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Abstract

CulnTe, (CIT) layers have been electrodeposited onto CdS coated FTO substrates at deposition potential -0.8 V verses Ag/AgCl reference electrode. The samples were annealed
at four different temperatures viz, 350°C, 400°C, 450°C and 500°C for 20 minutes in air ambient, controlled argon ambient and Rapid Thermal Processesing (RTP) in presence of
argon ambient for 5 shots. Samples were characterized by various characterization techniques to study structural, microstructural, morphological, compositional, chemical properties
and concentration gradient of ionic species. Highly crystalline samples were obtained upon annealing the CIT layers in controlled argon ambient in tube furnace and RTP as a counter
part of air annealed samples. Raman data shows removal of tensile strain upon annealing the samples in controlled argon ambient. Scanning Electron Microscopy (SEM) images
shows increase in grain size for samples annealed at 350°C and 400°C in controlled argon atmosphere and in RTP. The high resolution Field Emission Scanning Electron Microscopy
(FESEM) images shows further improvement in grain size in controlled argon atmosphere. Atomic Force Microscopy (AFM) images show rod like columnar morphology. XPS study
shows the presence of Cu, In*, Te* and Te* states of copper, indium and tellurium. Time of Flight Secondary lon Mass Spectroscopy (ToF SIMS) data shows almost uniform
concentration of In and Te throughout the CIT layers annealed in controlled argon atmosphere. ToF SIMS data gives unique insight of concentration gradient of individual ionic species

throughout the CIT layers and at CdS/CIT interface.
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Introduction

The worldwide energy demand is constantly increasing and solar energy
is one of the promising and clean sources of energy. Although silicon-based
solar cells are the mainstay of today’s photovoltaic industry; they are neither
cheap nor optimal from materials perspective. Because of the primacy of
silicon to the photovoltaic’s industry researchers are in search of cost
effective materials which will act as staple of the industry. Materials from
chalcopyrite (I-111-V1,) and family [1-3] may stand as an alternative to silicon
because of their highest reported efficiency ~ 23.35% [4] for CIGS. CulnTe,
(CIT) is also one of the successfully employed absorber material from
chalcopyrite family mainly suitable for bottom cell applications in tandem
solar cells because of its band gap in the IR region [5-9] and have reported
highest efficiency 6.92% [9] by sophisticated MBE technique. To improve
the efficiency, stability and ultimately the cell performance; evolution of
microstructure during film/layer formation; reduction of secondary and
volatile phases, removal of stresses and examining the distribution of ionic
species throughout the layers has become the most important key factors in
material/solar cell processesing [9-12]. Once material is obtained, normally
processesing of the material starts with the annealing or heat treatment at
higher temperature around 400°C to 600°C since it enables the formation
of homogeneous and crack free material with significant crystalline grain
growth [12-15]. In addition to that it is preferred to anneal the deposited
layers in either argon or nitrogen [15-18] atmosphere at above mentioned
temperature to get the desired phases. Next step after getting the desired
phases examining the distribution of the ionic species throughout the layers
in deposited film and film/substrate interface. In that sense ToF SIMS is an
unique analytical technique to study the concentration gradient throughout
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the deposited layers and at sample-substrate interface, imaging and 3D
tomography [19]. Number of researchers have used this technique very
effectively to correlate the material/device properties as a function of
chemical gradient of the deposited species [19-21]. In present study we
report comparative results with clear change in crystallanity, microstructural
properties, optical band gap, morphology, chemical composition, chemical
states of ionic species and concentration gradient of individual ionic species
throughout the CIT layers as a function of ambient conditions and annealing
temperature on CdS coated FTO.

Materials and Methods

Experimental details

CIT layers have been electrodeposited at pH4 on CdS coated FTO
substrate. The deposition parameters have already been optimized on CdS
coated FTO substrate in our earlier work [22]. CIT layers deposited for 5
minutes were used for optical study, whereas thick layers deposited for 120
minutes were used for other characterization. Annealing of CIT layers is
carried out from 350°C to 500°C for three different conditions such as, in
air ambient in muffle furnace for 20 minutes, controlled argon ambient in
tube furnace for 20 minutes and RTP in presence of argon ambient for
5 shots. The structural properties of CIT layers were studied by using
X-ray diffractometer (model Bruker D8 Advance, Germany) with Cu Ka
radiation with A=0.154 nm. Invia Renishaw Raman Microscope coupled
with Philips CCD camera was used to study the micro-structural properties.
The semiconductor laser of wavelength 785 nm was used as an excitation
source. Optical measurements were carried out by JASCO, UV-VIS-NIR
Spectrophotometer model V-670. The surface morphology and elemental
composition was studied by using SEM (JEOL JSM-6360 A SEM/EDAX)
at an accelerating voltage 20 kV and probe current 1 nA. The plane
surface morphology was also studied by using FESEM, Model HITACHI
S4800 and 2D and 3D morphology by AFM Model-NSE (Nanoscope-E).
In AFM study samples were scanned with contact mode using Si,N, tip.
The chemical states and composition was analyzed by X-ray photoelectron
spectrophotometer using synchrotron source (Indus beam line-| ESCA-
Electron spectroscopy for chemical analysis) spectrophotometer (Raja
Ramanna Centre for Advanced Technology-(RRCAT), Indore, India). Al Ko.
radiation with energy 1486.6 eV was used for this study and hemispherical
analyzer with 1 eV resolution and 50 eV pass-energy was used to detect the



Lakhe MG, et al.

J Material Sci Eng, Volume 11: 03, 2022

emitted photoelectrons. The elemental analysis is also carried out by using
PHI TRIFT V nano Time of Flight Secondary lon Mass Spectrometer. In ToF
SIMS CIT samples were hombarded with high energy (30 kV) Ga* focused
primary ion beams and analyzed with Cs sputter ion beam of energy (3
keV).

Results

X-ray diffraction

Figure 1 depicts the XRD pattern of as-deposited and air annealed CIT
layers grown at -0.8 V versus Ag/AgCI reference electrode. A single piece
of as-prepared sample was cut into several pieces and annealed at various
temperatures ranging from 350°C to 500°C. Two broad peaks attributed
around 20=22° to 26° and 38° to 50° in as-deposited samples are
associated to the CIT reflection indicates the amorphous nature of CIT. The
visible peaks marked by dark solid circles () corresponds to FTO substrate.
An intense, well defined peaks of chalcopyrite CIT along with the secondary
phases of Cu,Te, CuO, In,0,, In,Te, and elemental tellurium are exhibited in
X-ray diffraction patterns of annealed CIT samples in an air ambient (Figures 1a-
1d). Secondary phases are more prominent in the sample annealed at 450°C.
Three prominent peaks of CIT corresponds to (112), (204)/(220) and (312)/
(116) plane of tetragonal structure are observed in all annealed samples at
20=24.900, 41.10° and 48.54° (JCPDS file no. 34-1498). The shift observed
in XRD peaks ~ 0.250 in the annealed sample at 450°C is associated with
tensile strain [23] developed upon heat treatment. The secondary peaks
of Indium oxide (In,0,), (222), (400) and (440) planes (JCPDS file no. 74-
1990) are observed in all air annealed samples along with indium telluride
(In“Te®) reflections (311) and (351) (JCPDS file no. 29-0679). In addition,
reflections related to Cu, ,.Te (111), (311) and (200) (JCPDS file no. 45-
1288), CuO (111), (200) (JCPDS file 80-1917) and elemental tellurium are
also observed in air annealed samples. These peaks are marked in the
XRD patterns. The presence of secondary phases of InTe and CuxTe are

reported by Roy et al. [24] upon annealing CIT layers in graphite box. To
remove secondary phases, as-deposited CIT layers grown at -0.8 V were
annealed in tube furnace in continuous argon flow for temperatures ranging
from 350°C to 500°C. The XRD pattern of CIT layers annealed in argon
ambient from temperature 350°C, 400°C, 450°C and 500°C for 15 minutes
is shown in Figures 2a-2e. It is revealed that the samples annealed in
controlled argon ambient are highly crystalline and shows three prominent
reflections of CIT at an angle 20=24.88°, 41.10° and 48.54° respectively.
Secondary phases were not observed in the sample annealed at 400°C and
450°C whereas only one secondary phase of In,Te, and In,0, are present
in the samples annealed at 350°C and 500°C, respectively. Broadening in
the XRD pattern is observed in the samples annealed at 450°C and 500°C
due to the unnuiform in particle size upon annealing (In SEM images small
particle size has been observed and all the SEM micrographs are given
in supporting information). Since very optimistic results were obtained for
the samples annealed in controlled argon ambient, samples were further
annealed in RTP furnace in argon ambient for 5 shots and results are shown
in Figure 3. The crystallinity of the CIT samples annealed in RTP in presence
of argon is nearly similar to that of the samples annealed in controlled argon
ambient in tube furnace. All sample contains CIT reflections along with (311)
plane of In,Te, (Figures 3a-3e). In addition to this (222) plane of In,0, is
present in the sample annealed at 500°C. The broadening effect is also
observed in the XRD pattern of the samples annealed at 350°C and 500°C.
The sample annealed at 400°C for all the three conditions exhibits better
results in terms of desired phases. Also, the secondary phases exhibited in
air and RTP annealed samples are less prominent at 400°C as compared to
the samples annealed at other temperatures i.e. 350°C, 450°C and 500°C.
Therefore, 400°C is found to be an optimum temperature. The summary
of the standard and observed values of ‘20” and interplaner distance ‘d’
along with the FWHM for all the CIT samples is given in Table 1. In general
broadening in the XRD peaks is due to the development of strain and
uneven crystallite size.
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Figure 1. XRD patterns for (a) as-deposited sample deposited at -0.8 V and corresponding annealed CIT samples at (b) 350°C, (c) 400°C and (d) 450°C in air ambient in

muffle furnace.
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Figure 2. XRD patterns for (a) as- deposited sample deposited at -0.8 V and corresponding annealed CIT samples at (b) 350°C, (c) 400°C, (d) 450°C and (e) 500°C in
controlled argon ambient in tube furnace.
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Figure 3. XRD patterns for (a) as- deposited sample deposited at -0.8 V and corresponding annealed CIT samples at (b) 350°C, (c) 400°C, (d) 450°C and (e) 500°C in
argon ambient in RTP in argon ambient.
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Table 1. Summary of standard and observed values of angle 26", interplaner distance ‘d’ and FWHM for the samples annealed from 350°C to 500°C in air ambient,

controlled argon ambient and RTP in argon ambient for 5 shots.

Annealing temperature Air ambient Controlled argon ambient RTP in presence of argon
ambient

(°C) 26° ‘d 20' ‘d 20° ‘d 20’ ‘d
(A°) (A°) FWHM (A°) FWHM (A°) FWHM
Standard Observed Observed Observed

350 24.86 3.581 24.77 3.598 0.14 24.87 3.581 0.09 24.87 3.581 0.13
41.18 2.192 40.98 2.200 0.13 41.11 2.193 0.11 41.18 2.190 0.17
48.71 1.869 48.53 1.875 0.17 48.73 1.866 0.13 48.73 1.866 0.19

400 24.86 3.581 24.67 3.606 0.13 24.87 3.581 0.12 24.87 3.581 0.10
41.18 2.192 40.88 2.206 0.18 41.18 2.190 0.15 40.97 2.203 0.12
48.71 1.869 48.34 1.882 0.19 48.73 1.866 0.18 48.33 1.882 0.12

500 24.86 35881 e e e 24.87 3.591 0.15 24.56 3.623 0.11
41.18 2192 e e e 41.27 2.187 0.21 40.58 2.222 0.14
48.71 1869 e e e 48.83 1.864 0.26 47.94 1.896 0.17

The combined effect of both strain and crystallite size on the Full Width
at Half Maximum (FWHM) is calculated by the Williamson—-Hull (W-H)
equation [25,26]

pcos@=nsinf+ A/t

where ‘B’ is the average value of FWHM diffraction peaks, ‘0’ is the
Bragg diffraction angle, ‘'n’ is the strain, ‘A’ is the wavelength of CuKa line
(1.54 A°) and ‘t'is the average crystallite size.

Figure 4 shows the plot of Bcos6O verses sind for all the CIT samples
annealed in (A) air ambient, (B) controlled argon ambient and (C) RTP in
presence of argon ambient. The strain is calculated from the slope and
inverse of the intercept gives the crystallite size. The values of crystallite
size calculated for CIT (112) peak by Debye Scherer formula and
Williamson-Hull equation along with strain are summarized in Table 2. The
crystallite size is found to be larger at 350°C and 400°C for the samples

annealed in controlled argon ambient and RTP in presence of argon. It is
observed that the crystalline size systematically decreases with increasing
annealing temperature (except the crystalline size calculated for the air
annealed sample by Debye Scherer formula) which is also consistent with
SEM images given in supporting information. The strain calculated for CIT
samples annealed for three different conditions with different temperatures
are found to be positive, indicates the presence of effective tensile strain
[23]. There is no systematic change in the strain however more strain is
calculated for air annealed samples at 350°C and 400°C, in controlled
argon annealed samples at 450°C and 500°C and in RTP at 350°C and
500°C because of the lattice mismatch at sample-substrate interface during
recrystallization of CIT grains [25]. As samples annealed at 400°C shows
optimum results, further characterization is carried out at this temperature
for all the three annealing conditions (Figure 4).

Table 2. Crystallite size and strain calculated for the samples annealed in air ambient, controlled argon ambient and RTP in presence of argon from 350°C to 500°C.

Temperature Crystallite size (nm) calculated by Debye Williamson- Hull analysis
(°C) Crystallite Size (nm) Strain x 10°
Scherer formula
Air Argon RTP Air Argon RTP Air Argon RTP
350 59 91 63 66 93 91 6.42 4.1 4.02
400 74 81 82 85 92 91 6.14 2.85 2.46
450 63 68 82 73 77 84 3.97 4.83 212
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Figure 4. Plot of BcosO verses sin6 for CIT samples annealed in (A) air ambient, (B) controlled argon ambient and (C) in RTP in presence of argon ambient, Note: ( )

350°C; (@) 400°C; (@) 450°C; (@) 500°C.
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Discussion

Raman spectroscopy

Figures 5a-5d depicts the Raman shift for 5 % laser power for (a) as-
deposited and annealed CIT samples at 400°C, (b) air ambient in muffle
furnace, (c) controlled argon ambient in tube furnace and (d) RTP in argon
ambient respectively. All the details of Raman modes of CIT is explained
in our previous results [8,22]. From Figure 5, the most prominent modes;
Al (standard frequency 123 cm™), B1 (standard frequency 143 ¢cm™) and E
and B2 (267 cm™) are present in all CIT samples with shift in their original
peak positions. The RED shift is observed in the entire CIT spectrum
which indicates the development of tensile strain [27,28], except the
sample annealed in argon ambient. FWHM is also found to be decreased
for sample annealed in argon ambient as compared to as-deposited and
samples annealed in air and RTP. The broad hump ranging from 150 cm*
to 185 cm? is due to the mixing of E4 (LO or TO) at 158 cm?, E5 or B2 (TO
and LO) at 171 cm* and 182 cm™ respectively. The peak at 185 cm™ is
more prominent in air annealed samples. The broad humps with very weak
intensity at 215 cm? to 220 cm™ is the combination of E and B2 modes,
which is present in all samples. We have also varied laser power from
0.2% to 10.0% and Raman modes as a function of laser power and shift in
frequencies as compared to their standard frequencies for all laser power
are summarized in Table 1, S, in supporting information and explained
Elsevier [8,22]. From Figure 4 S, it is clearly observed that Raman intensity
increases with increase in laser power. Photon flux directly affects the
charge transfer which changes the band structure and electronic insertion
and shows the effect on Raman intensity [29]. Also some of the modes
become distinguishable for specific laser power whereas some of the
mode becomes silent. This clearly shows that number of photons/photon
flux changes the possibility of Raman transitions. It is also noticed that
depending upon laser intensity there is small shift in the peak positions due
to the change in bond strength, interatomic distance and atomic substitution
[29]. Increase in Raman peak intensity and decrease in broadening with
increase in temperature is also reported by Su, et al. [30]. In present data,
the change in annealing ambient shows change in Raman intensity and shift
in peak positions especially in air annealed sample due to the incorporation
of defect and secondary phases which eventually affects on phonon lifetime
(Figure 5) [31,32]. The improvement in crystal quality and strain is further
modified upon argon annealing in tube furnace and rapid thermal annealing
in RTP furnace which is also reflected in S,.
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Figure 5. Raman spectra for (a) as-deposited sample deposited at -0.8 V and
corresponding annealed CIT samples at 400°C in (b) air ambient, (c) argon
ambient and (d) in RTP in presence of argon ambient. Note: (—) (a); (—) (b);

(=) (©); (=) (d).
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Even for a constant laser power it is observed that the peak position of
Raman modes shifted towards low wave number for as-deposited, air and
RTP annealed sample and this red shift is proposed due to the development
of tensile strain. In case of argon annealed sample Raman modes are
observed at their original position and FWHM is found to be minimum which
clearly indicates that removal of tensile strain and good crystalline quality
of the CIT sample.

UV-Visible-IR spectroscopy

Optical measurements were performed on (a) as-deposited and
annealed CIT layers at 400°C in (b) air ambient, (c) controlled argon
ambient and (d) RTP in argon ambient and shown in Figures 6a-6d.

(zhv)’ x 10° / (eV/em)’

0 T T Ll Ll T
0.9 1.0 1.1 1.2 1.3 1.4
Energy (hv) eV

Figure 6. Plot of (a. hv)2 verses energy ( hv) of (a) as-deposited sample deposited
at-0.8 V and corresponding annealed CIT samples at 400°C in (b) air ambient, (c)
argon ambient and (d) in RTP in argon ambient.

For this study CIT layers were deposited for 5 minutes. The band gap
of as-deposited film was found to be 1.02 eV. The band gap estimated
after annealing of CIT layers varies from 0.97 eV (air ambient) to 1.05 eV
(argon ambient) with change in absorption intensity. The change in band
gap is because of the change in crystallinity and chemical composition upon
annealing. Obtained band gap values of CIT samples are nearly similar to
the reported literature values [5-9,33].

Scanning Electron Microscopy (SEM)

The surface morphology of CIT samples annealed from 350°C to 500°C
for 15 minutes for three different conditions; i) air ambient, ii) controlled
argon ambient and iii) RTP in presence of argon ambient studied by SEM is
given in supporting information in S,, S, and S, respectively and explained
in details. It is also observed that after annealing, CIT layers become more
compact in presence of argon ambient. From XRD results, the optimum
results are obtained at 400°C for all three conditions therefore as-deposited
sample and samples annealed at 400°C for three different conditions are
further examined by Field Emission Scanning Electron Microscopy (FESEM)
and Atomic Force Microscopy (AFM).

Field Emission Scanning Electron Microscopy (FESEM)

FESEM images of as-deposited and annealed CIT samples at 400°C in
air ambient in muffle furnace, controlled argon ambient in tube furnace and
in RTP in argon ambient is shown in Figures 7a-7d. Compact CIT layers
were deposited with fully covering the substrate. Upon annealing sample
grain size decreases in air ambient as well as in RTP whereas increases in
argon ambient in tube furnace with grain size ~ 1 ym. Globular cauliflower
like morphology is observed for all conditions with change in grain size.
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Figure 7. FESEM Images of (a) as-deposited sample deposited at -0.8 V and
annealed CIT samples at 400°C in (b) air ambient, (c) controlled argon ambient and
(d) in RTP in argon ambient.

Atomic Force Microscopy (AFM)

Two dimensional AFM images for 1 ym x 1 pm maghnification of (a)
as-deposited and annealed CIT samples at 400°C for three different
conditions; (b) air ambient, (c) controlled argon ambient and (d) RTP in
presence of argon is shown in Figures 8a-8d. Inset shows images taken at
5 um x 5 pm. Columnar growth of CIT has been observed in as-deposited
sample on CdS coated FTO substrate with layer by layer agglomeration
of the CIT grains to form the rods. After annealing the samples, growth
remains columnar but rods converted into thick planer sheets as shown in
Figure 8. The width of rods is found to be ~ 300 nm in as-deposited sample
whereas after annealing it increased to ~ 500 nm.
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Figure 8. Two dimensional AFM images of (a) as-deposited sample deposited at
-0.8 V and corresponding annealed CIT samples at 400°C in (b) air ambient, (c)
controlled argon ambient and (d) in RTP in argon ambient.

Figure 9 shows three dimensional AFM images of the same samples
given in Figure 8. Columnar rods like morphology is confirmed in the
as-deposited sample. Upon annealing, its orientation changes for all
conditions. The morphology of the CIT rods has found to be tampered
in case of controlled argon ambient, and RTP. The surface roughness
increases upon annealing and air annealed sample was found to be more
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rough as compared to others.

Figure 9. Three dimensional AFM images of (a) as-deposited sample deposited at
-0.8 V and corresponding annealed CIT samples at 400°C in (b) air ambient, (c)
controlled argon ambient and (d) in RTP in argon ambient.

Energy dispersive spectroscopy

Elemental analysis of the CIT samples were carried out by EDS
assembly attached with SEM and summarized in Table 3. From EDS data it
is observed that all annealed layers are indium-rich. Copper concentration
has found to be increased systematically in air annealed samples whereas
decreased in RTP. No systematic change has been observed in copper
concentration for samples annealed in controlled argon ambient. Also no
particular trend noticed in indium concentration with increase in temperature
in air and controlled argon annealed samples however it decreased
systematically with increase in temperature upon RTP annealing. Tellurium
concentration remains similar for controlled argon annealed samples
and systematically increased with increase in temperature for RTP. Cu/
In ratio is sufficiently small enough i.e. less than 0.5 which is expected
for the development of high efficiency solar cells [7,9] and also decreased
systematically with increase in annealing temperature for RTP and air. CIT
layer/film does not sustain at 500°C in air ambient.

X-ray photoelectron spectroscopy

The chemical states and composition of as-deposited and annealed CIT
sample in controlled argon ambient in tube furnace at 400°C was analyzed
by X-Ray photoelectron spectrophotometer. Prior to the experiment, the
samples were sputter-cleaned with an Ar* ion beam (2 kV, 10 nA) till the
surface oxide peaks were no longer observed in the XPS spectra. Gold 4f,,
line with the binding energy 83.8 eV was used for calibration.

Figure 10 shows the core level spectrum of (a) as-deposited CIT and
(b) the same sample annealed in argon ambient. Individual XPS spectrum
of Cu, In and Te species and its peak positions is depicted in Figure 11a for
as-deposited CIT sample and Figure 11b for corresponding argon annealed
sample in tube furnace. The present data is compared with the standard
literature data [34-36].

In detailed survey scan carbon (1S) and oxygen (1S) line is present
at 285 eV [34-36] and 530 eV [34-38] respectively in both CIT samples.
From individual XPS data Cu 2p,, and Cu 2p,, lines arises at 932.2 eV
and 952.1 eV in as-deposited CIT sample and at 932.6 eV and 952.2 eV
in corresponding argon annealed sample (Figure 11) [34-38]. From Figure
10, In 4d,,, line is observed at 17.7 eV [34]. In 3d,, line arises at 444.4 eV
in as-deposited CIT and 444.1 eV [34-37] in argon annealed CIT. In 3d,,
line arises at 451.9 eV in as-deposited CIT and 451.6 eV [34-37] in argon
annealed CIT respectively. In addition from Figure 10, In 3p,,, line arises at
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665.6 eV [34], In 3p,, line arises at and 703.4 eV in as-deposited CIT and at
704.0 eV [34] in argon annealed CIT, respectively. From Figure 10, Te 4d,,
and Te 4d,, lines are observed at 40.2 eV and 43.5 eV [34,39] in both CIT
samples. From Figure 10 it is observed that TeO, (Te IV) peaks are present
in both CIT samples and arises at 576 eV [34, 35] and 586.4 eV [34,40]
respectively. Te 3d,, line arises at 572 eV whereas Te 3d line arises at
582.6 eV [34-37,39] in both CIT samples. The Te(IV) state was found to be
more prominent, indicates easy oxidation property of tellurium. Te 3p,, and

Te 3p,, lines are also observed in both CIT samples at 822.5 eV and 873.7
eV [34] respectively.

As CIT layers were deposited on CdS coated FTO, cadmium lines i.e.
Cd 3d,,and Cd 3d,, are also present and observed at 411.1 eV and 404.7
eV [34,40] in argon annealed sample. Thus XPS data shows presence of
Cut, In®, Te* and Te* states of copper, indium and tellurium in CIT samples
and Cd* contributed from the substrate (CdS coated FTO).

Table 3. Summary of elemental composition of (a) as-deposited sample deposited at -0.8 V and corresponding air annealed samples in muffle furnace, argon annealed
samples in tube furnace and RTP in presence of argon at (b) 350°C, (c) 400°C, (d) 450°C and (e) 500°C in argon ambient in tube furnace and RTP in argon ambient.

Temperature (°C) Elemental composition in atomic wt%

Air Argon Argon (RTP)

Cu In Te Culln Cu In Te Culln Cu In Te Culln
350 10 35 55 0.28 13 33 54 0.39 17 33 50 0.51
400 11 39 50 0.28 12 34 54 0.35 15 34 51 0.44
450 12 33 55 0.36 14 32 54 0.43 13 32 55 0.40
500 e e e e 11 34 55 0.32 12 31 57 0.38
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Figure 10. The core level spectrum of (a) as-deposited sample deposited at -0.8 V
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and corresponding (b) annealed CIT in argon ambient in tube furnace.
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Figure 11a. Individual XPS spectrum of the Cu, In and Te species and its peak
positions for as-deposited CIT sample deposited at -0.8 V.
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Figure 11b. Individual XPS spectrum of the Cu, In and Te species and its peak positions for annealed
CIT sample in argon ambient in tube furnace at 400°C, deposited at -0.8 V.

Time of Flight Secondary lon Mass Spectroscopy (ToF SIMS) quite high in the order of ~ 105 and need to optimize to improve electronic
properties for device application. The CCD image of the CIT sample during

the sputtering is also shown in Figure 12. This particular depth profile study
will help us in optimization of material properties during deposition and K/Na
treatment to enhance the electronic properties and ultimately the optimum
cell performance. Further investigation is needed to optimize the deposition
parameters as well as annealing conditions to get uniform concentration
gradient throughout the absorber layers.

The qualitative elemental analysis of as-deposited and annealed CIT
layers for three different conditions; i) air ambient in muffle furnace, ii)
controlled argon ambient in tube furnace and iii) RTP in presence of argon is
carried out by Time of Flight Secondary lon Mass Spectrometer and shown
in Figure 12. CIT samples were bombarded with 30 keV primary Ga* ion
gun and various atomic species are ejected into vacuum chamber in which
a very small amount (~ 1%) of charged species of Cu, In, Te and Na are
emitted as a secondary ions and extracted in the flight tube by operating in
either positive/negative polarity mode. lonic species with positive oxidation
states will be extracted by applying negative potential. In present case Cu*,
In®, Te*, Na* is extracted into flight tube. Depth profiling is carried out by
high flux low energy Cs ion (~ 3 keV) beam with above charged species and
shown in Figures 12a-12d. All the basics of ToF SIMS in details has been
explained in detail by Harvey, et al., [20]. In present case there is un-uniform
distribution of all ionic species throughout the CIT layers in as-deposited . : : - 2 - .
sample. Whereas CIT layers annealed in air and argon ambient, initially the ¢ '"Time(;?num) SO 4 v g o :zi“um‘)s 2l
indium count decreases for ~ 1 second and then suddenly increases and 5 Tl 6
remains uniform throughout the layers and again decreases at the material

3 Te
spectrum may be because of re-oxidation of copper. The similar is true with ‘
tellurium species. The signal for tellurium is expected to be double as that

Cu
substrate interface. Tellurium count is less and shows almost similar pattern
= 21
14
of positive and negative oxidation states of the tellurium and only positive -

S

Total lons (b)

Total ions (@)

w

Intensity x 10° (counts)
Intensity x 10° (counts)

r

Total lons (d)

Intensity x 10° (counts)
Intensity x 10° (counts)

Na

In
for all the samples. Very small copper count is observed in ToF SIMS
of indium but it is less because during the sputtering there are formation

states were detected by the SIMS detector. The states carrying negative 0 10 20 30 40 05 10 15 20 25 30
charge were not detected by ToF SIMS detector since an instrument Time (minutes) Time (minutes)
is operated in negative polarity mode while extraction. In all samples CCDi ofargon Jed CIT sample for different sputtering time periads

comparable sodium count is observed in SIMS spectrum may be because
of two possible reasons i) Na might have incorporated in CIT layers since
prior to deposition of CIT, pH of the bath solution was adjusted with NaOH
pellets and ii) during higher temperature annealing some trace amount of
Na from substrate might have diffused in CIT layers. It is well reported in
literature that addition of alkaline earth metals [41,42], especially Na and K
plays a positive role for the development of high efficiency solar cell. Since
Soda Lime Glass Substrate (SLG) contains reasonable amount of Na, it Fi%utre t12.( T)OF SdIMS .Stpzctrtal ngC\}T(E)amplesldgpositgd or;) _Cdts(c)oate(: F"TCJ
; ; i ; substrate; (a) as-deposited at -0.8 V, (b) annealed in air ambient, (c) controlle

dlﬁusesllnto the QIGS ""‘Vef durlng.the grgwth of CIGS and improves the argon ambient and (r()i) in RTP in argon ambient. Note: (—) Total lons; (—) Cu;
electronic properties of the final device. Chirila, et al. [41] showed the effect (—) In; () Te: (—) Na.

of potassium induced surface modification of CIGS surface and developed
20.4% efficient solar cell on flexible polymide substrate. They have also H
given the SIMS profile for the CIGS solar cells treated with Na and K and conC|US|0n
showed that optimum amount of Na and K incorporation enhances the solar
cell properties. In present study it is clearly observed that sodium count is
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In this study optimization of CIT layers is carried out on CdS coated
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FTO and results are summarized as follows.

Highly crystalline samples were obtained on CdS coated FTO and
degree of crystallanity of argon and RTP annealed CIT layers has found to
be increased by ~ 3 to 4 times more than the heat treated samples reported
in our previous articles. No secondary phases were observed in samples
annealed in controlled argon ambient at 400°C and 450°C.

Raman data shows removal of tensile strain upon argon annealing.
The band gap of the CIT samples varies from 0.90 eV to 1.09 eV and well
agreed with the literature. SEM and FESEM images confirmed globular
morphology and showed increase in grain size in argon annealed CIT layers
in tube as compared to air and RTP and found to be ~ 1 ym under FESEM
for the samples annealed at 400°C. AFM study confirms the columnar
growth and rod like morphology of CIT layers with increased grain size upon
annealing. Indium rich CIT layers were deposited and Cu/In ratio found to
varies in between 0.28 to 0.50 which is reported to be optimum from solar
cell perspective. XPS study shows presence of Cu*, In®*, Te? and Te* states
of copper, indium and tellurium in CIT samples. ToF SIMS results shows
almost nearly similar distribution of ionic species in air and controlled argon
annealed CIT layers as compared to as-deposited and RTP annealed CIT.
Thus higher temperature CIT annealing especially carried out in controlled
argon ambient gives optimum results in terms of crystalline quality,
morphology, Cu/In ratio and uniform concentration of indium throughout the
layers but further investigation and optimization is needed during deposition
to incorporate optimum amount of sodium incorporation and improve the
interfacial properties in terms of solar cell device.
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