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Present investigation describes the photoelectrochemical studies of electrosynthesized CdSe and indium doped
CdSe (In:CdSe) thin films deposited on stainless steel (SS) substrates. The photoelectrochemical (PEC) studies
of both films are carried out with CdSe and In:CdSe(SS)/1 M Polysulfide/C cell. It is observed that indium doping
in CdSe enhances the fill factor from 0.56 to 0.63 and photo-conversion efficiency from 0.80% to 2.01%. In order to
study the consequence of doping, undoped and indium doped CdSe thin films are further characterized by capac-
itance-voltage, electrochemical impedance spectroscopy (EIS), spectral response, transient response, speed of re-
sponse characterization techniques. By using capacitance-voltagemeasurement, various physical parameters are
estimated and accordingly energy band diagrams have been constructed.
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1. Introduction

The brisk growth of theworld's energy demand from last several de-
cades has brought substantial attention towards the energy scarcity
problem [1]. To accomplish this ever-increasing energy demand man-
kind has been focused towards emerging renewable energy sources
such as solar, nuclear, wind, tidal energy etc. Amongst these various re-
newable sources, solar energy is one of the best substitutes owing sev-
eral rewards such as pollution free, abundantly available,
inexhaustible and permanent source of energy. So, the nonstop conver-
sion of solar energy into electrical energy is essential so as to accomplish
the energy need of the presentworld. It is well known that photovoltaic
devices are useful for solar energy conversion. These devices use p-n
junction for direct conversion of solar energy into electrical energy.
Due to simplicity in junction fabrication and inbuilt storage capacity,
semiconductor liquid junction cells have attracted a great deal of inter-
est over p-n junction solar cell [2]. The heart of efficient solar cell is
photoelectrode (photocathode/photoanode) material, so appropriate
selection of it is a crucial thing. The prime necessity while choosing
photoelectrode material is its band gap energy, which should expected
to be positioned very close to visible spectrum maxima so as to make
competent use of the solar energy spectrum. In this view, II–VI semicon-
ductors have been a center of attention point because of sharp absorp-
tion edges, direct band gaps and higher absorption coefficient [3,4].
ar).
Cadmium selenide (Eg = 1.7 eV) is one of the binary semiconductors
from II-VI group which has fascinated attention of many researchers
due to its interesting properties and wide range of applications [5–10].
Various chemical and physical methods have been employed for syn-
thesis of CdSe thin films [11–16]. Increased optical absorption, de-
creased band gap plus resistivity of a photoelectrode material facilitate
to achieve better and efficient performance in solar cell application.
This can be done by doping photoelectrode material by suitable dopant
like indium [17–24].

In the present investigation, the photoelectrochemicalmodifications
arisen due to indium doping in potentiostatically electrosynthesized
CdSe thin films are inspected. Further the effects of indium doping on
the capacitance-voltage, band bending, electrochemical impedance
spectroscopy, spectral response, speed of response and transient re-
sponse characteristics of undoped and indium doped CdSe thin films
is studied.

2. Experimental details

2.1. Synthesis of CdSe and indium doped CdSe (In:CdSe) thin films

The CdSe and In:CdSe thin films were potentiostatically electrode-
posited on mirror polished stainless steel (5 cm × 1 cm × 0.05 cm)
and fluorine doped tin oxide (FTO) coated glass substrates (sheet resis-
tance=15Ω) using three electrode cell. The cellwas composed of three
electrodes using substrate as a working electrode, graphite as a counter
electrode and saturated calomel electrode as a reference electrode. All
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the precursors used for deposition were analytical reagent grade and
usedwithout further purification. The CdSO4 used as cationic precursor,
SeO2 used as anionic precursor and pH of the bath was maintained to
3 ± 0.1, using dilute H2SO4. Room temperature electrodeposition of
CdSe thin film was carried out onwell cleaned stainless steel substrates
at deposition potential −0.59 ± 0.01 V/SCE, from the acidic aqueous
bath containing 0.05 M CdSO4 (10 ml) and 0.01 M SeO2 (10 ml).
The various preparative parameters used for electrodeposition of
CdSe and In:CdSe thin films were optimized using the reliable
photoelectrochemical (PEC) technique as published elsewhere [25].
The volumetric doping of indium (from 0.025 to 0.50 vol%) was carried
out by adding up appropriate volumes of InCl3 solution in the electrolyte
bath. The optimized volumetric doping percentage of indium was
0.15 vol%. Thus further studies were conducted with undoped and
0.15 vol% In:CdSe thin films.
2.2. Assembly and characterization of PEC cell

PEC cell was assembled using a two electrode systemwith pure CdSe
or 0.15 vol% In:CdSe thin film as a photoanode and polished graphite as
a counter electrode. 1 M Polysulfide (1 M NaOH–1 M Na2S–1 M S) was
used as a redox electrolyte. The photovoltaic power output characteris-
tics were studied in dark and under constant illumination intensity of
50 mW/cm2. The area of photoanode exposed to illumination was
1 cm2 other than that was enclosed by insulating tape, with the inten-
tion to put a stop on any other contribution to the net photocurrent den-
sity. A heat up problem of cell was solved by inserting a water lens
between the lamp and PEC cell [26]. Here PEC cell was formed in an air-
tight container (to keep away oxygen from redox electrolyte) by direct
dipping the CdSe or 0.15 vol% In:CdSe photoanode in polysulfide
electrolyte.
2.3. PEC characterization

Photovoltaic power output characteristics, electrochemical imped-
ance spectroscopy (EIS), spectral response, speed of response and tran-
sient response studies were carried out using two electrode system. The
capacitance-voltage measurement was carried out using electrochemi-
calworkstation (ZIVE SP 5)with three electrode cell at afixed frequency
1 kHz in the voltage range−0.8 to 0.8 V. EIS studies of CdSe and In:CdSe
thin film were performed in the frequency range 1 MHz to 100 mHz
using same electrochemical workstation.
Fig. 1. Power output characteristics of CdSe and 0.15 vol% In:CdSe/1 M polysulfide/C PEC
cells in dark and under illumination intensity of 50 mW/cm2.
3. Results and discussion

Synthesis of CdSe and Indium doped CdSe thin films by the
potentiostatic electrodeposition method has been confirmed using
XRD and XPS analyses [25]. X-ray diffraction studies of both films con-
firmed cubic crystal structurewith enhanced intensity of planeswith in-
diumdoping. TheXPS analysis confirmed the incorporation of indium in
the CdSe thin film. Elemental composition studies showed undoped
CdSe thin film is slightly cadmium rich while In:CdSe thin film con-
tains average atomic percentage of Cd:In:Se elements as
54.89:1.30:43.81. Morphological modulation observed on introduc-
tion of indium. Nodules grown over the compact web of axial nano-
fibers like morphology observed, which found to be immensely
useful for PEC cell application, as nodule helps to capture photons
while nanofibers provides an easier electron transport pathwith bet-
ter electrode-electrolyte contact. Wettability study signified more
hydrophilic nature of In:CdSe thin film ensures more intimate con-
tact between electrode and electrolyte. Optical absorption studies
showed that indium doping causes decrease in band gap energy
from 2.02 to 1.67 eV [25].
3.1. Photovoltaic power output characteristics and type of conductivity

As discussed earlier, PEC cell was formed with two electrode system
containing CdSe or 0.15 vol% In:CdSe thinfilm as a photoanode, graphite
as a counter electrode and 1 M polysulfide as redox electrolyte. Fig. 1
shows the J-V characteristics in dark and under illumination condition
for pure CdSe and 0.15 vol% In:CdSe thin films. The current density-volt-
age (J-V) curves were recorded under fixed illumination intensity
50 mW/cm2. The PEC cell shows small current and voltage values in
dark condition. The polarity of this current and voltage is found to be
negative with respect to CdSe and 0.15 vol% In:CdSe electrode. The
source of this voltage is accredited to variation in two half cell potentials
of the PEC cell. Under illumination condition, open circuit voltage in-
creases with negative polarity towards both CdSe and In:CdSe elec-
trodes. This cathodic behavior of photovoltage towards CdSe and
In:CdSe thin film, signifies that films have n-type conductivity [27].

The important parameters of PEC cell such as fill factor (FF) and
power conversion efficiency (ɳ %) are calculated using Eqs. (1) and (2)
[2].

FF ¼ ImVm

IscVoc
ð1Þ

where Im and Vm be the maximum current and voltage that can be ex-
tracted from PEC cell while Isc and Voc represents short circuit current
and open circuit voltage.

The relation for efficiency is,

η %ð Þ ¼ ImVm

Pinput
� 100 ð2Þ

Here, Pinput is input power and product ImVm is maximum output
power.

The series resistance, Rs and shunt resistance, Rsh are estimated from
slope of output power characteristics using Eqs. (3) and (4)

dI
dV
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≅
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The values of Isc,Voc, Im, Vm, FF, ɳ, Rs and Rsh for pure and 0.15 vol%
In:CdSe samples are tabulated in Table 1. For CdSe photoanode, the
magnitude of Isc and Voc observed are 0.0016 A/cm2 and 0.440 V, respec-
tively. After indium doping these values are found to be enhanced to
0.0030 A/cm2 and 0.512 V, respectively. Thus PEC cell performance



Table 1
Photoelectrochemical cell parameters of CdSe and 0.15 vol% In:CdSe photoanodes.

Sample Isc
(A/cm2)

Voc

(V)
Im
(A/cm2)

Vm

(V)
Fill
factor

Efficiency
(%)

Rs
(Ω)

Rsh
(Ω)

Pure CdSe 0.0016 0.440 0.0012 0.314 0.56 0.80 115 851
0.15 vol%
In:CdSe

0.0030 0.512 0.0025 0.390 0.63 2.01 45 1821

Fig. 2. Mott-Schottky plots for CdSe and 0.15 vol% In:CdSe photoanode/polysulfide PEC
cells.
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was improved with indium doping. The efficiency and fill factor were
boosted from 0.81% to 2.01% and 0.56 and 0.63, respectively as a conse-
quence of indium doping. 0.15 vol% In:CdSe thin film shows superior
performance than pure CdSe sample This can be explained as, since
open circuit voltage relies on height of potential barrier which is deter-
mined by the difference between fermi levels of photoanode and poly-
sulfide electrolyte. Here the fermi level of redox electrolyte, Efredox is
fixed using same electrolyte and the position of Ef semiconductor is al-
tered varying indium doping percentage. Pure CdSe is n-type semicon-
ductor whose cause is credited to selenium vacancies. Selenium
vacancies act as donor centers while cadmium vacancies act as acceptor
centers. Cadmium richness (seleniumvacant) in CdSe sample generates
donor levels below the conduction band edge. With indium doping, ad-
dition of In3+ to CdSe lattice creates donor levels in the band gap region.
Thus doped indium increases donor concentration causing shift in fermi
level position near to the conduction band, resulting in a decreased
band gap [28]. Narrow band gap permits utilization of a more and
more portion of the solar energy spectrum. This could be the reason
for boosting PEC performance corresponding to 0.15 vol% indium dop-
ing, which is in good support with an optical study of the same [25].
3.2. Capacitance–voltage studies

The capacitance against applied potential measurement provides
valuable information concerning flat band potential (Vfb), donor density
(Nd), depletion region width (w) and type of conductivity of the elec-
trode under study. It helps to explain the characteristics of charge trans-
port process taking place across the junction between semiconductor
electrode and redox electrolyte of PEC cell.

The well-known Mott-Schottky relation [29] is,

1

C2
sc

¼ 2
qε0εsND

V−Vfb−
kBT
q

� �
ð5Þ

where Csc=space charge capacitance (F/m2), e=charge on an electron
(1.6 × 10−19 C), T= temperature (K), ε0= permittivity of free space=
8.854 × 10−12 F/m, εs = relative permittivity of CdSe material = 10
[30], ND = carrier density (m−3), V = applied potential, Vfb = flat
band potential, kB = Boltzmann constant (1.38 × 10−23 J/K). The flat
band potential is the intercept of the Mott-Schottky plot on potential
axis at 1/Csc2 = 0, while slope of Mott-Schottky plot is useful to calculate
carrier density [31]. The Mott-Schottky (M-S) plots obtained for CdSe
and 0.15 vol% In:CdSe photoanode/polysulfide electrolyte/graphite sys-
tem at a fixed frequency of 1 kHz are shown in Fig. 2. The nonlinear na-
ture of both Mott-Schottky plots (M-S plots) indicate formation of a
graded junction between photoanode and redox electrolyte interface,
which may be the consequence of surface coarseness, non-homoge-
neous doping, stacking faults originated due to spiky and uneven sur-
face morphology, adsorption of ions on the surface of electrode etc.
[32]. The flat band potential Vfb is found to be increased from −1.01
to −1.19 V/SCE upon indium doping, showing easier charge carrier
transfer between doped CdSe nanofibers-electrolyte interface com-
pared to undoped one [33]. This could be responsible for boosting up
the PEC performance of 0.15 vol% In:CdSe thin film.
3.3. Estimation of band diagram and parameters evaluation fromM-S plots

If the fermi level of redox electrolyte (Efredox) and semiconductor
electrode (Ef) are known, then it is easy to evaluate the relative positions
of valence band edge, conduction band edge, fermi level and extent of
band bending.

As discussed earlier, slope of M-S plot enables to calculate the value
of donor densityND. The calculated values of donor density for CdSe and
0.15 vol% In:CdSe are 1.04 × 1016 and 1.89 × 1016 cm−3, respectively.
Higher donor density values for doped CdSe electrode unambiguously
avails additional charge carriers compared to undoped CdSe, which is
favorable for easier electrical conduction process and it could be respon-
sible for the enhanced PEC performance of the same.

The density of states in conduction band, Nc is calculated using Eq.
(6).

NC ¼ 2

h3

� �
2πm�

ekT
� �1

:5 ð6Þ

This is found to be equal to 2.83 × 1018 cm−3.
The relation of semiconductor Fermi level, EfwithNc and donor den-

sity ND is [29],

ND ¼ NC exp
− Ec−Efð Þ

kT

� �
ð7Þ

Hence the energy separation between semiconductor conduction
band edge and fermi energy, that is (Ec−Ef) is calculated using the re-
lation,

Ec−Efð Þ ¼ −kT ln
ND

NC

� �
ð8Þ

Using this relation, the values of (Ec−Ef) are found to be+0.15 and
+0.13 V/SCE for CdSe and 0.15 vol% In:CdSe thin films respectively,
which means the fermi levels of CdSe and 0.15 vol% In:CdSe are posi-
tioned +0.15 and +0.13 V/SCE lower than the conduction band, re-
spectively. This outcome is probably due to additional donor level
created by indium-doping. For indium doped CdSe electrode, fermi
level is found to bemore closely placed to conduction band as compared
to undoped one. As in flat band situation, fermi level of semiconductor
(Ef) equals to flat band potential (Vfb), therefore Ef for CdSe and In:CdSe
corresponds to −1.01 and −1.19 eV/SCE, respectively. Thus the con-
duction band edge Ec of CdSe and 0.15 vol% In:CdSe electrode is found
to be placed at−1.16 and −1.32 V/SCE, respectively.

The location of the valence band edge Ev can be projected, beneath
the conduction band edge by the energy difference of the band gap



Table 2
Various physical parameters of CdSe and 0.15 vol% In:CdSe thin films, calculated from the
Mott-Schottky (M-S) plots.

Sr. Samples → CdSe 0.15 vol%
In:CdSeNo. Physical parameters ↓

1. Flat band potential, Vfb (V/SCE) −1.01 −1.19
2. Redox electrolyte 1 M

polysulfide
1 M
polysulfide

3. Redox fermi potential, Efredox (V/SCE) −0.703 −0.703
4. Donor density, ND (cm−3) 1.04 × 1016 1.89 × 1016

5. Density of states inside conduction band, NC

(cm−3)
2.83 × 1018 2.83 × 1018

6. Ec-Ef (eV/SCE) 0.15 0.13
7. Conduction band boundary, EC (eV/SCE) −1.16 −1.32
8. Band bending, Vbb (eV/SCE) 0.31 0.49
9. Band gap energy, Eg (eV) 2.02 1.67
10. Valence band boundary, Ev (eV/SCE) 0.86 0.35
11. Barrier height, VB 0.45 0.62
12. Type of carrier n-Type n-Type
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(estimated from the optical absorption study). Here the estimated band
gap energies for CdSe and In:CdSe are 2.02 eV and 1.67 eV, respectively
[25]. Thus, the locations of the valence band edge, Ev for CdSe and
In:CdSe are at 0.86 and 0.35 V/SCE.

One of the important factors regarding the semiconductor electrode-
redox electrolyte interface is band bending, Vbb which can be obtained
by computing the difference between fermi levels of redox electrolyte
(measured value of Efredox = −0.703 V/SCE) [31] and electrode. In
PEC cell, this fermi level difference is of immense importance as it di-
rectly gives an idea about the maximum value of photovoltage that
can be obtained from the cell and thus helps in selection of appropriate
electrolyte so as to acquire enhanced solar cell performance [2]. The
band bending factor Vbb is found to be greater for 0.15 vol% In:CdSe
(0.49) than CdSe (0.31). Increased band bending factor for 0.15 vol%
In:CdSe is responsible for increased Voc, which consequently liable for
enhanced PEC cell performance compared to undoped CdSe. The barrier
height, VB is calculated using Eq. (9) as

VB ¼ qeVbb þ Ec−Efð Þ ð9Þ

and is found to be 0.45 and 0.62 V corresponding to CdSe and 0.15 vol%
In:CdSe electrode interfaces, respectively [34]. The energy banddiagram
thus built for CdSe and indium doped CdSe is shown in Fig. 3. The vari-
ous physical parameters evaluated from Mott-Schottky (M-S) plots for
CdSe and 0.15 vol% In:CdSe are listed in Table 2.

3.4. Electrochemical impedance spectroscopy (EIS) studies

In order to acquire additional information on the subject of charge
transfer taking place across semiconductor-redox electrolyte interface,
the EIS studieswere carried out in the dark aswell as under illumination
condition. The PEC unit was composed of two electrode system. EIS
studies performed using ZIVE workstation at room temperature in the
frequency range 1MHz to 100mHz, by applying anAC potential to elec-
trochemical system and consequently recording the shift in phase and
amplitude of the resultant current response.

Impedance is a vector quantitywith real part Z′ and imaginary part Z
″ corresponding to the component in phase andwith phase difference of
90° to cell voltage respectively. A plot of imaginary impedance compo-
nent (Z″) versus real impedance component (Z′) is termed as Nyquist
or Cole-Cole plot. Every point on the Nyquist plot stands for impedance
at a particular frequency, where the left portion of the plot corresponds
Fig. 3. The band diagrams of CdSe/polysulfide interface (a, b) and 0.15 vol% In:CdSe/polysulfi
interface.
to higher frequencies, middle portion to middle frequencies and right
portion corresponds to lower frequencies. Further, these impedance
spectra are fitted to suitable electrical circuit with Zman software.

The recorded impedance spectra for CdSe and 0.15 vol% In:CdSe thin
films in dark and under illumination conditions are shown in Fig. 4(a)
and (b), respectively. Same electrical analog isfitted for all these spectra,
as shown in Fig. 4(c). Fig. 4 enables to compare the changes in Nyquist
plots in dark and upon illumination of PEC cell. Nyquist plot found to
be largely influenced under illumination. Generally the PEC cell includes
three different interfaces as stainless steel (SS) substrate/CdSe or
In:CdSe photoanode, photoanode bulk/redox electrolyte and graphite/
redox electrolyte. Thus, in the recorded impedance the key contribution
is of photoanode side and very minor contribution from the graphite
side. It was attained by maintaining more area of the graphite as com-
pared to photoanode (1 cm2) which reduces the interfacial resistance,
thus affected less by a larger capacitance [35].

The impedance spectra for both photoanodes are best fitted to same
electrical analog (Fig. 4c) containing a resistor R in series with two RC
(sub circuit with R║C) circuits. For the better fit purpose the capaci-
tances are replaced by constant phase elements Q1 and Q2. This equiv-
alent circuit contains Rs, R1, Q1, R2 and Q2 elements. Rs is the series
resistance whose value corresponds to intercept on the real axis (Z′)
in the high frequency region, which arises due to the sheet resistance
de interface (a′, b′): (a) and (a′) at flat band condition, (b) and (b′) band bending at the



Fig. 4. Nyquist plots for CdSe (a) and 0.15 vol% In:CdSe (b) thin films in dark and under
illumination condition and (c) an equivalent circuit diagram.
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of the substrate, electrical resistivity of redox solution and exterior con-
tact resistance (wire connections) of the PEC unit [36–38]. These two RC
circuits can be allotted to photoanode bulk-substrate interface (R1Q1)
and Photoanode-electrolyte interface (R2Q2). Thus, R1 and R2 are the
charge transfer resistances at CdSe or 0.15 vol% In:CdSe photoanode-
SS substrate interface and CdSe or 0.15 vol% In:CdSe photoanode-poly-
sulfide electrolyte interface. While Q1 and Q2 are capacitances of sub-
strate-photoanode interface (coupled with the non-uniform current
allocation caused by roughness of photoanode material) and double
layer at photoanode bulk electrolyte [39].

The values of electrical analog elements in dark and under illumina-
tion situation are listed in Table 3. Rs (is coupled with higher frequency
reaction) shows no significant change upon illumination, specifying its
Table 3
Impedance parameters obtained from EIS analysis in dark and under illumination
conditions.

Parameters Samples

CdSe 0.15 vol% In:CdSe

Dark Under illumination Dark Under illumination

Rs (Ω) 10.4 9.89 3.84 2.085
R1 (Ω) 18,387 1313 10,397 326
Q1 (mF) 1.95 1.1 0.359 0.256
R2 (Ω) 3188 707.6 1044 179
Q2 (mF) 0.074 0.16 0.298 0.564
independence on the same. As compared to dark situation, the charge
transfer resistance (R1 and R2) corresponding to all charge transfer pro-
cesses found to be incredibly low upon illumination. In the dark, when
the electrode is dipped in an electrolyte, the charge equilibrium condi-
tion occurs by charge transfer and consequently accumulated charges
are responsible for higher charge transfer resistance.While upon illumi-
nation, due to photoexcitation, conduction band electrons are able to
flow through the circuit which lowers resistance. In dark Q1 is found
to be greater than Q2, which may be the consequence of the fact that
the thickness of depletion layer is appreciably more than that of helm-
holtz layer thus depletion layer capacitance is smaller as compared to
helmholtz layer capacitance [40]. Upon illumination Q1 decreases,
screening uniform distribution of current all theway through bulk elec-
trode. While Q2 found to be increased upon illumination, which is
credited to accumulation of charges at the interfacial region
(photogenerated electrons in bulk and holes near the surface of
photoanode).

The In:CdSe photoanode exhibits lower charge transfer resistance
and higher double layer capacitance compared to CdSe, which may be
due to better photon capturing by nodules, easier electron transport
path and better electrode electrolyte contact provided by an axial web
of nanofibers. It confirms that indium doping enhances charge transfer,
which could be responsible for the enhanced PEC performance of the
same [25].

3.5. Spectral response

Spectral response study explicitly gives an idea regarding utilization
of solar energy spectrum of the material under study. In this study the
short circuit current (Isc) was recorded consequential to change in inci-
dent photon wavelength (λ). Prior to that for a little time the PEC cell
was kept in the dark and then study was undertaken with progression
from larger to smaller wavelengths (from 850 to 450 nm). Fig. 5(a)
shows the spectral response study of CdSe and 0.15 vol% In:CdSe/poly-
sulfide/graphite PEC cells. Initially short circuit current found to be in-
creased with wavelength, attains a maximum value at 700 and
600 nm for doped and undoped CdSe and declines for further increase
wavelength for both electrodes. Decrease in short circuit current on
smaller wavelength side is attributed to light absorption in redox elec-
trolyte and surface recombinations of photogenerated minority charge
carries by surface states [9].While decreased spectral response on larger
wavelength side can be a consequence of poorer absorbance and higher
transmittance of light. For In:CdSe PEC cell, the maxima of spectral re-
sponse curve is found to be higher in magnitude and red shifted com-
pared to undoped one. This increase in Isc is accredited to the creation
of indium donor levels and enlarged optical absorption, which may
leads to improved PEC response for dopedfilm. The short circuit current
maxima is used to calculate energy band gap value. These maxima ob-
served for CdSe and In:CdSe films are at 700 and 600 nm, respectively,
which corresponds to an optical band gap of 1.77 and 2.06 eV. These
band gap values are found to be in good agreement with that estimated
(1.67 and 2.02 eV) from optical absorption studies [25,41].

3.6. Transient response

Fig. 5(b) shows transient response curves for CdSe and 0.15 vol%
In:CdSe thin film PEC cells. Upon illumination PEC cell shows rise in
photovoltage, which saturates after some time and upon exclusion of il-
lumination, photovoltage decays. The rise in photovoltage is found to be
instant while persistence of photovoltage has observed for some time
after the cutoff of light excitation. This decay time that is the time
taken by photovoltage to drop to its original value subsequent to the ex-
clusion of light excitation is helpful to calculate decay constant and thus
to study the charge transfer mechanism. Tentatively photovoltage
decay curve can be split into three different sections related to high, in-
termediate and low level injection of minority carriers [42,43]. The log



Fig. 5. (a) Spectral response curves of PEC cells formedwith CdSe and 0.15 vol% In:CdSe photoanodes, (b) photoinduced voltage rise and decay curves for CdSe and 0.15 vol% In:CdSe/1 M
polysulfide/C PEC cells, (c) and (d) represent the speed of response for CdSe and 0.15 vol% In:CdSe/1 M polysulfide/C PEC cells, respectively.
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Voc versus time plot was found to be non-linear while the plot of log Voc
versus log t is linear obeying the equation [34].

Voc tð Þ ¼ Voc 0ð Þt−b ð10Þ

where Voc(0) and Voc(t) represent open circuit voltages at time t = 0
and t seconds while b is the decay constant. The slow decay in
photovoltage is observed in the doped CdSe thin film compared to
CdSe, ascribed to the presence of impurity levels and surface states in
In:CdSe thin films. The decay constants obtained from the slope of log
Voc versus lot t graph are found to be 0.63 and 0.43 for doped and
undoped CdSe films, respectively.

3.7. Speed of response

Speed of response was tested for both indium doped and undoped
CdSe thin film PEC cell over long time (180 s). In this study, the photo-
current was recorded as a function of time under chopped light condi-
tion. Fig. 5(c) and (d) illustrate the speed of response study for
undoped and indiumdoped CdSe thin films, respectively. It verifies con-
tinuous stability of thin filmmaterial for longer time duration, conquer-
ing the photocorrosion problem frequently observed in cadmium
chalcogenides [44,45]. As well as, quick switching of current up and
down under chopped light condition is an evidence of the photosensi-
tive nature of materials, which recommends its use in device as a
photosensor [46].

4. Conclusions

Thin films of CdSe and indium doped CdSe thin films have been syn-
thesized using potentiostatic electrodeposition method. PEC studies re-
veal both CdSe and In:CdSe thin films possess n-type conductivity. The
photo-conversion efficiency and fill factor are found to boost up from
0.80% to 2.01% and 0.56 to 0.63, respectively with indium doping. The
flat band potentials obtained from the Mott-Schottky measurement
found to be increased from−1.01 to−1.19 V/SCEwith dopingwith in-
dium. A band bending factor found to be enhanced from 0.31 to 0.49
after addition of indium. EIS studies show that indium doping lowers
the charge transfer resistance, thus is beneficial for better charge trans-
port process. Red shifted and the enhanced spectral response observed
with indium incorporation in CdSe thin film.
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