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ABSTRACT

Well-packed pristine CdSe and Indium-doped CdSe (In:CdSe) thin films have
been successfully synthesized on a cost-effective stainless steel substrates by
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27 May 2022 simple chemical route and their performance as photoanode in photoelectro-
chemical (PEC) solar cell was investigated. With the view to enhance the effi-
© The Author(s), under ciency of solar cell, various preparative parameters were optimized using

renowned PEC way. The Pristine CdSe and In:CdSe thin films were character-
ized for structural, morphological, optical, and photoelectrochemical studies.
The structural analysis revealed modest improvement in crystallinity owed to
Indium doping. Morphological modulation noticed from cauliflower structure
to elliptical-shaped elongated grains, subsequent to insertion of Indium in CdSe
lattice. Doped CdSe photoanodes were found to be more hydrophilic in nature
than pristine. Both films possess direct transitions with decrease in band gap
energies from 2.1 to 1.91 eV, attributable to doping. Improved power conversion
efficiency from 0.54 to 0.79% is recorded as an outcome of indium doping.
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storage ability and effortlessness in junction forma-
tion [1].
A right and proper choice of photoelectrode

1 Introduction

Since earlier few decades, binary semiconductors

have captivated a grand extent of notice, owing to
several remarkable applications. To triumph over the
enduring energy crisis problem, photovoltaic devices
are competent for solar to electrical energy conver-
sion, with aid of p—n junctions. In solar cells, the
semiconductor-liquid (S5-L) junction units are supe-
rior over p—n junction unit in view of its built-in

Address correspondence to E-mail: rcsc.physics@gmail.com

@ Springer

material is the prime necessity of proficient solar cell.
In this sight, II-VI binary semiconductors are leading
contestants. In order to facilitate the progress in PEC
solar cells, extensive study of II-VI group binary
semiconductors have been undertaken by the
researchers, consequent to superior harnessing of
solar energy [2]. Among II-VI group semiconductors,
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Cadmium selenide (CdSe) is one of promising can-
didate that fascinated global researchers because of
its suitable properties as size reliant physical and
chemical properties, high coefficient of absorption,
direct band gap material, luminous properties, etc.
Band gap energy of CdSe (Eg = 1.7eV) lies in the
vicinity of solar spectrum maxima, hence is most
suitable candidate for various optoelectronic appli-
cations especially as PEC solar cells [3]. Thus CdSe
has been selected as photoanode material for current
study.

Doping is one of the ways to transform the physical
properties of semiconductors [4-6]. The performance
of solar cell can be enhanced by doping photoanode
material with suitable dopant. Sahebi et al. [7] have
grown CdSe thin film by thermal evaporation
method and reported enhanced photovoltaic effi-
ciency as a result of Ag doping in it. Yadav [8] syn-
thesized Fe-doped CdSe thin film by spray pyrolysis
technique. He reported highest solar cell efficiency,
increased crystallite size, and decreased resistivity
and band gap energy subsequent to 0.30 mol.% Fe
doping. Shinde et al. [9] electrosynthesized Mn-
doped CdSe thin films. They reported improved
photoconversion efficiency at the level of 3%Mn
doping in CdSe. Rajpure et al. [9] electrodeposited
Cd-Fe-Se thin films of different compositions and
reported photoconversion efficiency 0.41% and fill
factor 50% for 9:1:10 composition. Yadav [10]
deposited indium-doped CdSSe thin films by spray
pyrolysis and reported improvement in power con-
version efficiency from 0.79 to 2.12% as an effect of
0.15 mol.% indium doping. Hankare et al. [11]
reported synthesis of indium-doped Cd¢Zng1Se thin
films by Chemical bath deposition method. They
found maximum photoconversion efficiency of 0.76%
concern to 0.1 mol.% indium doping. As doping with
indium found to show significant enhancement in
performance of PEC cell by decreasing the band gap
and enhancing the electrical conductivity of photo-
electrode material, thus, in the current study, indium
has been chosen as a dopant in the preparation of
CdSe photoanode.

Researchers employed diverse physical and
chemical methods to synthesize CdSe thin films.
Chaudhari et al. [12] prepared CdSe thin films using
SILAR method. They explored the correlation
between number of immersion cycles and various
physical properties. Laatar et al. [14] reported
chemosynthesis of CdSe thin films. They reported
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effect of bath temperature on physical properties of
CdSe QD thin films. Swaminathan and Murali [13]
reported pulse reversal deposition of CdSe thin films.
R. Choudhary and R. P. Chavan [14] synthesized
CdSe thin film on glass substrate by spin coating
method. They reported effect of gamma irradiations
on structural, optical, and morphological properties.
Our previous studies [3, 15] report synthesis of pris-
tine CdSe and Indium-doped CdSe thin films using
electrodeposition method. In electrodeposition, using
pricy potentiostat, it was possible to deposit only
single substrate at a time. To overcome this restric-
tion, we contemplated various methods. Comparing
to other chemical deposition methods, CBD is an easy
and cheap method for the deposition of semicon-
ductor thin films. Using CBD method, with suitably
designed holder, it is possible to deposit more num-
ber of substrates in single turn. So, for the present
study chemical bath deposition (CBD) method has
been preferred, on account of several benefits [16-18],
such as simplicity in design, high reproducibility,
and low cost.

In the present study efforts have been made to
deposit pristine CdSe and indium-doped CdSe thin
films (In:CdSe) thin films on several substrates in a
single turn by low-cost CBD method. Further the
outcome of indium doping on structural, morpho-
logical, optical, and photoelectrochemical properties
is evaluated.

2 Experimental details

2.1 Deposition of CdSe and In:CdSe thin
films

2.1.1 Materials

All chemicals utilized were of analytical reagent
grade (impurity of order of 10°%) and employed
with no extra refinement. For deposition of CdSe thin
films, Cadmium sulfate (CdSO,.8H,0O) was used as
Cadmium precursor, newly prepared sodium
selenosulfate (Na,5eSO3;) was used as selenium pre-
cursor, and 30 vol.% ammonium hydroxide (NH,4.
OH) was used to regulate pH of chemical bath.
Selenium (Se) powder and Sodium sulfate (Na;SO3)
were used for preparation of Sodium selenosulfate;
concern procedure was reported earlier [19]. Stainless
steel strips and fluorine-doped tin oxide (FTO)-
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coated glass microslides (sheet resistance of 15-20 Q
cm?) were used as substrates after proper cleaning
prior to deposition. For deposition of doped In:CdSe
thin films an indium trichloride (InCls) was used as
source material.

2.1.2  Experimental setup and assembly of PEC cell

Figure 1 depicts the schematic of experimental setup
used for CBD purpose. For the purpose to prepare
best photosensitive anode material, use of an illus-
trious PEC method is made for optimization of syn-
thesis parameters. PEC method involves testing of
short-circuit current and open-circuit voltage, i.e.,
photosensitivity of samples, to decide superior pho-
tosensitive sample [20]. Thus, two electrode config-
uration PEC cell was made, with graphite as counter
electrode, CdSe or In:CdSe as photoanode, and 1 M
polysulfide as redox electrolyte. Illumination inten-
sity of 50 mW/cm? was used to study the PEC cell
performance. The exposure photoanode area was 1
cm?, and residual was covered with insulating tape to
avert any other contribution to photocurrent. A PEC
solar cell was made in a sealed system by simply
direct dipping the photoanode in redox electrolyte.

2.1.3 Deposition of pristine and doped CdSe thin films

For chemosynthesis of pristine CdSe thin films, ini-
tially 10 ml solution of 0.05 M CdSO, was poured in
a beaker of 30 ml capacity and then under continuous
stirring condition liquor ammonia was dropwise
added to it. It results in formation of milky cadmium
hydroxide Cd(OH), precipitate that dissolves subse-
quent to extra addition of ammonia solution. pH of

| Constant Temperature Bath ‘

Fig. 1 Schematic of experimental setup used for CBD method
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aqueous bat was maintained to 12 4 0.2. Lastly 10 ml
solution of 0.05 M Na,SeSO; was poured to it. Two
substrates are placed 15-20 degrees tilted to wall of
beaker. One can also attach minimum eight sub-
strates to substrate holder with beaker of more solu-
tion capacity. In order to deposit thin films the
beakers were kept in constant temperature bath,
whose temperature is then allowed to increase to
85°C and maintained same until deposition process
completed. After 8 h, substrates were taken out from
reaction bath, dipped carefully in doubly distilled
water, dried out at room temperature, and stocked up
in airtight container for further characterizations. In a
single deposition turn, it is observed that multiple
substrates can be easily layered by CBD method
carried out using constant temperature water bath.

Deposition of Indium-doped CdSe thin film was
carried out employing volumetric way of doping
with same values of synthesis parameters. Initially
solutions for various doping percentages of indium
were made. The doping percentage of indium was
varied volumetrically for 0.050, 0.1, 0.15, 0.2, 0.25, and
0.5 vol.%. For indium doping percentage higher than
0.5 vol.%, deposition bath becomes milky and turbid.
Precipitate of undissolved indium settle down in bath
which restricts film formation. Thus doping with
indium for higher doping percentage found to be
quite problematic.

For deposition of In:CdSe thin films, 10 ml of
0.05 M CdSO, was taken in a beaker of 30 ml
capacity. The accurate volume of indium precursor
(0.05 M InCl3) was poured to bath using micropipette
so as to maintain volumetric doping percentage for
0.05, 0.1, 0.15, 0.2, 0.25, and 0.5 vol.%. Liquor
ammonia was added drop by drop under constant
stirring. Ammonia addition to aqueous cadmium
precursor results in the formation of milky precipi-
tate of cadmium hydroxide Cd(OH),, which com-
pletely disappears upon further addition of
ammonia. Lastly, 10 ml of freshly prepared 0.05 M
Nay5eS0O; solution was poured to this mixture. Then
same procedure repeated as that for deposition of
CdSe. Stocked In:CdSe thin films were used for fur-
ther characterizations.

In order to optimize the doping percentage of
indium, PEC method is used. Figure 2 depicts the
variation in [, and V, with indium volumetric
doping percentage. It shows that J,. and V. increases
with increase in indium doping percentage, reaches
to maximum values corresponding to 0.2 vol.%
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doping percentage, and then drop off for further
increase in indium doping percentage. The optimized
doping percentage of indium in CdSe thin film was
found to be 0.2 vol.%.

Both pristine and 0.2 vol.% In:CdSe thin films were
prepared using same optimized preparative param-
eters and used for further inspections.

2.2 Characterizations

Various characterizations were undertaken for pris-
tine and 0.2 vol.% In:CdSe thin films. The structural
study was carried out using Philips X-ray diffrac-
tometer varying angle 26 in range 10-100 degrees.
The morphological and compositional studies of thin
films were carried out by JEOL-JSM 6360 unit. The
optical studies were conducted with a UV spec-
trophotometer in a wavelength range 300-900 nm.
The thickness of both doped and undoped CdSe
samples was measured with Ambios XP-1 surface
profiler. Wettability studies conducted by means of
contact angle measurement using Rame-Hart USA
equipment equipped with a CCD camera. Current
density—voltage (I-V) characteristics of PEC cell are
recorded with a Princeton Applied Research Poten-
tiostat (273A) with a pristine CdSe or 0.2 vol.%
In:CdSe electrode as a working electrode and gra-
phite as a counter electrode.
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Fig. 2 Variation of J,. and V. with indium doping percentage
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3 Results and discussion
3.1 Structural studies
3.1.1  X-ray diffraction (XRD) studies

Structural properties were studied using distin-
guished X-ray diffraction (XRD) technique. Figure 3a
displays XRD patterns of pristine CdSe and 0.2 vol.%
In:CdSe thin films on stainless steel substrate
deposited by chemical route. The XRD patterns
match well with Standard JCPDS data card no.
00-019-0191 confirming the formation of CdSe with a
metastable cubic (Sphalerite) crystal structure. The
peaks designated by symbol “* corresponds to
involvement of stainless steel substrate.

The diffraction patterns for pristine and doped
CdSe thin films contain five diffraction peaks close to
20 values 24.3, 25.5, 42.7, 50.5, and 81.8 degrees. The
diffraction peaks observed at 25.5, 42.7, 50.5, and 81.8
degrees are indexed as (111), (220), (311), and (511)
planes confirming formation of cubic phase which
are in good agreement with earlier reports [21, 22].
While the diffraction peak observed close to 20 value
24.3 degrees is indexed as (100) plane of wurtzite
hexagonal phase [JCPDS data card no.00-002-0330]
confirming phase change. For doped CdSe thin film
trivial enhancement in crystallinity [23] and intensity
of hexagonal (100) plane is observed. No any separate
peak spotted for indium, CdO, or SeOx.

3.1.2  Raman spectroscopy studies

Figure 3b reveals the Raman spectra of CdSe and
0.2 vol.% In:CdSe thin films deposited by CBD
method. The Raman spectrum of CdSe thin film
exhibits four peaks with bands at 169.19, 188.10,
208.10, and 235.66 cm ™. The weak band in spectrum
at about 208.42 cm™' is ascribed to longitudinal
optical (LO) phonon mode of CdSe. The bulk CdSe
shows LO phonon mode at 210 cm ™" [24]. The red
shift observed in LO phonon mode is effect of pho-
non confinement [25]. The peak observed at around
169.19 cm ™' is attributed to transverse optical (TO)
phonons. The band at 235.66 cm™" is assigned to out-
of-phase Cd-Se-Cd modes [26]. The peak observed at
188.10 cm™' is assigned to surface optical phonon
mode. [27].

These bands show shift toward higher frequencies
at 17021, 18452, 209.78, and 236.38 cm™' for
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Fig. 3 a XRD patterns of
chemically synthesized

—CdSe
——0.2% In doped CdSe

—CdSe
—In doped CdSe

pristine CdSe and In:CdSe thin
films. Vertical lines at bottom
show standard JCPDS peaks
of a cubic phase. b Raman
spectra of Pristine and

0.2 vol.% doped In:CdSe thin
films at room temperature.
Symbol * indicates peak
position

(111)

(311)

Intensity (a.u.)

JCPDs Ca
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0.2 vol.% In:CdSe thin film attributed to decrease in
bond length due to incorporation of indium ions in
CdSe lattice. The Raman shift values for CdSe and
0.2 vol.% In:Cdse thin films are listed in Table 1.

3.2 Surface morphological
and compositional studies

The FESEM images of pristine CdSe and 0.2 vol.%
In:CdSe thin films at different magnifications as 5 KX
and 10 KX are displayed in Fig. 4. Pristine CdSe
sample shows compact cauliflower morphology.
Cauliflowers of size 2—4 p are found to be grown all
over the substrate. Cauliflower-like structure may get
produced as a result of agglomeration and coales-
cence of small spherical grains. The lower and higher
magnification FESEM image of pristine CdSe sample
is revealed in Fig. 4a and b, respectively. Kong et al.
[28] reported akin morphology for copper thin films
grown by electroless deposition. Indium incorpora-
tion exhibits considerable variation in morphology.

00 250 300

Raman shift (cm‘1)

80 150 350

The lower and higher magnification FESEM images
of 0.2 vol.% In:CdSe thin film are shown in Fig. 4c
and d, respectively. FESEM image of 0.2 vol.%
In:CdSe sample clearly shows a compact coating of
elliptical-shaped elongated grains.

The composition study to attest presence of indium
was conducted using EDAX. Figure 4e shows pres-
ence of Cd and Se in CdSe thin film, while Fig. 4f
clearly attests the presence of indium along with Cd
and Se in a doped sample. The atomic percentage
analysis for pristine and doped CdSe thin films is
provided in Table 2.

3.3 Optical absorbance and band gap
studies

For estimation of band gap energy, the optical
absorption study was recorded. Figure 5 shows the
plots of (¢hv)? against hv for pristine and doped CdSe
thin film with optical absorption spectra displayed in
inset. The linear nature of (ahv)® against hv plots

Table 1 Raman shift values

for CdSe and 0.2 vol.% Sample Pristine CdSe Position (cm™") 0.2 vol.% In:CdSe Position (cm™")
In:CdSe thin films Modes

Transverse optical 169.19 170.21

Surface optical 188.10 184.52

Longitudinal optical 208.10 209.78

Cd-Se-Cd 235.66 236.38
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Fig. 4 FESEM images of
pristine CdSe (designated as
(a), (b)), 0.2 vol.% In:CdSe
(designated as (c), (d)) thin
films at lower and higher
magnification and EDAX
patterns of pristine CdSe
(e) and 0.2 vol.% In:CdSe
sample (f)
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Table 2 Compositional

particulars of CdSe and Sample Atomic percentage of the constituent elements
In:CdSe samples cd Se In

Pristine CdSe 62.91 37.09 -

0.2 vol.% In:CdSe 59.99 38.05 1.96
specifies presence of direct transition for both pristine The estimated band gap energy for pristine CdSe
and doped CdSe semiconductors. photoanode is 2.18 eV. After doping, it is found to be

decreased to a value 1.91 eV corresponding to
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Fig. 5 Band gap plots of pristine CdSe and 0.2 vol.% In:CdSe
samples. Inset shows absorbance spectra

indium doping percentage 0.2 vol.%. This may be
due to creation of indium donor levels near conduc-
tion band in the band gap region due to incorporation
of trivalent indium in CdSe matrix [29, 30]. Little red
shift is noticed in absorbance spectra of doped thin
film than pristine CdSe film. This result can be
explained as doping of trivalent indium in CdSe
creates indium donor levels in band gap region. This
decreases band gap energy, allowing absorption of
longer wavelength photons. Band gap reduction in
doped thin film shifts absorption edge to longer
wavelength side increasing optical absorbance.

3.4 Thickness measurement and surface
wettability studies

Variation in film thickness with incorporation of
indium in CdSe thin film is displayed in Fig. 6a. Film
thickness of doped sample (¢ = 1212 nm) is found to
be slightly greater than pure CdSe sample (1132 nm).
Increased film thickness may be one of the reasons for
enhanced PEC performance of doped thin film. It can
be explained as increase in film thickness increases
the light harvesting efficiency resulting in enhanced
PEC performance [31].

Figure 6b shows the water contact angle measure-
ment images for pristine CdSe and 0.2 vol.% In:CdSe
thin films. The water contact angle values found to be
decreased from 73.5 to 58.8 degrees upon indium
doping. Scales like structure present on elliptical-
shaped elongated grains increases the surface
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roughness of In:CdSe thin film. It may be responsible
for decrease in contact angle upon indium doping.
This decrease in water contact angle after doping
results in increased hydrophilic nature of electrode
surface, which is accountable for improved PEC cell
performance [32].

3.5 Photoelectrochemical cell (PEC)
analysis

Figure 7 shows the J-V characteristics in dark and
under illumination conditions for pristine CdSe and
0.2 vol.% In:CdSe thin films. The current density—
voltage (J-V) curves were recorded in dark and
under illumination. The PEC cell shows very small
current and voltage values in dark condition. The
polarity of this current and voltage was found to be
negative with respect to CdSe and 0.2 vol.% In:CdSe
photoanode. The source of this voltage is accredited
to variation in two half-cell potentials of the PEC cell.
Under illumination condition, open-circuit voltage
increases with negative polarity toward both CdSe
and In:CdSe electrodes, signifying that films have
n-type conductivity [20].

The values of [, Voo, Lu, V., FF, 3, R, and Ry, for
pristine and 0.2 vol.% In:CdSe samples are listed in
Table 3.

For CdSe photoanode, the magnitude of J,. and V.
observed are 1.21 mA /cm? and 432 mV, respectively.
As a consequence of indium doping these values are
found to be enhanced to 1.79 mA/cm? and 464 mV,
respectively. Thus PEC cell performance was found
to be improved with indium doping. The efficiency
and fill factor were modified from 0.54 to 0.79% and
52.3 to 47, respectively, as a consequence of indium
doping. Shaikh et al. [33] reported 0.49% photocon-
version efficiency for electrodeposited CdSe thin
films. Shinde et al. [9] reported improvement in
photoconversion efficiency of electrodeposited CdSe
thin film from 0.36 to 0.54% subsequent to Mn dop-
ing. C. Bhattacharya and ]. Datta [34] reported pho-
toconversion efficiency of 0.4% for electrosynthsized
Cd-Se-Te thin films. Hankare et al. [35] chemically
deposited CdSe thin films and reported fill factor and
efficiency of 0.36 and 0.55%, respectively. Hankare
et al. [11] reported improvement in photoconversion
efficiency of chemically deposited CdgoeZng;Se thin
films from 0.61 to 0.76% as an outcome of indium
doping. Hankare et al. [36] reported 0.13% photo-
conversion efficiency for ZnSe thin films deposited by
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Fig. 6 a Film thickness variation for CdSe and In:CdSe thin film. b Contact angle images of pristine CdSe and 0.2 vol.% In:CdSe samples

0.0 {20000000300300333300033033TIIIF chemical bath deposition method. The photoconver-

sion efficiency of pristine CdSe and indium-doped
CdSe thin films reported in our current study is
comparatively higher than reported in literature.
The 0.2 vol.% In:CdSe thin film shows superior
performance than pure CdSe sample which may be a
consequence of creation of In>* donor levels to CdSe
lattice in the band gap region. Thus doped indium
increases donor concentration causing shift in fermi
level position near to the conduction band, resulting
—o—In Dark in a decreased band gap [37]. Decreased band gap in
I Icr:|d(:|Soepe d CdSe doped film permits utilizati(.)n of more portion of .the
T : : : : solar energy spectrum, which could be responsible
0 -100  -200 -300 -400 -500  for superior PEC performance of the same. Com-
Voltage (mV) pared with pristine CdSe photoanode, smaller value
of series resistance R; and larger value of shunt
resistance Rq, of doped CdSe thin film also turn out
well with the performance study.

o
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Fig. 7 Power output characteristics of chemically deposited
pristine CdSe and 0.2 vol.% In:CdSe /1 M polysulfide/C PEC
cells in dark and under illumination

Table 3 PEC solar cell parameters of chemically deposited pristine CdSe and 0.2 vol.% In:CdSe photoanodes

Parameters Joe MA/em?) Voo (mV) I, (mA/em®)  V,, (mV) Fill factor  Efficiency (%) Rs(Q) Rsh (Q)
Sample
Pristine CdSe 1.21 432 0.85 320.5 52.3 0.54 106 1201
0.2 vol.% In:CdSe  1.79 464 1.12 352 47 0.79 77 1566
@ Springer
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4 Conclusion

The pristine CdSe and Indium-doped CdSe thin films
were successfully synthesized using low-cost CBD
method. The superior PEC performance is recorded
corresponding to indium doping of 0.2 vol.%. Indium
doping is found to alter structural, optical, and
morphological properties of CdSe thin film. Struc-
tural study shows pristine CdSe thin film has domi-
nant cubic and weak hexagonal phase, Modest
improvement in crystallinity and intensity of hexag-
onal (100) plane was found resultant to indium
doping. Indium incorporation in CdSe lattice upshots
morphological alteration. Indium merger in CdSe
photoanode decreased water contact angle from 73.5
to 58.8 degrees. Indium doping decreases band gap
energy of pristine CdSe photoanode. Doped CdSe
thin film showed better PEC performance than pris-
tine one. In conclusion, Indium doping in CdSe
photoanode is favorable for PEC solar cell purpose.
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