
2430

Korean J. Chem. Eng., 35(12), 2430-2441 (2018)
DOI: 10.1007/s11814-018-0155-0

INVITED REVIEW PAPER

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: chpark@ynu.ac.kr
Copyright by The Korean Institute of Chemical Engineers.

Synthesis of binary Cu-Se and In-Se nanoparticle inks using cherry blossom
gum for CuInSe2 thin film solar cell applications

Babu Pejjai*,***, Vasudeva Reddy Minnam Reddy*, Kondaiah Seku**, Haeyun Cho*, Mohan Reddy Pallavolu*,
Trang Thi Thuy Le*, Dong-seob Jeong*, Tulasi Ramakrishna Reddy Kotte***, and Chinho Park*,†

*School of Chemical Engineering, Yeungnam University, 280 Daehak-ro, Gyeongsan 38541, Korea
**Department of Chemistry, Shinas College of Technology, Shinas, Sultanate of Oman

***Solar Energy Laboratory, Department of Physics, Sri Venkateswara University, Tirupati 517502, India
(Received 11 April 2018 • accepted 22 September 2018)

AbstractSelenium (Se)-rich binary Cu-Se and In-Se nanoparticles (NPs) were synthesized by a modified heat-up
method at low temperature (110 oC) using the gum exudates from a cherry blossom tree. Coating of CISe absorber
layer was carried out using Se-rich binary Cu-Se and In-Se NPs ink without the use of any external binder. Our results
indicated that the gum used in the synthesis played beneficial roles such as reducing and capping agent. In addition,
the gum also served as a natural binder in the coating of CISe absorber layer. The CISe absorber layer was integrated
into the solar cell, which showed a power conversion efficiency (PCE) of 0.37%. The possible reasons for low PCE of
the present solar cells and the steps needed for further improvement of PCE were discussed. Although the obtained
PCE is low, the present strategy opens a new path for the fabrication of eco-friendly CISe NPs solar cell by a relatively
chief non-vacuum method.
Keywords: Cherry Blossom Tree Gum Assisted Synthesis, Binary Cu-Se and In-Se NPs, Non-vacuum Air-spray Coat-

ing, CISe NPs Solar Cell

INTRODUCTION

In view of the limited availability of fossil fuels and growing envi-
ronmental problems, there is a strong demand for the production
of renewable energies at lower prices. Renewable energy sources
such as biomass, wind, solar, geothermal, and biodiesel are pro-
posed as alternatives to fossil fuels [1,2]. Among these, solar energy
is considered to be one of the most promising as it is clean and
abundant. Many advances have been reported in this sector start-
ing from the traditional crystalline silicon solar cells to CdTe tech-
nology. Even though the crystalline silicon and CdTe solar cells
showed record efficiency, an extensive use of these solar cells is lim-
ited due to high cost crystalline silicon and toxicity (CdTe) solar
cells. Alternatively, a thin film solar cell based on CuInSe2 (CISe)
has been proposed. CISe, one of the most promising absorber mate-
rials in ternary semiconductors, has been widely used in the field
of thin film photovoltaic devices (PVs) [3]. It has a high absorption
coefficient of 105 cm1 and its band gap energy can be modulated
between 1.05 eV and 1.68 eV by the partial substitution of indium
with gallium [4,5]. The first thin-film CuInSe2/CdS devices were fab-
ricated by Kazmerski et al. [6] through the evaporation of CuInSe2

powder in the Se-rich environment. Recently, a power conversion
efficiency (PCE) of 22.6% was reported for Cu(In,Ga)Se2 (CIGSe)
based solar cell prepared by vacuum deposition methods [7]. Al-
though the vacuum deposited CISe or CIGSe solar cells showed

high conversion efficiency, their fabrication required a large capital-
ization due to the requirement of high vacuum and temperatures.
The high vacuum and high-temperature requirements eventually lead
to high production cost as well as limitations in the device archi-
tecture of these solar cells. Alternatively, a significant cost reduction
with amicable device architecture can be produced when processed
by an inexpensive high throughput non-vacuum methods [8-12].

In this direction, numerous reports with different strategies were
also published on the synthesis as well as on the fabrication of CISe
or CIGSe nanoparticles (NPs) solar cells [8-10,13-21]. Among the
reported strategies [8-10,13-21], the preparation of CISe or CIGSe
absorber layers using binary or multiphase nanoparticles route is
unique for the following reasons: (1) If fine crystalline particles are
used to obtain the CISe/CIGSe absorber layers, they require high
processing temperatures during a post-thermal treatment owing to
the sharp melting point [15]. Eventually, the production cost of the
solar cell is again increased due to the requirement of the high ther-
mal budget. Instead, if amorphous or binary NPs are used to obtain
the CISe/CIGSe absorber layers, they can be easily processed even
at lower temperatures [15,22]. Therefore, the production cost of the
solar cell can be reduced; (2) the grading of band gap energy is also
easy in the case of binary NPs blended CISe/CIGSe absorber layer
owing to the precise controllability ride over the composition of
binary NPs [23]; (3) often the anions were lost as byproducts in the
synthesis of CISe by the metal salt precursors, but the loss of these
anions is also avoided when binary metal selenides are used as the
precursors [15]. Therefore, the use of binary metal selenide NPs is
more favorable in the deposition of CIGSe/CISe NPs absorber layers.

On the other hand, the solvents used in the synthesis of CISe/
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CIGSe NPs also play an important role in determining the envi-
ronmental and health concerns as well as the production cost of
the CISe/CIGSe solar cells. For example, solvents such as trioctyl-
phosphine, trioctylphosphine oxide, tributylphosphine, diphenyl-
phosphine, and hydrazine have high toxicity, whereas the solvents
(with a high boiling point) such as oleylamine and octadecene need
high synthesis temperatures (>200 oC) [24-26]. In this scenario, the
synthesis of binary or ternary Cu-In-Se NPs using plant extracts is
safer and economical. The plant extracts can act as both reducing
and stabilizing agents [27]. In addition, it is very chief, abundant,
and non-toxic. Often, the plant exudates such as gum karaya, gum
arabic have been used as both reducing and stabilizing agents in
the synthesis of metal nanoparticles such as gold, silver, and cop-
per [27-30]. Gums are polysaccharides which contain functional
groups such as CH3, C=C, C-O, and C-N [31]. These functional
groups in the gum are responsible for the action of reducing and
stabilizing agent effects.

Therefore, our intent here is to describe the coating of CISe ab-
sorber layer from the binary Cu-Se and In-Se NPs. The binary (Cu-
Se and In-Se) NPs were synthesized by a modified heat-up method
at low temperature (110 oC) using a gum (NG) exudate from the
cherry blossom tree. To the best of our knowledge, no CISe thin
film solar cells have been reported so far using the cherry blossom
tree gum assisted binary Cu-Se and In-Se NPs. The present approach
eliminates the need for any air-sensitive, toxic, and expensive start-
ing materials. Further, it is observed that the use of NG not only
acts as reducing/capping agent in the synthesis of binary (Cu-Se
and In-Se) NPs, but it also provides the necessary viscosity to the
ink (which is highly desirable to adjust the paste rheology) [32].

Many works have been published on ink-based CIS cells [8-10,
13-21]. Most of the investigators have used external organic bind-
ers such as ethyl cellulose, polyvinylpyrrolidone, and Terpineol etc.

to prepare the nanoparticle inks [33]. Even though the addition of
external organic binders prevents the delamination and micro-
cracking of the film in the post-annealing steps [34], the added bind-
ers may leave a thick layer of carbon near to Mo-back contact [34-
36]. The formation of thick carbon layer usually shows a detrimental
effect on the power conversion efficiency of CISe NPs solar cells.
One possible solution to this problem is the use of NG. NG can
act as both reducing/capping agent in the synthesis of binary NPs
as well as the internal binder in the ink preparation as it provides
the necessary viscosity to ink.

Therefore, in the present method, the Cu-In-Se precursor films
were coated on bare soda lime glass (SLG) and molybdenum SLG
substrates without the use of any other organic additives. It has been
observed that the coated CISe films were free from any micro-
cracks due to the desired viscosity adjustment and binder action
provided by NG. Thus, the method followed herein has the fol-
lowing advantages: (i) the synthesis of binary NP is eco-friendly, as
it involves less toxic and greener solvents such as NG; (ii) Se-rich
binary NPs were used to obtain the CISe absorber layer; therefore,
it alleviates the use of toxic selenization steps such as H2Se anneal-
ing; (iii) the present method is facile and economic, as all manipu-
lations of binary NP were carried out at low temperature under
atmospheric conditions with simple equipment. Therefore, the pres-
ent strategy is beneficial and reduces the production cost of the
absorber material.

EXPERIMENTAL DETAILS

1. Chemicals
All chemicals were used as received. Copper (II) chloride (CuCl2·

2H2O, 99%) was purchased from Alfa Aesar. Indium (III) chloride
(InCl3, 99.99%) and elemental selenium (Se, 99.99%) were obtained

Fig. 1. Schematic of CISe solar cell fabrication using cherry blossom tree gum assisted binary Cu-Se and In-Se NPs ink.
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from Sigma Aldrich. Ethylenediamine anhydrous (en, 97%) was
purchased from Daejung Chemical & Metal Co., Ltd. Monoetha-
nolamine (MEA, 99.5%), n-propyl alcohol (IPA, 99.5%), isobutyl
alcohol (i-BuOH, 99%), ethyl alcohol, (EtOH, 94%) and methyl
alcohol (MeOH, 99.8%) were purchased from Duksan Pure Chemi-
cals Co., Ltd. The gum (NG, 2 g/20 ml of D.I water) used in the
reaction was collected from the tree of cherry blossom on the cam-
pus of Yeungnam University and then purified. Fig. 1 shows the digi-
tal image of cherry blossom trees, purified cherry blossom gum,
schematic of binary NPs synthesis, and the fabricated CISe solar cell.
2. Synthesis of Binary Cu-Se and In-Se NPs

The schematic of binary Cu-Se and In-Se NPs synthesis is illus-
trated in Fig. 2. As all manipulations were carried at atmospheric
conditions, the present method is facile.

(i) Cu-Se NPs: First, 0.02 mol of elemental Se-powder was dis-
solved into 20 mL of ‘en’ with or without the addition of NG (see
inset of Fig. 2) in a two-neck round-bottom flask and stirred vig-
orously at 90 oC for 1 h (a color change from black to dark-brown
was observed). Meanwhile, 0.01 mol of CuCl2·2H2O was dissolved
in 20 mL of EtOH in a reaction flask and stirred at room tempera-
ture. Then, these two solutions were mixed together with a constant
stirring and allowed to react at a reaction temperature of 110 oC for
5 h. The slurry was cooled to room temperature by adding excess
EtOH into the reaction mixture. A black precipitate was separated
by centrifugation followed by alternative washing steps in metha-
nol and D. I. water. Finally, the obtained NPs was dried at 80 oC
under vacuum for 5 h and used for characterizations.

(ii) In-Se NPs: 0.01 mol of InCl3 was dissolved in 20 ml of IPA
at room temperature as the source of indium ions. This solution was
mixed with elemental Se dissolved ‘en’ with or without the addi-
tion of NG. Synthesis of In-Se NPs was also carried out at 110 oC,
but for 15 h. Yellow precipitate was obtained as the final product.
Other remaining steps such as washing and drying are same as
stated in the synthesis of Cu-Se NPs.
3. Preparation of CISe Absorber Layer

First, binary Cu-Se and In-Se NPs (1 : 1 w/w ratio) were dis-
persed in i-BuOH : MEA to form the stable ink. A digital photo-
graphic image of i-BuOH:MEA dispersed Cu-Se and In-Se NPs ink

is shown in the inset of Fig. 2. Particular characteristics of i-BuOH :
MEA dispersion are its low boiling point (108 oC for i-BuOH and
170 oC for MEA) and suitable viscosity (3.95 cP at 20 oC for i-BuOH
and 24,100 cP for MEA) for air-spray. However, a small quantity of
MeOH was also used in the film coating to adjust the ink viscosity.

Next, the soda lime glass substrates or molybdenum coated soda
lime glass substrates were pre-heated to 80 oC using a hot-plate, and
the ink was then air-sprayed onto the substrates. To obtain the CISe
absorber layers, the precursor films were rapid thermal processed
(RTP) at 500 oC for 20 min under inert atmosphere (N2 gas) with
100 mTorr pressure.
4. Solar Cell Fabrication

To check the photovoltaic potential of the present CISe NPs, the
solar cells with device architecture of SLG/Mo/CIS/CdS/i-ZnO/
Al :ZnO/Ni/Ag were fabricated and tested. CdS buffer layer of thick-
ness ~70 nm was deposited onto the CISe absorber by chemical
bath deposition (CBD) technique. The details of the CdS buffer layer
deposition are given in our previous report [37]. 50 nm i-ZnO and
Al-doped ZnO (350 nm) layers were deposited onto the CdS layer
using radio-frequency (RF) and D.C magnetron sputtering, respec-
tively. Ni (50 nm) and Ag (500 nm) metal grids were deposited by
electron beam evaporation as a top contact. The active area of each
completed solar cell was 0.16 cm2.
5. Characterizations

The crystalline structure, morphology, and composition of the
binary NPs, as-deposited films, and annealed films were analyzed
by X-ray diffraction (PANalyticalX’Pert-PRO MPD) using CuK

line (=1.056 nm), scanning electron microscopy (SEM; Hitachi
S-4800) and energy dispersive spectroscopy (EDS), respectively. To
obtain in-depth information about the binary NPs, a transmission
electron microscopy (TEM; 20 kV; Tecnai G2 F20 S-TWIN) obser-
vation was performed. Thermal stability of as-synthesized binary
NPs and Cu-In-Se precursor film was examined by thermogravi-
metric-differential thermal analysis (TG-DTA) combined with simul-
taneous differential scanning calorimeter (DSC) (Model: SDT Q600).
In the TG-DTA analysis, the samples were heated at a ramp rate
of 10 oC/min under N2 flow. To perform a TG-DTA analysis on
the Cu-In-Se precursor film, the film was scrubbed from the sub-

Fig. 2. Schematic of Cu-Se and In-Se NPs synthesis and CISe absorber coating.
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strate, and the powder obtained was used in the TG-DTA analy-
sis. Raman analysis was performed on CISe absorber layer at room
temperature by HORIBA Raman spectrometer (Model: Xplora
Plus) using 532 nm Laser as an excitation light source. The optical
absorbance of CISe films was measured using a Cary 5000 UV-
Vis-NIR double beam spectrophotometer in the wavelength ()
range of 400-1,600 nm. For UV-Vis-NIR analysis, a parallel sample
prepared on bare soda lime glass was used with an uncoated soda
lime glass as the reference. These films were processed identically
by all means as that of CISe films deposited on the Mo-coated soda
lime glass substrates. The illuminated current density-voltage (J-V)
characteristics of the device were measured with Keithley 2400 equip-
ment. A Xenon flash lamp (USHIO, flash type, UA-DF1, 1,000 W,
400 V) with AM 1.5 filter was used as a source of light.

RESULTS AND DISCUSSION

1. Properties of Binary Cu-Se and In-Se NPs
1-1. Structural Analysis

Fig. 3 shows the X-ray diffraction patterns of binary Cu-Se and
In-Se NPs with or without NG. Without NG, the XRD patterns of
binary NPs showed peaks of hexagonal selenium, CuSe2, Cu4O(SeO3)3,
InSe, In2O3, indium, and selenium chlorides, which indicates the
partial disassociation and oxidization of the precursors [38]. How-
ever, with NG, the XRD patterns of binary NPs showed peaks of
hexagonal selenium, CuSe2, Cu5Se4, Cu7Se4, In2Se3, In4Se3, In2Se3,

In4Se3, and chlorides of indium and selenium (JCPDS-2004). Inter-
estingly, in the case of NG assisted binary NPs synthesis, the NPs
were not oxidized due to surface passivation by NG. In addition,
all the precursors were promptly disassociated and reacted to yield
binary NPs with aforesaid multiple phases. The reaction between
the precursors and NG was also confirmed by FTIR analysis. As
mentioned in the introduction section, the Se-rich multiphase Cu-
In-Se NPs route is unique owing to low budget post-heat treatment
and easy controllability over the selenium losses. Therefore, in the
present case also, the obtained NG assisted binary NPs with Se-
rich multiphase were considered as amicable for the fabrication of
CISe NPs solar cell. Therefore, the NG assisted binary NPs were
further characterized in detail.
1-2. Compositional Analysis

To measure the composition of binary NPs, EDS analysis was
carried out on the samples. Fig. 4 shows the EDS spectra of binary
Cu-Se and In-Se NPs with or without NG. The EDS spectrum of
binary NPs (both Cu-Se and In-Se) synthesized without NG showed
peaks of O, Cl, Cu, In, Se, with a little amount of carbon. In con-
trast, the EDS spectrum of NG assisted binary NPs showed peaks
of Cl, Cu, In, and Se with a little amount of carbon. In the case of
NG assisted binary NPs, the peaks related to oxygen were not identi-
fied, at least within the detection limit of EDS (the uncertainty of
EDS analysis is ±2 at%). Further, a relatively high-intensity peak cor-
responding to ‘Se’ in the EDS spectra of both NPs indicates the Se-
rich composition of binary NPs.

Fig. 3. XRD patterns of binary Cu-Se and In-Se nanoparticles.
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From the EDS analysis, it is clear that the presence of NG pre-
vents the oxidation of metal ions as it passivates the surface of NPs.
Similarly, the XRD results also confirmed the formation of Se-rich
binary NPs without oxidation in the case of NG assisted synthe-
sis. Therefore, the use of NG is beneficial as the surface capping
and reducing agent in the synthesis of binary NPs. The growth rate
of NPs depends on the factors such as the steric size of the ligand
molecule, the bond strength between the metallic monomers, and
ligand molecule [39]. Consequently, the binary NPs in the presence
of NG were grown in a controlled environment with different mor-
phologies. For this reason, further studies were carried out only on
the NG assisted binary NPs.
1-3. Morphological Analysis

Fig. 5(a0)-(b2) shows the morphology of NG assisted binary NPs
examined by SEM. The Cu-Se NPs show hexagonal and cylindri-
cal rods. The size of Cu-Se NPs was in the range of 0.5-1.4m with
a thickness of 30-100 nm. The growth of large hexagonal shapes of
Cu-Se NPs is due to the presence of CuSe2/CuSe phase, which assists
the liquid phase growth [40]. The SEM images of In-Se NPs show
irregular shape flakes of ~20-80 nm thick. A magnified view of the
SEM images indicates the smooth and finished surface to Cu-Se
NPs (Fig. 5(a1)-(a2)), whereas the surface of In-Se NPs decorated
with small and irregular shaped particles (Fig. 5(b1)-(b2)).
1-4. FTIR Analysis

To confirm the NG capping and reaction paths of binary NPs,
FTIR analysis was carried out and shown in Fig. 6. The FTIR spec-
trum of pure NG solution (Fig. 6(a)) shows peaks at 625cm1, 1,363
cm1, 1,643cm1, and 3,307cm1. The polysaccharides contain func-
tional groups such as CH3, C=C, C-O, and C-N [31]. The broad

peak centered at 625 cm1 is due to C-C bonds, whereas a small
bump observed at 1,363 cm1 is due to C-O [31]. The peak at 1,643

Fig. 4. EDS spectra of binary Cu-Se and In-Se nanoparticles.

Fig. 5. SEM images of NG assisted binary NPs at different magnifi-
cation.
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cm1 is attributed to the asymmetric stretch of carboxylate groups
(C=C). The broad peak centered at 3,307 cm1 is due to the pres-
ence of OH-group vibrations [31,41]. The identified hydroxyl and
carbonyl functional groups present in the NG were responsible for
the reduction and stabilization of binary Cu-Se and In-Se NPs as
described in the introduction. Table 1 represents a summary of the
observed FTIR modes and their corresponding functional groups.

Further, a clear shifting in the peak positions can be seen be-
tween the FTIR spectra of precursor solutions and binary NPs
with and without NG. Particularly, the FTIR modes observed in the
wavenumber regions of 3,307-2,996 cm1, 1,744-1,643 cm1, 1,148-

1,039 cm1, and 712-485 cm1 are clearly shifted or altered when
compared with FTIR spectra of precursor solutions to binary NPs
with and without NG. The FTIR modes observed in the region of
3,307-2,996cm1 are due to OH-group vibrations [31,41]. The modes
observed in the region of 1,744-1,643 cm1 are due to -COOH and
C=C functional groups [42]. The modes observed in the region of
1,148-1,039 cm1 are due to the C-H and Se-C vibrations [42,43],
whereas the modes observed in the region of 712-485 cm1 are due
to the C-C and metal-OH bounds [44,45]. A clear shifting of these
peaks in the FTIR spectra of binary NPs with and without NG
confirms the chemical reaction between the precursors and NG.

More interestingly, in the case of Cu-Se NPs without NG, the
FTIR spectrum shows OH group stretching vibrations modes at
3,149 cm1 (see Fig. 6(c)); however, this mode is not observed in
the FTIR spectrum of Cu-Se NPs with NG. This indicates a clear
capping/passivation of Cu-Se NPs by NG. Consequently, Cu-Se NPs
were prevented from air oxidation. However, in the case of In-Se
NPs, the FTIR spectrum of In-Se NPs with NG shows significant
alteration as well as an intensity decrement in the vibrations modes
of OH group. Therefore, it is confirmed that the use of NG is benefi-
cial in the synthesis of binary NPs as reducing agent and capping
agent. In addition, the capping action of NG prevents the binary
NPs from oxidation as also evident from XRD and EDS analysis.
1-5. TG-DTA Analysis

To test the thermal stability and evaporation of the solvents, TG-
DTA with simultaneous DSC was performed on the binary NPs
and powder scrubbed from the Cu-In-Se precursor film in the tem-
perature range of 50-600 oC and shown in Fig. 7. The as-synthe-
sized NG assisted Cu-Se and In-Se NPs show three regions of weight
loss at 65-115 oC, 140-185 oC, and 200-400 oC. The weight loss in
the region of 65-115 oC is ascribed to endothermic evaporation of
lower boiling point solvents such as MeOH, H2O and ethylenedi-
amine adsorbed on the surface of binary NPs. The weight loss in
the region of 140-185 oC is due to the evaporation of slightly higher
boiling point solvents such as ethylenediamine (b.p.=116 oC) and
NG (b.p.=~120-150 oC). The weight loss in the region between 200
and 400 oC corresponds to the volatilization of excess ‘Se’ [46-49].

On the other hand, the powder scrubbed from the Cu-In-Se pre-
cursor films shows only two regions of weight loss in the range of
180-300 oC and 340-440 oC. It can be seen from Fig. 7 that a few
peaks below 200 oC (those observed in the case of as-synthesized
binary NPs) are suppressed. This may be due to the following rea-
son: The precursor films were deposited at a temperature of 80 oC

Fig. 6. FTIR spectra of as-prepared (a) NG-solution, (b) CuCl2+
EtOH - solution, (c) Cu-Se NPs without NG, (d) Cu-Se NPs
with NG, (e) InCl3+IPA - solution, (f) In-Se NPs without NG,
and (g) In-Se NPs with NG, respectively.

Table 1. Summary of the observed FTIR modes and their corresponding functional groups
Specimen FTIR modes (cm1) Possible functional groups References

Pure NG solution

0625 C-C

[31]1363 C-O
1643 C=C
3307 OH-group

Binary NPs (Cu-Se and In-Se)

0712-485 C-C and metal-OH bounds

[31,41-45]1148-1039 C-H and Se-C vibrations
1744-1643 -COOH and C=C groups
3307-2996 OH-group
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and allowed for drying at 120 oC for 5min on a hot-plate. The coat-
ing and drying process led to the evaporation of lower boiling point
solvents such as MeOH, H2O, and ethylenediamine. Therefore, the
characteristic peaks of these solvents were not found in the TG-
DTA curves of the powder scrubbed from Cu-In-Se precursor films.
Hence, only two regions of weight loss were observed in this case.
The weight loss in the first region between 180 oC and 300 oC is
attributed to the evaporation of slightly higher boiling point sol-
vents such as ethylenediamine, MEA, and excess ‘Se’ [48]. The weight
loss in the second region between 340 oC and 440 oC is ascribed to
the melting of CuSe2, CuSe, and volatilization of excess ‘Se’ [50-53].
Table 2 represents a summary of the observed TG-DTA peaks and
species eliminated with temperature.

The peritectic decomposition of CuSe2 to CuSe and a Se-rich
liquid was evidenced by many studies at a temperature >345 oC
[51,52]. It is reported that this liquid phase can assist the grain growth
of CuInSe2 [50]. Moreover, in the formation of CISe, the reactions

between CuSe+In4Se3 and CuSe2+In4Se3 are exothermic [50]. In
our case also, a few peaks (see the arrow marks in Fig. 7) indicated
the initiation of aforesaid reactions between CuSe+In4Se3 and CuSe2+
In4Se3 for >307 oC. Since the Cu-In-Se precursor film was a mixture
of both NG assisted binary Cu-Se and In-Se NPs, the aforesaid reac-
tion between CuSe, CuSe2, and In4Se3 phases triggered the forma-
tion of CISe at a temperature >300 oC. Further, it can be observed
in Fig. 7 that the weight loss after 450 oC is completely ceased. This
indicates the complete evaporation of all solvents used in the syn-
thesis of binary NPs as well as in the ink formation. Therefore, the
Cu-In-Se precursor films were annealed at 500 oC for 20 min under
N2 to obtain the CISe absorber layers. As stated in the introduction
section, the growth of single-phase CISe can proceed through the
inter-diffusion of Cu and In between the Cu-Se, and In-Se [54].
2. Properties of CISe Absorber Layer
2-1. Structural Analysis

Fig. 8(a) shows the XRD patterns of the Cu-In-Se precursor and

Fig. 7. TG-DTA curves of NG assisted Cu-Se and In-Se NPs and Cu-In-Se precursor film.

Table 2. Summary of TG-DTA analysis
Specimen Temperature range (oC) Species eliminated References

NG assisted Cu-Se and In-Se NPs
065-115 MeOH, H2O, and ethylenediamine

[46-49]140-185 NG and MEA
200-400 Excess ‘Se’

Cu-In-Se precursor film 180-300 NG, MEA and excess ‘Se’ [50-53]340-440 Excess ‘Se’, CuSe and CuSe2
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CISe absorber layer. The XRD pattern of Cu-In-Se precursor film
(before RTP) showed multiple peaks related to Se, Cu2Se, CuSe,
In2Se3, oxides of Cu/In, and CISe phases (as per JCPDS-2004). It
can be seen that the XRD pattern of Cu-In-Se precursor film is dif-
ferent from those of respective binary NPs. This is due to the recrys-
tallization process over the substrate surface during the spray coating
and drying process. As revealed by the XRD analysis, the forma-
tion of multi-phases of Cu-In-Se and CISe indicates the good dis-
persion and mixing of binary Cu-Se and In-Se NPs in i-BuOH :
MEA solvent.

To obtain the CISe absorber layer, the Cu-In-Se precursor film
was annealed by RTP. Fig. 8(b) shows the XRD pattern of CISe
absorber layer after RTP. After RTP, the film shows the formation
of single phase CISe with tetragonal structure. All the diffraction
peaks were indexed to chalcopyrite tetragonal structure, which well
matches with the standard JCPDS card No. 078-2001 as well as with
the reported literature [53,55]. No impurity or secondary related
phases were identified from the XRD analysis. The XRD pattern
of CISe absorber layer (Fig. 8(b)) shows three major sharp and
intense peaks at 2 equal to 26.60o, 44.19o, and 52.37o, which are
indexed to (112), (204)/(220), and (116)/(312) planes, respectively.
In addition, a few minor intense peaks are also observed at 2
equals to 35.43o, 41.89o, 64.29o, 70.82o, 81.38o, and 87.44o. These
minor peaks were indexed to (211), (105)/(213), (008)/(400), (316)/
(332), (228)/(424), and (336)/(512) planes, respectively. It is reported
that the major peaks observed at 26.60o, 44.19o, and 52.37o are com-
mon to both sphalerite and chalcopyrite structures [55]. There-
fore, to confirm the chalcopyrite structure, the presence of minor
peaks corresponding to (101), (103), and (211) planes are neces-
sary [55]. These minor peaks are observed at 17.12o, 27.68o, and
35.48o. In the present case also, the presence of minor (211) peak
at 35.43o confirms the formation of chalcopyrite structure of CISe
absorber layer.

To further confirm the phase purity of CISe absorber layer, Raman
analysis was carried out. Fig. 9 shows the Raman spectrum of CISe
absorber layer. A high intense mode at 173 cm1 (with FWHM of
12 cm1) confirms the formation of chalcopyrite CISe phase. The
peak at 173 cm1 is attributed to the A1 mode of CISe chalcopy-

rite tetragonal structure, which also agrees well with the reported
literature [56]. In addition to A1 mode, a feeble and broad bump
centered at 215 cm1 was also observed. This corresponded to the
B2 mode of CISe tetragonal structure [56]. Although the XRD pat-
tern of CISe absorber layer shows single phase tetragonal CISe, a
careful observation of the Raman spectrum indicates the presence
of Cu2Se [57] and InSe2 [58] traces. The vertical dotted lines shown
in Fig. 9 indicate the respective positions of Cu2Se and InSe2 phases.
Usually, the presence of Cu2Se phase would create shunt paths and
poor p-n junction [59] at the device level. However, in the present
case, the intensity of Cu2Se phase mode is very low. Therefore, the
effect of Cu2Se phase on the device power conversion efficiency is
expected to be less.
2-2. Morphological Analysis

The morphology of CISe absorber layer was examined through
SEM. Fig. 10 shows the planar and cross-sectional SEM images of
CISe absorber layer before and after RTP. The thickness of the as-
coated Cu-In-Se precursor film was ~3m. As can be seen from
Fig. 10, the surface of the Cu-In-Se precursor layer before RTP shows

Fig. 8. XRD pattern of Cu-In-Se precursor film (before RTP) and CISe absorber layer (after RTP).

Fig. 9. Raman spectrum of CISe absorber layer.
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small size grains with porosity. However, after RTP the grains grew
bigger with compact morphology. The thickness of CISe absorber
layer was reduced to ~1.2m owing to the evaporation of solvents.
The EDS analysis of CISe absorber layer revealed an atomic ratio
of 1.03 : 0.98 : 1.98 for Cu : In : Se. The measured atomic ratios of
Cu : In : Se was found to be close to the standard stoichiometry of
CISe (1 : 1 : 2). As can be seen from Fig. 10, even though the grain
size of CISe absorber layer is considerably increased after RTP, the
surface of CISe absorber layer shows some voids and non-uniform
grain growth. However, the CISe absorber layer was found to be
free from the cracks and delamination after coating, drying, and ther-
mal treatments. This was due to the following reason. Since CISe
absorber layer was deposited using the gum assisted binary NPs, it
was free from the cracks and delamination. As discussed in the intro-
duction section, the gum used in the synthesis acts as a natural
binder in the coating process. Therefore, the films coated using NG
assisted binary NPs are free from the cracks and delamination. Thus,
in the present method, the use of organic binders are eliminated.
2-3. Optical Analysis

The CISe absorber layer was further analyzed by UV-Vis-NIR
spectroscopy to examine its optical properties. A parallel prepared
sample on bare soda lime glass was used for this measurement.
The UV-Vis-NIR absorption spectrum was measured in the wave-
length range of 400-1,600 nm and shown in Fig. 11.

The UV-Vis-NIR spectrum of CISe absorber layer shows clear
absorption edge at a cut-off wavelength of 1,236 nm. The optical
band gap energy of the CISe absorber layer was estimated using a
simple relation, Eg=h×c/ (h is Planck’s constant, c is the speed of

light, and  is the absorption cut-off wavelength). Using this rela-
tion, the band gap energy of CISe absorber layer was estimated,
which is equals to 0.99 eV. A slight decrease in the band gap energy
of the present film compared to the reported value of CISe (1.02
eV) [60] was due to the stoichiometric deviation. A slight devia-
tion from the standard stoichiometry was due to the evaporation
of lower melting point ‘In’ and ‘Se’ atoms from the CISe absorber
layer during the rapid thermal annealing process [61].

Fig. 10. SEM images of Cu-In-Se precursor film and CISe absorber layer on Mo: Planar (top) and cross-sectional (bottom).

Fig. 11. UV-Vis-NIR absorption spectrum of CISe absorber layer.
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3. Device Characteristics
The CISe absorber layer was integrated into a photovoltaic device

with a device architecture of SLG/Mo/CIS/CdS/i-ZnO/Al : ZnO/
Ni/Ag. The antireflection layer was illuminated not performed for
the devices tested in this study. Fig. 12 shows the current density-
voltage (J-V) characteristics of the fabricated CISe NPs device.
Despite the slightly Cu-rich composition (Cu/In=1.03) and lower
band gap (0.99 eV), the fabricated solar cells show a maximum
power conversion efficiency of 0.37% with an open circuit voltage
(VOC), short circuit current density (JSC), and fill factor (FF) of
0.32 V, 3.2 mA cm2 and 36.2%, respectively.

The main reason for low PCE of the present device is due to
the copper-rich composition of CISe absorber layer. As presumed
in the Raman analysis, the segregation of conductive Cu-rich binary
phase such as Cu2Se created the shunt paths in the absorber layer,
which played a detrimental role on device efficiency [59]. As evi-
denced by Raman analysis, the detected trace amount of Cu2Se
phase in the CISe absorber layer also supports this assumption. In
addition, the observed lower VOC is another reason for the lower
PCE. The obtained lower VOC was attributed to low grain size and
band gap energy of the present CISe absorber layer. Further, it can
be seen from Fig. 10 that the CISe absorber layer has less com-
pactness with small grains. It is reported that these small grains
can produce a larger number of grain boundaries [37,62]. There-
fore, they act as trapping centers to the light-generated minority
carries. Consequently, the fabricated CISe NPs solar cell show low
PCE.

To improve the power conversion efficiency, additional steps such
as (i) KCN etching for removal of the Cu-rich binary phases, (ii)
supply of ‘Se’ vapor is helpful to compensate the loss of ‘Se’ and
porosity of the absorber layer after annealing, (iii) doping with gal-
lium will be helpful to widen the band gap of CISe [63], (iv) treat-
ing with NaCl-InCl3 flux can improve the grain size and removal
of Cu-rich binary phases in the CISe absorber layer [49], and (v)
optimization of the post thermal treatment of the CISe absorber

layer is desired to improve the grain size and compactness [62].
Those experiments are underway.

On the other hand, carbon contamination is also another big
issue in the nanoparticle based solar cells. In the present case, a small
amount of carbon was observed in the films possibly due to the
adsorbed functional groups of gum on the NPs. Since no external
binders were used in the present case, only a small amount of car-
bon residues should be present in the films. The residues of car-
bon can restrict the grain growth of the absorber layer. Therefore,
this may be one of the reasons for the obtained lower PCE. How-
ever, there are controversial statements on the carbon content in
the literature [64,65]. Rehan et al. [66] reported that a certain amount
of carbon contamination in CISe absorber shows a beneficial impact
on PCE.

In this regard, the gum assisted binary NPs synthesis and their
utilization in the preparation of CISe absorber layer is quite bene-
ficial to lower the manufacturing cost of CISe thin film solar cells.
As no external binders were used, the possibility of carbon resi-
dues in the films was reduced to a greater extent. In addition, the
present strategy followed herein is also useful to reduce the risks
encountered due to the use of toxic organic solvents and binders.
Therefore, we hope that the present method is unique and opens
new path for the production of eco-friendly CISe thin film solar
cells.

CONCLUSIONS

Se-rich binary Cu-Se and In-Se NPs were prepared by a sim-
ple, green, and cost-effective method using gum exudates from a
cherry blossom tree. As the necessary emulsification was provided
by the NG used in the reaction, no additional binder/additive was
used to deposit the Cu-In-Se precursor film. After RTP, the XRD
analysis showed single phase CISe with tetragonal chalcopyrite
structure. However, Raman analysis showed a trace amount of Cu2Se
due to little evaporation of lower melting point ‘In’ and ‘Se’ atoms.
Optical analysis showed a band gap energy of 0.99 eV to CISe ab-
sorber layer. The fabricated CISe NPs devices showed an efficiency
of 0.37%. The analysis showed that the stoichiometric deviation,
incorporation of Cu2Se phase, and non-uniform grain growth miti-
gated the PCE of the present devices. Optimization of CISe absorber
layer along with some additional treatments will definitely improve
the efficiency. This study shows the potential of NG assisted binary
NPs use in the fabrication of low-cost and eco-friendly thin film
solar cells.
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