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Abstract

Copper Indium diselenide (CISe) layers have been synthesized via two stage processes;
electrodeposition of Copper-Indium (Cu-In) and selenization. The effect of complexing agent, citric
acid (CA) was studied on the growth of Cu, In and Cu-In layers. Polycrystalline Cu-In layers were
electrodeposited from aqueous bath at -0.85V versus Ag/AgCl reference electrode. The structural,
optical, morphological, compositional, photoelctrochemical and optoelectronic properties for Cu-In
layer and selenized Cu-In layers are studied. Three prominent reflections of tetragonal crystal
structure of ClSe, (112), (204/220) and (312/116) were exhibited in selenized layers. Nearly
uniform, void-free surface morphology was observed in selenized samples. Upon selenization of Cu-
In layers prepared with 0.1 M CA produced stoichiometric CISe thin films. The energy band-gap
values are estimated between 1.05 eV to 1.18 eV. Photoelectrochemical cell measurement revealed
the growth of p-type and n-type conductivity of CISe thin films. The peaks related to chalcopyrite
CISe and ordered defect compound are observed in Raman analyses. The superstrate solar cell
structure prepared with selenized Cu-In layer deposited in presence of 0.1 M CA measured 4.05%
efficiency. . The values of Rs, 7.42 Q-cm? 0.94 Q-cm? and G, 1.01 mS/cm? 10.25 mS/cm?® were
calculated under dark and illuminated condition, respectively. We believe that the measured
efficiency is low; however the further improvement is possible by optimizing the surface treatment

conditions.
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INTRODUCTION

Ternary and quaternary based chalcogenides have been attracted tremendous scientific and
technological interest towards the development of thin film solar cell because of its high absorption
coefficient and long mean free path of the charge carriers [1-2]. From chalcogenide family CISe
based materials are widely used as absorber for photovoltaic application since its direct band gap can
be tailored from 1.04 eV to 1.68 eV upon the addition of sulfur and/or gallium [3-4]. Several
methods have been employed for the deposition of CulnS; (CIS) and CISe such as molecular beam
epitaxy [5], physical vapor deposition [6], spray pyrolysis [7], sputtering [8-9], chemical bath
deposition [10], electrodeposition [11] etc. The highest efficiency of CulnGaSe, based solar cell ~
22.3% has been reported using the co-evaporation method [12]. The major limitations of physical
technique are slow deposition rate, high purity expensive targets, initial capital investment, etc.
Electrodeposition (ED) is one of the low-cost techniques, with numerous advantages such as,
negligible waste of chemicals, high deposition rate and deposition over large area with controlled
stoichiometry [13-15]. The co-deposition of Cu-In-Se is rather complex due to different chemical
and electrochemical behavior of each element. In general, CIS, CISe layers are electrodeposited by
two individual processes viz, co-deposition of all elements in single bath and selenization or
sulphurization of Cu-In layer. Bhattacharya et al [16] has reported 15.4% conversion efficiency by
electrodeposition in conjunction with the PVD technique to adjust the content of Ga. Recently, Lee
et al (17) have reported 10.01% efficiency for CISe thin film solar cells prepared by ED
technique. The difficulty with single step co-deposition is to achieve the desired stoichiometry due
the wide differences in the redox potentials of Cu, In, Ga and Se. Excessive copper selenide phases
in CISe/CIGSe are highly conductive, which may produce shunt paths and could be destructive to
efficiency of solar cell. This problem can be resolved by using complexing agents such as, citric acid
(CA) [18], triethanolamine [19], EDTA [20], ethylene diamine [21], thiocynate [22], however, large
amount of complexing agent is the source of impurities. Furthermore, the unwanted binary or
metallic phases might be formed upon the post-deposition heat treatment which directly affect on
solar cell performance. To overcome these issues, we have prepared Cu-In alloy layer by
electrodeposition technique in presence of comparatively low quantity of citric acid and
selenized in tubular furnace. The electrodeposition of bimetallic Cu-In alloys from single bath is
reported in the literature [23-25]. Pottier et al. [26] documented the electrodeposition of CISe in
acidic solution containing CA as complexing agent. Thouin et al. also used the CA as complexing
agent of CISe and observed the improvement in crystallinity and adhesion of the film [27]. Luo et. al



[28] deposited Cu-In layers by pulsed laser deposition, with the formation of Cuj;lng phase along
with metallic In. The deposition of elemental Cu or In is disadvantageous, which leads to the
formation of binary phases with selenization. Prosini et al. reported the electrodeposition of Cu-In
layers with studies on the effect of substrate surface treatment on the nucleation mechanism of Cu-In
layers [29]. Herrero et al. studied the electrodeposition of Cu-In layer in CA on to Ti substrate and
subsequent annealing in sulfur atmosphere to form CulnS; [30]. Rotating disc electrodeposition was
used by Cummings et al. to prepare Cu-In layers and used subsequent selenization to produce ClSe
[31].

Nanoparticles of Cu-In have been prepared by Liu et al. [32] and selenized for the formation
of ClISe. Norswaorthy et al, synthesized micrometer sized Cu-In particles using melt atomization
technique with 10.5 % solar cell conversion efficiency [33]. Kind et al, synthesized citrate capped
CuazIng nanoparticles by polyol method with solar cell with efficiency 7 % [34].

We report the growth of well adherent, stoichiometric Cu-In alloy thin film by
electrochemical technique as well as CISe thin film upon controlled selenization.
Furthermore, n and p-type conductivity CISe layers are grown and used them on the
development of superstrate solar cell structure (glass/FT0O/CdS/CISe/Au) and reported over 4

% efficient thin film solar cells.
2.0 EXPERIMENTAL DETAILS

2.1 Chemicals

All chemicals used for the synthesis of Cu-In thin film were purchased from Sigma-Aldrich
of purity at least 99.9%. Fluorine doped tin oxide (FTO) coated glass substrates of sheet resistance
10-15 Q/o were purchased from Pilkington glass company, UK. The double distilled deionized
water was used as a solvent.
2.2 Electrodeposition of Cu-In thin film

Copper chloride (CuCl,) and Indium chloride (InCls3), were used as ionic sources of Cu and
In. A standard three-electrode geometry consisting FTO, Ag/AgCl and graphite were used as
working, reference and counter electrode, respectively. CA was used as a complexing agent. The
cyclic voltammograms are recorded without agitation at 45 °C (+1 °C) with scan rate 5 mV sec™. Cu-
In layers were electrodeposited at -0.85 V versus Ag/AgCIl in presence of 0.1 M, 0.3 M and 0.5 M
concentrations of CA for 60 minutes. Immediately after deposition the samples were thoroughly



rinsed in ultrasonic bath with warm water and dried in laboratory atmosphere. The samples were

selenized in a selenization chamber at 400 °C for 20 minutes.
2.3 Materials characterization

Cyclic voltammetry measurements were performed using Biologic potentiostat/galvanostat,
SP-150. The structural properties were studied by means of X-ray diffractometer, (Bruker D8) with
Cu Ka anode having wavelength 0.154 nm. Optical absorption measurements were performed with
JASCO UV-vis-NIR spectrometer. Surface topography was recorded with the aid of scanning
electron microscope (JEOL JSM 6360A) with an operating voltage 20 kV and probe current 1 nA.
The elemental atomic percentage concentration was determined by energy dispersive x-ray analysis
(EDAX) technique. The Potentiostat, SP 150, Biologic equipped with two probe measurement setup
was employed to study the electrical (I-V) properties. The conductivity type of selenized Cu-In
(C1Se) layers was obtained by photoelectrochemical (PEC) analysis. Three-electrode geometry was
employed for PEC studies with graphite and Ag/AgCl as counter and reference electrode,
respectively in 1 M KCI solution. Bias potential 10 mV was applied and the experiment was
performed under white light source of intensity 10 mW/cm2. The area working and counter
electrode was kept constant for all samples 0.35 cm2 and 2 cm?2. Raman analysis was performed
by INVIA Renishaw micro Raman spectrophotometer with 785 nm excitation laser. A layer of Cu-In
utilized for the development of solar cell was electrodeposited at -0.85 V with 0.1 M CA. CdS films
of thickness ~ 70 to 100 nm were deposited by chemical bath deposition technique [35]. Prior to
metal contacts CdS/selenized Cu-In layers were etched in sodium cyanide (NaCN) solution to
remove the unwanted secondary phases formed during the selenization process. The final solar cell

device was measured under illumination with 100 mW/cm? at room temperature.
3.0 RESULTS AND DISCUSSION
3.1 Cyclic voltammetry

Electrochemical behavior of Cu and In was studied for various concentrations of CA. Figure
1 depicts the cyclic voltammograms (CV) CuCl, on FTO coated glass substrate. Two small
shoulders revealed in the cyclic voltammogram (CV) obtained without CA (figure 1 a) about -0.11 V
and -0.31 V are associated to the reduction of Cu®* to Cu [36,37] by equation (1). Figure (b-d)
represents the CV’s for CuCl; solution in presence of 0.1 M to 0.5 M CA. The onset of reduction
peak was found to be shifted to higher cathodic potentials with the addition of CA from -0.11 V to -
0.34 V and -0.31 V to -0.56 V probably due to change in open circuit potential indicates the complex



formation of Cu®* with CA, which reduces the Cu?* activity. The origin of the earlier shoulder is not

clear, which could be probably due to under-potential reduction of Cu®* to Cu.

Cu® +2e” — Cu Eo=+0.340 V versus NHE =~ ---------- 1)
The peak observed during anodic scan around +0.2 to +0.3 V could be related to the oxidation of Cu.
A similar experiment was performed for an electrolyte containing 6 mM InCl3 in presence of
different concentrations of CA. Figure 2 a) to d) represents the cyclic voltammogram recorded
onto FTO substrates with 0 M, 0.1 M, 0.3 M and 0.5 m of CA, respectively. The reduction peak of
In is attributed around -0.77 V without CA. Upon increasing the CA in the electrolyte this peak
shifts toward higher negative potentials from -0.77 V to -0.85 V, confirming the complex
formation of In3+ ions with CA by equation 3). Herrero and Ortega [38] have also reported the

citrates are good complexing agents for the complex formation with Cu?+* and In3+.

In* +3e~ — In Eo=-0.340 V versus NHE ---------- (2)
3.2 Cyclic voltammetric study of Cu-In system

The cyclic voltammograms obtained for Cu-In system recorded in presence of 0 M, 0.1 M,
0.3 M and 0.5 M CA are illustrated in figure 3 a) to d), respectively. At lower cathodic potential (~ -
0.25 V), a small plateau region is observed (marked as ‘A’), which could be associated to the
reduction of Cu, whereas, the region marked by B is likely due to reduction of In. The steep rise in
cathodic current above -0.85 V could be due to the deposition of elemental In along with the over
potential deposition of Cu. A plateau region observed in the range -0.75 V to -0.90 V could be
suitable for the stoichiometric deposition of Cu-In alloy. It is observed that upon increasing the
concentration of CA, the reduction peak associated to Cu has been systematically shifted towards
higher cathodic potential (closer to In reduction potential). A broad plateau represents the Cu can be
deposited for wide range. A role of CA is to reduce the mass transportation of copper by forming
complex which could further support to deposit stoichiometric Cu-In layer. Well adherent and
compact thin films of Cu-In were deposited at -0.85 V versus Ag/AgCI reference electrode, therefore

the effect of concentrations of complexing agent is studied to the films deposited at -0.85 V.

3.3 Characterization of Cu-In layer

The effect of CA on the structural properties of Cu-In alloy thin film was studied with the
help of X-ray diffractometry. The x-ray diffraction (XRD) patterns of Cu-In layer grown at -0.85 V
in presence of 0 M a), 0.1 M b), 0.3 M c) and 0.5 M d) CA are shown in figure 4. It has been



observed that the layer deposited without CA (Fig. 4a) results only the deposition of copper with
cubic crystal structure (JCPDF data, 85-1326). A layer deposited in presence of 0.1 M CA (Fig. 4b)
exhibited several diffraction peaks, which are associated to Cu-In monoclinic crystal structure
(JCPDF data, 35-1150). A peak associated to stable Cujilng compound was observed at 20 ~ 42.17°
(JCPDF data, 41-0883). It is noteworthy that the, metallic Cu and In related peak were not observed
for a sample deposited in presence of 0.1 M CA. The film deposited in presence of 0.3 M CA, both
Culn and Cujilng phases were obtained with some metallic indium peaks. A higher concentration of
CA, 0.5 M leads to the deposition of only metallic In of tetragonal structure (JCPDF data, 85-1409).
Peaks related to the FTO substrate are marked as solid circle (e).

The surface morphology of Cu-In thin films was imaged with scanning electron microscope
(SEM). Topographical SEM images of Cu-In layer deposited at -0.85 V in presence of different
concentrations of CA are shown in the inset of figure 4. It can be clearly seen that the small spherical
grains are deposited without CA, generally observed in metallic electrodeposition. It was further
observed that the layers deposited without CA were powdery and poorly adherent to the substrate.
On the contrary, the layers deposited in presence of CA were well adherent to the substrate with
grayish metallic appearance. The clusters of size ranging from ~ 100 nm to over 1 micron are
deposied with CA. Higher mass transport mechanism could be liable to enhance the particle size.

The compositional results obtained by EDAX for Cu-In thin films grown at -0.85 V with
various concentrations CA are summarized in table 1. It is observed that without CA only Cu was
present, whereas nearly stoichiometric Cu-In layers, (Cu/In ratio ~ 1) were deposited with 0.1 M
CA. The higher concentration of CA, (0.3 M and 0.5 M) results In-rich samples with Cu/In ratio,
0.83 and 0.22, respectively. These results are in good agreement with XRD analyses discussed in

earlier section.

3.4 Characterization of selenized Cu-In thin films

Cu-In layers deposited at -0.85V in presence of various concentrations of CA were selenized
in tubular furnace at rotary vacuum ~ 0.05 mbar in selenium ambient at 400 °C for 20 min. Figure 5
shows the XRD patterns of selenized Cu-In layers. Three most prominent reflections of tetragonal
structure of ClISe; (112), (204/220) and (312/116) are exhibited in the XRD spectrum of selenized
Cu-In layer deposited with 0.1 M CA (Fig. 5a). However, the samples deposited with higher
concentration of CA exhibit tetragonal structure of ClSe along with secondary phases of In,Sey,

Peaks appeared due to FTO are marked as solid circle (e).



The corresponding SEM images are given in the inset of figure 5. All the layers were
compact and well adherent to the substrates. Large uniform grains of size ~ 500 nm can be clearly
seen in Cu-In layer deposited in presence of 0.1 M CA. Mixed non-uniform spherical grains with
small rods are formed upon selenization for the layer grown with 0.3 M CA. Upon selenization a
large non-uniform clusters of size ~ 4 to 5 um are clearly seen for the sample grown with 0.5 M CA
could be due to the re-crystallization of material, which is desirable for the development of high
efficiency solar cells.

The results obtained from UV-Vis spectroscopy, (ahv)? versus (hv) for selenized Cu-In layers
deposited at -0.85 V with 0.1 M a), 0.3 M b) and 0.5 M c) CA are illustrated in figure 6. The value of
energy band gap for stoichiometric CISe thin film deposited in presence of 0.1 M CA was estimated
to be ~1.04 eV, which is in good agreement with the literature value [13]. The band gap was found
to be increased systematically up to 1.19 eV upon increasing the concentration of CA, which is
associated to the presence of In,Sey and/or large grain size.

The compositional analysis obtained by EDAX of selenized Cu-In layers is summarized in
table 1. Nearly stoichiometric ClISe thin films with 25.2, 26.5 and 48.3 atomic percentage
concentration of Cu, In and Se, respectively were deposited with 0.1 M CA in the electrolyte. The
atomic percentage concentration of Cu and In was systematically decreased and increased,
respectively upon increasing the molar concentration of CA. This is likely to be formation of
complex with noble Cu elements. A systematic decrease of Cu/In ratio was observed in selenized
Cu-In layers like pristine Cu-In thin films.

Current density-Voltage (J-V) characteristics of selenized Cu-In layers are illustrated in
figure 7. The J-V characteristics of Cu-In layers prepared with 0.1 M CA is shown in the inset of
figure 7. Au metal contacts of diameter 3 mm were made on FTO/ Cu-In and FTO/selenized Cu-In
layer by thermal evaporation technique. As-deposited Cu-In layer showed ohmic behavior, whereas
Mott-Schottky behavior was observed for selenized Cu-In samples. The value of the ideality factor
(n) is calculated from the slope of straight line region of the forward bias by the following relation,
[39].

_q av

n —ﬁm ————————————————————————————— (3)

where ‘q’,V, n, k, T and | are the charge of electron, applied voltage, ideality factor, Boltzmann
constant, temperature and diode current, respectively. The values of ideality factor 1.93, 2.10 and
2.26 were calculated for CISe layers deposited with 0.1 M, 0.3 M and 0.5 M CA, respectively. The



ideality factor calculated for the sample deposited with 0.1 M is low, due to the less tunneling
through barrier and likely less defects present within the material.

Figure 8 represent the Photoresponse curve (Photocurrent density verses time) for standard n-
type Silicon a), p-type Silicon b), selenized Cu-In layers deposited at -0.85 V with 0.1 M ¢), 0.3 M
d) and 0.5 M e) CA. 1 M KClI solution was used with chopped white light of intensity 10 mW/cm?.
The photocurrent in PEC process is originated from the minority charge carriers, therefore, the
direction of observed photocurrent gives the type of majority charge carries. The standard p-type and
n-type Si of resistivity, 0.05 Q cm was used as a reference. The photocurrent measured for n-type Si
upon illumination was found to be increased along the positive direction (fig. 8a), whereas, the
photocurrent was found to be increased along negative direction for p-type Si (fig. 8b). The
photocurrent measured for selenized Cu-In layers electrodeposited with 0.3 M (fig. 8d) and 0.5 M
(fig. 8e) was increased towards positive direction, indicates the n-type conductivity due to the higher
contents of In. The growth of n-type conductive CISe layer is tudied in detail by Persson et. al. [40].
The photocurrent measured for selenized Cu-In layers with 0.1 M (fig. 8c) was found to be increased
towards negative direction confirms the p-type conductivity. With negative bias an electrons from
the conduction band are extracted, therefore the current response is limited for p-type
semiconductor [41]. However, upon illumination of higher energy than the bandgap, electrons are
promoted from the valence band to the conduction band and driven to the solid/electrolyte interface
and finally transferred to the solution by reduction of the H" ions, enhancing the cathodic current
response [42-43]. This effect can be clearly seen in the figure 8b) and c) where the cathodic current
is higher under illumination, which confirms the p-type conductivity of the layer. The sharp edges
observed at ON and OFF of the light are associated to the growth of less defective CISe layers,
which is suitable for the development of high efficiency solar cells.

The Raman spectra of selenized Cu-In layers grown with various concentrations of CA are
depicted in figure 9. The highest intensity peak exhibited in all spectra about 170 cm™ is associated
to A1l mode of the chalcopyrite CISe. The small peaks attributed around 207 cm™ and 224 cm™
corresponding to E and B2 mode of CISe [44]. The peak observed at 260 cm™ in figure 9 (a) is
associated to the Cu-Se phase. The intensity of this peak was found to be decreased upon increasing
the content of CA in a bath. These results are again in good agreement with the earlier results. A
similar change (decrease) in the intensity of the Cu-Se peak is reported by Park et al. [45]. A small

shoulder observed about 152 cm™ in figure 9 c) is associated to the formation of ordered defect



compound (ODC) of the CISe phase [46]. The peak appeared around 116 cm™ corresponds to the

calibration of Raman wave numbers [47].
3.4 Solar cell characteristics

A superstrate configuration FTO/CdS/selenized Cu-In /Au was prepared to study the solar cell
properties. Cu-In layer was electrodeposited at -0.85 V with 0.1 M CA and selenized in tubular
furnace at 400 °C for 20 min. Dark and illuminated (AM 1.5, 100 mW/cm?) J-V characteristics were
measured using solar stimulator. CdS/CISe layer was etched in NaCN solution to remove the
leftover selenium traces and/or other secondary oxides/compounds formed during the selenization. A
typical dark and illuminated J-V, curve are depicted in figure 10 (a) and (b), respectively.

The solar cell parameters, open circuit voltage (Voc), short circuit current (Jsc), fill factor
(FF) and power conversion efficiency n, were measured to be 493 mV, 20 mA/cm?, 43 % and 4.05
%, respectively. The measured efficiency is comparatively low, however which could be further
improved with optimization of surface treatment conditions.
The J-V characteristics of a thin film solar cell (TFSC) can be described by simple diode equation,
[48]

J =], exp [nZ—T V= Re)| 4 GV = Jj ettt (4)

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

The plot of dV/dJ against 1/J and dV/d(J+Jsc) against 1/(J+Jsc) under dark and illumination
for the case RyG<<1 is shown in figure 11 (a) and 11 (b), respectively.

The values of the series resistances 7.42 Q-cm? and 0.94 Q-cm? for dark and illuminated
condition were obtained from the intercept to y- axis. The values of shunt conductance (G) were
extracted from dJ/dV versus V, figure 12 a) and 12 b) for dark and illuminated condition,
respectively. G values were obtained from the minimum value of the slope dJ/dV in reverse bias.
Shunt conductance of the device in dark and illuminated condition were 1.01 mS/cm? and 10.25
mS/cm?, respectively. For an efficient photovoltaic device the shunt conductance has to be as small
as possible. Smaller value of G represents the less internal leakage through the cell. The calculated

values of Rs and G are listed in table 2.

4.0 CONCLUSIONS



The role of CA on the properties of electrodeposited Cu-In layer was studied. The reduction
potential of Cu was found to be shifted towards higher cathodic potential upon increasing the CA in
the bath. A poorly adherent, powdery Cu layer was deposited without CA. Well adhesive,
polycrystalline and stoichiometric Cu-In layers were obtained at -0.85 V with 0.1 M CA. Upon
selenization the Cu-In layers prepared with 0.1 M CA possesses polycrystalline CISe with tetragonal
structure without secondary phases. The large clusters of size over a micron were observed upon
selenization. The values of optical band-gap were estimated in the range of 1.05 eV to 1.18 eV for
selenized Cu-In layers deposited in various concentrations of CA. Ohmic behavior was observed for
stoichiometric Cu-In layer, whereas Mott-Schottky nature was exhibited in the selenized Cu-In
layers. PEC studies revealed that the CISe layer grown with 0.1 M CA were p-type and 0.3 M and
0.5 M CA deposits n-type conductivity. The formation of chalcopyrite ClSe for all selenized Cu-In
was confirmed by Raman analyses. The Raman peaks associated to Cu-Se were attributed in ClISe
layer deposited with 0.1 M CA, whereas ODC phase of CISe were formed in CISe layer prepared
with 0.3 and 0.5 M CA. Solar cell device fabricated with selenized Cu-In layer prepared at -0.85 V
with 0.1 M CA measured an efficiency ~ 4.05 % under 100 mW/cm?. The values of Rs, 7.42 Q-cm?,
0.94 Q-cm? and G, 1.01 mS/cm? 10.25 mS/cm® were calculated under dark and illuminated

condition, respectively.
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Table Captions

Table 1. A summary of the compositional analysis of as-prepared and selenized Cu-In layers
electrodeposited at -0.85 V in presence of different concentrations of CA.

Table 2. Solar cell parameters obtained from selenized Cu-In layer (CISe) under dark and

illuminated conditions.

Figure Captions

Figure 1. Cyclic voltammograms recorded in Cu precursor solution with 0 M a), 0.1 M b), 0.3 M c)
and 0.5 M d) CA. The measurement were performed at scan rate of 5 mV/sec without agitation at
working temperature 45 °C.

Figure 2. Cyclic voltammograms recorded in InCl; solution in presence of 0 M a), 0.1 M b), 0.3 M
c) and 0.5 M d) CA. The measurements were performed at temperature 45 °C without agitation with
scan rate 5 mV/sec.

Figure 3. Cyclic voltammograms recorded for Cu-In alloythin film in presence of 0 M a), 0.1 M b),
0.3Mc)and 0.5 M d) CA in 3 mM CuCl, and 6 mM InCl3 precursor solutions. The measurements
were performed with scan rate 5 mV/sec at 45 °C without agitation.

Figure 4. XRD patterns of Cu-In layers electrodeposited at -0.85 V in presence of 0 M a), 0.1 M b),
0.3 Mc) and 0.5 M d) CA. Corresponding SEM images are shown in the inset.

Figure 5. XRD patterns of the selenized Cu-In layers electrodeposited at — 0.85V in presence of 0.1
M a), 0.3 M b) and 0.5 M c) CA. Reflection associated to FTO and In,Se, are marked as (*) and (*),
respectively. Inset shows the corresponding SEM micrographs.

Figure 6. The plots of (ahv)? versus (hv) of the selenized Cu-In layer electrodeposited at — 0.85V in
presence of 0.1 M a), 0.3 M b) and 0.5 M c) CA.

Figure 7. Semilogarithmic graphs of In (1) versus applied bias of selenized Cu-In layers
electrodeposited at -0.85V in presence of 0.1 M a), 0.3 M b) and 0.5 M ¢) CA. The J-V
characteristics of Cu-In layer prepared with 0.1 M CA is shown in inset.

Figure 8. Photoresponse curves, photocurrent density verses time for standard n-type Silicon a), p-
type Silicon b), selenized Cu-In layers deposited with 0.1 M ¢), 0.3 M d) and 0.5 M e) CA.

Figure 9. Raman spectra for selenized Cu-In layers deposited with 0.1 M a), 0.3 M b) and 0.5 M ¢)
CA.

Figure 10. A typical dark a) and illuminated b) current density-voltage characteristics measured for

superstrate configuration consisting glass/FTO/CdS/selenized Cu-In layer/Au.
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Figure 11. A plot of dv/dJ versus 1/(J) a) and dV/d(J+Jsc) versus 1/(J+Jsc) b) for

glass/FTO/CdS/selenized Cu-In layer/Au solar cell device measured under dark and illumination,
respectively.

Figure 12. A plot of dJ/dV versus V a) and d/(J+Jsc)/dV versus V b) for glass/FTO/CdS/selenized
Cu-In layer/Au solar cell measured under dark and illumination, respectively.

16



Table 1.

CA Elemental Composition (At %)
Concentration _
in (M) Cu-In layers Selenized Cu-In layer (ClSe)
Cu In Cu/ln Cu In Se Cu/ln
0 100 0 - - - - -
0.1 49.2 50.8 0.97 25.2 26.5 48.3 0.95
0.3 454 54.6 0.83 17.5 29.4 53.1 0.60
0.5 18.2 81.8 0.22 10.4 32.7 56.9 0.32
Table 2.
\% J G (dark)  G(ill) Rs Rs (ill)
Solar cell oc SC FE 1% (dark)
device vy (mAZem?) (mslem®)  (mSfem?) o 2 Qem’
Glass/FTO
(CRSeabill e 20 041 405 101 1025 742 094
zed- Cu-In
/Au
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Research highlights

» Citric acid plays an important role to control the electrodeposition of Cu-In Layers.
» Polycrystalline and stoichiometric CISe layers are prepared via two stage process.
» p and n-type conductivity CISe layers can be prepared by two stage processing technique.

» Selenized Cu-In solar cell measured over 4 % power conversion efficiency.
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