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HIGHLIGHTS

CulnTez (CIT) thin films were electrosynthesized on fluorine doped tin oxide at
higher pH 4.

CIT films were studied by photoelectrochemical (PEC) response and confirm the p-
type conductivity of CIT films.

Charge transport mechanism was studied by electrochemical impedance
spectroscopy.

Impedance measurement shows tunnel diode like behavior at higher frequencies
whereas diffusion mechanism of ionic species dominated at lower fréquencies.

The science behind photoelectrochemical and impedance measurementis explained
in details.
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ABSTRACT

CulnTe; (CIT) thin films were electrochemically deposited in an aqueous electrolyte on fluorine
doped tin oxide (FTO) coated glass substrates for potentials ranging from - 0.6 V to - 0.9 V at pH
4. Films were annealed at 400 °C for 15 minutes in air ambient. Both as-deposited and annealed
layers were characterized by various characterization techniques. The conductivity type of the
CIT layers was studied by photoelectrochemical (PEC) response and solid—€lectrolyte interface
by impedance spectroscopy. As-deposited samples confirmed amorphous=nature of CIT in
contrast to that of polycrystalline films obtained upon annealing. Three prominent reflections
(112),(220)/(204)and (31 2)/(11 6) of chalcopyrite CIT were obtained upon annealing. The
optical band gap values ~ 0.90 eV and 1.08 eV and ~ 0.88.eV'and 1.01 eV were estimated for as-
deposited and annealed CIT layers deposited at - 0.7%V and - 0.8 V respectively. The most
prominent A; mode observed at 123 cm™ in the Raman spectra of chalcopyrite CIT was shifted
towards lower wavelengths due to the development of tensile strain. Very compact, well
adhesive and void free globular layers were deposited at pH 4. The indium content was found to
be increased with increasing the‘deposition potential which agrees well with the overpotential
deposition of indium. Photoelectrochemical (PEC) study confirms the growth of p-type CIT
layers. The negative resistance at higher frequency domain (3 MHz to 10 kHz) from
electrochemical impedance spectroscopy (EIS) confirms the power/energy giving nature of
ClT/electrolyte, interface at higher frequency and diffusion mechanism of ionic species dominate
at lowerfrequency region.

Keywords: Raman spectra, conductivity, impedance spectroscopy



1. Introduction

The study of solid — liquid interface has remained the topic of fascination to study the local
crystallanity and charge storage mechanism in the field of energy storage and harvesting [1]
which has shown significant impact on both the cost of device fabrication and energy storage.
Various materials in the form of metal oxides, metal sulphides, composites and oxXynitrides are
used for energy storage [2-5] which offers easy and environmental friendly processes. CulnTe,
(CIT) is one of the important direct band gap materials from chalcopyrite family reported for
thermoelectric and solar cell applications [6-10]. In this paper this material is obtained by
electrodeposition technique, but very few people have studied4dts'solid-liquid interface [11]. So it
becomes crucial to study the phenomenon related to«<solid — liquid interface to investigate
electronic, photoelectrochemical, surface and morphological properties of the semiconductor
material/electrode and to understand the physical\processes, charge transport, mass transport,
reaction Kinetics, surface segregation and“echemical stability [12]. The photoelectrochemical
response (PEC) and electrical impedance spectroscopy (EIS) are effective and non-destructive
tools to understand and visualize the,various aspects of the aforementioned interfaces and ionic
layers in the electrolyte and near the periphery of electrode and also to study the charge transport
mechanism. Vijaykumar et al. [11] have worked on the electrodeposition process and reported
three double layers: a,space charge layer (1000 A°), Helmholtz double layer (3 — 5 A°) and Gouy
— Chapman double layer (100 A°). If a third phase such as an oxide film is present in the
semiconductor electrode, charge can be stored in the interface between oxide and the substrate or
even in the form of space charge layer. J. Gasiorowski et al. [13] have employed EIS
measurement for poly[4,8-bis-substituted-benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-4-

substitutedthieno[3,4-b]thiophene-2,6-diyl] (PBDTTT-c) thin films to study the changes in



resistance and capacitance of the oxidized polymer. The semiconducting properties of
electrochemically polymerized pyrrole-N-propionic acid (PPA) thin films in various supporting
electrolyte was studied by Karazehir et al. [14] by EIS. The equivalent circuits for the obtained
Nyquist and Bode plots were discussed thoroughly. Chemla et al. [15] have analyzed the
different electrochemical processes occurring at semiconductor/electrolyte interface for,p and n-
type silicon in pure diluted HF solution under dark by using EIS. They have correlated a two-
step charge transfer mechanism to the electrochemical processes involved in the reaction of Si
substrate with HF. Bertoluzziet al. [16] have shown the importance and mechanism of charge
transfer in terms of both direct hole transfer from valance band“and indirect hole transfer via
surface states for solar fuel production. Herraiz-Cardona et al. [17] have successfully employed
EIS technique to determine the conductivity of p-type €uGaO, by fitting an equivalent circuit to
the obtained EIS spectra and knowing the charge transport resistance, film thickness, geometrical
area and porosity of the sample. In addition.to ‘all above parameters one more approach i.e.
modulation of pore size of electrochemically etched p-type silicon in Polyethyleneglycol(PEG)
additive by fast fourier transformation impedance spectroscopy (FFT-IS) is proposed by
Quiroga-Gonzalez et al.[18]..Based on the physical phenomena at the solid-liquid interfaces
several representations of the equivalent circuits have been used to explain the electrode —
electrolyte interface.

The present work“emphasizes on both material properties of CIT and CIT-electrolyte interface.
ClTwe_ electrolyte interface was studied by photoelectrochemical response (PEC) and
electrochemical impedance spectroscopy (EIS) and discussed thoroughly in this paper.

Imaginary impedance is measured versus real impedance over a wide range of frequency.



Comparative study of the as-deposited and annealed CIT films deposited at - 0.7 V and - 0.8 V is
presented.

2. Experimental details

2.1 Materials used for synthesis of CIT thin films

Copper sulphate (CuSO,4) from Sigma - Aldrich, indium sulphate (Iny(SO4)3) fromiSRL and
tellurium oxide (TeO;) from Sigma — Aldrich of purity at least 99.9 % have been used for the
experimentation. Citric acid is used as complexing agent. The above chemicals are dissolved in
double distilled water. pH of the bath was adjusted with ammonia and NaOH:

2.2 Electrodeposition of CIT thin films

CIT thin films were electrodeposited for pH 4 at constant bath temperature 75 °C (+ 1 °C) with
continuous stirring at 150 rpm throughout the experiments. A conventional three-electrode
system, consisting fluorine doped tin oxide (FTO) as working, graphite as counter and Ag/AgCl
as reference electrode were used. Priofr to=the ‘experiments, the substrates were thoroughly
cleaned using double distilled boiled water, acetone and iso-propanol followed by few minutes
ultra — sonication with iso-prepanol. Potentiostat/galvanostat, Model Biologic SP 300 was used
to perform the cyclic voltammetry analysis and electrodeposition of precursor layers and finally
its photochemical .and ‘impedance analysis. The deposition potential was optimized by cyclic
voltammetry (CV) experiments. The samples were electrodeposited in the range - 0.6 V to - 0.9
V and subsequently annealed in the muffle furnace in an air ambient at 400 °C for 15 minutes
andused for'characterization.

2.3 Characterization of CIT thin films

X- ray diffractometer, model Bruker D8 Advance, Germany of Cu Ka radiation with A = 0.154

nm was used to study the structural properties. Raman spectrum was recorded with Invia



Renishaw Raman Microscope coupled with Philips CCD camera in the range 100 cm™ to 300
cm™. Semiconductor laser of wavelength 785 nm was used as an excitation source. Optical study
was carried out by JASCO UV-VIS-NIR Spectrophotometer model V-670. JEOL JSM — 6360 A
SEM/EDAX at accelerating voltage 20 kV and probe current 1 nA was used to study the surface
morphology and elemental composition. The conductivity type was <{studied by
photoelectrochemical (PEC) measurements. The solid-liquid interface <(was’ studied by
electrochemical impedance spectroscopy (EIS). Three electrode system«was used for both PEC
as well as EIS analysis. The PEC and EIS study was carried out at room temperature in 1M KClI
and1M NaOH electrolytes respectively. PEC response of both as-deposited and annealed CIT
samples was recorded with constant applied bias of -100 mV under illumination of white light
source of intensity 100 mW/cm?.

3. Results and discussion

3.1 Cyclic voltammetry

The cyclic voltammogram recorded’on FTO substrate at 75 °C for stirred solution at ~ 150 rpm
for co-deposition of Cu, In, Teiwith-citric acid at pH 4 is shown in figure 1.

Cathodic and anodic scans are marked by forward (black) arrows, and reverse (red) arrows,
respectively. The ecathodic current increased from - 0.4 V due to the metallic deposition of
copper and or/tellurium’on the substrate. Plateau region observed between - 0.65 V to - 0.85 V is
the suitable growth potential for CulnTe,. Sharp rise in current after - 0.95 V is associated with
the hydrogen evolution along with nonstoichiometric deposition of CIT. The anodic scan shows
the similar trend in the current upto - 0.80 V. Below - 0.80 V the anodic current becomes
positive corresponds to oxidation process. The anodic peaks exhibited at - 0.65 V and - 0.47 V

are corresponds to the stripping of indium and copper, respectively. The cross over observed



around - 0.40 V could be due to the metallic deposition of copper/tellurium. The anodic peak
observed around + 0.40 V is associated with stripping of Te. The number of CV measurements
was performed to observe the repeatability of the curve to optimize the closest deposition
potential of CIT. The co-deposition of Cu, In and Te is made possible by using citric acid as
complexing agent which drives the deposition potential of different elements closer by:changing

the activity of the respective element by forming the complex with them.
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Figure 1 The cyclic voltammogram recorded on FTO substrate at 75 °C for stirred solution
at ~ 150 rpm for co-deposition of Cu, In, Te with citric acid at pH 4.

From cyclic voltammetry results the co-deposition of CIT falls in the range - 0.6 VV to - 0.9 V.

Reaction mechanism of CIT in details is reported elsewhere [10].



3.2 X-ray diffraction
Figure 2 shows the X-ray diffraction pattern of as-deposited and annealed CIT thin films. The
dark circles (@) in figure 2 are related to the substrate (FTO) peaks. As-deposited films (a) and

(c) deposited at - 0.7 V and - 0.8 V respectively shows amorphous nature.
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Figure 2 X-ray diffraction patterns of as-deposited and annealed CIT thin films.



Upon annealing the same films [fig. 2(b) and (d)] sharp reflections at an angle 26 = 25.09°,
41.47° and 49.03° corresponds to (1 12), (204)/(220)and (31 2)/ (11 6) of tetragonal
structure of CIT [JCPDS file no. 34-1498] are observed. Highly polycrystalline CIT was
obtained upon annealing the sample deposited at -0.8 V. Secondary phases of In,Te; at 20 =
27.46°, corresponds to (3 1 1) plane [JCPDS file no. 83-0043] and In,O3 at 20 =27:46° (222)
[JCPDS file no. 22-0336] are also observed in both the annealed samples.

The secondary phases of InsTe; and In,O5 attributed upon annealing can be removed by
optimizing the annealing temperature and duration. The crystallite size is calculated by using the
Debey Scherrer classical equation [10] and was found to be ~4 -5 nm for the as-deposited
samples and for 36 nm and 118 nm for annealed samples:deposited at - 0.7 V and - 0.8 V,
respectively.

3.3 Raman spectroscopy

Figure 3 shows the Raman spectra of as-deposited and annealed CIT films deposited at - 0.7 VV
and - 0.8 V.

The noticeable change in Raman spectra is observed for the as-deposited samples with respect to
deposition potential. It is clearly observed that overall background intensity is more and peaks
are quite distinguishable. for the as-deposited sample deposited at - 0.7 V as compared to the
sample deposited at=.0.8 V. This could be due to the presence of some Raman active surface
states/impurities=in that sample which enhances the surface Raman resonance. The details of the
modes.are summarized in Table 1. Upon annealing, the FWHM of A; mode was decreased in
both the samples and Raman modes became very sharp. The distinct Raman modes A; at 120

cm™ [19], B3 at 141 cm™ [20], Es and/ or B,® (TO) at 156 -171 cm™ [20], longitudinal optical
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(LO) B, and/or E (LO) mode at 182 cm™ [20], E (LO) at 220 cm™ [21] and E & B, at 267 cm™

[19] were observed in annealed samples and remaining modes were silent.

A —-0.7 V (as-deposited)

54 ! —— -0.7 V (annealed)
-0.8 V (as-deposited)

—-0.8 V (annealed)

Intensity x 10 (counts)

100 150 200 250 300
Raman Shift (cm™)

Figure 3 Raman spectra of as-deposited and annealed CIT thin films deposited at - 0.7 V
and - 0.8 V.

The peak position” of A; mode generally observed at 123 cm™ was found to be shifted at
120vem™, 117 cm™ in as-deposited samples deposited at -0.7 V and -0.8 V respectively. In
annealed samples, it was shifted to 121 cm™. This red shift in the Raman modes is because of the

development of tensile strain [22, 23] and decrease in red shift after annealing indicates the

reduction in strain.
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3.4 Optical properties

The plot of (ahv)? verses energy (hv) for as-deposited and annealed CIT samples at 400 °C for 15
minutes is shown in figure 4. The band gap of the CIT films is found to be a function of
deposition potential and varies from 0.98 eV to 1.08 eV [9,10] for as deposited films deposited at
- 0.7 V and - 0.8 V and decreases upon annealing from 0.88 eV to 1.01 eV. The change in band

gap is associated with the enhancement in particle size [24] as well as presence/of secondary

phases.
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Figure 4 Plot of (ahv)? verses Energy (hv) for as-deposited and annealed CIT films at 400
°C for 5 minutes deposited at (A) -0.7 V and (B) -0.8 V.

3.5 Scanning electron microscopy (SEM)

The surface morphology of as-prepared CIT films deposited from -0.6 V to -0.9 V and annealed

CIT films deposited for - 0.7 V and - 0.8 V is shown in figure 5.
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Figure 5 SEM Images of as-deposited CIT films deposited at (a) - 0.6 V, (b) - 0.7 V, (c) - 0.8
V and/(d) - 0.9 V; and annealed CIT films at 400 °C for 15 minutes deposited at (e) - 0.7 V
and (f)~- 0.8 V respectively.

It is observed that all samples were compact and well adherent to the substrate. A clear change in

surface morphology for as-prepared samples can be seen in fig.5 ((a) to (d)). Spherical grains
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with nearly uniform size were observed for the metallic film deposited at lower potential - 0.6 V
(fig. 5 (a)). Comparatively large grains with agglomeration were noticed for the deposition
potential - 0.7 V (fig. 5 (b)) and - 0.8 V (fig. 5 (c)). The particle size was found to be decreased
for the sample deposited at - 0.9 V (fig. 5 (d)) and could be due to the deposition of metallic
indium rich film. We further observed that the films deposited at - 0.6 V and < 0.9. V were
evaporated during the annealing process. The grain size has been found to be increased for the
annealed samples deposited at - 0.7 V (fig. 5 (e)) and - 0.8 V (fig. 54f)). Small particles are
agglomerated to form the cluster of size 2 um; which could be helpful for the charge transport in
the device.

3.6 Energy dispersive X-ray analysis (EDAX)

Figure 6 shows the EDAX pattern of as-deposited and.annealed CIT films deposited at - 0.8 V
and elemental compositional analysis of all as<prepared‘and annealed CIT films is summarized in
table 2.

Tellurium rich film was-deposited-at growth potential -0.6 V and the content of Te decreased
systematically for the films deposited at higher potential. The content of indium was also found
to be increased for the films deposited at higher potentials. The Cu/In ratio for as-prepared films
was systematically decreased with increase in deposition potential which is proposed for high
efficiency solar cell [9,19]. Upon annealing the CIT layers deposited at - 0.7 VV and - 0.8 V, the
atomic percentage concentration of Cu, In and Te was determined ~ 17, 25 and 58 and 16, 36
and48 respectively. Indium rich film is deposited at - 0.8 V with appropriate control on Cu/In
ratio. The Te/(Cu+In) ratio decreased systematically with increase in deposition potential and

upon annealing also which agrees well with XRD results.
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Figure 6 Energy dispersive X-ray spectra of as-deposited and annealed CIT samples
deposited at -0.8 V.
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3.7 Photoelectrochemical (PEC) study

Photoelectrochemical (PEC) study is one of the important tools to study the photocatalytic and
photoelectrochemical water splitting applications [25 - 36] as well as to study photo effects for
energy conversion [37] and the electrical conductivity type [38, 39]. One of the authors Momini
et al. have rigorously studied this aspect for number of systems [25 - 27, 29, 30,{32,,34] with
various dopants to improve the phocatalytic activity for water splitting applications under dark
and illuminated condition with light chopping. When semiconductor surface under examination
is immersed in electrolytic solution, electron transfer takes place in order tojequilibrate the Fermi
energy of the semiconductor and redox/chemical potential of the electrolyte. The charge
imbalance in the semiconductor interface as that of the bulkyproduces the space charge layer at
the interface whereas at electrolyte side the formation of densely packed Helmholtz double layer
followed by Gouy-Chapman layer. Under applied\bias the Fermi energy of the semiconductor
and chemical potential of electrolyte shifts.'and current flows through the circuit. Under
illumination the gap between Fermi energy and chemical potential further increases/decreases
and current either increases<.towards negative side or positive side. In case of p-type
semiconductor current increases towards negative side since under illumination the increase in
current is due to the minority carriers [37-39] and electrons are the minority carriers in p-type
semiconductors. When-semiconductor — electrolyte interface is irradiated with light, mainly it is
absorbed’in the'material and two phenomena takes place and importantly absorption of light over
a spatial extent mainly depends on the absorption coefficient of the material. The electrons can
be transferred into conduction band through the photoexcitation of semiconductor electrode itself

and photoexcitation of redox couple.
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Figure 7 Schematic representation of solid-electrolyte interface. Figure (a) represents the
top ofthe valance band edge energy level (Ev), bottom of the conduction band edge energy
level (Ec), Fermi energy (Ef) of p-type semiconductor and redox potential/energy of
electrolyte with respect to vacuum level separately. (b) Shows the band bending of the p-
type semiconductor kept in contact with electrolyte to equilibrate the Fermi energy of a
semiconductor and redox potential of electrolyte. (c) The photoexcitation of p-type
semiconductor electrode. (d) Represents the photoexcitation of electrolyte.
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In case of semiconductor electrode, electron-hole pairs will be generated only when it is
illuminated with light source having energy equal to or greater than the bandgap of the
semiconductor material and we have used white light source so entire visible spectra is covered.

Whereas in case of semiconductor-electrolyte, the carriers will be created in the depletion region
via oxidation and separated by the field (drift currents), in present case electrons are/driven to the
surface while positive ion carriers are forced towards electrolyte. Additionallyy diffusion of
carriers in the quasi-neutral region can also takes place even in dark which is also observed in
present EIS results where diffusion mechanism is dominant at low frequencies. Although the
diffusion length of these electron-hole pairs can be calculated experimentally; this is not the
scope of present work. Guady et al. [36] have also explained the water splitting mechanism in
terms of energy band diagram in case of n-type GaN-electrolyte interface. Lewis et al. [37] have
thoroughly studied the photo-effects at the semicenductor-liquid interfaces and explained the
mechanism of separation of minority“carries at semiconductor-electrolyte interface under
illumination. In present case, the/schematic representation of solid-electrolyte interface for
photochemical response is shown. in figure 7. Figure 7 (a) represents the top of the valance band
edge energy level (Ev), bottom of the conduction band edge energy level (Ec), Fermi energy (Ef)
of p-type semiconductor.and redox potential/energy of electrolyte with respect to vacuum level
separately. Figure 7 (b)’shows the band bending of the p-type semiconductor kept in contact with
electrolyte to equilibrate the Fermi energy of a semiconductor and redox potential of electrolyte.
Thevterms Wox and W shows the oxidation and reduction distribution function. Figure 7 (c)
shows)the photoexcitation of p-type semiconductor electrode and figure 7 (d) represents the
photoexcitation of electrolyte. The terms W o and W reg shows the shift in oxidation and

reduction distribution function under illumination from that of the dark. While explaining the
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photoelectrochemical and photocatalytic properties of organic p and n-type semiconductor,
Zhang et al. [35] has given the schematic representation of n and p-type monolayer — electrolyte
interface under dark whereas n/p and p/n - type bilayer-electrolyte under illumination. In present
case; interface is CIT- electrolyte and CIT is not either in the form of monolayer or it is not a
combination of p/n bilayer instead it is a bulk material; so our schematic deviates fram that of the
reported data. What we have shown in case of p-type CIT - electrolyte interface i1S.€xactly shown
oppositely for n-type GaN-elctrolyte interface since band bending of n-type semiconductor with
that of electrolyte will be upward direction to adjust the Fermi level of n-type semiconductor and
redox/chemical potential of electrolyte. The charges will be transferred into ionic species in
electrolyte via valance band of the semiconductor underillumination and the position of
oxidation and reduction potential will shift towards downward direction and hence the reduction
potential.

In present study, as-deposited and annealed Ssamples of CIT deposited at - 0.7 V and - 0.8 V were
subjected for PEC study and it was carried out at room temperature in 1M KCI electrolyte. The
photo response curve recorded with, constant applied bias of -100 mV under illumination of
white light source of intensity,100'mW/cm?, in terms of photocurrent density (J) verses time “t’ is
measured and shown infigure 8. The spectrum obtained for as-deposited samples is not shown
due to noisy signal. It.is'observed that the photocurrent of both the samples increased towards the
negative/Side under illumination due to two processes. As shown in figure 7 (c) and figure 7 (d)
i) electrons are excited from valance band to the conduction band of bulk CIT and ii) oxidation
of ionie species from double layers formed near the solid electrolyte, donates the electrons in the
conduction band of the CIT and current increases in the negative direction. The present data is

compared with the reference data with photochemical response of p-type CIS thin films [39].
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The photocurrent increased towards negative direction confirms the p — type conductivity of CIT

films.
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Figure 8 Photoelectrochemical (PEC) response of annealed CIT films at 400 °C for 15
minutes deposited at(a) -0.7 V and (b) - 0.8 V.

3.8 Electrochemicalimpedance spectroscopy (EIS)

Electrochemicalsimpedance spectroscopy of CIT samples was carried out to understand the solid
(semiconductor) — liquid interface in 1 M NaOH solution having pH 14 for a frequency range 3
MHz te 1 Hz. The measured imaginary impedance (Z°) is plotted against real impedance (Z) and
shown in figure 9 (A). The equivalent circuit for the plot is depicted in figure 9 (B). Rs is the

series resistance arises from solution, film, wire and contact resistances, Cg is the double layer
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capacitance at semiconductor-electrolyte interface, R is the charge transfer resistance from the
ionic species and W is the Warburg coefficient which is created due to the diffusion of ionic
species also called Warburg diffusion impedance. Value of ‘W’ is high at lower frequencies and
hence diffusion of ionic species is dominant at low frequencies. Our equivalent circuit well
agreed with the literature data which is explained by Cesiulis et al. [40] exceptinegative

resistance at higher frequency.

o7y A 0.8V
100 100
 below 10kHz | below 10 kHz
75} g : 751 : :
: . : (3 MHz to 10 kHz) 5. .,
N s0f f | S sob ¥ g
E ' : E o .
e (3 MHz to 10 kHz) F =

— 1 W
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Figure 9 Impedance spectroscopy of annealed CIT films at 400 °C for 15 minutes deposited
at (a) -0.7 V and (b) -0.8 V respectively.
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Also one can change the equivalent circuit by replacing the double layer capacitance (Cgy) and
Warburg coefficient (W) with constant phase element (CPE) which arises due to uneven
distribution in microscopic material properties. The impedance due to chemical phase element is
given by the equation [14, 40],

ZCPE :%
Q(jw)

@

where ‘Q’ constant ‘n’ is related to the phase angle and varies in such a way that.0 <n <1 and
shows resistive, capacitive and diffusion processes. When /7’ is not placed in the circuit, the
exponent values of constant phase element (CPE) approaches 0.5.and.Is indication of a diffusion
controlled process. For a perfect capacitor the value of expenent is nearly 1 and the phase angle
approaches 90°, which is the phase angle for a capacitor.

The present EIS data, CIT-electrolyte interface system [fig. 9 (A)] is compared with tunnel diode
since it shows negative real resistance for higher frequencies just like tunnel diode shows
negative resistance over particular~region of current-voltage curve and makes it useful in
oscillator circuit. The negative fesistance at higher frequency region is mainly due to transfer of
electrons via space chargewregion” because of their fast response due to high mobility and
negligible mass. Basically Soestbergen et al. [41] proposed the three different time scale to
analyze the transient response of electrochemical cell with respect to current mainly, (i) the
capacitive-charging of the electroneutral bulk region is followed by Debye time, (ii) formation of
the diffuse.layer by harmonic time scale and (iii) the redistribution of ions across the cell takes
place ‘over diffusion time scale. The present EIS data for low frequency region shows the
harmonic time scale and diffusion time scale since warburg element (W) is present due to
formation of diffusion layers and redistribution of ionic species dominated at low frequency.

In general faradic current [42] for applied potential ‘E’ is given by the following equation
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i, =nFAk, C(0) @)

where ‘n’ is the number of electrons, ‘F’ is the faraday constant, ‘A’ is the electrode surface area,
‘ks * is the rate constant and C(0) is the surface concentration of the electroactive species.
Depending upon the values of Rs, Cq, Rt and W nature of plot of Z” verses Z deviates from the
ideal circuit. Thus by using EIS tool, charge transport mechanism at electrode/electrolyte
interface over a wide frequency region can be studied.

4. Conclusions

Compact and well adherent CIT thin films were deposited successfully/ by electrodeposition
technique at pH 4. Tellurium rich films were deposited“at -0.6' V and its concentration
systematically decreased with increase in deposition petential“whereas indium concentration
increased with increase in deposition potential. Highly crystalline CIT films were obtained upon
annealing for growth potential -0.8 V. The secondary peaks of InsTes were revealed in the above
samples along with materials peak. The red.shift observed in the Raman spectra was due to the
development of tensile strain which was decreased upon annealing. The optical bandgap
obtained for as-deposited CIT thin films was in the range of 0.90 eV and 1.08 eV and upon
annealing it was found te be ~,0.88 eV and 1.01 eV for the films deposited at -0.7 V and -0.8 V
respectively. The grain size of CIT layers deposited at -0.8 V and annealed at 400 °C was found
to be 2um. Photocurrent conduction mechanism of solid/liquid interface is thoroughly discussed
in this paper and photoelectrochemical (PEC) study confirms the p-type conductivity of CIT
films.“impedance measurement shows tunnel diode like behavior at higher frequencies whereas
diffusion mechanism of ionic species is dominant at lower frequencies. This work helps to
understand in situ deposition mechanism during the deposition of bulk material, its

microstructure and conductivity type which are the governing factors for various applications.
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Table captions
Table 1. Summary of Raman mode frequencies of CIT films.

Table 2. Summary of elemental compositions obtained by EDAX for as-deposited and
annealed CIT thin films.

Figure captions

Figure 1 The cyclic voltammogram recorded on FTO substrate at 75 °C far stirred solution
at ~ 150 rpm for co-deposition of Cu, In, Te with citric acid at pH 4.

Figure 2 X-ray diffraction patterns of as-deposited and annealed CIT thin films.

Figure 3 Raman spectra of as-deposited and annealed CIT thin films deposited at -0.7 V
and -0.8 V.

Figure 4 Plot of (ahv)? verses Energy (hv) for as-deposited and annealed CIT films at 400
°C for 5 minutes deposited at (A) -0.7 V and (B).-0.8 V.

Figure 5 SEM Images of as-deposited CIT films deposited at (a) -0.6 V, (b) -0.7 V, (c) -0.8 V
and (d) -0.9 V; and annealed CIT films at 400 °C for 15 minutes deposited at (e) -0.7 V and
() -0.8 V respectively.

Figure 6 Energy dispersive X-ray. spectra of as-deposited and annealed CIT samples
deposited at -0.8 V.

Figure 7 Schematic representation of solid-electrolyte interface. Figure (a) represents the
top of the valance band/edge energy level (Ev), bottom of the conduction band edge energy
level (Ec), Fermi energy (Ef) of p-type semiconductor and redox potential/energy of
electrolyte with-respect to vacuum level separately. (b) Shows the band bending of the p-
type semiconductor kept in contact with electrolyte to equilibrate the Fermi energy of a
semiconductor, .and redox potential of electrolyte. (¢) The photoexcitation of p-type
semiconductor electrode. (d) Represents the photoexcitation of electrolyte.

Figure” 8" Photoelectrochemical (PEC) response of annealed CIT films at 400 °C for 15
minutes deposited at (a) -0.7 V and (b) - 0.8 V.

Figure 9 Impedance spectroscopy of annealed CIT films at 400 °C for 15 minutes deposited
at (a) -0.7 V and (b) -0.8 V respectively.
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Table 1.

Std.

Mode

Mode ) . Mode frequencies (cm™) in present data
frequencies (cm™)
] As-deposited Annealed
Literature data
-0.7V -0.8V -0.7V -0.8V
A1 123 119 117 121 120
E 128 125 125 silent silent
B% 143 137 137 140 140
E 159 155 155 silent silent
E® and/ or B,® 180 180 silent silent silent
E and B; 267 261 silent 267 266
Table 2.
- _ El tal Composition in At. % Cu/ln Te/(Cu+In
Deposition Potential (V) PR - Posttionin ° ) ( ) )
ratio Ratio
Cu In Te
- 0.6 (as-deposited) 30 5 65 6.0 1.8
- 0.7 (as-deposited) 19 23 58 0.8 1.4
- 0.8 (as-deposited) 17 31 52 0.6 1.0
- 0.9 (as-deposited) 19 35 46 0.5 0.8
- 0.7 (annealed) 17 25 58 0.7 1.4
- 0.8"(annealed) 16 36 48 0.4 0.9
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