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Abstract—An “ink” solution based process, using spin-coating technique, followed by annealing in selenium environment
with different temperature programs was utilized to prepare CIGSe thin films. Herein, the Culn,;Ga,;Se, nanocrystals were
synthesized using ethanol - a “green” solvent. Three different solvents: 2-propanol, 2-methoxyethanol, and their 2: 1 mixture
(v/v ratio), were investigated as a dispersion medium for the as-synthesized CIGSe nanocrystals to form a stable ink solution.
The last one- a mixture of 2-propanol : 2-methoxyethanol=2:1 (v/v), was found to be the most suitable. Furthermore, the
influences of various annealing modes on the CIGSe grain size and density in the resulting film were also studied. The as-pre-
pared CIGSe thin film was around 1 pm thick and possessed a tetragonal structure. A newly developed cheaper and “greener”
non-vacuum process was applied successtully from the synthesis of nanocrystals to the formation of ink solution, and pro-
duced high quality thin films; this opens a new route to the cost-competitive commercialization of CIGSe thin film solar cells.
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INTRODUCTION

Chalcopyrite Culn,Ga, ,Se, (CIGSe) compounds have been known
as semiconducting materials that have a direct band gap in the range
of 1.0-1.7 eV and high optical absorption coefficient &>10’cm™
[1,2]. Therefore, much effort has been made to prepare CIGSe thin
film as an effective light-absorbing layer for thin film solar cell indus-
try, and the efficiency of CIGSe solar cell has reached 23.35% recently
[3]. However, the cost of fabrication is very high and energy con-
sumption is significant, because these thin films were prepared by
vacuum-based deposition methods such as sputtering [4-8] and
co-evaporation [9-14] which require sophisticated equipment. On
the other hand, the impurities from the substrates also significantly
affect the performance of thin film solar cells, which results from
high temperature employed in vacuum-based techniques.

To minimize these issues, many studies have been done on non-
vacuum methods such as printing [15-18], dip coating [19], drop
casting [20], supersonic kinetic spraying [21,22], spin coating [23,
24], electro-deposition [25,26], doctor blading [27,28], solvother-
mal [29], milling process [30] and hot injection [31] to develop a
low-cost manufacturing method of CIGSe thin film. However, these
methods are solution-based processes typically involving toxic organic
solvents such as trioctylphosphine, tributylphosphine, polyether-
amine, ethylenediamine and hydrazine (very toxic if inhaled), which
are harmful to the environment as well as people’s health, or the
solvents having a high boiling point such as oleyamine, octadec-
ane, polyetheramine resulting in high reaction temperatures up to
280 °C and producing carbon residues in the resulting thin films.
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In this paper, we present a new methodology to prepare thin
films from CIGSe nanocrystals by spin coating method. Herein,
CIGSe nanocrystals were synthesized using “green” solvents - eth-
anol by sonochemistry. The fabrication of a thin film by spin coat-
ing is challenged by the need to find a suitable but less toxic solvent
compared to hydrazine as previous reports, into which the as-syn-
thesized CIGSe nanocrystals could be well dispersed resulting in
stable “ink” solutions [32,33]. Furthermore, in the manufacture of
CIGSe thin film solar cell, a grain size is expected in the range 1-
2 pm. Thus, we also attempted to optimize the annealing step to
improve CIGSe grain size of resulting thin film. Note that no long
hydrocarbon chains containing ligands were applied in any of the
processes involved, so this is a surfactant-free procedure.

According to a literature survey [34-36], the composition of
Culn,Ga,_,Se, compound should be Culn,,Ga,;Se, to give the best
efficiency in CIGSe thin film solar cells. Therefore, in the present
work, we targeted to prepare thin film from the as-synthesized
Culny;Ga,;Se, nanocrystals.

EXPERIMENTAL DETAILS

All chemicals CuCl (99.99%), InCl; (99.999%), Ga(NO;);. xH,0
(99.9%), Se (99.99%) sodium borohydride (NaBH,), 2-propanol
(GH,0, 99.5%), ethyl alcohol (C,HsOH, 99.5 %) and 2-methoxyeth-
anol (C;HgO,, 99.3%) were products of Sigma Aldrich and used as-
received. The applied equipment included a VCX 750 Sonic & Mate-
rials ultrasonic processor (P=300 W, f=20kHz), a furnace machine
(Lenton Thermal Designs) and a spin coater ACE-200.

1. Synthesis of CIGSe Nanocrystals

CIGSe nanoparticles were synthesized following the procedure
that we reported previously [37]. Briefly, Se powder was dissolved
in two beakers containing NaBH,/C,H;OH solution to form Se
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precursor solution. When these reddish-brown solutions became
transparent, gallium nitrate and indium chloride were loaded into
each beaker separately, and at that time the solutions changed
from transparent into the turbid colloidal solutions with yellow
precipitates. Subsequently, these two colloidal solutions were
mixed with each other, followed by adding copper chloride. The
resulting deep black colloidal suspension was ultrasonicated 5h at
room temperature. The black precipitates were centrifuged, rinsed
three times with distilled water and twice with ethanol, then dried
at 50 °C for 7 h in drying oven.
2. Formation of Thin Film from a CIGSe Nanocrystals Ink
Based Spin Coating Method

The thin film was fabricated by ink solution based coating method.
To prepare an ink solution, we studied dispersing the as-synthe-
sized nanocrystals in three different solvents: 2-propanol, 2-meth-
oxyethanol and solvent mixture of 2-propanol and 2-meth- oxyetha-
nol (2:1 v/v ratio). These mixtures were constantly stirred for 24 h,
and then these colloidal solutions were kept stable for one month
to observe the stability of ink solution. This step aims to find the
suitable solvent as a medium of dispersion for CIGSe ink solution.

The as-prepared ink solution was coated on Mo-coated soda
lime glass by spin coater (6,000 rpm, 40's) to form thin film. The
spin-coated films were then annealed under nitrogen and selenium
atmosphere with various temperature programs to optimize grain
size and density of the CIGSe thin film. The furnace machine is
type of two zone furnace. Selenium powder was put in first zone
and CIGSe film was in second zone. Temperature of first zone was
always controlled at around 240 °C in all various annealing modes
to selenium powder forming selenium vapor supplying to CIGSe
film. In the second zone, the temperature program was changed in
each annealing mode as follows:
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The products were analyzed by various techniques. Raman spec-
troscopy (XploRA plus Horiba), powder X-ray diffraction (XRD,
PANalytical, XPert-PRO MPD) and thin film X-ray reflectometry
(PANalytical, X’Pert-PRO) were used to characterize the crystal
structure of the as-synthesized product. The XRD patterns were
recorded using Cu/Ko radiation (4=1.056). The Raman spectra
were measured at room temperature using 532 nm Laser as an
excitation light source. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a Thermo scientific K-alpha spec-
trometer using Al Ko monochromatized radiation to investigate
the valence states of the elements in the products. Inductively cou-
pled plasma atomic emission spectroscopy (ICPS, ICPS 8100 Shi-
madzu system) was employed to analyze composition of elements
in the as-synthesized products. Transmission electron microscopy
(TEM, Philips CM-200) and scanning electron microscopy (SEM,
Hitachi S-4800) were used to characterize the size and morphol-
ogy of nanoparticles and thin film. The transmittance spectra were
measured on a Cary 5000 UV-vis-NIR spectrophotometer (Varian)
to calculate the band gap energy (E,) of the as-synthesized CIGSe
thin film. Hall effect measurement was carried out on Nanometrics
hall measurement (HL5500) to characterize the electrical proper-
ties of the as-synthesized product.

RESULT AND DISCUSSION

1. Synthesis of CIGSe Nanocrystals

The structural properties of the as-synthesized products were
analyzed by X-ray diffraction XRD. From XRD patterns in Fig. 1,
we could easily observe that five main index planes of (112), (220),
(312), (400) and (332) were obtained. These are typical planes for
tetragonal structure as well as Culn,,Ga,;Se, compound accord-
ing to the reference JCPDS 035-1102. Besides, there are no signs of
impurity in the overall XRD patterns, indicating only Culn,,Ga,;Se,
nanocrystals formed in the process. Raman spectroscopy was also
applied to confirm the structure of the as-synthesized nanoparticles
and detect the presence of any secondary phases. A mode peak in
Fig. 2 appears clearly at 176-177 cm ', which is a strong peak gen-
erally observed in the Raman spectrum of Cu(In,Ga,_,)Se, com-
pound. This mode was rather higher than the 172-174 cm™ for pure
CulnSe, resulting from the presence of gallium element [38,39].
Besides, there was no shoulder peak of Cu,Se centered at around
260 cm™', indicating that Cu,Se did not involve as an impurity in
the as-synthesized products. This matches well with the above
XRD result.

The morphology and size of the CIGSe nanoparticles were meas0-
ured by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) in Fig. 3. The images show that the
as-synthesized nanoparticles had a quasi-spherical shape and uni-
form size of around 10 nm.

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the valence states and composition of the elements in the as-
synthesized. The Cu 2p, In 3d, Ga 2p and Se 3d core levels were
studied, respectively. Fig. 4 shows that their obtained binding ener-
gies are in accordance with those reported for CIGSe compounds
[40-42]. Furthermore, the Cu 2p core level spectrum in Fig. 4(a)
exhibits that the binding energies for Cu 2p,,, and Cu 2p,, are
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Fig. 1. XRD pattern of the CIGSe nanocrystals prepared with 5 h ultrasonification time.
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Fig. 2. Raman spectra of the as-synthesized CIGSe nanocrystals with 5 h ultrasonification time.

951.88 eV and 932.18 eV, respectively, and the full width at half
maximum for peak Cu 2p,, is only 1.22 eV. These values match
well with values reported for Cu(I) 2p binding energy [43]. On the
other hand, there was no typical shoulder peak of Cu** detected in
the obtained spectrum. Hence, it can be concluded that only Cu*

December, 2019

exists in the as-synthesized products.

The stoichiometry of the as-synthesized products was deter-
mined by applying Vegard’s law [44,45] to their XRD data obtained.
ICPS and XPS results were also evaluated for this purpose. Table 1
reveals that there are small deviations from the obtained results.
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Fig. 3. SEM (a) and TEM (b) images of the CIGSe nanocrystals with 5 h ultrasonification time.
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Fig. 4. XPS core-level spectra: Cu 2p (a), In 3d (b), Ga 2p (c), and Se 3d (d) of as-synthesized Culn,,Ga,;Se, nanocrystals.

Table 1. Chemical composition of the as-synthesized CIGSe compounds

Target compound

Composition calculated by Vegard’s law
(atomic ratio, Cu/In/Ga/Se)

Composition measured by XPS
(atomic ratio, Cu/In/Ga/Se)

Composition measured by ICPS
(atomic ratio, Cu/In/Ga/Se)

Culny,Gay;Se,

1:0.67:0.33:2

1:0.82:0.37:1.81

1:0.84:0.29:1.89

Korean J. Chem. Eng.(Vol. 36, No. 12)
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Fig. 5. The images of colloidal solutions with different dispersion mediums: 2-propanol (a), 2-methoxyethanol (b) and solvent mixture of 2-
propanol and 2-methoxyethanol (c) after being kept in 1 month.

Qf g # 7 A

Fig. 6. The images of the spin coated films by 2-propanol solvent based ink solution (a), and solvent mixture based ink solution (b).

However, we could see that the composition of elements is close to
the target compound (Culn,,Gay;Se;).

2. Formation of Thin Film from a CIGSe Nanocrystals Ink
Based Spin Coating Method

The images in Fig. 5 reveal the level of stability of each solution
(after being kept stable in one month) when the as-synthesized
CIGSe nanocrystals were dispersed in three different solvents: 2-
propanol, 2-methoxyethanol and solvent mixture of 2-propanol
and 2-methoxyethanol (2: 1 v/v ratio).

Fig. 5(a) shows that there is a slight agglomeration of colloids
in 2-methoxyethanol solvent. However, these colloids seem to be
dispersed well in 2-propanol solvent and solvent mixture of 2-
propanol : 2-methoxyethanol; hence, the ink solutions were stable
as shown in Fig. 5(b) and (c). This might be because the value of
surface tension of 2-methoxyethanol (42.8) is higher than 2-pro-
panol (23.3); thus, it is more difficult to disperse CIGSe nanocrys-
tals in 2-methoxyethanol solvent. However, the spin coated film
from the 2-propanol solvent based ink solution was not uniform
(Fig. 6(a)), and a little bit of solvent still remained on film even if

December, 2019

we increased the speed to 8,000 rpm, perhaps because the value of
viscosity of 2-propanol was high (2.04 cP). Indeed, for solvent mix-
ture of 2-propanol and 2-methoxyethanol (the viscosity is 1.72 cP),
the film formed really smooth and no solvent remained after spin
coating (Fig. 6(b)). Therefore, this solvent mixture was chosen as
dispersion medium to form CIGSe ink solution and all the thin
films were deposited by spin coating from this ink solution used
for the annealing step.

Three different annealing modes were conducted to optimize
grain size as well as density of the CIGSe thin film. For the thin film
of the first annealing mode, we could easily observe that the size
of the as-synthesized CIGSe nanoparticles in thin film increased
significantly, but the density of thin film was not good, as many
voids appeared in the film (Fig. 7). Maybe it is due to the rapid
evaporator of the solvent at 500 °C leaving many holes in thin film.
However, in the second annealing mode, the image in Fig, 9 shows
that the density of film was better than the first annealing mode.
This may be explained as follows: temperature was held at 90 °C in
first 10 min, helping the evaporation of solvent occurring slowly;
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Fig. 7. Cross-section SEM image of CIGSe thin film with the first Fig. 9. Cross-section SEM image of CIGSe thin film with the third
annealing mode. annealing mode.

Fig. 8. Cross-section SEM image of CIGSe thin film with the sec-
ond annealing mode.

Fig. 10. Surface SEM image of CIGSe thin film with the third anneal-
ing mode.
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Fig. 11. XRD pattern of CIGSe thin film after being annealed with the third annealing mode.
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besides, temperature was kept at 215°C in next 10 min favoring
the gradual melting of selenium in CIGSe compound, and thus
had the time to stick nanoparticles together. However, tempera-
ture of 450 °C in the last 40 min was not enough to expand the
size of CIGSe nanoparticles as the first annealing mode. Indeed,
for the thin film of the third annealing mode, when temperature of
the last 40 min was changed into 500 °C, the size of CIGSe nanopar-
ticles increased much more (Fig. 9). Fig. 9 also shows the thick-
ness of thin film to be about 1 pm; this is in range of thickness of
CIGSe absorber layer for fabricating CIGSe solar cell. Fig. 10 pres-
ents surface morphology of thin film of the third annealing mode;
the image shows grain sizes of the CIGSe compound in the range
of 200-500 nm, significantly increasing in comparison with the as-
synthesized CIGSe nanoparticles. As such, the third annealing mode
is most suitable among the three annealing modes tested, even
though some voids still exist in thin film. However, this is the nature
of the method, which prepared the ink solution based thin film.

The thin film annealed with the third annealing mode was charac-
terized with XRD to confirm the structure of CIGSe compound.
Fig. 11 shows that the XRD pattern of CIGSe compound was ob-
tained as expected. Some other peaks also appeared, indicating the
presence of Mo substrate and MoSe, phase forming in the anneal-
ing process. However, the formation of a MoSe, layer at the back
interface between CIGSe thin film and Mo substrate under a sele-
nium atmosphere has been reported in the literature [46-48]. The
presence of MoSe, layer is beneficial for an increase in ohmic con-
tact at the CIGSe/Mo back interface, and it also supports the adhe-
sion of the CIGSe layer on the underlying back contact [49-52].

Hall effect was measured with magnetic field intensity of 0.32 T
and current of 0.0021 mA. The result showed that the as-prepared
CIGSe absorber layer exhibited p-type conductivity with hole con-
centration (n,) of 7.876x10" cm >, the carrier mobility () of 22.2
cm’/V-s and resistivity (o) of 0.3574 ohm-cm.

The optical property of the annealed CIGSe thin film was ana-
lyzed by UV-Vis-NIR spectroscopy. The bandgap energy (E,) value

(a.hv)?

T T T T T T T T T
1.0 15 2.0 2.5 3.0 3.5
Photon energy (eV)

Fig. 12. Plot of (¢h1)’ versus photon energy hv of CIGSe thin film
after being annealed with the third annealing mode.
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was evaluated from the measured transmittance spectra data by
using Tauc’s relation:

ahv=A-(h V—Eg)”2

where « is the absorption coefficient, hv is the photon energy. In
Fig. 11, the band gap energy of the film was estimated about ~1.3-
1.4V by extrapolating (a-h1)’ vs hv plot. This value is close to
the Culn,,Gay;Se, compound in the literature.

CONCLUSIONS

CIGSe thin films were prepared by spin-coating method using
a greener procedure with ethanol solvent for synthesis of the CIGSe
nanocrystals and solvent mixture of 2-propanol and 2-methoxyeth-
anol for the stable ink solution as a dispersion medium. The films
annealed with temperature program-90°C in the first 10 min,
215°C in the next 10 min and 500°C in the last 40 min were real-
ized that the grain size and density improved dramatically. The results
obtained from characterizations by X-ray diffraction, Raman, XPS,
SEM, TEM, ICPS, Hall Effect and UV-Vis revealed that the thin
films possess typical tetragonal crystalline structure and similar
band gap to those reported for CIGSe thin film. The thickness of
the film was around 1 pum, which is in range of thickness of absorber
layer for fabricating CIGSe thin film solar cells.
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