit and/or the growth of stoichiometric layer. The
estimated values of the band-gap are summarized in
Table 2 which are in good agreement with the reported
value [7].

3.4 Surface properties and compositional analysis:
SEM and EDAX

3.4.1 SEM analysis
The SEM images of as-prepared and annealed CIS layers

grown at —0.7 to —1 V are shown in Fig. 6. No significant
change in surface morphology of as-prepared CIS with
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Fig. 4 Raman spectra for CIS thin films deposited at various deposition potentials —0.7 V (a), —0.8 V (b), —0.9 V (¢) and —1 V (d) on FTO

coated glass substrate

respect to deposition potentials was observed. All as-de-
posited layers were void free, compact and fairly uniform
with particle size ~50 to 200 nm. A part of these films
were selenized in tubular furnace at 400 °C for 15 min.
The surface morphology of all selenized layers changed,

which could be clearly visualized in SEM images. The
large globular clusters of size ~1 micron are formed by
agglomeration of small particles. The large clusters have
less grain boundaries and useful to produce high efficiency
solar cell devices. The cross section SEM micrograph for
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Table 2 Band-gap of as-grown and selenized CIS layers electrode-
posited at various deposition potentials estimated from optical studies

Deposition potential (V) Band gap (eV)

As-grown Selenized
—0.7 1.13 1.01
—0.8 1.18 1.04
-0.9 1.20 1.06
-1 1.24 1.08

selenized CIS thin film electrodeposited at —0.8 V is
shown in Fig. 6e. The selenized film showed a smooth,
homogeneous and compact appearance. The film thickness
is about 1.5 pm, excluding big lumps present on the sur-
face. Due to large variation in grain size and layer

@ Springer
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thickness, the surface is rough. The contrast appeared in all
SEM images could be due to the rough surface.

3.4.2 EDAX analysis

The atomic percentage concentration obtained by EDAX
analysis for both as-deposited and selenized sample is
summarized in Table 3. Figure 7 shows the variation in
Cu, In and Se contents determined as a function of applied
potentials for the selenized samples. The contents of Cu
was found to be reduced systematically with increasing the
cathodic deposition potentials and the contents of In were
increases for the film deposited at higher growth potentials
which agrees with the equilibrium potentials of Cu and In.
The contents of selenium in the as-deposited CIS layer
were obtained in the range from 40 to 50 at.% of total
100 % of Cu, In and Se. Upon selenization the content of
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«Fig. 6 SEM images of as-grown and selenized CIS thin films
deposited for potentials —0.7 V (a), —0.8 V (b), =09 V (¢), -1 V
(d) and cross section SEM micrograph for selenized CIS thin film
grown at —0.8 V (e)

Se were increased up to 50 % close to stoichiometry. The
films deposited at —0.7 and —0.8 V were Cu-rich, whereas
the In-rich CIS were formed for higher deposition poten-
tials (—0.9 and —1 V). The result obtained by EDAX
agrees well with the structural data obtained by XRD and
Raman analyses.

3.5 Photo-electrochemical properties

Figure 8 presents the photoresponse curve, photocurrent
density verses time for selenized CIS thin films deposited
at —0.7 V (c), —0.8 V (d), —0.9 V (e) and —1 V (f) along
with the standard n-type silicon (a), p-type silicon (b),
under chopped white light illumination of intensity
100 mW/cm?. The standard p-type and n-type silicon
samples of resistivity, 0.05 Q cm were used as reference. A
small bias voltage —10 mV was applied during the PEC
measurement. The photocurrent measured for n-type sili-
con sample upon illumination was found to be increased
along the positive direction (Fig. 8a), whereas, the
enhancement in the photocurrent along negative direction
was noticed for p-type silicon sample (Fig. 8b). Upon
illumination the selenized CIS layers deposited at lower
cathodic potentials (—0.7 and —0.8 V) the photocurrent
increases towards negative direction, confirm the p-type
conductivity could be due to presence of more copper
contents. The photoresponse measured for selenized CIS
films electrodeposited for higher cathodic deposition
potentials (—0.9 and —1 V) was found to be increased
towards positive direction under illumination indicates the
n-type behavior. The n-type behavior observed in selenized
CIS thin films can be ascribed to intrinsic defects such as
selenium vacancies or binary phases related to InxSey. A
small applied negative bias could extract the electrons from
the conduction band, therefore the electrons in the con-
duction band of p-type semiconductor are negligible [34].
However, upon illumination the transportation of electrons
from the valence band to the conduction band takes place,
which could further driven to the solid/electrolyte interface
and finally transferred to the solution by reduction of the
H™ ions results an enhancement in the cathodic current
[35]. The sharp edges observed during ON and OFF of the
light indicates the selenized CIS layer may have low
v - defects and could be suitable for the development of high
efficiency solar cells.
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Table 3 Atomic percentage

. . Composition (at.%
concentration determined by P (at.%)

Deposition Potential of CIS films (V) with respect to Ag/AgCl reference electrode

EDAX analysis -07V —08V 09V -1V
Copper
As-grown 29.30 27.39 30.98 21.70
Selenized 29.51 29.08 22.02 19.22
Indium
As-grown 24.16 28.92 32.55 37.59
Selenized 13.90 19.43 29.90 34.82
Selenium
As-grown 46.34 43.70 36.77 40.71
Selenized 56.59 50.58 48.08 45091
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Fig. 7 Plot of Cu, In and Se contents obtained by EDAX analysis for -6 ON
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3.6 Electrical properties 34— ON
241111

The current density—voltage (J-V) characteristics have
been investigated to explore the electrical properties of CIS
thin films (not shown here). Au metal contact of diameter
I mm was made on CIS layer by thermal evaporation
technique. A Schottky behavior was observed for as-grown
and selenized samples. A semilogarithmic plot, In (I) ver-
sus applied bias (V) of as-grown and selenized CIS films
electrodeposited at —0.8 V is depicted in Fig. 9. The value
of the ideality factor (m) is calculated from the slope of
linear region for the forward bias with the following
equation [36].
q dVv
N = KTd(nD ®)

@ Springer
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Fig. 8 Photocurrent density versus time curves for standard n-type
silicon (a), p-type silicon (), selenized CIS thin films deposited at
different deposition potentials —0.7 V (¢), —0.8 V (d), —09 V
(e) and —1 V (f)

where ‘q’ is the charge of electron, ‘V’ is the applied bias,
‘n’ is the ideality factor, ‘k’ is the Boltzmann constant, ‘T’
is the temperature and ‘I’ the is diode current. The values
of ideality factor ‘n’, 1.73 and 1.15 were calculated for as-
grown and selenized CIS thin films. It is evident that the
ideality factor calculated for selenized samples is lower
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Fig. 9 Plot of In (I) versus applied bias (V) of as-grown and
selenized CIS layers deposited at —0.8 V

than that of the as-grown sample could due to the re-
crystallization of the materials which reduces the grain
boundaries. The reverse current measured for as-grown
could be associated to the structural disorders, such as grain
boundaries which may provide high resistive path for the
movement of charge carriers.

4 Conclusion

Polycrystalline CIS thin films were successfully elec-
trodeposited from aqueous bath by one-step electrochemi-
cal technique. The oxidation and reduction features related
to Cu, In and Se were clearly observed in cyclic voltam-
metry. Chronoamperometric measurement revealed a
characteristic of diffusive controlled growth with instan-
taneous nucleation. Tetragonal chalcopyrite structure was
revealed for as-grown and selenized CIS thin film by the
X-ray diffraction studies. Highly crystalline CIS layers
were formed upon selenization with preferential orientation
along (112) plane. The sample grown at —0.8 V attributed
to peaks related to CIS without secondary phases. The
secondary phases are exhibited for the sample deposited for
the potentials deviated from —0.8 V to either side. Raman
studies confirm the presence of chalcopyrite phase of CIS.
Ordered defect compound (ODC) related peaks were
revealed in CIS layers electrodeposited at higher deposition
potentials. EDAX analysis confirms the stoichiometric
growth of CIS at growth potential —0.8 V, however Cu-
rich and In-rich CIS layers were grown at lower and higher

deposition potentials, respectively. Optical studies esti-
mated the values of band-gap of selenized CIS ~1.05 eV.
Upon selenization void free with globular surface mor-
phology of cluster size ~ 1 to 2 um layers were obtained.
PEC analysis revealed the growth of p-type conductivity
layer at lower potentials and n-type conductivity layer at
higher growth potentials. Electrical measurements showed
the Schottky behavior of CIS layers deposited at various
growth potentials. The value of ideality factor decreases
upon selenization probably due to the recrystallization of
material.
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