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We demonstrate production of high-quality Cu(InGa)(SSe)2 (CIGSSe) ﬁlms by high-rate supersonic spray
deposition. This technique is unique in creating particle-based ﬁlms without introducing impurities,
because no additives or binders are used. The thin ﬁlm deposition process was investigated computationally, to understand the pulverization of the incoming particles. These simulations were consistent
with experimental observations. Grain growth was improved by adding a 300-nm copper layer atop the
CIGSSe ﬁlm; selenization of the resulting bilayer produced a CuSe liquid ﬂux that assisted the sintering
process. The ﬁnal CIGSSe ﬁlm-based solar cell had a conversion efﬁciency of 5.49% with Jsc ¼ 18.73 mA/
cm2, Voc ¼ 0.488 V, and FF ¼ 59.99% in an active area of 0.44 cm2.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Cu-In-Ga-Se (CIGSe) solar cells have attracted attention worldwide because they have excellent electronic and optical properties
[1,2] such as a direct bandgap and high absorption coefﬁcients. The
best CIGSe thin-ﬁlm solar cell yet reported has a conversion efﬁciency of 21.7% [3]. However, this high-efﬁciency CIGSe thin ﬁlm
was created using high vacuum techniques, such as co-evaporation
and sputtering, which are difﬁcult to apply in mass production.
Fabrication of CIGSe ﬁlms by expensive vacuum techniques has
hindered the cost-competitive production of solar cells, and
development of low-cost non-vacuum processes will be important
in expanding the production of CIGSe solar cells [4e6].
Non-vacuum processes are typically based on solution-type
precursors containing organic solvents and polymer binder
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materials. These are directly deposited onto substrates via printing,
electroplating, dip-coating, spraying, or spin-coating [7e9]. The
organic additives and binders induce impurities, such as residual C,
in the ﬁnal CIGSe ﬁlm after annealing [10,11]. Residual C-containing
compounds have been reported to cause high series resistance in
photovoltaic devices, as well as poor interfacial adhesion between
CIGSe ﬁlms and the typical Mo substrate [10,11]. To overcome this
residue-related problem, a hydrazine-based solution process was
introduced for CIGS ﬁlm deposition, with a reported efﬁciency of
15.2% [12e15]. However, hydrazine is both highly toxic and
explosive, hindering its use in industrial-scale mass production.
The C-containing layers can also be removed by multi-step heat
treatment processes [16]; however, the complete removal of impurities by this method seems to be impossible [17].
The solution processes also suffer from inefﬁcient layer packing,
which hinders intergranular cohesion and interlayer adhesion. Poor
cohesion and adhesion generate pores and cracks in the ﬁnal ﬁlm,
which can generate shunt currents that eventually reduce the
open-circuit voltage (Voc) and ﬁll factor (FF). To circumvent these
challenges, Eldada et al. [18] suggested a reactive transfer printing
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method. Lim et al. [19] demonstrated the use of cold-isostatic
pressing (CIP), which densiﬁed the absorber layer and improved
the microstructure of Cu-In-Se (CISe) ﬁlms. However, the additional
processes necessary for physical and cold-isostatic pressing appear
to be both complex and expensive. A simple deposition method is
still required to realize the low-cost production of thin-ﬁlm solar
cells.
We introduce a supersonic spray-coating technique for the
fabrication of Cu(InGa)(SSe)2 (CIGSSe) thin ﬁlms under low vacuum
conditions. The technique can be extended to roll-to-roll processing
and has the advantages of using pure dry CIGSSe particles without
binders or additives, rapidly producing ﬁlms in tens of seconds to a
few minutes, dense and compact layer formation from supersonic
impact and pulverization, and potential scalability by using multiple spray nozzles and roll-to-roll processing.
Supersonic kinetic spraying is traditionally utilized for the
fabrication of ceramic layers such as Pb(Zr,Ti)O3, a-Al2O3, Y2O3, YSZ,
AlN, and MgB2[20]. To the best of our knowledge, the technique has
not yet been used for the thin-ﬁlm fabrication of CIGSSe. In a previous study, we computationally investigated the thin-ﬁlm deposition process of CIGSSe particles by supersonic spraying and
explored the possibility of producing ﬁlms experimentally [21].
Herein, we compare the numerical simulation of the thin ﬁlm
deposition process to real experimental results on fabrication and
testing of a solar cell.
2. Experimental
2.1. Preparation of the CIGSe ﬁlm
CIGSe powder (d50 ~177 mm, compound atomic ratio 1 (Cu):1
(In þ Ga):2 (Se)) was purchased from Changsha (China). The CIGSe
powder was crushed by a jet-mill system because the original
particle size was too large to use in the kinetic spray system. This
jet-mill process created CIGSe particles with an average size of
~0.8 mm. The reduction in particle size was expected to improve the
quality of the deposited ﬁlms and decrease cracking or damage in
the Mo substrate. Particle size was conﬁrmed to be important in
particle acceleration [21e25]. The prepared CIGSe particles were
fed through the supersonic nozzle by a powder feeder and then
accelerated by supersonic ﬂow. The deposition chamber was
evacuated to permit supersonic ﬂow. The nozzle coated the Mocoated glass substrate between two and eight times to form
dense CIGSe ﬁlms with thicknesses of ~0.8e2.5 mm. The substrate
was located 10 mm from the nozzle, which was installed onto a
controllable x-y moving stage that could move at a maximum rate
of 12.5 mm/s. The deposition coating time to generate a ~1.0-mmthick CIGSe ﬁlm was ~10 s. The substrate was heated and maintained at 200  C during spraying. The as-deposited CIGSe ﬁlms
were cleaned by N2 gas to remove residual particles from the ﬁlm
surfaces.
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(Sigma-Aldrich, 0.07 g) was distributed evenly on the graphite
plate. The container was covered with a quartz plate to prevent
the leakage of Se gas. The RTP furnace for selenization was closed
and purged with N2 gas to prevent the undesired oxidation of the
CIGSe ﬁlm. A schematic of the selenization process is presented
in Fig. S1.
2.3. Cell fabrication
The solar cells were fabricated with a conventional Mo/CIGSSe/
CdS/i-ZnO/n-ZnO/Ni/Al structure. Mo-coated soda-lime glass was
used as the substrate, where the Mo coating of ~1.0 mm in thickness
was deposited by DC magnetron sputtering. The CdS buffer layer of
60 nm in thickness was prepared on a CIGSSe absorber by chemical
bath deposition (CBD), and transparent conducting oxide layers of
i-ZnO (50 nm)/Al-doped ZnO (400 nm) were deposited by radiofrequency magnetron sputtering. The Al grid (1.6 mm) was prepared by thermal evaporation as the current collector. The active
area of the completed cell was 0.44 cm2.
2.4. Characterization
The morphologies, compositions, and crystalline structures of
the precursor ﬁlms and the selenized ﬁlms were investigated by
high-resolution scanning electron microscopy (HRSEM, XL30SFEG
Phillips Co., The Netherlands, 10 kV), energy dispersive spectroscopy (EDS, EDAX Genesis Apex, acceleration voltage, 30 kV;
collection time, 100 s; with a standardless method), and X-ray
diffraction (XRD, Rigaku Japan, D/MAX-2500, with Cu Ka radiation), respectively. The compositional proﬁle and the depth of the
selenized ﬁlm were determined by Auger electron spectroscopy
(AES, PerkinElmer, SAM4300). The powder and ﬁlms were structurally characterized by transmission electron microscopy (TEM,
FEI Co., Tecnai F20) and FIB (FEI Helios NanoLab 600, USA). Device
performance, characterized by the conversion efﬁciency and the
external quantum efﬁciency (EQE), were measured with a class
AAA solar simulator (WXS-155S-L2, WACOM, Japan) under AM1.5
conditions.
3. Results and discussion
Fig. 1 schematically shows the kinetic spray-coating technique
used for CIGSe particle deposition. The kinetic spray system consists of a gas tank, powder feeder (Praxair 1264i, USA), supersonic
nozzle, vacuum chamber, 2D x-y stage, booster pump, and vacuum
pump. CIGSe powder is fed and accelerated into a de Laval nozzle
with an air injection pressure of P0 ¼ 2 bar and gas temperature of
T0, deﬁned as room temperature of 25  C. More details on the
experimental setup are available in the referenced literature
[26e29]. The operating conditions of the kinetic spray system are
summarized in Table 1.

2.2. Post-processing

3.1. Modeling

Heat treatment under H2S was found to remove O from the
as-deposited CIGSe ﬁlm. The O was trapped within the ﬁlm
because air was used as the carrier gas to make the ﬁlms [17].
The as-deposited CIGSe ﬁlms were annealed at 500  C for
20 min with a ramp-up speed of 25  C/min in the H2S (1%)/N2 gas
ﬂow, with a ﬂow rate maintained at 100 sccm. The selenization
of the CIGS ﬁlm was performed using rapid thermal processing
(RTP) in a quartz tube. We fabricated a custom container for
stable selenization, made of quartz and consisting of three
layers. The CIGSe ﬁlm was placed on the bottom layer; a porous
graphite plate was placed in the middle layer. Then Se powder

In the experiment, the speed of CIGSe particle impact on the
substrate could not be measured, because the particle velocity,
accelerated by supersonic ﬂow, was too high. For this reason, Ansys
Autodyn simulations were performed to study the collision of highspeed CIGSe particles with the Mo substrate. AUTODYN is
commonly used to study a wide variety of explosion and impact
processes [30]. The simulation models were validated in our previous study [21] and the impact phenomena of single and multiple
(18 simultaneous) CIGSe particles were investigated. In this study,
we prepared a simulation with 90 CIGSe particles of non-spherical
shapes to the process of formation of the dense CIGSe thin ﬁlm. The
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Fig. 1. Schematic of kinetic spray-coating process.

materials models used in simulation to the particle impact on the
substrate and the coating mechanism are summarized in the
Supporting Information.
Many previous studies [31e34] have investigated single- and
multiple-particle impact using spherical particle shapes in simulations. However, in reality, particles are not spherical but irregular
in shape. In the simulation of the experiment, the CIGSe particles
were set with hexagonal shapes of 0.8 and 1.2 mm height and
width, respectively. In order to simulate the coating process
depending on the path of motion, the distance between the particles was 0.5 mm and the 90 particles were distributed at an angle
of 30 relative to the substrate surface. The number of ﬁnite elements per each particle was set to 630. The total number of elements in the substrate was set to 504,000. The substrate was a
double layer of Mo-coated soda-lime glass. During the kinetic
spraying, the CIGSe particle velocity was calculated by the selfselective method of particle velocity [35] and was ~200 m/s,
exceeding the critical impact velocity of 150 m/s [32]. From our
previous study, we knew that the particle velocity of ~200 m/s
could form a CIGSe thin ﬁlm without damaging the Mo substrate
[21].

Table 1
Operating conditions of kinetic spray.
Pressure in deposition chamber [torr]
Propellant gas
Powder
Particle velocity [m/s]
Stand-off distance [mm]
Gas temperature [K]
Substrate temperature [K]
Consumption of propellant gas [l/min]
Traverse speed [mm/s]
Number of passes

0.4
Air
CIGSe
200
10
300
473
3e8
12.5
2e8

3.2. Multiple-particle impact
Fig. 2 presents the impact of the simulated CIGSe particles on
the Mo substrate over a period t of 80 ns in two-dimensional space,
where t is the impact time. The results show that the irregular
CIGSe particles make impact with the Mo substrate and form a
dense ﬁlm. The impacted particles are pulverized and compressed
by other particles to form a ﬁlm of CIGSe on the substrate. The
highest temperature Tmax ¼ 1266 K is observed at the interface
between the particles. This temperature is lower than the 1300 K
melting temperature of CIGSe [36]. Therefore, melting is not predicted to occur due to the thermal energy generated during the
collision of the particles with the substrate. However, the
heat generated by the impact of each particle improves the
binding between the particles, forming a dense ﬁlm with strong
adhesion [32].
Fig. 3 compares the simulated particle impact at t ¼ 80 ns (Fig. 2)
and a cross-sectional scanning electron microscopy (SEM) image of
the experimentally deposited CIGSe ﬁlm. Fig. 3(a) and (b) conﬁrms
three results as follows: First, the particle speed (Vp ¼ 200 m/s)
does not damage the Mo substrate. This is important, as the Mo
substrate acts as the back electrode for the solar cell; damage to it
would directly affect the cell performance. Second, in the multipleparticle impact, the morphologies of the simulated and experimental pulverized particles are similar, as marked by the circles in
Fig. 3. Third, a dense and adherent thin ﬁlm is formed. The thermal
energy provided by the impact of pulverized particles is sufﬁcient
to densify the ﬁlm. To verify the density and the adhesion of
deposited CIGSe thin ﬁlms, we prepared two types of CIGSe ﬁlms,
using a 3-stage co-evaporation process and kinetic spraying,
respectively. Scratch tests were performed on these CIGSe ﬁlms
using a revetest scratch tester (RST, CSM Instrument, Switzerland).
A diamond needle tip with 100 mm radius moved 10 mm along the
deposited CIGSe ﬁlm with a normal force ranging from 1 to 10 N.
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Fig. 2. Local temperature distribution of multiple CIGSe hexagonal particles impacting Mo substrate. (Vp is the particle velocity, t is impact time).

The needle was scanned at a strength rate of 2 N/min. The average
values of critical load in the deposited CIGSe ﬁlms prepared by 3stage co-evaporation process and kinetic spray were determined
to be 4.51N and 3.13N, respectively. Thus, the mechanical strength
of the two ﬁlms was similar. Qualitatively, the ﬁlm deposited by
kinetic spraying was more adherent to the Mo substrate than the
ﬁlm deposited by co-evaporation. This veriﬁes that dense CIGSe
thin ﬁlms can be fabricated by kinetic spraying.
3.3. Analysis of CIGSe powder and as-deposited ﬁlm
The CIGSe particle sizes were measured by a Mastersizer 3000

apparatus (Malvern, UK) with an average size of ~0.8 mm, as shown
in Fig. 4(a). The inset is an SEM image of CIGSe particles crushed by
jet-milling. As shown, the CIGSe powder particles are irregular in
shape. The CIGSe particles were deposited on the Mo substrate by
kinetic spraying to form a dense CIGSe thin ﬁlm. An SEM image of
the as-deposited CIGSe ﬁlm is shown in Fig. 4(b), displaying uniformity and a thickness of ~1.6 mm.
In the jet-milling process, no impurities were formed, as veriﬁed
by the X-ray diffraction (XRD) results presented in Fig. 5. Based on
JCPDS #35-1102, the main XRD peaks at 26.92, 44.68, and 52.92
can be assigned to the (112), (220)/(204), and (312)/(116) faces,
respectively, of the crystal structure of CIGSe [37,38]. The lattice

Fig. 3. (a) Simulated CIGSe thin ﬁlm at t ¼ 80 ns and (b) CIGSe thin ﬁlm deposited by kinetic spray.
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Fig. 4. (a) CIGSe particle size distribution (inset SEM image of CIGSe powder) and (b) SEM image of as-deposited CIGSe ﬁlm by kinetic spray.

Fig. 5. X-ray diffraction (XRD) data of CIGSe raw powder and as-deposited ﬁlm. Inset: transmission electron microscopy (TEM) selected area electron diffraction patterns of the
CIGSe powder and ﬁlm.

constants reﬁned from the XRD data are a ¼ 5.723 Å and
c ¼ 11.457 Å, with c/2a ¼ 0.9997. These lattice parameters and the c/
2a ratio calculated from the XRD data conﬁrm that the crystal
structure of the CIGSe particles was tetragonal chalcopyrite. Minor
peaks at 17.12, 28, and 35.85 corresponding to the (101), (103), and
(211) peak positions, respectively, are characteristic of the chalcopyrite structure [39]. The main peaks of the CIGSe ﬁlm, correlating
to the (112), (220)/(204), and (312)/(116) faces, are found in the
pattern from the deposited ﬁlm, matching that of the powder. This
conﬁrms that no phase transitions or formation of secondary
phases occur during CIGSe ﬁlm deposition. The crystallite sizes of
the CIGS raw powder and as-deposited CIGSe ﬁlm are summarized

Table 2
Lattice parameters of CIGS powder and as-deposited ﬁlm at (112) peak.
Sample

CIGSe raw-powder
as-dep CIGSe ﬁlm

Lattice parameter [Å]
a

c

5.723
5.781

11.457
11.609

Crystallite size [nm]

33.7
24.1

in Table 2. The broadening of the (112) peak of the CIGSe ﬁlm
compared to that of the raw powder conﬁrms the decrease in
crystallite size of the CIGSe ﬁlm. The crystallite sizes of the CIGSe
powder and as-deposited CIGSe ﬁlm are 33.7 and 24.1 nm,
respectively, as determined by the Debye-Scherrer relation. The
crystallite size is decreased by fracturing upon high-velocity impact
of the particles with the substrate in the kinetic spraying process
[20,26,40]. These results are well matched with those from our
previous study [21]. In order to further investigate the crystal
structure of the CIGSe powder and as-deposited CIGSe ﬁlm,
selected-area electronic diffraction (SAED) patterns from TEM images are shown in the inset of Fig. 5. The SAED patterns of the CIGSe
powder and as-deposited CIGSe ﬁlm show the (112), (204), and
(312) lattice planes, in agreement with the XRD data. The SAED
patterns also show apparent hexagonal spots.
The composition of the CIGSe particles was analyzed by energydispersive X-ray spectroscopy (EDS). The results of the EDS analysis
of the powder (not shown here) were averaged 10 times to determine a ﬁnal composition of Cu1.0In0.7Ga0.24Se1.74. To conﬁrm the
composition of the as-deposited CIGSe ﬁlm, we conducted EDS
analysis, as presented in Fig. 6. For the EDS analysis, a 0.4-mm-thick
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sample of the as-deposited CIGSe ﬁlm was prepared to the requirements of the focused ion beam-SEM (FIB-SEM) apparatus. The
cross-section of the as-deposited CIGSe ﬁlm is characterized by the
EDS line proﬁle shown in Fig. 6(a). According to the EDS proﬁle, the
composition of the ﬁlm is estimated to be Cu1.0In0.67Ga0.2Se1.08 and
Cu1.0In0.75Ga0.16Se0.87 at 0.1 and 0.2 mm from the Mo substrate,
respectively. The ratio of Se in the as-deposited ﬁlm is lower than
that of the CIGSe powder. The CIGSe ﬁlm may have been oxidized
by the local heat and carrier gas (air) during the kinetic spray
process. To determine the extent of the oxidation, further analysis
of the O content in the CIGSe ﬁlm was conducted. In Fig. 6(b), the
results of elemental analysis are shown, performed by measuring
EDS at the top and bottom (near the Mo interface) of the CIGSe ﬁlm,
correlating to spectrum 1 and 2, respectively. The EDS spectra at
both points indicate the presence of O, but it is more prevalent at
the top of the CIGSe ﬁlm. CIGSe ﬁlms should be O-free to attain
better efﬁciency. Thus, H2S treatment is necessary in order to
remove the O within the ﬁlm. The heat treatment and posttreatment characterization of the ﬁlm are discussed in the
following section.
3.4. Analysis of CIGSSe ﬁlm after post-annealing process
As mentioned in the experimental section, the ﬁnal CIGSSe ﬁlm
is obtained after a two-step annealing of the as-deposited CIGSe
ﬁlm fabricated by the kinetic spray process. The ﬁrst annealing step
is sulfurization to produce a Cu(InGa)S2 (CIGS) ﬁlm, eliminating the
O from the as-deposited CIGSe ﬁlm. Next, selenization is performed
to promote appropriate grain growth in the CIGSSe ﬁlm and control
the bandgap energy. Fig. 7 depicts top-view and cross-sectional
SEM micrographs of the (a) as-deposited CIGSe ﬁlm, (b) sulfurized CIGS ﬁlm, and (c) selenized CIGSSe ﬁlm. The as-deposited
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CIGSe ﬁlm in Fig. 7(a) is crack-free and has a thickness of 1.6 mm
after six spray passes. The compacted and fractured CIGSe particles
are stacked together to form a dense ﬁlm without damaging the Mo
substrate. Fig. 7(b) shows an SEM image of the ﬁlm after the sulfurization process was performed at 500  C for 20 min. After sulfurization, the thickness of the ﬁlm is unchanged. The surface and
cross-sectional view of the ﬁlm after selenization is shown in
Fig. 7(c). The substitution of Se into the CIGS ﬁlm causes volume
expansion; voids are observed in the CIGSSe thin ﬁlm as a result. A
MoSe2 layer of ~0.3 mm thickness is formed at the interface of the
CIGSSe ﬁlm and Mo substrate.
Fig. 8(a) shows the XRD patterns of the sulfurized and selenized
CIG(S)Se ﬁlms. The (112) face orientation, conﬁrmed from the
major peak at 2q ¼ 26.9 , indicates the formation of the general
chalcopyrite structure of the CIGSe ﬁlm. The (112) peak of the
sulfurized CIGS ﬁlm is located at 2q ¼ 27.93 (JCPDS #27-0159). This
peak is shifted to a higher angle than that of the CIGSe powder and
the as-deposited CIGSe ﬁlm because of the substitution of Se with S.
The selenized CIGSSe ﬁlm pattern displays two peaks at 2q ¼ 27.16
and 2q ¼ 28.09 . The strong peak at 27.16 correlates to the typical
(112) orientation of CIGSSe, while the weak peak at 2q ¼ 28.09
indicates the formation of CIGS. In selenization, most S in the CIGS
ﬁlm was substituted with Se; however, some remains in the form of
CIGS. The peak at 2q ¼ 31.3 is attributed to the formation of
MoSe2[41,42]. This MoSe2 peak is consistent with the MoSe2 layer
shown in Fig. 7(c).
To conﬁrm the composition of CIGSSe, Auger electron spectroscopy (AES) was performed on the ﬁnal CIGSSe/CdS/i-ZnO/nZnO/grid layer-structured device, with analysis results presented in
Fig. 8(b). The depth proﬁle reveals no impurities in the ﬁlm. The C
layer detected in many other studies was not found in the ﬁlm
fabricated in this study. O is present only in the ZnO region. From

Fig. 6. (a) Cross-sectional image of as-deposited CIGSe ﬁlm on Mo substrate by focused ion beam (FIB) imaging and energy-dispersive X-ray spectroscopy (EDS) depth proﬁles of
elements, (b) FIB-SEM image and EDS analysis from top and bottom of CIGSe ﬁlm.
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Fig. 7. Top-view (top row) and cross-sectional (bottom row) SEM images of the (a) as-deposited CIGSe ﬁlm, (b) sulfurized CIGS ﬁlm, and (c) selenized CIGSSe ﬁlm.

Fig. 8. (a) XRD data of sulfurized and selenized ﬁlms and (b) AES data of CIGSSe device.

the AES depth proﬁle, in the upper layer, the increased S concentration is a result of the CdS processing and is present throughout
the ﬁlm. The remaining S is in agreement with the XRD data shown
in Fig. 8(a). The average Cu and Ga ratios in the middle layer are
0.90 and 0.21, respectively. In the bottom layer, the concentration of
Se and Mo are increased because of the MoSe2 layer.
The ﬁnal CIGSSe device is scribed into an active area of 0.46 cm2
with an Al grid as the front contact. The current density-voltage (JV) characteristic curve of the CIGSSe solar cell is shown in Fig. 9(a).
The curve shows a Voc of 0.34 V, short-circuit current density (Jsc) of

21.68 mA/cm2, FF of 54.92%, and conversion efﬁciency (h) of 4.09%.
Fig. 9(b) shows the external quantum efﬁciency (EQE) spectrum of
the CIGSSe solar cell device. The EQE value is low in general and
particularly low for longer wavelengths. The Jsc calculated from the
EQE data is 21.2 mA/cm2, similar to the value measured by the solar
simulator in Fig. 9(a). The bandgap of the CIGSSe device, determined from the long-wavelength region of the EQE curve, is estimated to be 1.1 eV using the relation between [hv$ln(1-EQE)]2 and
hv, where h is Planck's constant and n is the frequency of the solar
radiation. The efﬁciency of CIGSSe device is low compared to those

Fig. 9. (a) J-V curve and (b) EQE data of the CIGSSe solar cell.
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obtained from cells fabricated in other non-vacuum processes.
Table 3 presents the photovoltaic and diode parameters of previously reported CISe and CIGSSe solar cells to compare the device
characteristics [19,43e45]. Based on the dJ/dV vs. V relation (not
shown here), the G value was 8.35 mS/cm2 for the 4.09%-efﬁciency
device. This is higher than those of other high-efﬁciency CI(G)(S)Se
solar cells [43e45] while the values of Rs and A of our device are
similar to those of other reports. For these reasons, it was inferred
that the 4.09%-efﬁciency device suffered from the low shunt
resistance. Strategies for improving the shunt resistance of devices
can be divided into the improvement of the absorber-layer
morphology and the elimination of unnecessary voids in the ﬁlm.
In terms of morphology, the CIGS thin ﬁlm with voids and a large
roughness value can cause signiﬁcant shunt currents; the former
may allow direct contact between n-ZnO and Mo, while the latter
inhibits the conformal coverage of CdS on the CIGS surface. We
suspect the voids in the ﬁnal CIGSSe ﬁlm (Fig. 7(a)) is the main
reason for the high G value.
Based on the above hypothesis, to improve the efﬁciency of the
CIGSe solar cell we focused on improving grain growth in the ﬁnal
CIGSSe ﬁlm. Increased grain size increases the ﬁlm density during
selenization, thereby reducing the presence of voids.
CuSe is a well-known liquid-phase ﬂux with a low melting point
Tm ¼ 523  C. The ﬂux has been widely used to increase the grain
size and surface smoothness in CIGSe thin ﬁlms [37,38,46e48].
Studies on the beneﬁcial impact on grain growth of CuSe have been
performed, verifying that the impact results from the improved
mobility of the constituent atoms in the liquid phase [37]. Previously, it was demonstrated that the addition of CuSe by physical
vapor deposition effectively promoted both grain growth and sintering of CIGSe grains [49]. In a non-vacuum process, Seo et al. [48]
used the low-melting-point CuSe phase to generate highperformance dense absorber layers. These reports have shown
that CuSe can signiﬁcantly improve grain growth. We employed the
same strategy to enhance grain growth in our CIGSSe ﬁlms, as
described in the next section.
3.5. Modiﬁed CIGSSe ﬁlm deposition process with additional Cu
layer
We prepared a bi-layered ﬁlm composed of a Cu layer and the
sulfurized CIGS layer fabricated by kinetic spraying, as shown in
Fig. 10(a) and (b). The Cu layer of ~300e350 nm thickness was
deposited on the CIGS layer using Cu powder of 0.8 mm in size (Alfa
Aesar, 99.9%) by kinetic spraying. The CuSe phase was formed by
selenization at 550  C. The temperature used for selenization approaches the melting temperature of the CuSe phase. Fig. 10(c) and
(d) show top- and side-view SEM images of the KCN-etched CIGSSe
ﬁlm after the selenization process. Potassium cyanide (KCN) can be
used to selectively remove CuSe phases from CIGSSe thin ﬁlms
[39,50]. Before KCN treatment, the CIGSSe ﬁlm was rich in Cu/III at
1.49%, as determined by EDS. After KCN treatment for 30 s, the KCNetched CIGSSe ﬁlm showed a decrease in Cu/III concentration to
0.89%. The SEM images clearly demonstrate the increased grain
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growth in the KCN-etched CIGSSe ﬁlm after selenization. The images show a signiﬁcant increase in the grain size of CIGSSe as
compared to that seen in Fig. 7(c). The ﬁlm density increased
substantially and the thickness decreased when CuSe was added.
While comparing Fig. 10(b) and (d), the ﬁlm top surface is ﬂattened
and smooth after the ﬁlm densiﬁcation process via selenization.
This implies that CuSe in the CIGSSe ﬁlm is crucial in promoting
CIGSSe grain growth.
The XRD spectra of the selenized CIGSSe ﬁlm (ﬁlm A) in Fig. 7(c)
and the KCN-etched CIGSSe ﬁlm selenized from the Cu-coated CIGS
ﬁlm (ﬁlm B) in Fig. 10(d) are shown in Fig. 11(a). No XRD peaks
corresponding to CuSe compounds are observed in the pattern
from ﬁlm B, because they are less likely to form in the Cu-poor
conditions induced by KCN treatment. The XRD pattern of ﬁlm B
is sharpened after selenization, indicating growth in the crystalline
size of the grains. From the Debye-Scherrer relation, the crystallite
size of ﬁlm B is 29.4 nm. Based on these results, ﬁlm B has a higher
crystallinity than ﬁlm A, as presented in Table 2. The AES analysis of
device B is presented in Fig. 11(b). The average Cu and Ga ratios in
the middle layer are 0.82 and 0.28, respectively. After KCN treatment, the concentrations of Cu and Se are slightly decreased in the
front CIGSSe layer. A typical MoSe2 layer is located near the Mo
substrate.
Device B achieves a device performance of 5.49% efﬁciency, as
shown in Fig. 12(a). This is signiﬁcantly higher than that presented
in Fig. 9(a). Device B shows a higher Voc of 0.488 V and a slightly
lower Jsc value compared to device A. FF for device B is 59.99%,
exceeding that of device A. The EQE curve in Fig. 12(b) decreases
gradually from the maximum point at approximately 530 nm. The
value (18.23 mA/cm2) of Jsc calculated from EQE data is similar to
the value measured with the solar simulator. The bandgap of device
B is estimated to be 1.22 eV, similar to that expected for a CIGSSe
solar cell.
Table 3 presents the photovoltaic and diode parameters of device B. Device B shows a higher efﬁciency because of the increase in
FF (improved by 10%) and Voc (improved by 43%) compared to those
of device A. The Jo and A values of devices A and B are similar,
suggesting that the quality of the main diode itself is similar for the
two devices. The FF is increased in device B because of the increased
shunt resistance and decreased series resistance. The reduction in
shunt resistance can be explained by the improved ﬁlm density and
morphology, as shown in Figs. 7 and 10, as well as the signiﬁcant
reduction of voids. The decrease in series resistance from
1.23 U cm2 to 0.589 U cm2 is attributed to the improved crystallinity
of device B.
As described above, the increased Voc of the device built with
ﬁlm B can be partially explained by the increased shunt resistance;
however, this is insufﬁcient to explain the signiﬁcantly large increase in Voc. To determine the reason for the greater increase in
Voc, we performed C-V measurements for the devices at 300 K to
estimate the carrier densities, as shown in Fig. 13. Assuming that
the CIGSSe solar cells have abrupt step junctions, the net carrier
concentration and the depletion layer width at V ¼ 0 can be related
by

Table 3
Comparison of diode parameters and parasitic resistances of solution-processed CIGSSe solar cell.
Ref.

Eff.
[%]

FF
[%]

Voc
[V]

Jsc
[mA/cm2]

G
[mS/cm2]

Rs
[ohm$cm2]

Jo
[mA/cm2]

A

[19]
[43]
[44]
[45]
Device A
Device B

8.33
5.87
7.94
8.75
4.09
5.49

55
49.71
58
68.9
54.92
59.99

0.413
0.4
0.411
0.609
0.34
0.488

36.6
29.44
33.48
20.86
21.68
18.73

0.23
2.5
2.1
0.25
8.35
2.83

1.32
1.71
1.3
2.8
1.23
0.589

3.0  103
e
e
e
7.9  103
7.8  103

1.82
2.63
1.74
e
2.11
2.05
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Fig. 10. SEM images of CIGS ﬁlm with Cu layer before selenization: (a) top view, (b) side view. The KCN-etched CIGSSe ﬁlm after the selenization process: (c) top view, (d) side view.

Fig. 11. (a) XRD pattern of the CIGSSe ﬁlm with and without Cu layer (ﬁlm A and B, respectively) and (b) AES data from the CIGSSe device with Cu layer (device B).

Fig. 12. (a) J-V curve and (b) EQE curve of the device B solar cell (inset: bandgap energy).
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where N is the net carrier concentration, W is the width of the
depletion layer, ε is the permittivity, A is the area, C is the capacitance, and V is the bias voltage. Compared to device A, B has an
increased depletion layer width and decreased carrier density. The
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reported in previous literature. The carrier densities of devices A
and B are highly likely to be associated with deep defects.
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deep defect concentration; hence, the reduced recombination is
considered an additional reason for the increased Voc of device B.
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by the kinetic spray method. The kinetic spray deposited CIGSSe
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efﬁciency of 5.49% (FF ¼ 59.99%, Voc ¼ 0.488 V, Jsc ¼ 18.73 mA/cm2).
Compared with device A, device B shows a signiﬁcantly increased
Voc and FF. Notably, the CuSe used in the selenization process seems
to be signiﬁcant in improving the quality of the CIGSSe absorber
layer. To our knowledge, this report is the ﬁrst record of a kineticspray-deposited CIGSSe solar cell and we believe this is a potential breakthrough in production processing for CIGSe solar cells.
This attempt can improve the status of CIGS solar cells fabricated by
low vacuum processes.
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