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microcrystals and thin films

M. Latha, ©*2 R. Aruna-Devi, 2 S. Velumani, ©*° B. Murali, © < J. Santoyo-Salazar®
and F. de Moure-Flores®

Herein, for the first time, we report the synthesis of quaternary Cu(ln,Ga)Se, microcrystals (CIGSe MCs)
using a facile and economical one-pot heating-up method. The most important parameters such as
reaction temperature and time were varied to study their influences on the structural, morphological,
compositional and optical properties of the MCs. Based on the results, the formation of CIGSe was
initiated from binary B-CuSe and then converted into pure phase CIGSe by gradual incorporation of In®*
and Ga®" ions into the B-CuSe crystal lattice. As the reaction time increases, the band gap energy was
increased from 1.10 to 1.28 eV, whereas the size of the crystals increased from 0.9 to 3.1 um. Besides,
large-scale synthesis of CIGSe MCs exhibited a high reaction yield of 90%. Furthermore, the CIGSe MCs
dispersed in the ethanol was coated as thin films by a drop casting method, which showed the optimum
carrier concentration, high mobility and low resistivity. Moreover, the photoconductivity of the CIGSe
MC thin film was enhanced by three order magnitude in comparison with CIGSe NC thin films. The solar
cells fabricated with CIGSe MCs showed the PCE of 0.59% which is 14.75 times higher than CIGSe NCs.
These preliminary results confirmed the potential of CIGSe MCs as an active absorber layer in low-cost

rsc.li/rsc-advances thin film solar cells.

Introduction

Cu(In,Ga)Se, (CIGSe) has been considered as the most prom-
ising absorber material in thin film solar cells due to its direct
band gap, high absorption co-efficient (>10° cm™'), tunable
band gap from 1 to 1.7 eV, good photo stability and radiation
hardness.” The CIGSe solar cells fabricated using the vacuum
process has been demonstrated a power conversion efficiency
(PCE) as high as 22.6%.° However, commercialization of CIGSe
solar cells based on a vacuum process has several limitations
such as inefficient material usage, difficulties in controlling the
stoichiometry over large area deposition, high production costs
and complexities in the scaling up.”® Fortunately, a non-vacuum
(solution) process turned out to be a very competitive strategy to
produce CIGSe thin film solar cells. This is because of its low-
cost, high throughput and suitability for large area deposition
with controlled stoichiometry.>*°

To date, nanocrystal (NC) ink approach has widely been used
to produce CIGSe thin films,"** which is then subjected to
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annealing at high temperature (~500 °C) to form microstruc-
tural grains (~1 pm). Herein, the annealing plays a significant
role to enhance the size of as-synthesized CIGSe NCs, since
microsized grains are highly beneficial to collect the charge
carriers, thus reduces the recombination rate at grain bound-
aries. During the annealing of CIGSe NCs thin film, the densi-
fication occurs through an atomic rearrangement between
neighbouring grains at elevated temperature (close to the
melting point). Unfortunately, the melting point of CIGSe is
much higher (>990 °C) than the softening temperature of the
substrate (glass).”® Alternatively, chemical densification occurs
through the replacement of S with Se while annealing the
Cu(In,Ga)S, (CIGS) NCs thin film at ~500 °C.**** The CIGSSe
solar cell fabricated from quaternary CIGS NCs ink exhibited
the PCE up to 15.2%," however, the annealing takes place
under H,Se gas or Se fluxes'®'® that is harmful to the humans
and environment in large-scale production because of highly
reactive and toxicity of gas. Thus, requires stringent setup to
protect the corrosion and gas tightness of the experiment that
ultimately increases the cost of the process. Consequently, there
is a strong need to look forward to having some alternative
approach to synthesize CIGSe microcrystals. In this regard,
Wang et al. prepared Culn(S,Se; ), microcrystals in the form of
powder without annealing process.” To the best of authors’
knowledge, there are still no reports available for the synthesis
of CIGSe powder with microsized crystals without the annealing
process.
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So far, several methods have been reported to synthesize
CIGS/CIGSe powder, such as mechanochemical,® thermal
decomposition,* solvothermal,* and hot-injection.**'> Among
them, hot-injection has widely been used to produce CIGS/
CIGSe powder with pure phase and homogenous composi-
tion. However, it is not suitable for the large-scale production
due to difficulties in controlling the monomer release because
of the injection of a large volume of precursor solution at high
temperature. In this work, for the first time, we report the
synthesis of pure phase CIGSe microcrystals (MCs) using an
economical, facile and non-injection based one-pot heating-up
method. Furthermore, the nucleation, grain growth and
possible formation mechanism of CIGSe MCs with respect to
the reaction temperature and time were investigated. Moreover,
we demonstrated the possibility of the up-scalable procedure by
performing a CIGSe MCs synthesis in gram-scale with high
reaction yield of 90%. In addition, the ink was formulated using
the CIGSe MCs and coated as thin films, which exhibited the
substantial enhancement in the electrical and photoresponse
properties as compared to CIGSe NCs thin films. Besides, the
PCE of solar cells based on CIGSe MCs was improved
significantly.

Experimental details

Materials

Copper(i) chloride (CuCl; 99.995%), indium(m) chloride (InCls;
anhydrous 99.999%), gallium(m) chloride (GaCl;; anhydrous
99.999%), elemental selenium (Se; 99.99%), oleylamine (OLA;
technical grade 70%), absolute ethanol (anhydrous 99.5%),
chloroform (anhydrous 99.99%) and silver (Ag; 99.9%) were
purchased from Sigma-Aldrich. All chemicals were used as
received, without further purification. Molybdenum (Mo;
99.95% pure, 3” diameter x 0.125” thick), cadmium sulfide
(CdS; 99.99% pure, 3” diameter x 0.125” thick), intrinsic zinc
oxide (i-ZnO; 99.9% pure, 3” diameter x 0.250” thick),
aluminium doped zinc oxide (Al-ZnO; 99.99% pure, 3" diameter
x 0.250” thick, ~90-95% dense) targets were purchased from
Kurt J. Lesker Company.

Synthesis of CIGSe MCs

In this work, pure phase Culn,,Ga,sSe, (CIGSe) MCs were
synthesized by a facile one-pot heating-up method. In a typical
procedure (small-scale synthesis), 1 mmol of CuCl, 0.7 mmol of
InCl;, 0.3 mmol of GaCl; and 2 mmol of elemental selenium
were added into 10 mL of OLA at room temperature (RT). The
above mixture was heated to 150 °C under nitrogen atmosphere
and the reaction was carried out for 120 minutes (min). Once
the reaction is finished, the reaction mixture was cooled down
to RT and washed with ethanol and chloroform (1 : 1) followed
by centrifugation at 4000 rpm for 5 min. Then, the supernatant
was discarded that contains unreacted precursor, solvent and
by-products. This process was repeated several times to get
high-purity of the product. The final product was dried at 100 °C
for 60 min in the oven and used for further characterization.
The experiment repeated for different
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temperatures such as 200 and 250 °C keeping a constant reac-
tion time of 120 min. In addition, the reaction time was varied
such as 30, 60, 120 and 150 min at 250 °C. Furthermore, large-
scale synthesis was performed at 250 °C for 120 min by
increasing the amount of precursors and solvents to 10-fold, in
which 3.149 g of CIGSe powder was obtained.

Drop casting of CIGSe MCs thin films

The CIGSe MCs synthesized at 250 °C for 120 min was used to
prepare thin films. The ink was formulated by dispersing
200 mg CIGSe MCs powder in 1 mL of ethanol, followed by
sonication for 30 min. The formulated CIGSe MCs was drop
casted on the soda lime glass (SLG) substrate and dried at
100 °C for 15 min.

Characterization

The X-ray diffraction (XRD) patterns were detected by RIGAKU
using Cu-Ka. radiation (1 = 1.5406 A) source at 45 kv and 20 mA.
The Micro Raman spectra were detected by HORIBA Jobin Yvan
with He-Ne laser (632 nm) at RT. The field emission scanning
electron microscopy (FE-SEM) images were recorded using
Auriga 3916 (Carl Zeiss) with an accelerating voltage of 2 kv. The
chemical composition of samples was obtained by energy
dispersive X-ray spectrometer (EDS) using XFlash detector 5010
coupled with FE-SEM operated at 15 kV. The transmission
electron microscopy (TEM) images were recorded using JEM-
ARM200F analysis. The chemical composition was further
confirmed by JEM-ARM200F equipped with HAADF-STEM
(high-angle annular dark-field scanning transmission electron
microscopy) detector and Oxford XMax 80 EDS. High-resolution
transmission electron microscopy (HR-TEM) images were
recorded using a JEM-ARM200F with an accelerating voltage of
200 kV. For TEM analysis, the samples were prepared by drop
casting the MCs dispersion on 200 mesh nickel grids (Ted Pella,
Inc.). The optical absorption spectra from 400 to 2000 nm were
obtained using a UV-VIS-NIR spectrometer (JASCO V-670) at RT.
TGA was carried out with a thermogravimetric analyser (Q500,
TA Instruments) to estimate the weight fraction of the organic
solvent (OLA) on the surface of CIGSe MCs. The sample was
heated from 30 to 600 °C with a heating rate of 5°C min~ " under
nitrogen atmosphere. Hall-effect measurement with magnetic
field strength of 0.51 T and current of 0.1 mA was used to study
the electrical properties such as resistivity, carrier concentration
and mobility. The Ag contacts were used for hall-effect
measurement. The photoconductivity measurement was done
under the dark and illumination of light (tungsten lamp, 9.45
mW cm?) with a bias voltage between —10 to +10 V using
standard I-V measurement equipment of Keithley 4200-SCS.
The Au contacts with a thickness of 250 nm were deposited by
thermal evaporation before I-V measurement.

Fabrication and characterization of solar cells

Solar cells with the conventional configuration SLG/Mo/CIGSe/
CdS/i-ZnO/Al-ZnO/Ag were fabricated without anti reflection
layer. Firstly, the SLG substrate with a size of 10 x 10 inches was
cleaned several times with deionized water and soap solution in

This journal is © The Royal Society of Chemistry 2019
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an ultrasonic bath. Before the deposition of Mo back contact,
the SLG substrate was dried under nitrogen gas. The Mo back
contact was deposited by DC sputtering with the power of
300 W, Ar gas pressure of 1.2 x 102 torr at 300 °C for 22 min.
The CIGSe thin films were prepared by drop casting of NCs and
MCs ink on SLG/Mo, followed by annealing at 100 °C for 15 min.
The buffer layer of CdS was deposited on SLG/Mo/CIGSe by RF
sputtering with the power of 25 W, Ar gas pressure of 5 x 10>
torr at 200 °C for 90 min. Transparent conductive oxide layers of
i-ZnO and Al-ZnO were deposited by RF sputtering on SLG/Mo/
CIGSe/CdsS with the power of 50 W, Ar gas pressure of 4.7 x 103
torr at RT. The deposition times of i-ZnO and Al-ZnO were 30
and 150 min respectively. Finally, the fabrication of solar cells
was completed by depositing Ag contacts with thickness of
50 nm by thermal evaporation. The thickness of each layer was
measured using a KLA Tencor D-100 profilometer. The current
density versus voltage (J-V) measurements was done using
a LCS-100 solar simulator at standard compliant to ASTM & IEC
for AM 1.5G, Newport, calibrated with a reference silicon solar
cells.

Results and discussion
Influence of reaction temperature

XRD patterns of samples synthesized at different reaction
temperature are shown in Fig. 1(a). At 150 °C, all the observed
peaks were well indexed with the orthorhombic crystal structure
of B-CuSe (JCPDS 27-0184).>* At 200 °C, mixed phase formation
of CIGSe and B-CuSe was observed. A broad peak at 27° split into
three constituents such as 26.58, 26.9 and 27.9°, attributed to
(111) plane of B-CuSe, (112) plane of both CIGSe and B-CuSe
respectively. In addition to that, another broad peak that was
split into 45.50 and 45.95°, corresponding to (220) and (117)
plane of CIGSe and B-CuSe respectively. One more broad peak
was observed at 53.93° that includes (312) plane of CIGSe, (221)
and (222) planes of B-CuSe. At 250 °C, all the splitter and broad
peaks were appeared as single narrow peak along with a shift
towards lower 26 values, which are well indexed with (112), (220)
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Fig. 1 (a) XRD pattern and (b) Raman spectra of CIGSe samples
synthesized at different reaction temperature.
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and (312) plane of CIGSe.** Consequently, B-CuSe peaks van-
ished completely and the formation of pure phase CIGSe was
confirmed (JCPDS 35-1102). The sharp and well-defined peaks
revealed the high crystalline quality of chalcopyrite CIGSe.
According to the XRD results, the sequence of phase trans-
formations occurred from B-CuSe, a mixture of B-CuSe & CIGSe
and pure phase CIGSe. Hence, the XRD results revealed that B-
CuSe acts as a preliminary product to form pure phase CIGSe.
Raman spectra of the samples obtained at different reaction
temperature are shown in Fig. 1(b). At 150 °C, a peak observed at
258.49 cm ™' ascribed to A; mode of CuSe.? At 200 °C, two peaks
were observed at 171.28 and 258.18 cm™ ', corresponding to A,
mode of CIGSe and CuSe respectively. When the reaction
temperature increased to 250 °C, CuSe peak was expelled and
formation of pure phase CIGSe was confirmed by the presence
of A; mode peak at around 174.68 cm ™ 126 The A, mode peak of
CIGSe was shifted towards higher wavenumber at 250 °C due to
an increment in the Ga content. The A; mode peak arises due to
the vibration of Se atoms with motionless neighboring cations
of Cu, In and Ga. The obtained Raman results are in good
accordance with XRD results.

FE-SEM micrographs of CIGSe samples synthesized at
different reaction temperature are shown in Fig. 2. The sample
synthesized at 150 °C showed quasi-hexagonal flake-like parti-
cles and their size changed from 0.12 to 0.21 pm. At 200 °C, the
observed elongated hexagonal flake-like shape of the particles
size was in the range between 0.25 to 0.91 um. When the reac-
tion temperature increased to 250 °C, the proper hexagonal
flake-like shape of the particles was observed with size varying
from 1.05 to 1.55 pum and thickness of the flakes was between 90
and 100 nm as shown in Fig. 2(d). Moreover, the size of the
nanoparticles on the surface of hexagonal flakes was varied
from 80 to 150 nm. EDS composition of CIGSe samples
synthesized at different reaction temperature is shown in
Fig. 2(e). The sample synthesized at 150 °C exhibited 1.12 : 0.88
ratio of Cu and Se while In and Ga were absent which is due to
the formation of pure CuSe phase at this temperature, as we
discussed in the structural analysis (Fig. 1). When the reaction
temperature increased to 200 °C, the In and Ga content was
detected along with Cu and Se content. As the reaction
temperature increased to 250 °C, the observed composition of
CIGSe was very close to the targeted value. As the reaction
temperature increases, the Cu/(In + Ga) ratio was decreased
while Ga/(In + Ga) ratio increased as shown in Fig. 2(f).

Fig. 3(a) illustrates the quasi-hexagonal flake with a size of
0.20 pm at 150 °C. Fig. 3(b) shows the 1.12 : 0.88 ratio of Cu and
Se (Table 1). Fig. 3(c) inset shows the FFT of B-CuSe. From the
HR-TEM image (Fig. 3(c)), the obtained d-spacing values of 0.31
and 0.20 nm were consistent with the (112) and (117) crystal
lattice planes of B-CuSe. At 200 °C, Fig. 3(d) shows elongation of
hexagonal flakes with size ranging from 0.25 to 0.50 um.
Fig. 3(e) depicts the composition of Cu and Se (1.11 :0.89),
while Fig. 3(g) shows the composition of Cu:In:Ga: Se
(1.10: 0.92 : 0.08 : 1.90). From Fig. 3(f) and (h), the d-spacing
values of 0.31, 0.18 and 0.333 nm were observed, that corre-
sponds to (112) and (118) crystalline planes of B-CuSe and (112)
plane of CIGSe respectively (Table 1). At 250 °C, Fig. 3(i) depicts

RSC Adv., 2019, 9, 35197-35208 | 35199
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Fig. 2 FE-SEM images and EDS composition of CIGSe samples synthesized at different reaction temperature: (a) 150 °C, (b) 200 °C, (c) 250 °C,
(d) higher magnification image at 250 °C, (e) EDS composition and (f) Cu/(In + Ga) and Ga/(In + Ga) ratio.

the proper hexagonal flake with a size of ~1.6 um. The obtained
hexagonal flakes from Fig. 2(c) and 3(i), might be due to the
presence of a pair of twin planes in a 6-number fold symmetry.
It is worth to mention that CIGSe has only a primitive tetragonal
unit system and no hexagonal symmetry axis. Thus, the
hexagonal structures are not able to attain without multiple
twinning of the primitive axis, which occurs only under the
special conditions.”” However, the detailed information about
the formation mechanism of CIGSe hexagonal flakes is yet to be
fully understood and is under further investigation. Fig. 3(j)
shows the material composition of Cu:In:Ga:Se
(0.99:0.69 : 0.31: 2.01), which is very close to the desired
stoichiometry. From Fig. 3(k), lattice fringes were observed
along with the axis of the flake and the calculated d-spacing
value of 0.331 nm, ascribed to (112) plane of chalcopyrite
CIGSe.”® These results are consistent with the structural analysis
(Fig. 1), which elucidates that B-CuSe (starting phase) is formed
at low temperature due to the preferential reaction between Cu

35200 | RSC Adv., 2019, 9, 35197-35208

and Se. Furthermore, the phase transformation occurs from B-
CuSe to CIGSe at high temperature since it provides enough
energy for the cation inter-diffusion and consequently the
starting phase of B-CuSe disappeared.

Influence of reaction time

Based on the above results, the sample synthesized at 250 °C
showed a pure phase CIGSe with the optimum composition.
Therefore, this condition is used for further experiments. Herein,
the reaction time was varied such as 30, 60, 120 and 150 min and
their influences on the structural, compositional, optical and
morphological properties were investigated as shown in Fig. 4 and
5. The peaks observed from Fig. 4(a) are consistent with the chal-
copyrite crystal structure of CIGSe. As the reaction time increases,
the XRD peaks were shifted towards higher 26 values that can be
clearly seen in the magnified view of (112) plane from Fig. 4(b).
With increasing the reaction time, A; mode peak (Fig. 4(c)) was
shifted to higher wavenumber. In addition to that, the sample

This journal is © The Royal Society of Chemistry 2019
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(a—c) TEM image and STEM-EDS line scan and HR-TEM image of B-CuSe flake and inset shows the corresponding FFT (at 150 °C), (d) TEM

image of B-CuSe and CIGSe flake, (e and f) STEM-EDS and HR-TEM of B-CuSe flake, (g and h) STEM-EDS line scan and HR-TEM of CIGSe flake (at
200 °C), (i—k) TEM image, STEM-EDS line scan and HR-TEM image of CIGSe flake (at 250 °C).

synthesized at 30 min showed a peak at 258 cm™ ', matches with A,
mode of CuSe phase that could be due to the Cu-rich composition
as can be seen in Fig. 4(e) and (f). The observed peak shift from
both XRD and Raman measurements are due to an increment in
the Ga content and Ga/(In + Ga) ratio as can be seen in Fig. 4(e) and
(f). Therefore, the larger size In atoms are replaced with smaller
size Ga atoms, leads to decrement in the lattice constants a and ¢

with respect to reaction time (Fig. 4(d)), that reduces the unit cell
volume.* UV-VIS-NIR absorption spectra (Fig. 5(g)) were shifted
towards lower wavelength as the reaction time increases. The Tauc
relation is used to calculate the optical band gap by extrapolating
the (ahv)” vs. hw as shown in Fig. 4(h). The obtained band gap
values of the samples synthesized at 30, 60, 120 and 150 min were
1.10,1.19, 1.25 and 1.28 eV respectively. The increment in the band

Table 1 STEM-EDS line scan and HR-TEM results of samples synthesized at different reaction temperature

Composition of Cu/In/Ga/Se d-spacing value of Corresponding
Reaction temperature Phase formation in atomic ratio% HR-TEM (nm) planes
150 °C B-CuSe 52.8:47.2 (1.12 : 0.88) 0.31 (112)
0.20 (117)
200 °C Mixed phase of f-CuSe and B-CuSe 52.7 :47.3 (1.11: 0.89) 0.31 (112)
CIGSe 0.18 (118)
CIGSe 27.50:23:2:47.09 0.333 (112)
(1.10: 0.92 : 0.08 : 1.90)
250 °C CIGSe 24.7 :17.2:7.8:50.3 0.331 (112)

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 CIGSe samples synthesized at different reaction time: (a) XRD pattern, (b) magnified view of (112) plane, (c) Raman spectra, (d) lattice

constants a and ¢, (e) EDS composition, (f) Cu/(In + Ga) and Ga/(In + Ga) ratio, (g) UV-VIS-NIR absorption spectra and (h) Tauc plots of (ahw

versus hv.

gap values is directly proportional to the Ga content and Ga/(In +
Ga) ratio which is in good accordance with the structural and
compositional results. The obtained band gap of 1.25 eV at

120 min is desirable for the photovoltaic applications.*

35202 | RSC Adv., 2019, 9, 35197-35208

)2

FE-SEM images of CIGSe samples synthesized at different
reaction time are shown in Fig. 5. Different shape of crystals
such as regular, triangle, quasi hexagonal and hexagonal with
inhomogeneous size distribution were observed. The irregular

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 FE-SEM images of CIGSe samples synthesized at different reaction time.

shape and broad size distribution could be due to differences in
the reactivity of precursors that is responsible for the inhomo-
geneous nucleation and growth.** As the reaction time
increases, the size of the crystals increased from 0.9 to 3.1 pm
due to the Ostwald ripening process*! in which, large crystals
are grown by the dissolution of smaller crystals. Hence, the
results revealed that the CIGSe sample synthesized at 120 min is
the optimum time to attain the pure phase, targeted composi-
tion with a band gap energy of 1.25 eV, which indicates that
these microcrystals are highly suitable to be used as absorber
material in low-cost thin film solar cells.

Based on the above results, we propose a plausible growth
mechanism of CIGSe MCs by one-pot heating-up method which
is illustrated in Scheme 1.

(1) The reaction is initiated by adding all the metal
precursors and elemental selenium into OLA and then heated

- 5%- %

at a targeted temperature. The metal-OLA complexes such as
Cu-OLA, In-OLA and Ga-OLA were formed at the beginning of
a reaction (150 °C). Later, Cu-OLA complexes get decomposed
and then monomers containing Cu’ ions get released, that
reacts with Se,>” ions resulting from the dissolution and
reduction of Se by OLA, thus forming an orthorhombic crystal
structure of B-CuSe which is evident from the structural
analysis (Fig. 1). As stated in hard-soft acid-base theory, the
elemental ions are generally categorized as acids and bases
depending on their capability either to accept or donate elec-
trons. These acids and bases are further categorized as soft
and hard according to their electronegativity, polarizability
and oxidation states.** Thus, the soft base of Se reacts with
a soft acid of Cu", instead of hard acids such as Ga*" and In**
forming initially B-CuSe crystalline nuclei®® at low temperature
and then followed by the oriented growth of seeds. OLA not

2 0L4 Metal ion complex N ucleati Growth
: g, F-CuSe phase at 150 °C Pure phase
® Ga CIGSe at 250 °C
@ Se Nucleation and Growth

Mixed phase of f-CuSe
and CIGSe at 200 °C

Scheme 1 Evolution pathway of CIGSe MCs synthesized via the one-pot heating-up method.
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only acts as an efficient stabilizing ligand but also acts like
a template-guide for the preferential growth of quasi-
hexagonal orientation of B-CuSe. The hexagonal flake-like
shape of B-CuSe is consistent with the literature.?® There is
no evidence for the formation of In-Se or Ga-Se phases at this
stage which clearly indicates that the In-OLA and Ga-OLA
complexes are more stable. The reason behind this is that
1 mmol of CuCl reacts with 2 mmol of OLA, whereas
each mmol of ions in the InCl; and GaCl; could form coordi-
nate bonds with 3 or more mmol of OLA.*?

(2) As the reaction temperature raised to 200 °C, both Ga**
and In*" ions are set free. There is an inward diffusion of both
these ions into the as-formed B-CuSe and a partial outward
diffusion of Cu" ions, that leads to the formation of CIGSe.**
Cu(1) ions in the CuSe have high mobility which can facilitate
an exchange with other cations such as Ga** and In*" at
relatively high reaction temperature. The conversion from -
CuSe to CIGSe is a consequence of lattice distortion which
can be accomplished by a low energy barrier. The uncon-
trolled outward diffusion of Cu’ and the limited supply of
Ga*" and In*" ions leads to a prolonged growth stage causing
elongation of B-CuSe as can be seen in Fig. 2(b) and 3(d).
Moreover, in few particles, the intercalation of cations into
CuSe is so enormous that there is a transformation of the
geometry from quasi-hexagonal to elongated structures to
irregular to proper hexagonal ones, which is confirmed from
the Fig. 2(a)-(c). Hence, the observed mixed phase of B-CuSe
and CIGSe is the resultant of incomplete reaction taking place
at this temperature, that can also be deduced from the
structural analysis (Fig. 1).

(3) Pure phase formation of CIGSe was obtained at 60 min as
shown in Fig. 4(a) and (c). The complete chemical trans-
formation occurred from B-CuSe to CIGSe suggests that the
high reaction temperature (250 °C) provides more energy for
cation inter-diffusion and thus expels the starting phase of -
CuSe. However, the In-rich and Ga-poor composition were
observed from Fig. 4(e) and (f), because Ga®" is a harder acid in
comparison with In*" as In*" is more electronegative than
Ga**,® In*" could be incorporated easily into B-CuSe. By pro-
longing the reaction time, Ga®" ions released abundantly from
Ga-OLA complexes and formation of pure phase CIGSe with
targeted composition was confirmed from the Fig. 4(f).

Large-scale synthesis of CIGSe MCs

In order to test the scalable process, the precursors and solvent
volume were increased to 10-fold compared to the small-scale
synthesis as mentioned in the experimental part. Fig. 6
summarize the results for gram-scale production prepared
using Cu:In:Ga:Se precursor ratio of 1:0.7:0.3:2 in
100 mL OLA under a nitrogen atmosphere at 250 °C for
120 min. XRD patterns, Raman spectrum, HR-TEM image and
SAED pattern exhibited the chalcopyrite crystal structure of
pure phase CIGSe. From the absorption spectrum (Fig. 6(c)),
the band gap energy of 1.25 eV was determined by extra plot-
ting hv versus (ahv)® as shown in Fig. 6(d). This is consistent
with the small-scale results. From Fig. 6(e) and (i), the
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hexagonal flake-like shape of CIGSe was observed with size
ranging from 1.05 to 1.65 um. EDS elemental mapping of
hexagonal flakes revealed that the Cu, In, Ga, and Se elements
were homogenously distributed [Fig. 6(k)-(n)]. The targeted
composition of Cu:In: Ga: Se (1:0.7: 0.3 : 2) was obtained
from Fig. 6(h).

Furthermore, the synthesis yield is an essential feature of
large-scale synthesis of CIGSe MCs which is calculated by
comparing the total weight of the final product and the initial
precursors.** TGA analysis was used to estimate the contribu-
tion of organic solvent (OLA) to the weight of the final product.
Based on the TGA analysis (Fig. 6(0)), the weight loss of OLA was
around 7.4% over the temperature ranging from 30 to 370 °C,
which was subsequently subtracted from the weight of the final
product and the calculated synthesis yield was found to be 90%.
Thus, the results revealed the possibility of producing CIGSe
MCs in gram-scale with good control over the pure phase,
morphology, particle size, band gap energy and composition by
one-pot heating-up method.

Properties of CIGS MCs thin films

As can be seen in Fig. 7(a) inset, the ink was formulated by
readily dispersing the synthesized CIGSe MCs in ethanol and
coated as thin films to evaluate their suitability as an absorber
layer for solar cell applications. The structural, morphological,
compositional, electrical and photoresponse properties of
CIGSe MCs thin films were investigated. Fig. 7(a) and (b)
showed similar structural properties to the powder, which
proves that the possibility of transferring powder into thin
films. The crack free thin film and densely packed grains along
with the thickness of 1 pm were observed from the Fig. 7(c) and
(d). The obtained chemical composition of Cu:In:Ga: Se
(0.99:0.71: 0.29 : 2.01) from Fig. 7(c) inset is very close to the
powder composition.

Electrical properties of CIGSe thin films greatly plays an
important role in solar cell performance. Therefore, the CIGSe
thin films with microsized grains, p-type conductivity, carrier
concentration in the order of 10'® to 10'® cm ™, and Ga/(Ga + In)
ratio ~0.3 ** are required to obtain the high efficiency solar
cells. The electrical properties of CIGSe thin films are strongly
affected by its grain size, composition and deposition process as
shown in Table 2. However, it is worth to mention that only
a few reports are available on the electrical properties of CIGSe
thin films by the ink coating approach. The resistivity, carrier
concentration and mobility of CIGSe MCs thin films were 0.37
Qcm, 2 x 10" em ™ and 11.92 ecm® V! 57! respectively. The
CIGSe MCs thin films showed lower resistivity along with an
optimum carrier concentration. Among other reports, the
mobility of CIGSe MCs thin film is very high and increased by 4
times as compared to CIGSe NCs thin film.**® This could be due
to an increment in the grain size, which reduces the grain
boundary scattering, whereas nanosized grains causing higher
number of grain boundaries that prevent the flow of charge
carriers. These findings confirmed that the coating of thin films
using CIGSe MCs ink is highly suitable to be used as an
absorber layer.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Large-scale synthesis of CIGSe at 250 °C for 120 min. (a) XRD pattern, (b) Raman spectrum, (c) UV-VIS-NIR absorption spectrum, (d) band
gap spectrum, (e) TEM micrograph, (f) HR-TEM image, (g) SAED pattern, (h) EDS spectrum, (i) FE-SEM micrograph, (j) FE-SEM EDS mapping (green
rectangular is the selected area), (k—n) EDS mapping and (o) TGA analysis.

Photoconductivity measurement is an important aspect to
study the material appropriateness for solar cell applications.
The generation and transportation of charge carriers are the
main processes involved in the photoconductive of a semi-
conductor. When the photoconductor absorbs the light,
resulting in the generation of free electrons excited from
valence band to conduction band while holes are generated in
the valence band concurrently. When the electric field applies
through the materials, both electrons and holes are transported
through materials, consequently the electric current is
produced in the circuit which enhances the conductivity of
semiconductor.*® Photoconductivity of the CIGSe MCs thin film

This journal is © The Royal Society of Chemistry 2019

was studied, both in the dark and under the illumination of
light. As shown in Fig. 8, the linear nature of I-V curve suggests
the better ohmic contact between Au (contact) and CIGSe MCs.**
Under illumination, the obtained linear and stable nature of I-V
curve accordance with the absorption of light, generation of
charge carriers (electrons and holes) and transportation of
charge carriers, enhances the photoconductivity in comparison
with dark. The photoconductivity can be expressed by Al i.e. the
current difference between the dark and under illumination of
light at a given bias voltage.*> The calculated photocurrent of
CIGSe MCs thin film was found to be 4.39 mA. The CIGSe MCs
thin film showed the photocurrent in the mA whereas CIGSe

RSC Adv., 2019, 9, 35197-35208 | 35205
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drop casted CIGSe MCs thin films.

NCs thin film showed photocurrent in the pA.**® The obtained
photocurrent (3-orders magnitude high) of thin film prepared
from MCs ink could be due to the low density of grain bound-
aries because of larger (~1.5 pm) sized grains, which are
beneficial to reduce the recombination rate of charge carriers.
Thin films made from CIGSe NCs ink showed lower photocur-
rent, due to the presence of smaller (<50 nm) sized grains
leading to a high density of grain boundaries that can serve as
recombination centers.

Solar cell performance

As a proof of concept, thin films casted from CIGSe NCs*® and
MCs ink were tested as an absorber layer in solar cells fabricated
with a conventional structure of Mo/CIGSe/CdS/i-ZnO/Al-ZnO/
Ag. The thickness of Mo, CIGSe, CdS, i-ZnO and Al-ZnO were

Table 2 Hall-effect measurement of CIGSe thin films
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(a) XRD pattern, (b) Raman spectrum, (c) FE-SEM image (planar) and the inset shows the EDS composition and (d) cross-sectional image of

950, 1000, 50, 50 and 150 nm respectively. Fig. 9 shows the J-V
characteristic measured under the illumination of AM 1.5G
solar simulator (100 mW cm ™ ?) and the total area of solar cells
was 0.4 cm”. From the figure, the CIGSe MCs thin films showed
substantial enhancement in the open circuit voltage (V,.), short
circuit current density (Js.) and fill factor (FF). Besides, the
CIGSe MCs thin film demonstrated the PCE of 0.59% which is
14.75 times higher than CIGSe NCs thin film. This is because of
microsized grains reduced the grain boundaries, scattering
centers and traps for photogenerated carriers. According to the
results, we believe that, microsized grains downgrades the
interfacial area that suppresses charge trapping and recombi-
nation.® In addition to that, photogenerated carriers could be
easily collected without massive encounters with impurities and
bulk defects** since microsized grains have higher mobility and

Carrier Resistivity Mobility
Thin films Deposition process Conductivity type concentration (cm ™)  (Q cm) (em®>V™'s™") Ref.
Cug o4(Ing ,Gag 3)Se, 3-Stage co-evaporation p 2.1 x 10%° 29.3 — 37
Cu(Iny ,Gay 5)Se, Pulsed laser deposition (at 500 °C) p 6.79 x 108 0.488 1.89 38
CulnSe, Nanoplate ink coating p 1.4 x 10*° 0.9055 0.479 39
Cu(Ing ;5Gag»5)Se,  NCs ink coating p 1.95 x 10*® 2.41 2.92 4
Cu(Ing 70Gag30)Se;  NCs ink coating p 2 x 10" 2.03 3.24 36
Cu(Ing 70Gag 30)Se;  MCs ink coating P 2 x 10" 0.37 11.92 Present study
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lower bulk defects. However, the achieved PCE from CIGSe MCs
is too low as compared to the vacuum process.® The PCE of solar
cells could be enhanced in the future by optimizing process
parameters of other layers such as CdS, i-ZnO and Al-ZnO
which plays an imperative role in the process of converting solar
energy into electrical energy.

Conclusion

In summary, quaternary CIGSe MCs were synthesized using
a facile one-pot heating-up method. The formation mechanism
evolved from binary B-CuSe to CIGSe by gradual incorporation
of In** and Ga®" ions into the B-CuSe crystal lattice. The large-
scale synthesis was performed using the same procedure by
increasing the amount of precursors and solvent to 10-fold,
which showed a high reaction yield of 90% while maintaining
control over the pure phase, band gap energy, composition,

This journal is © The Royal Society of Chemistry 2019
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morphology and particle size. Moreover, the CIGSe MCs ink was
formulated and drop casted as thin films. The electrical and
photoresponse properties of CIGSe MCs thin film were greatly
enhanced. The applicability of CIGSe MCs as an absorber layer
in thin film solar cells was tested which demonstrated the PCE
of 0.59%. In future, the proposed approach in this work, could
give a new vision to scale-up the solution process for the prep-
aration of other light absorbing semiconductor materials with
microsized grains for solar cell applications.
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