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Abstract We have synthesized CulnSe, (CIS) thin films from
an aqueous electrolyte by potentiostatic electrochemical tech-
nique at room temperature. The effects of pH and selenization
on the properties of CIS layer have been thoroughly investi-
gated. The studies were carried out on the samples prepared in
as-prepared bath with pH 2.5 and later adjusted to 1.2. Cyclic
voltammetry (CV) was studied at slow scan rate to optimize
the deposition parameters. The prepared thin films were
selenized in a tubular furnace at 400 °C for 20 min in selenium
atmosphere. Structural, optical, compositional, morphologi-
cal, and electrical properties were studied with the help of
X-ray diffractometer, Uv-vis absorption spectroscopy, energy
dispersive X-ray analysis (EDAX), scanning electron micros-
copy (SEM), and current—voltage (V) measurements. The
prominent reflections (112), (204/220), and (312/116) of te-
tragonal CIS have been exhibited for all as-deposited and
selenized samples. The energy band gap of the selenized
CIS thin film was found to be ~1.03 eV. Granular, uniform,
and densely packed surface morphology was observed for as-
deposited and selenized samples electrodeposited at —0.6 and
—0.8 V versus Ag/AgCl for the pH of bath 1.2 and 2.5,
respectively. EDAX result reveals the stoichiometric CIS
films can be electrodeposited at —0.6 and —0.8 V with pH of
the bath 1.2 and 2.5, respectively. The ideality factor (1)
deducted from I~V measurements was found to be reduced
from 1.6 to 1.3 and 1.9 to 1.2 after selenization of samples
grown at —0.6 and —0.8 V, respectively, revealing the forma-
tion of ideal diode due to elimination of surface leakage
current. Photoelectrochemical (PEC) measurement confirms
the growth of p-type CIS thin film.
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Introduction

The chalcopyrite semiconductors such as CulnSe, (CIS),
CulnGaSe, (CIGS), and CulnTe, have attracted significant
interest as a photo-absorbing material of thin film solar cells
because of high absorptivity (>10° cm ') and physical and
chemical stability against photo-degradation [1-3]. CIS has a
direct band gap tunable from 1.04 to 1.68 eV upon addition of
gallium (Ga) and sulfur (S), which is within the maximum
solar absorption region. These properties of CIS-based mate-
rials make possible to achieve 20.3 % [2] and 15.7 % (http:/
www.miasole.com) power conversion efficiency for a
laboratory cell and module. Several methods have been
investigated for the deposition of CIS thin films such as co-
evaporation [4], sputtering [5], spray pyrolysis [6], molecular
beam epitaxy [7], stacking elemental layers [8], flash evapo-
ration [9], pulsed laser deposition [10], and electrodeposition
[11] etc. The high-efficiency solar cells have been prepared by
vacuum-based co-evaporation methods; however, it has tech-
nical challenges in terms of scale up because of non-uniform
evaporation of metal precursors at high temperature over large
area and requires expensive equipment. These issues can be
overcome by non-vacuum electrodeposition technique, which
has several advantages, such as low production cost, utiliza-
tion of over 95 % materials, to deposit over large areas, and
non-planer substrates. Moreover, by electrodeposition, much
higher deposition rate can be achieved with controlled thick-
ness of the film, particle size, and stoichiometry [12—14].
Three different processes are employed to deposit CIS thin
films by three-electrode electrodeposition technique: one-step
electrodeposition [15, 16] in which all elements can be co-
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electrodeposited at a particular potential to get stoichiometric
layers, the selenization of Cu—In alloys formed by electrode-
position [17], and the pulse plating electrodeposition where
the cathode is modulated by the pulse potential [18]. CIS can
also be electrodeposited by two-electrode systems [19]. In
order to electrodeposit stoichiometric CIGS (Cu, 25 %; In,
12.5 %; Ga, 12.5 %; and Se, 50 %), it is important to use
appropriate additives/supporting chemicals, complexing
agents along with pH of the solution due to the wide differ-
ences in the equilibrium potentials of Cu, Se, In, and Ga.
Alternatively, more In and Ga can be incorporated in CIGS
by electrodepositing at higher negative potentials, —0.9 V and
above, versus Ag/AgCl. However, the hydrogen evolution
reaction limits the use of higher cathodic potentials due to
powdery, non-uniform, and patchy deposition. The pH of
electrolyte can play an important role to reduce the electrode-
position potential due to the availability of more OH ions,
which can either form the complex with noble elements or
reduce the open circuit potentials (OCP). Calixto et al. [20]
reported the electrodeposition of nearly stoichiometric CIS
thin films for different pH values of the bath. Recently, Bao-
Ping et al. [21] have reported the pH value of the bath could
regulate the stoichiometry of In and Ga.

In this paper, we report the electrodeposition of CIS thin
films in an aqueous medium for different pH of the solution.
The conditions to deposit stoichiometric and highly crystalline
films are optimized for different electrodeposition potentials
with the pH 1.2 and 2.5. Samples were characterized with a
range of characterization techniques to study the crystal struc-
ture, optical band gap, grain growth, bulk composition, and
conductivity type.

Experimental details

CIS thin films have been potentiostatically deposited by ca-
thodic electrodeposition technique. Five-necked, custom-
made, air-tight electrochemical cell was employed for the
electrodeposition of CIS thin films. Fluorine-doped tin oxide
(FTO)-coated glass substrates, Ag/AgCl, and graphite were
used as working, reference, and counter electrodes, respec-
tively. The electrolytic bath was made in an aqueous solution
which consists of a matrix of 3—5 mM copper chloride
(CuCl,), 36 mM indium tri-chloride (InCls), and 3-8 mM
selenous acid (H,SeOs). Lithium chloride (LiCl) was used as
supporting electrolyte. The pH of the bath was adjusted using
either HC1 or NaOH to 1.2 and 2.5 at room temperature. The
co-deposition potential of Cu, In, and Se was optimized by
studying cyclic voltammetry (CV) for different pH of the bath.
The cyclic voltammograms were recorded without stirring at
room temperature with a scan rate 5 mV/s. The CIS thin films
were electrodeposited in a plateau region —0.6 to —0.8 and
—0.4 to —0.6 V (versus Ag/AgCl) observed from CV for the
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pH of the bath 2.5 and 1.2, respectively. Immediately after
deposition, the samples were thoroughly rinsed in warm water
and cleaned by pulling wet tissue paper on the surface of
sample to remove the loosely bound particles. Subsequently,
the films were dried in an open air and used for further
characterizations. The CIS thin films were selenized in a
homemade tubular selenization chamber at 400 °C for 20 min.

Chemicals

All the chemicals used for electrochemical synthesis of CIS
were purchased from Sigma-Aldrich of purity at least 99.9 %
and used as received. The commercially available FTO-coated
glass substrates of sheet resistance 10—15 €2/o were purchased
from Pilkington glass company, UK. The double-distilled
deionized water was used as a solvent to dissolve the precur-
sors of Cu, In, and Se.

Materials characterization

Cyclic voltammetric studies and the electrodeposition of
CIS were carried out by using u3AUT 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. Optical absorption measurements
were carried out by JASCO UV-Vis-NIR spectrometer.
Surface morphology was studied with the help of JEOL
JSM 6360 A scanning electron microscope with an oper-
ating voltage 20 kV. The elemental atomic percentage
concentration of the layer was obtained by energy disper-
sive X-ray analysis technique equipped with the above
scanning electron microscopy (SEM) unit. The
potentiostat, SP 300, Bio-Logic, equipped with two probe
measurement set-up was employed to study the electrical
(I=V) properties. The conductivity type of p-type silicon,
n-type silicon, and annealed CIS films was studied by
photoelectrochemical (PEC) analysis. Three-electrode ge-
ometry was employed for PEC studies with graphite and
Ag/AgCl as counter and reference electrodes, respectively,
in 1 M KCI solution. A white light source with an
intensity approximately 100 mW/cm? was used to illumi-
nate the sample with applied potential of —10 mV for
photoelectrochemical study.

Results and discussion

The co-deposition potential for Cu, In, and Se was optimized
by cyclic voltammetry at room temperature without agitation.
Typical cyclic voltammograms recorded in the presence of
Cu, In, and Se ionic species with pH 1.2 and 2.5 are shown in



J Solid State Electrochem (2015) 19:201-210

203

7.5 I
—~ ’o'o’o’
[$
30+ 19 if+— (a)
< !
€ 25 J E ]
é’ : -5.0 1 > %
E 201 = /:;’
2 c §
S 15 (0] &
© 1O &
s @
B -10] = i
3 (7] $
o et 3
51 2545
_ o
08704 00 Y0/4/-08 -1.2
5. i// Voltage (V)

S [ 2 "o’ T T 1
0.8 _ Y 04 | 08 12
L Voltage (V)

1
i

2.5 bl

. .

5.0 -

Fig. 1 Typical cyclic voltammograms recorded in the matrix of Cu, In,
and Se precursors in an aqueous bath with pH 1.2 (a) and 2.5 (b) at room
temperature without agitation. The scan rate was 5 mV/s. Inset shows the
CV recorded in the bath with pH 1.2. The circles, open and solid,
demonstrate the open circuit potentials, +0.33 and +0.42 V, measured
prior to beginning the CV in pH 1.2 and 2.5, respectively

Fig. 1a, b, respectively. Inset in Fig. 1 shows the complete CV
recorded with the pH of the bath 1.2. A gradual shift in onset
potential for the reduction of Se ions, from +1.0 to ~0.0 V, has
been observed for pH 1.2 and 2.5, respectively, which could
be due to the availability of large number of hydroxide (OH )
ions at higher pH and/or shift in the open circuit potentials
(OCP). The values of OCP, +0.33 and +0.42 V, were measured
for the CIS bath with pH 1.2 and 2.5, respectively This
indicates that the reduction of electroactive species begins at
higher cathodic potential for pH 2.5 as compared to lower pH
(1.2) of the bath. A higher cathodic current density was
measured for 1.2 pH of the bath. Initially, at lower cathodic
potentials up to —0.3 'V, the features noticed are assigned to the
reduction of Cu and Se by the following charge-transfer
reactions:

Cu*" +2¢” —Cu E, =+034VversusSHE (1)

H,SeO3 +4e +4H"—Se + H,0 E, = +0.74V versus SHE

(2)

Metallic In is proposed to be electrodeposited in the plateau
region observed in CVs by the following charge transfer
reaction:

In*" 4 3¢ —In E, =—0.34Vversus SHE (3)

The electrodeposition of CIS takes place as per following
reaction:

Cu®t + In** + 28e05>” + 9¢~ + 12H"—CulnSe; + 6H,0
(4)

A plateau region attributed at lower cathodic potentials (+
0.1 to —0.3 V) for the lower pH of the bath (Fig. 1a) is
proposed due to the reduction of Cu and Se ions, which favors
the electrodeposition of secondary phases of Cu,Se,. A flat
limiting current region, which is unaffected by the applied
potential, was observed in the range —0.42 to —0.62 and —0.35
to —0.80 V for pH 1.2 and 2.5, respectively. This region is
assigned the diffusion-controlled electrodeposition which
could be suitable for the synthesis of polycrystalline and
controlled stoichiometric CIS thin films. Furthermore, a steep
rise in the cathodic current was also found to be shifted from
about —0.80 to —0.65 V for pH 2.5 and 1.2 which could be due
to the availability of more H' ions at lower pH of the bath. The
sharp rise in the cathodic current observed at —0.80 and
—0.65 V for pH 2.5 and 1.5 could be due to the hydrogen
evolution as well as the metallic deposition of In. The shift,
0.15 V versus Ag/AgCl, observed in the hydrogen evolution
reaction could be associated with the availability of more H"
ions at lower pH of the bath. The effect of pH can be further
understood by the factors dominated in an electrodeposition
process, such as dissolution of the freshly deposited metal
atoms on the substrate because of acidic electrolyte, formation
and absorption of metal hydroxide on the electrode surface,
and the anomalous electrodeposition of metals [22]. A lower
pH value (films deposited at —0.6 V in 1.2 pH bath) favors the
dissolution of freshly deposited metals and slows down the
formation and absorption of metal hydroxide. The process is
predominated by the first factor resulting in a higher In content
in the films due to higher In*" in the electrolyte. Higher pH
values (films deposited at —0.6 V in 2.5 pH bath) favors the
formation and absorption of metal hydroxide and slows down
the dissolution of the freshly deposited metals, resulting in a
lower In content because of the preferential absorption of
indium oxide in the electrolyte. This indicates that the indium
deposition can be suppressed due to the increase of pH (2.5),
leading to a negative shift in indium deposition potential;
therefore, the deposition potential of CIS has been shifted
towards more cathodic potential (—0.8 V).
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This indicates that the low pH of the bath may not be
suitable to obtain the stoichiometric CIS thin films due to
the hydrogen evolution at lower cathodic potential. It is also
known that less hydrogen evolution is helpful to passivate the
oxidation of precursor layer during the growth, whereas heavy
hydrogen evolution prepares the amorphous, powdery, and
patchy films with very rough surface. The stripping peaks
related to In, Cu, and Se are observed in both CVs during
the anodic scan around —0.60, —0.40, and +0.50 V,
respectively.

The SEM images of CIS thin films electrodeposited at
potential 0.4 and —0.6 V in an electrolytic bath having pH
1.2 are depicted in Fig. 2a, b, respectively. Uniform, densely
packed, and compact surface morphology without voids can
be clearly seen from the SEM micrographs. The sample
deposited at —0.4 V exhibited a mixed granular and flake like
morphology (Fig. 2a). The flakes seem to be uniform in size
with random orientation. The samples prepared at —0.6 V
were deposited large micron-size clusters due to agglomera-
tion of small particles. The SEM images of CIS thin films
electrodeposited at potentials —0.6 and —0.8 V in the bath of
pH 2.5 are shown in Fig. 3a, b, respectively. The spherical
grains of size ~1 pm is uniformly deposited all over the
substrate at growth potential —0.6 V, whereas the powdery

~0.4 'V (a) and —0.6 V (b) with the pH of the bath 1.2
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surface with tiny grains of size approximately 100 nm can be
seen for the sample deposited at —0.8 V. Prior to recording of
the SEM micrograph shown in Fig. 3b, the sample was
cleaned by pulling wet tissue paper over the powdery surface
and subsequently ultrasonicating for few minutes. Both CIS
thin films were found to be deposited uniformly all over the
surface without voids.

The elemental compositional analysis obtained by energy
dispersive X-ray analysis (EDAX) for CIS thin films electro-
deposited at various deposition potentials in the bath having
pH 1.2 and 2.5 is summarized in Table 1. It was observed that
the CIS thin films close to stoichiometry (25:25:50) are de-
posited at —0.6 and —0.8 V in the bath of pH values 1.2 and
2.5, respectively. We found that the lower deposition poten-
tials, —0.4 and —0.6 V for pH 1.2 and 2.5, respectively, favor
the electrodeposition of more Cu in the complex form. The pH
and potential-dependent growth of ternary alloy Cu,In;_,Se;,
binary compounds Cu,Se,/In,Se,/In,Cu,, and metals have
been discussed thoroughly by Pourbiax [23]. The electrode-
position potential for stoichiometric CIS thin films was found
to be shifted towards higher cathodic potential as the pH of the
bath increases. The stoichiometric CIS thin films are deposited

¥

Fig.3 SEM micrographs of as-deposited CIS thin films electrodeposited
at —0.6 V (a) and —0.8 V (b) versus Ag/AgCl reference electrode in an
electrolyte of pH 2.5
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Table 1 A summary of the atomic percentage concentration of Cu, In,
and Se obtained by EDAX for as-deposited CIS thin films deposited at
different deposition potentials in the bath with pH 1.2 and 2.5

pH of the bath Deposition Atomic concentration (%)
potential (V)
Cu In Se
1.2 -0.4 41.06 15.92 43.02
—0.6 28.67 21.77 49.56
2.5 —0.6 47.78 15.45 36.77
—0.8 29.76 25.08 45.14

at —0.6 and —0.8 V (versus Ag/AgCl) for the pH of the bath
1.2 and 2.5, respectively.

The stoichiometric films obtained at potentials —0.6 and
—0.8 V from the solution having pH 1.2 and 2.5 were
selenized in a homemade tubular selenization chamber.
Selenization process was performed under selenium atmo-
sphere with a controlled pressure at high temperature above
400 °C for 20 min. Here, we have used elemental Se vapors in
a vacuum ~5x 107> Torr. Figure 4 shows the SEM images of
selenized CIS thin films electrodeposited at —0.6 and —0.8 V in
the solution of pH 1.2 and 2.5, respectively. Selenization

Fig. 4 SEM images of selenized CIS thin films electrodeposited at
—0.6 V (a) and —0.8 V (b) in an electrolyte with pH 1.2 and 2.5,
respectively

played a very important role to change the surface morphol-
ogy significantly as well as to control the overall atomic
percentage concentration of In, Cu, and Se. The enhancement
in the particle size can be clearly seen in Fig. 4. The grain size
can be further improved with the desired elemental composi-
tion suitable for high-efficiency solar cell by systematic work
on the optimization of selenization temperature, ambient con-
ditions, and the pressure of the selenium gas.

The elemental percentage concentration obtained for
selenized CIS thin films electrodeposited at potentials —0.6
and —0.8 V in an electrolyte having pH 1.2 and 2.5 is sum-
marized in Table 2. After selenization slightly, Cu-rich CIS
layers are obtained. It has been reported that the Cu-rich CIS
(p-type) absorber layer and a copper-deficient surface layer,
which is generally known as ordered defect compounds, are
required for high-efficiency solar cell [24]. It was further
observed that the contents of Cu has been reduced, probably
due to the incorporation of Se during the selenization proce-
dure, while the In composition was reduced, may be due to the
In loss mechanism by forming In,Se compound. The values of
Cu/Inratio 1.63 and 1.48 were calculated after selenization for
CIS samples deposited at —0.6 and —0.8 V in the bath of pH
1.2 and 2.5, respectively. The excess Cu present in the CIS
sample can be further reduced either by limiting the content of
Cu during the growth process or etching the selenized CIS
layer in the KCN solution [25].

As the stoichiometric CIS thin films are obtained at —0.6
and —0.8 V versus Ag/AgCl from the electrolyte having pH
values 1.2 and 2.5, respectively, we, therefore, have reported
herewith the structural, optical, morphological, compositional,
and electrical properties of these films. Figures 5 and 6 show
XRD patterns of as-deposited and selenized stoichiometric
CIS thin films deposited at —0.6 and —0.8 V in the bath of
pH 1.2 and 2.5, respectively. Three predominant reflections of
the tetragonal structure of CIS corresponding to (112), (204/
220), and (312/116) are attributed in all as-deposited and
selenized samples without formation of secondary phases or
metallic deposition. This peak matches very well with the
JCPDS data card no. 35-1349. The reflections appeared from
the FTO substrate is marked as solid circles (®). The enhance-
ment in the crystallinity of the samples was studied by calcu-
lating the full width at half maxima (FWHM). The observed
and standard values of 26, inter-planer distance d, and FWHM
are summarized in Table 3. The values of FWHM are found to
be decreased after selenization for all CIS peaks, indicating the
enhancement in the degree of crystallinity, which could also
correlate to the formation of larger clusters with selenization.
Indeed, we have noticed the remarkable enhancement in the
particle size after selenization, Fig. 4a, b. Furthermore, the
FWHM calculated for CIS samples deposited at —0.6 V in the
pH of the bath 1.2 is much smaller than that of the sample
deposited at —0.8 V in the bath having pH 2.5, which is
proposed due to the deposition of larger grains and the strain
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Table2 A summary of atomic percentage concentration of Cu, In, and Se in as-deposited and selenized CIS thin films deposited at —0.6 Vin 1.2 pH and

at —0.8 V in 2.5 pH bath obtained by EDAX analysis

pH of the bath Deposition Atomic % concentration
potential (V)
Cu In Se
As-deposited Selenized As-deposited Selenized As-deposited Selenized
1.2 -0.6 28.67 26.97 21.77 16.47 49.56 56.57
25 —0.8 29.76 28.41 25.08 19.16 45.14 5243

developed between the substrate and precursor layer.
Williamson—Hall (W-H) equation was employed to calculate
the values of strain and crystallite size of the as-deposited and
selenized CIS thin films. The FWHM can be expressed as a
linear combination of the contributions from both strain and
crystallite size through the equation given as follows [26].

Bcosf = nsinf + é (5)

where, [ is the average value of FWHM diffraction peaks,
0 is the Bragg diffraction angle, ) is the wavelength of Cu K
line (A=0.154 nm), 7 is the strain, and ¢ is the average
crystallite size.

The values of the strain are calculated from the slope of the
plot of Bcosf versus sinf, whereas the inverse of the intercept
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Fig.5 X-ray diffraction pattern of as-deposited (a) and selenized (b) CIS
thin films electrodeposited at —0.6 V in an electrolyte with pH 1.2. Solid

circles marked in the figure represent the peaks attributed from FTO
substrate
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gives average crystallite size. Figure 7 depicts the plot of
[Bcosf versus sinf for as-deposited and selenized CIS thin
films deposited at —0.6 and —0.8 V in the bath with pH 1.2
and 2.5, respectively. It was observed that the crystallite size
calculated for the sample deposited at —0.6 V in the pH of the
bath 1.2 is larger than that of the sample deposited at —0.8 V in
the pH of the bath 2.5. The values of the crystallite size and
strain calculated by the Hall equation are summarized in
Table 4. The positive value of the strain indicates the presence
of effective tensile strain present in a crystal lattice [27]. The
values of the strain, 1.88 and 1.51 for as-deposited and 2.50
and 1.83 for selenized CIS thin films electrodeposited at —0.6
and —0.8 V with pH of the bath 1.2 and 2.5, respectively, were
calculated. The strain was found to be increased after
selenization could be due to the enhancement in the crystallite
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Fig. 6 X-ray diffraction pattern of as-deposited (a) and selenized (b) CIS
thin films electrodeposited at —0.8 V from aqueous solution with pH 2.5.
Solid circles marked in the figure represent the peaks attributed from FTO
substrate
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Table 3 A summary of the calculated values of FWHM, inter-planner distance ¢ values of diffraction peak obtained from XRD results for the as-
deposited and selenized CIS sample deposited at 0.6 V in 1.2 pH bath and at —0.8 V in 2.5 pH bath

pH of the bath Deposition 26 (deg) d (A) FWHM (deg) Miller Indices
potential (V)

Observed Standard Observed Standard Observed
As-deposited  Selenized As-deposited  Selenized As-deposited  Selenized

1.2 —0.6 26.57 26.62 26.62 3.352 3.345 3.345 0.307 0.240 (111)
44.27 44.30 44.28 2.043 2.043 2.043 0.350 0.291 (204/220)
52.41 52.50 52.41 1.744 1.741 1.744 0.394 0.336 (116/312)

25 —0.8 26.40 26.49 26.62 3.372 3.360 3.345 0.492 0.331 (111)
44.45 44.49 44.28 2.035 2.034 2.043 0.539 0.378 (204/220)
52.36 52.51 52.41 1.745 1.740 1.744 0.611 0.438 (116/312)

size and/or recrystallization of CIS grains. The average crys-
tallite size have also been calculated from the Debye Scherrer
formula given as follows [28]:

. 0.9
~ Bcosh

(6)

where, (3 is the FWHM of diffraction peak, 6 is the Bragg
angle, ) is the wavelength of Cu K« line, and ¢ is the average
grain size. The values of average crystalline size estimated by

5.6- ® As-deposited
®  Selenized (b) (]
4.9 °
4.2
[ |
@
S 3.51 m
*
‘; 3.6- o
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|
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[ |
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Sing
Fig. 7 Plot [cosf versus sinf for as-deposited and selenized CIS thin

films electrodeposited at —0.6 V (a) and —0.8 V (b) in the bath with pH
1.2 and 2.5, respectively

the Scherrer classical formula are given in Table 4. We have
found that the values of crystallite size calculated by the
Scherrer formula showed the similar trend observed by the
Williamson—Hall equation.

Figure 8 shows a plot of (chw)? versus (hv) for as-deposited
and selenized CIS thin films electrodeposited at —0.6 and
—0.8 V from the bath of pH 1.2 and 2.5, respectively. The
band gap was found to be 1.13 to 1.16 eV for as-deposited and
1.03 to 1.06 eV for selenized CIS thin films electrodeposited
at—0.6 and —0.8 V, respectively. These estimated values of the
energy band gap are in good agreement with the literature
values [25]. After selenization, the band gap of CIS was found
to be decreased, which could be due to increase in particle size
or re-crystallization of particles.

Figure 9 shows the current density—voltage (J-V) charac-
teristics of the as-deposited and selenized CIS films deposited
at —0.6 and —0.8 V in the solution having pH 1.2 and 2.5,
respectively. Au metal contact with diameter 2 mm was made
on FTO/CIS thin films by thermal evaporation technique.
Schottky behavior was observed for both as-deposited and
selenized samples; however, the diode curve close to the ideal
one was observed after selenization. No noticeable change
was observed in the forward current density for as-deposited
and selenized samples, whereas the very less reverse current
was measured for selenized CIS samples. This could be due to
the recrystallization of the material which helps to prevent the
flow of leakage current. The semilogarithmic graph of In(/)
against the applied voltage is depicted in Fig. 10. The values
of the ideality factor (1) are calculated from the slope of the
straight line region in the range 0.04 to 0.17 V of the forward
bias J-V characteristics by using the following equation [29]:

qg dv
=—— 7
kT d(nd) @

where ¢ is the charge of electron, Vis the applied voltage, 1
is the ideality factor, & is the Boltzmann constant, 7 is the
temperature, and / is the diode current.
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Table 4 The crystallite size and strain calculated by the Hall equation and Scherrer formula

pH of the bath  Deposition Crystallite size (nm) from

Williamson—Hall analysis

potential (V) the Debye Scherer formula

Crystallite size (nm)

Types of strain (tensile (T)  Strainx 10>

or compressive (C))

As-deposited  Selenized ~ As-deposited Selenized As-deposited ~ Selenized  As-deposited  Selenized
1.2 —0.6 23.85 29.10 27.30 31.72 T T 1.88 2.50
25 —0.8 15.50 22.13 17.09 24.40 T T 1.51 1.83

The values of ideality factor 1.6 and 1.3 were calcu-
lated for the as-deposited and selenized CIS thin films
electrodeposited at —0.6 V for the pH of bath 1.2,
whereas 1.9 and 1.2 were obtained for the sample
deposited at —0.8 V in the bath with pH 2.5. For an
ideal diode, the ideality factor has to be unity. The
value of ideality factor measured greater than unity
could be due to the Fermi level pinning at interface
[30] or relatively large voltage drops at the interface
region. The values of the ideality factor decreases after
selenization, indicating the formation of ideal diode due
to increase in shunt resistance.

Figure 11 presents the photocurrent—time curves re-
corded by photoelectrochemical (PEC) test for standard

8_
— Selenized /
— As deposited / (b)
6 /
4_
3
2
© .
N; 3 0.8 118
E — Selenized (a)
35, 24 = As deposited

2 -
14
0 T+ 1 71T T T
08 10 12 14 16 18
hv (eV)

Fig. 8 Optical absorption spectra, (ahv)* versus (hv) of as-deposited and
selenized CIS thin films deposited at —0.6 V (a) and —0.8 V (b) (vs Ag/
AgCl reference) in the bath with pH values 1.2 and 2.5, respectively

@ Springer

n-type, standard p-type, and selenized CIS thin films
(deposited at —0.6 and —0.8 V in 1.2 and 2.5 pH bath)
in 1 M KCI solution under chopped illumination at
—10 mV versus Ag/AgCl. In the photoelectrochemical
process, the photocurrent originated from the minority
carriers; therefore, the direction of observed photocur-
rent can give an idea of the type of majority charge
carries. We have used a standard p-type and n-type
silicon samples of resistivity, 0.05 €2 cm, as a reference.

1 —— As deposited
64 — Selenized
4
i
2
<
£
2
g | - 1 8 ' T ' |
o -1.0 0.5 0{0 0.5 1.0
E ) 12 & Selenized
S —— As deposited
= |
3
(@) o
6
3
[ | 8 T I T 1
-1.0 -0.5 0{0 0.5 1.0

Applied Voltage (V)

Fig. 9 Current density—voltage (J—F) characteristics of as-deposited and
selenized CIS thin films electrodeposited at a —0.6 Vand b —0.8 V with
pH 1.2 and 2.5, respectively
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Fig. 10 Semilogarithmic graphs of In(/) versus applied voltage of as-

deposited and selenized CIS thin films deposited at—0.6 V (a) and —0.8 V
(b) in an electrolyte with pH 1.2 and 2.5, respectively

The photocurrent measured for n-type sample upon il-
lumination was found to be increased towards the

- TghtON 08V (d)
4]
-84 ON
Light OFF
o Light ON 0.6V
£ OFF ‘ (C)
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o OFF |Light ON -type Si
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£ -3
5
0
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4 -OFF |
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Fig. 11 Photoresponse curves, photocurrent density versus time for
standard n-type silicon (a), p-type silicon (b), selenized CIS thin films
deposited at —0.6 V (¢) and —0.8 V (d) in an electrolyte with pH 1.2 and
2.5, respectively

positive direction (Fig. 11a), whereas the enhancement
in the photocurrent was noticed along the negative
direction for p-type Si sample (Fig. 11b). The photocur-
rent measured for selenized CIS thin films electrodepos-
ited at —0.6 V (Fig. 1lc) and —0.8 V (Fig. 11d) was
found to be increased towards the negative direction
under illumination of white light, indicating the p-type
conductivity. The sharp edges observed with switching
the light ON and OFF indicate that the CIS samples are
defect-free and could be suitable for the development of
high-efficiency solar cells without obstacle to the flow
of charge carries generated upon illumination.

Conclusions

In summary, we have successfully electrodeposited poly-
crystalline CIS thin films by one-step electrodepostion
technique from an aqueous bath with pH 1.2 and 2.5. It
was found that the pH of the bath and selenization
process have a great influence on the structural, mor-
phological, optical, compositional, and electrical proper-
ties of CIS film. The stoichiometric CIS thin films can
be electrodeposited to lower cathodic potential for low
pH of the bath, which could not only overcome the
issues related to intense hydrogen evolution but also
prevents the metallic elemental deposition. The compact
and densely packed CIS thin films were deposited for
both pH of the bath. Both as-deposited and selenized
films showed tetragonal chalcopyrite structure with ori-
entation along the (112) plane. The compressive strain
was developed on the CIS films deposited for both pH
values of the bath, which was further found to be
increased after selenization and could be due to en-
hancement in the particle size as well as re-
crystallization of grains. The band gap of CIS film
was found to be 1.03 to 1.06 eV for selenized CIS thin
films obtained from the solution of pH 1.2 and 2.5,
respectively. Electrical measurement showed Schottky
behavior. The ideality factor (1) determined for the as-
deposited and selenized films electrodeposited at —0.6 V
in pH 1.2 bath were 1.6 and 1.3 and at —0.8 V in 2.5
pH bath were 1.9 and 1.2, respectively. The values of
the ideality factor decreasing after selenization indicates
the formation of ideal diode due to increase in shunt
resistance. The photocurrent measured for selenized CIS
thin films confirms the p-type conductivity under illu-
mination of white light.
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