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Impact of rapid thermal (RT) annealing and normal selenization process on the properties of CuInSe2 (CIS) layers prepared by
electrochemical route is reported. Cyclic voltammetric measurement was carried out to optimize the co-deposition potentials. A
range of characterization techniques were employed to study the properties. Three prominent reflections(112),(204/220) and (312/116)
of tetragonal CIS were exhibited in as-deposited CIS layers. Upon selenization, the crystallinity was found to be improved. Uniform,
compact, densely packed surface morphology was observed in as-prepared sample. Large grains are developed upon RT annealing due
to recrystallization. Elemental composition obtained by EDAX confirms the growth of stoichiometric layers. Photo-electrochemical
study demonstrates the p-type conductivity. Current-voltage, capacitance-voltage, electrochemical impedance spectroscopy were
conducted to investigate the influence of the grain size and crystallinity on electrical properties. Energy band-gap estimated from
absorption spectra were 1.18, 1.04 and 0.98 eV for as-deposited, selenized, RT annealed samples, respectively. X-ray Photoelectron
spectroscopy confirms the presence of Cu+, In3+ and Se2− oxidation states in all CIS layers. Power conversion efficiency of 3.05%
and 5.94% were achieved for selenized and RT annealed samples, respectively. The improved efficiency measured for RT annealed
sample is proposed due to the growth of highly crystalline, large grain and compact surface morphology.
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Considering the energy crisis, solar energyhasemerged as an im-
portant non-conventional energy source. Various direct bandgap, high
optical absorption coefficient materials have been used toward the
fabrication of thin film solar cells. CuInSe2(CIS) is one of the inten-
sively studied active absorber materials in solar cells because of its
direct bandgap ∼1.05 eV, high absorption coefficient, large mean free
pathand long diffusion length of minority carriers.1,2 Furthermore, the
energy gap can be increased upon addition of gallium and/or sulfu-
rization in controlled ambient. Device efficiency over 22% has been
achieved for CIGS based thin film solar cells using co-evaporation
method.3 However, in spite of high efficiency the high production
cost is one of thesevere obstacles. Various reports are available in the
literature on the development of CIS solar cells using vacuum4 and
non-vacuum processes.5 Electrochemical technique has been used for
the preparation of CIS based solar cells.6 A low-cost electrochem-
ical technique is widely used for the growth of metal oxide, insu-
lator and semiconductor thin films because of higher growth rate,
deposition over arbitrary shaped surface, possibility to grow highly
crystalline and controlled stoichiometric alloy thin films. The best
reported CIGS solar cells produced via this technique have measured
15.4% efficiency by Bhattacharya et al.7 in conjunction with PVD
method. Electrodeposition of CIS thin films can be performed either
by one-step8 or two-step approach.9 Fabrication of CIS solar cells
from aqueous10 as well as non aqueous electrolyte11 is also reported.

There are many challenging opportunities in optimizing thin film
properties by using graded band-gap12 and nanoparticles based13 ab-
sorber layers. Post-deposition treatments such as surface etching and
annealing are needed to improve the performance of solar cells.14,15

Several reports are available on annealing treatments performed in
vacuum or in inert gas atmosphere leads to improvement in crys-
tallinity of the as-grown layer.16

Herein, we report the fabrication of CIS thin films using one-step
electrodeposition and subsequent post deposition annealing. Anneal-
ing process is carried out with two different procedures. In the first
approach as-prepared CIS layers were selenized with elemental Se
in tubular furnace and another approach was rapid thermal annealing

zE-mail: n.chaure@physics.unipune.ac.in

(RTP). In the first approach selenization can be performed under se-
lenium atmosphere at high temperature. Selenium atmosphere can be
made via elemental Se vapor17 or H2Se/Ar at atmospheric pressure.18

However, safety concerns have to be taken into account in case of
H2Se gas therefore in spite of H2Se gas Se vapors thermally gener-
ated from solid precursor were used. Furthermore, RTP annealing was
performed in order to reduce the Se loss in self formed film without
additional Se vapor or H2Se. In this article we have demonstrated the
effect of above annealing ways on properties of electrodeposited CIS
layer as well as on the solar characteristics.

Experimental

Chemicals.—All chemicals used for the deposition of CIS layers
were purchased from Sigma-Aldrich of purity at least 99.9%. Fluorine
doped tin oxide (FTO) coated glass substrates of sheet resistance ∼10–
15 �/cm2 were purchased from Pilkington Glass Company, UK. The
double distilled deionized water (DDDW) was used as a solvent.

Electrodeposition of CIS layers.—Electrodeposition of CIS thin
film was carried out potentiostatically using μ3AUT 70762 AUTO-
LAB potentiostat/galvanostat with three-electrode assembly consists
Ag/AgCl, graphite plate and FTO as reference, counter and working
electrodes, respectively. The initial characterizations associated to the
quality of layer were studied for the sample electrodeposited onto
FTO substrate, whereas the solar cells were prepared by depositing
CIS onto FTO/CdS substrate. The FTO substrates were ultrasonically
cleaned with acetone and rinsed in DDDW. The electrolyte matrix, 3
mM copper chloride (CuCl2), 6 mM indium chloride (InCl3) and 3
mM selenous acid (H2Se2O3)with pH hydrion buffer (pH 3) solution
was used to deposit CIS layers. Lithium chloride (LiCl) was used as
a supporting electrolyte. Cyclic voltammetry measurement was per-
formed to optimize the co-deposition potential for Cu, In and Se. CIS
layers were deposited at −0.8 V with respect to Ag/AgCl without agi-
tation at room temperature. Immediately after deposition the samples
were thoroughly rinsed in DDDW and dried in an ambient condition.

Electrochemical measurements.—The cyclic voltammetry and
chronoamperometric measurements were performed using μ3AUT

http://jes.ecsdl.org/content/165/4.toc
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Figure 1. Schematic for variation of annealing temperature with time in a) selenization and b) RTP process used in the post deposition treatment for CIS thin films.

70762 AUTOLAB potentiostat/galvanostat. A conductivity type
of the sample was obtained using photoelectrochemical (PEC)
measurements. A three-electrode geometry consisting graphite,
Ag/AgCl and CIS layer as counter, reference and working electrodes,
respectively were used in 1 M KCl solution. A white light source of
intensity 10 mW/cm2 was used to illuminate the samples. Impedance
spectroscopy was studied with Biologic SP 300 potentiostat for fre-
quency range 1 MHz to 100 mHz in 1 M NaCl solution. A similar setup
employed for PEC was used to study the impedance spectroscopy.

Materials characterization.—The structural properties were stud-
ied by means of X-ray diffractometer, model Bruker D8 with Cu
Kα anode of wavelength 0.154 nm. Optical absorption measurements
were performed with JASCO V-770 UV-vis-NIR spectrophotometer.
Surface morphology was examined by using scanning electron mi-
croscope (SEM) model JEOL JSM 6360 A. A thin layer (∼20 nm) of
platinum was sputtered on the surface of sample prior to record SEM
images. Atomic percentage concentration was determined by energy
dispersive X-ray analysis (EDAX) technique attached with SEM unit.
Biologic SP 300 Potentiostat equipped with two probe measurement
setup was employed to study the electrical properties. Invia Renishaw
micro Raman spectrophotometer, with an excitation laser of wave-
length 785 nm was employed to study the detail structural properties.
The elemental composition and chemical states were analyzed using
X-ray Photoelectron Spectroscopy PHI 5000 Versa Probe II instru-
ment equipped with a monochromatic X-ray source, Al Kα of energy
1486.6 eV and hemispherical analyzer. A solar stimulator with power
intensity 100 mW/cm2 was used to study the optoelectronic properties
of the solar cell.

Post-deposition annealing treatments.—A two different ap-
proaches were employed to anneal the CIS layers, first,atwo-step
selenization with elemental Se vapors and secondly, rapid thermal
annealing process. In the two-step selenization process the chamber
was initially heated to 200◦C for 30 minutes and subsequently the
temperature was raised to 450◦C with ramp rate 5◦C/sfor 10 minutes.
The samples were cooled naturally to room temperature. RTP system
(MTI Corporation, USA) was used to anneal the sample in argon am-
bient. Initially, the temperature was raised to 200◦C at the rate 30◦C/s
and maintained for 5 sec. The temperature was further increased to
450◦C and maintained for 10 sec. The sample was cooled rapidly with
rate 50◦C/s to 200◦C. The RTP process was repeated for 10 cycles.
Figures 1a and 1b shows the schematic of two-step selenization pro-
cess and RTP, respectively. A full program used for RTP annealing is
given in inset of Figure 1b.

Fabrication of solar cells.—A superstrate device structures,
glass/FTO/CdS/selenized CIS/metal (Au) and glass/FTO/CdS/RTP

annealed CIS/metalwereprepared to study the optoelectronic prop-
erties. CdS thin layers of thickness ∼50 to 70 nm were grownonto
FTO by chemical bath deposition technique.19 The annealed CIS lay-
ers were etched in Br-CH3OHsolution and subsequently in NaCN
solution to remove the unwanted secondary phases. Finally, a circular
Aucontacts of diameter ∼3 mm were made using thermal evaporatorat
pressure ∼ 5×10−5 mbar.

Results and Discussion

Cyclic voltammetry and chronoamperometry.—The electrochem-
ical behavior of Cu, In and Se was investigated using the cyclic voltam-
metric measurement. A typicalcyclic voltammogram (CV) recorded
in presence of Cu, In and Se ions with hydrion buffer 3 solution20–22 at
5 mV/sec scan rate is depicted in Figure 2a. The hydrion pH 3 buffer
solution is a mixture of 0.15 wt% sulfamic acid and 0.30 wt% potas-
sium biphthalate, used to reduce the free H+ and OH− ions present in
the electrolyte according to the following reactions,

C6 H6 − 1, 2
(
C O O−)

2
+ 2H+ = C6 H6 − 1, 2(C O O H )2 [1]

H2 N SO3
− + H+ = H2 N SO3 H [2]

The potassium compound from pH 3 hydrion buffer and LiCl was
used to enhance the ionic conductivity of an electrolyte.

The cyclic voltammetry study for CIS and CIGS was reported
previously.23 The features noticed in the cathodic scan upto −0.4 V
are assigned to the reduction of Cu and Se by the following charge-
transfer reactions,

Cu2+ + 2e− = Cu E0 = +0.34 V versus NHE [3]

H2 SeO3
2− +4e− +4H+ = Se2 +3H2 O E0= +0.74 V versus NHE

[4]
An elementalIn is proposed to be electrodeposited in the region above
-0.55 V by the charge transfer reaction;

I n3+ + 3e− = I n E0= −0.34 V versus NHE [5]

The plateau region attributed about −0.5 V to −0.85 V assigned to the
diffusion controlled growth which is proposed to be suitable for the
synthesis of stoichiometric CIS layers. The sharp rise in the current
observed around −0.95 V is associated to the over potential deposition
of metallic In and/or the In-rich CuInSe2 thin layer.

The formation of CIS is proposed by the following half-electrode
reaction,

Cu2+ + I n3+ +2SeO3
2− +9e− +12H+ = CuI nSe2 +6H2 O [6]
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Figure 2. a) Cyclic voltammogram of CIS solution recorded at 5 mV/Sec with respect to Ag/AgCl reference electrode, b) chronoamperometric curve for
potentiostatic deposition of CIS at −0.8 V and c) current–time transient plots of (I/Imax)2 versus (t/tmax) for the study of the nucleation and growth mechanism
during the electrodeposition of CIS.

The anodic curve is represented by reverse arrows in Figure 2. The
peaks ‘a’, ‘b’, and ‘c’ appeared at −0.58 V, −0.27 V and 0.38 V are
proposed due to the oxidation of In-rich, Cu-rich and Se-rich phases of
CIS, respectively. In our previous report we have clearly demonstrated
that the films grown at higher cathodic potential −0.9 V and −1.0 V
are In-rich and the presence of indium selenide related peaks were
clearly seen in the XRD spectra.8 The layers deposited at −0.8 V
versus Ag/AgCl reference were found to be close to stoichiometric
and highly crystalline, therefore the effect ofselenization and RTP
annealing was investigated on this layer.

The chronoamperometric, current-time transient curvemeasured
for the layer obtained at −0.8 V isdepicted in Figure 2b.

The steady-state current is given by,

I = 4nDFcA [7]

where, ‘D’ is the diffusion coefficient, ‘A’ is the area, ‘c’ is the concen-
tration, ‘F’ is the Faraday constant and ‘n’ is the number of electrons
transferred per molecule. The rapid decay observed initially is pro-
posed due to the charging/discharging of double layer.24

The nucleation mechanism was studied from the chronoampero-
metric data fitted into Scharifker and Hills model which shows the
electroactive species mass transport.25

The following equations can be used to describe the instantaneous
and progressive nucleation,

For instantaneous nucleation,(
I

Im

)2

= 1.9542

(
t

tm

)
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)]}2
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(
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)]}2

[9]
Figure 2c depicts the (I/Imax)2 versus (t/tmax)2 plot of experimental
and theoretical data obtained from Equations 8 and 9. It is observed
that the experimental data agreeing well with instantaneous nucleation
obtained by Scharifker and Hills model. This suggests that all reaction
sites on surface are simultaneously activated and during the initial
stage of deposition the numbers of nuclei on surface are saturated.

Structural analysis: XRD and raman studies.—Structural inves-
tigation of as-grown, selenized and RTP processed CIS layers stud-
ied by X-ray diffractometer are shown in Figure 3. Three prominent
reflections (112), (204/220) and (116/312) correspond to tetragonal
structure of CIS are exhibited at about 26.30o, 44.30o and 51.52o,

respectively. The peaks attributed due to FTO substrate are marked
as solid circle (●). Highly crystalline CIS layerswithout secondary
phases were obtained upon selenization and RTP annealing. The de-
gree of enhancement in the crystallinity was studied by the full width
at half maxima (FWHM) and the average crystallite size by Debye-
Scherrer formula.26 The calculated values of FWHM and average crys-
tallite size are summarized in Table I. Upon selenization, the FWHM
and average crystallite size were decreased due to recrystallization of
material.

RTP process was found to be more effective to increase the crys-
tallinity and grain growth probably due to the rapid cooling of sample.
During recrystallization the strain may develop in the layer, which is
determined by Williamsons-Hall (W-H) equation,27

β cos θ = η sin θ + λ

t
[10]

where, ‘β’is the FWHM of diffraction peaks, ‘θ’ is the Bragg diffrac-
tion angle, ‘λ’ is the wavelength of X-ray source ‘η’ is the strain and
‘t’ is the average crystallite size. The plots of β cos θ versus sin θ for

Figure 3. XRD pattern of as-prepared a), selenized b) and RTP annealed c)
CIS layer electrodeposited at −0.8 V. The corresponding plots of β cos θ versus
sin θ are given in inset of each XRD pattern.
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Table I. A summary of crystallite size and strain calculated by the Hall equation and Scherrer formula obtained from XRD results for as-prepared,
selenized and RTP annealed CIS layers.

Williamson-Hull analysis

CIS film deposited
at −0.8 V

Average FWHM of all
peaks (degrees)

Crystallite size (nm) from
Debye Scherer formula

Crystallite size
(nm)

Types of strain (Tensile ‘T’
or Compressive ‘C’)

Strain X
10−3

As-deposited 1.159 10.13 nm 11.53 nm T 5.738
Selenized 0.6896 17.77 nm 23.38 nm T 11.89
RTP annealed 0.2152 44.71 nm 56.98 nm T 13.86

all samples are given in the inset of respective XRD spectra. The aver-
age crystallite size obtained from W-H analysis is in good agreement
with the valuesobtained from Scherrer analyses. The positive value of
strain reveals the presence of tensile strain in the crystal lattice.28

Nonetheless, the XRD pattern alone is insufficient to identify the
phase purity of sample. In order to understand the more structural
details, the Raman spectroscopy was used. The Raman spectra of
as-prepared a), selenized b) and RTP annealed c) samples electrode-
posited at −0.8 V is shown in Figure 4. A strong peak attributed about
170 cm−1 corresponds to A1 mode of chalcopyrite CIS phase.29 The
peaks exhibited about 207cm−1 and 224 cm−1 are corresponds to E
and B2 modes of CIS phase. The broadening of the most intense band
(A1 mode) was found to be decreased for RTP annealed sample is
proposed due to the enhancement in the degree of crystallinity and
reduced defects. The features related to secondary phases or ODC
were not observed in Raman spectra.30–31 The peak appeared at 118
cm−1 in all samples corresponds to the laser line which generally use
for the calibration of Raman wave number.

Surface properties and compositional analysis: SEM and
EDAX.—SEM micrographs of as-prepared, selenized and RTP an-
nealed CIS layers grown at −0.8 V is given in inset of Figure 4. The
as-prepared layers exhibited granular morphology having particle size
∼500 nm. Upon selenization a large clusters of size 2 micron can be
clearly seen by the agglomeration of small grains. However, the RTP
annealed sample resembles a well faceted large island like particles. A
significant change in the surface morphology of RTP annealed sample
can be clearly seen in SEM picture.

The bulk composition of CIS layer was obtained by EDAX analy-
ses. The as-grown layers were Se-deficient whereas a nearly stoichio-

Figure 4. Raman spectra of a) as-prepared, b) selenized and c) RTP annealed
CIS layers. Inset shows the corresponding SEM micrographs magnified at 0.5
μm scale.

Table II. A summary of EDAX results obtained for as-prepared,
selenized and RTP annealed CIS layers electrochemically grown
at −0.8 V versus Ag/AgCl reference electrode.

CIS electrodeposited Atomic composition in percentage

at −0.8 V As-deposited Selenized RTP annealed

Copper (Cu) 27.39 29.08 29.90
Indium (In) 28.92 19.43 21.35
Selenium (Se) 43.70 50.58 48.75
Se/Cu 0.78 1.04 0.94

metric sample wasdeposited upon selenization and RTP annealing. All
layers were Cu-rich. The atomic percentage concentrations obtained
by EDAX analysis is summarized in Table II. The result obtained by
EDAX agrees well with the XRD and Raman results.

Optical properties.—Figure 5A shows the (αhν)2 versus hνplot
ofas-prepared, selenized and RTP annealed CIS layers. The values
of the energy bandgap, 1.18, 1.04 and 0.98 eV were estimated by
extrapolating the straight region of the curve. The large band-gap
observed for as-grown layer could be associated to the growth of
off-stoichiometric precursor layers and the growth of non-uniform
particles.

The decreased bandgap measured upon selenization and RTP an-
nealing could be due to the enhancement in particlesas well as the
recrystallization of material. The bandgap estimated for RTP annealed
layer is in good agreement with the reported value.32 Note that, the
lack of sharp fundamental absorption edges for all plots can be as-
sociated to the multiple reflections that take place at the surfaceand
grain boundaries and slight variation in the particle size.33

Photo-electrochemical properties.—The conductivity type of the
layer was studied by knowing the majority charge carriers with PEC
analysis. The photoresponce curve recorded upon illumination with

Figure 5. Optical absorption spectra, (αhυ)2 verses (hυ) of as-prepared, sel-
enized and RTP annealed CIS layers prepared at −0.8 V.
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Figure 6. Photo response curves, photocurrent density verses time for stan-
dard n-type silicon a), p-type silicon b), as-prepared c), selenized d) and RTP
annealed e) CIS layers.

chopped white light is shown in Figure 6. The measured photocurrent
response was compared with standard n and p-type Si samples of
resistivity 0.5 �-cm a) and b), respectively.

The photocurrent originates from the minority carriers, therefore,
the direction of observed photocurrent can give type of majority charge
carries. The photocurrent measured for n-type sample upon illumina-
tion was increased toward the positive direction (Figure 6a), whereas,
the enhancement in the photocurrent was noticed along the negative
direction for p-type Si sample (Figure 6b). From PEC studies the
growth of p-type conductivity layer was inferred.34

The p-type behavior observed in as-deposited 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
conduction band of p-type semiconductor are negligible. 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 Along with this, the photocurrent observed to be increased
for RTP annealed samples. This fact may be associated with the im-
proved crystallinity and particle size of CIS. The sharp edges observed
during ON and OFF of the light indicates the selenized CIS layer may
have less defects and could be suitable for the development of high
efficiency thin film solar cells.

Electrical properties (J-V and C-V).—To explore the electrical
properties J-V and C-V measurements have been studied. Au metal
contacts of diameter 3 mm were made on CIS layer by thermal evap-
oration technique. The semilogrithmic plots, ln (I) versus applied bias
(V) for as-prepared, selenized and RTP annealed CIS layers are de-

-1.0 -0.5 0.0 0.5 1.0

-12

-8

-4

0

ln
 (

I)

Applied bias (V)

c)

b)

a)

Figure 7. Semilogarithmic graphs, ln (I) versus applied bias (V) for as-
prepared a), selenized b) and RTP annealed c) CIS layers.

picted in Figure 7. The values of the ideality factor, ‘n’ is calculated
from the slope of the straight line region for forward bias using the
following equation,36

n = q

kT

dV

d (lnI)
[11]

where q, V, n, k, T and I are the charge of electron, applied bias,
ideality factor, Boltzmann constant, temperature and diode current,
respectively. The ‘n’ values, 1.73, 1.15 and 1.04 were calculated for
as-prepared, selenized and RTP annealed CIS layers, respectively. The
higher value of ‘n’ for as-deposited CIS layers could be associated
to the leakage current at the metal-semiconductor interface or defect
level presents within the material or at the interface. The value of ‘n’
calculated for RTP annealed sample is close to unity (ideal diode con-
dition) is proposed due to the enhancement in the electronic properties
of CIS. The reverse current measured for as-grown sample is due to
the structural disorders, such as grain boundaries which may provide
a high resistive path for the transfer of charge carriers.

The flatband potential and carrier concentration was determined
by Mott-Schottky (M-S) plot. Figure 8 shows the M-S ((1/C2) versus
applied bias) plots of as-prepared a), selenized b) and RTP annealed
c) CIS layers. The negative slope indicates the p-type conductivity.37

Three distinct regions, namely inversion, depletion and accumulation
are clearly seen in Figure 8. The flatband potentials 0.75, 0.64 and 0.47
V were estimated for as-prepared, selenized and RTP annealed CIS
layers, respectively. The variation in the flatband potential is the sign
of the variation of the band edge position which is shown to depend
on the oxidation state of the surface. The more oxidized surface gives
the more positive the band edge position. The slope of M-S plots
were further used to calculate the carrier concentration by using the
expression,38

1/C2 = 2

qεs A2 N
(Vbi − V ) [12]

WhereVbi is the flatband potential and N is the charge carrier concen-
tration.

The carrier concentrations 1.17 × 1016, 2.02 × 1018, 2.51 × 1019

cm3were calculated for as-prepared, selenized and RTP annealed sam-
ples, respectively. The increased carrier concentration for RTP an-
nealed sample is associated to the increases crystallinity and reduc-
tion in grain boundaries which is desirable for the development of
high efficiency thin film solar cell. The calculated values of flatband
potentials, carrier concentrations and ideality factorare summarized
in Table III.

Electrochemical impedance spectroscopy [EIS] analysis.—EIS
was performed to investigate the characteristic features of the sam-
ples. Figure 9a shows the Nyquist plots, complex plane real |Z’| versus
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Figure 8. Mott Schottkey plots (1/C2 versus Voltage) for as-prepared a), selenized b) and RTP processedc) CIS layers recorded for frequency 100 KHz.

Table III. Flat band potential and carrier concentration values
calculated from capacitance-voltage measurement for as-prepared,
selenized and RTP annealed CIS layers.

CIS film deposited Flat band Carrier concentration Ideality
at −0.8 V potential (V) (/cm3) factor

As-deposited 0.748 1.17 × 1016 1.73
Selenized 0.637 2.02 × 1018 1.15

RTP annealed 0.468 2.51 × 1019 1.04

imaginary |Z”| impedance, obtained for the frequencies 1 MHz–0.1
mHz for as-deposited, selenized and RTP annealed CIS samples. The
straight line at low frequency is proposed to be due to the diffusion
process of electroactive species known as Warburg impedance (Zw).
The values of series resistance associated to the electrolyte (Rs), the
charge transfer resistance (Rct), the capacitance of electrical double
layer (Cd) at the solid-electrolyte interface, and Zw can be calcu-
lated by fitting the data into equivalent circuit. The equivalent cir-
cuit is given in Figure 9b. The estimated values of above parameters
are summarized in Table IV. Since the ionic diffusion and heteroge-
neous charge transfer occur as successive mechanism, therefore the

Figure 9. (a) Nyquist plot, (b) Equivalent circuit model used, (c) and (d) Bode plots of the as-deposited, selenized and RTP annealed CIS thin films.
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Table IV. Best fit values of Rs, Rct, Cd and Zw using an equivalent
circuit for as-prepared, selenized and RTP annealed CIS layers.

CIS film deposited at −0.8 V Rs (�) Rct (�) Cd (μF) ZW (�)

As-deposited 41.25 8897 0.3 6986
Selenized 54.36 3476 5.0 5531

RTP annealed 47.70 2575 6.8 4763

equivalent circuit is composed of Zw and Rs. It is known that the
Zw depends on the applied frequency.39 No significant changes in the
values of Rs were observed for these samples. The values of Rct were
found to be systematically decreased for selenized and RTP annealed
CIS layer as compared with as-deposited CIS samples is proposed
to be due to the decreased grain boundaries. The RTP annealed CIS
film exhibits a considerably larger value of Cd compared to both as-
deposited and selenized CIS thin films. Basically, an electric double
layer exists at the interface between the electrode and its surrounding
electrolyte, therefore, the charged electrode is separated by an insu-
lated space with electrolyte which forms a capacitor. Cd is nothing
but amount of charge accumulated in this double layer. The increased
value of Cd could be due to the higher conductivity of recrystallized
CIS layer. Figures 9c and 9d shows the Bode plots ((log |Z’| versus
log (frequency) and phase-angle versus log (frequency)) obtained in
the frequencies 1 MHz-0.1mHz. The corresponding peak position of
negative phase-angle is shifted toward higher frequency range for RTP
annealed CIS layer, reveals a higher electrical capacitance value.40

X-ray photoelectron spectroscopy analysis.—The composition
and oxidative states of CIS layers are investigated using XPS analyses.
Appropriate electrical charge compensation was employed to perform
the analysis and binding energy for C 1s peak was referenced at 284.80

Figure 10. Survey scans of a) as-prepared, b) selenized and c) RTP annealed
CIS layers.

eV. Figure 10 shows the survey spectrum for as-prepared, selenized
and RTP annealed CIS layers. All survey spectra indicates the pres-
ence of copper, indium and selenium. Peaks related to C and O due
to surface contamination are also observed. The core level spectrum
for Cu, In and Se are examined and depicted in Figure 11. The Cu

Figure 11. Core level spectrum for A) copper,
B) indium, C) selenium and D) atomic per-
centage concentration for Cu, In and Se in CIS
layers.
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Figure 12. SIMS depth profile for individual atomic percentage concentration
for Cu, In, Se, Cd, S and Sn in FTO/CdS/CIS structured thin film.

2p core level split into 2p3/2(932.99 eV) and 2p1/2 (952.81 eV) peaks
(Figure 11A) demonstrate the Cu valence state in CIS is +1.

Similarly, core level spectrum of In 3d split into two peaks 3d5/2

(444.88 eV) and 3d1/2 (451.96 eV) confirms the valence state of In in
CIS to be +3 (Figure 11B). The core spectrum of the Se has doublet
peaks of Se 3d3/2 (54.71 eV) and Se 3d1/2 (59.06 eV) (Figure 11c).41

The core level spectrums for Cu 2p3/2, In 3d5/2 and Se 3d3/2 are shown
in inset of Figures 11A, 11B and 11C for as-deposited, selenized
and RTP annealed CIS layers. The Cu 2p3/2 peak for as-deposited
sample appeared at 933.00 eV shifted to 932.68 eV and 932.90 eV
for selenized and RTP annealed samples, respectively. Similarly In
3d5/2 and Se 3d3/2 peak for as-deposited sample appear at 444.88
eV and 54.71 eV which are shifted toward 444.33 eV and 54.35 eV
for selenized and 444.63 eV and 54.61 eV for RTP annealed CIS
layer, respectively. These shifts are proposed due to the difference
between the oxidation states of Cu, In and Se present in the CIS
layers. For selenized CIS layers it has been noted that the peak shifted
to lower binding energy as compared to RTP annealed sample could
be due to the presence of excess Se on the surface.42 A typical atomic
concentration obtained for all sample about 5 min sputtering is shown
in Figure 11D). The quantification obtained for RTP annealed layer
gives the stoichiometric CIS layer.

Secondary ion mass spectroscopy (SIMS) analysis.—The com-
positional study performed by SIMS measurements for RTP annealed
sample as shown in Figure 12. SIMS measurements clearly demon-
strated the Cd and S was not diffused into the CIS layer as the Cd
and S was determined close to the substrate within ∼70 nm width.
Further, a uniform growth of all the elements i.e. Cu, In and Se were
observed for entire thickness of the layer.

Solar cell characteristics.—The solar cell parameters, open circuit
voltage (VOC), short circuit current (JSC), fill factor (FF) and power
conversion efficiency η, were measured for CdS/selenized-CIS/Au
and CdS/RTPannealedCIS/Auheterostructures under 100 mW/cm2 il-
lumination. Prior to Au-metal contact the heterostructure layers were
etched chemically in bromine-methanol solution for 60 sec and subse-
quently in NaCN solution to remove the secondary oxides/compounds
phases formed during the selenization/RTP processes. The typical
dark and illuminated J-V, curves for CdS/selenized-CIS and CdS/RTP
annealed CIS solar cell are depicted in Figures 13A and 13B),
respectively.

Figure 13. Dark and illuminated J-V characteristics for a typical super-
strate configuration consisting of glass/FTO/CdS/selenized CIS /Au (A), and
glass/FTO/CdS/RTP annealed CIS /Au, (B) heterostructure.

The power conversion efficiencies, 3.05% and 5.94% were mea-
sured for selenized and RTP annealed CIS layer, respectively. The
increased efficiency measured for RTP annealed solar cell is proposed
to be due to the increased particle size, degree of crystallinity and
controlled stoichiometric composition of precursors.

The J-V behavior of a thin film solar cell (TFSC) can be described
by a general single exponential diode equation as follows43

J = Joexp
[ q

nkT
(V − RS J )

]
+ GV − JL [13]

where, J and V are the diode current density and applied bias voltage,
J0 is the reverse saturation current density, JL is the photocurrent
density, Rs is the series resistance and G is the shunt conductance.

The derivative dV/dJ against 1/J and dV/dJ against 1/(J+JSC) for,
RsG<<1 plotted to dark and illuminated condition using Equation
13) is shown in inset of Figures 14a, 14c and 14b, 14d, respectively.

dV

d J
= RS +

[
nkT

q
(J + JSC )−1

]
[14]

The values of the series resistance, Rs determined from the inter-
cept to y-axisfor CdS/selenized-CIS/Au and CdS/RTPannealedCIS/
Au heterostructure were 50.41 �-cm2, 5.16 �-cm2 and 23.40 �-cm2,
4.31 �-cm2 under dark and illuminated condition, respectively.

The values of shunt conductance, Gwere extracted by plotting
dJ/dV versus Vas shown in Figures 14a, 14c and 14b, 14d for dark
and illuminated condition, respectively. The values of G were obtained
from the minimum value of the slope dJ/dV in reverse bias. Shunt con-
ductance of the fabricated device in dark and illuminated condition
are 0.9 mS/cm2 and 36.2 mS/cm2 for CdS/selenized-CIS/Auand 0.4
mS/cm2 and 7.5 mS/cm2 for CdS/RTPannealedCIS/Au heterostruc-
ture respectively. For an efficient photovoltaic device the shunt
conductance has to be as small as possible. Smaller value of G
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Figure 14. Plots of dJ/dV versus V (a, c) and d/(J+JSC)/dV versus V (b, d) for glass/FTO/CdS/selenized CIS/Au and glass/FTO/CdS/RTP annealed CIS/Au
heterostructure solar cell device measured under dark and illuminated conditions, respectively. The corresponding dV/dJ versus 1/(J) in dark and dV/d(J+JSC)
versus 1/(J+JSC) under illumination are shown in inset of respective curves.

represents the less internal leakage through the cell. The results of
the diode analysis for the J –V data underillumination are summarized
in Table V.

As it is noted that the type of annealing affects on the several prop-
erties of layer which further improve the power conversion efficiency
(PCE). The device made from selenized CIS shows less PCE than the
RTP annealed CIS layer. One of the possible reason can be the shorter
processing time of the RTP process, which not only resulted in the
improved quality of absorber layer but which can avoid the growth of
detrimental phases in the absorber layer. High degree of shunting is
observed in the devices made from selenized CIS layer which could be
due to the porous nature of the film compared with the RTP annealed
CIS layer which forms compact layer. However, comparing literature
for a device with the present results, the best PCE value obtained for
RTP annealed layer is less which could be due to the large density of
inter grain trap states in CIS layer.44 Moreover, the PCE can be further
improved by treating various surface treatments.

Conclusions

One-step electrodeposition method was employed to grow CIS thin
films. The oxidation and reduction features related to Cu, In and Se
were clearly observed in cyclic voltammetry. All reflections in XRD
spectra are indexed to chalcopyrite crystal structure of CIS. Highly
crystalline layers were grown after the post deposition heat-treatment
in RTP. The average crystallite size calculated from the W-H analysis
was in agreement with the values calculated from the Debye-Scherrer
formula. SEM micrographs illustrate the granular grain growth of as-
prepared layers which changes remarkably upon RTP annealing. The
homogeneous and dense CIS layer with larger grain size about 2 μm
was obtained after annealing. The energy band-gap value ∼0.98 eV
was estimated for RTP annealed CIS layer which shows strong ab-
sorption in visible region. Raman study confirms the formation of pure
chalcopyrite CIS phase, which is consistent with the corresponding
XRD results. The Mott-Schottky and photo-electrochemical studies
reveal the growth of p-type conductivity in all CIS layers. Electrical

Table V. Solar cell parameters obtained from selenized and RTP annealed CIS layers under dark and illuminated conditions.

VOC JSC G (dark) G (ill) RS (dark) RS (ill)
Cell (V) (mA/cm2) FF η % (mS/cm2) (mS/cm2) � cm2 � cm2

Glass/FTO/CdS/SelenizedCIS/Au 322 22 43 3.05 0.9 36 50.41 5.16
Glass/FTO/CdS/RTP annealed CIS/Au 364 32 51 5.94 0.4 7.5 23.40 4.31
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measurements show the Schottky behavior for CIS layers. The ideality
factor calculated for RTP annealed CIS layer close to unity due the
highly crystalline layers with large grain growth. The atomic percent-
age concentrations obtained by EDAX analysis confirm the growth of
stoichiometric CIS layers. The RTP process has the potential of im-
proving electrical properties of the absorber layer by decreasing the
amount of near surface defects. XPS studies confirms the presence of
Cu+, In3+ and Se2−oxidation states in as-prepared, selenized as well
as RTP annealed CIS layers. Moreover, the composition obtained from
XPS analysis for RTP annealed layer gives the formation of stoichio-
metric CIS formation. The device fabricated using selenized and RTP
annealed CIS absorber layer gives the power conversion efficiency of
3.05% and 5.94%, respectively.
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