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ABSTRACT: We have demonstrated the ﬁrst example of
carbon- and oxygen-free Cu(In,Ga)(SSe)2 (CIGSSe) absorber
layers prepared by electrospraying a CuInGa (CIG) precursor
followed by annealing, sulfurization, and selenization at
elevated temperature. X-ray diﬀraction and scanning electron
microscopy showed that the amorphous as-deposited (CIG)
precursor ﬁlm was converted into polycrystalline CIGSSe with
a ﬂat-grained morphology after post-treatment. The optimal
post-treatment temperature was 300 °C for annealing and 500
°C for both sulfurization and selenization, with a ramp rate of
5 °C/min. The carbon impurities in the precursor ﬁlm were
removed by air annealing, and oxide that was formed during
annealing was removed by sulfurization. The fabricated
CIGSSe solar cell showed a conversion eﬃciency of 4.63% for a 0.44 cm2 area, with Voc = 0.4 V, Jsc = 21 mA/cm2, and FF
= 0.53.
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1. INTRODUCTION
Copper indium gallium selenide (CIGS), a I−III−VI2 semiconductor material with a chalcopyrite crystal structure, is used
as an absorber layer for CIGS solar cells, which are considered
by many to be the most promising type of thin-ﬁlm solar cell.
The advantages of CIGS include (1) favorable optical and
electrical properties, including a direct band gap that is tunable
from 1 to 2.4 eV by addition of gallium and sulfur, (2) large
photon absorption coeﬃcients, and (3) relatively high powerconversion eﬃciencies. These advantages have made CIGS a
popular material in the thin-ﬁlm photovoltaic community.1 In
general, the chemical formula of CIGS has the form
CuInxGa(1−x)Se2, where x can be varied from unity to zero to
tune the band gap for optimal performance while maintaining
the stoichiometric 1:1:2 compositional ratio.
The highest power-conversion eﬃciency (PCE or η)
achieved with a CIGS solar cell is approximately η = 20%.2
The absorber ﬁlm in this case was manufactured by coevaporation, a vacuum-based method.2 However, vacuum-based
© 2014 American Chemical Society

methods (such as co-evaporation and sputtering) have
relatively high manufacturing costs because of their high capital
and energy requirements.3 For these reasons, low-cost nonvacuum-based methods (such as printing, pasting, casting, and
spraying) provide attractive alternative routes for commercial
production of thin-ﬁlm solar cells. Non-vacuum methods,
including spin coating,4 doctor blading,5 drop casting,6
spraying,7 electrodeposition,8 ultrasonic spraying,9 and electrostatic spray deposition,10 have been used, but they have
produced a lower PCE than vacuum-based methods.
The best PCE with non-vacuum methods was obtained by
the Mitzi et al.4 Using a CIGS precursor prepared with
hydrazine and applied via spin coating, they achieved a PCE of
15.2%. Hydrazine dissolves binary chalcogenides without the
use of any additives that would hinder the solar cell eﬃciency.
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Table 1. Summary of Previously Reported Solution-Processed CIGS Solar Cells
year
2008
2012
2010
2012
2008
2012
2011
2013
2009
2013
2012
2012
2012
2013
2012
2013
2010
2013

author
14

Panthani et al.
Yoon et al.10
Ahn et al.15
Ahn et al.16
Guo et al.17
Park et al.18
Lee et al.19
present study
Guo et al.6
Cai et al.20
Ahn et al.21
Wang et al.22
Jeong et al.23
Park et al.24
Wang et al.25
Guo et al.5
Liu et al.26
Todorov et al.4

precursor type

materials

method

eﬃciency (%)

FF (%)

Voc (V)

Jsc (mA/cm2)

particle
solution
solution
particle
particle
solution
particle
solution
particle
solution + NP
solution
solution
particle
solution
solution
particle
solution
solution

CIS, CISe, CIGSe
CISe
CISe
CISe
CIS
CIGSSe
CIGSe
CIGSSe
CIGSSe
CISSe
CISe
CIGSe
CISe
CIGS
CIGSSe
CIGSSe
CISSe
CIGSSe

drop casting
electrostatic spray
doctor blade
doctor blade
drop casting
spin coating
spin coating
electrostatic spray
drop casting
spray
spin coating
spin coating
casting
spin coating
spin coating
doctor blade
spin coating
spin coating

0.20
1.75
1.93
1.98
2.82
4.32
4.48
4.63
5.50
6.15
7.72
8.01
8.20
8.28
8.80
12.00
12.20
15.20

33.8
28.0
33.0
39.0
49.0
47.3
53.37
51.5
53.0
50.5
59.0
55.0
61.9
68.9
65.7
73.0
75.0

0.23
0.33
0.27
0.28
0.45
0.45
0.41
0.46
0.43
0.42
0.53
0.44
0.79
0.61
0.63
0.55
0.62

21.7
20.9
22.6
25.8
20.1
21.0
20.95
23.7
26.7
36.4
25.7
33.7
17.0
20.9
28.8
29.8
32.6

2. EXPERIMENTAL SECTION

(1%)/N2 gas (100 sccm), and then 10 min of selenization at 500 °C in
the presence of 0.05 g of selenium powder placed near the sample.
Cell Fabrication. Solar cells were fabricated with the conventional
Mo/CIGSSe/CdS/i-ZnO/n-ZnO/Ni/Al structure. A 60 nm thick CdS
buﬀer layer was prepared on a CIGSSe absorber by chemical bath
deposition, and i-ZnO (50 nm)/Al-doped n-ZnO (500 nm) TCO
layers were deposited by radiofrequency magnetron sputtering. A Ni
(50 nm) and Al (500 nm) grid was prepared as a current collector by
thermal evaporation. The active area of the completed cell was 0.46
cm2.
Characterization. The morphology, composition, and crystalline
structure 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 X-ray 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 Kα radiation). The compositional proﬁle and depth of the
selenized ﬁlm were determined by Auger electron spectroscopy (AES,
PerkinElmer, SAM4300). Device performance measures including the
conversion eﬃciency and the external quantum eﬃciency (EQE) were
measured with a class AAA solar simulator (WXS-155S-L2, WACOM,
Japan) under the AM1.5 conditions.

Precursor Preparation. Cu−In−Ga (CIG) salts were dissolved in
propylene glycol (PG, C3H8O2; 99.0%, Duksan Chemical, 10 mL).
The use of highly viscous PG resulted in stable jetting from the Taylor
cone during electrostatic spraying. The CIG salts used here were
copper(II) nitrate hydrate (Cu(NO3)2·xH2O; 99.999%, Alfa Aesar, 1.0
g), indium(III) nitrate hydrate (In(NO3)3·xH2O; 99.99%, Alfa Aesar,
1.12 g), and gallium(III) nitrate hydrate (Ga(NO3)3·xH2O; 99.999%,
Alfa Aesar, 0.41 g). All precursor preparations were carried out in air
under ambient laboratory conditions. The CIG precursor was
dissolved in PG using a magnetic stirrer for 3 h. The standard atomic
ratio of each component, Cu/In/Ga, was 1:0.7:0.3. The ratio of Cu/
(In + Ga) was kept at unity or slightly under in order to form a
chalcopyrite grain structure with a (112) orientation.28
Electrostatic Spray Deposition and Post-Treatment. The
details of the ESD system are described in a previous publication.10
The voltage applied was in the range of 10−12 kV. The precursor ﬂow
rate was about 150 μL/h. The standoﬀ distance between the nozzle
and the molybdenum-coated glass substrate (25 × 25 mm2) was 45
mm with a cone angle of 40°. The typical deposition time for a 1 μm
thick CIG layer was about 20 min. The substrate was heated at 80 °C
during spraying, which was followed by 10 min of air annealing at 300
°C, 30 min of sulfurization at 500 °C under a continuous ﬂow of H2S

3. RESULTS AND DISCUSSION
The PCE of a cell based on a similarly electrosprayed CuInSe2
(CIS) ﬁlm was 1.75% in previous work.10 The low eﬃciency
was due to a relatively thick (∼600 nm) amorphous carbon
layer that originated from the binder materials of the CIS
precursor. During crystallization of the ﬁlm via selenization, the
binder material evaporated as the top surface of the CIS ﬁlm
crystallized. This crystallized surface on top prevented further
evaporation of the binder. As a result, the carbon layer
remained in the ﬁlm and acted as a substantial resistor, which
caused a low ﬁll factor and cell eﬃciency. Furthermore, the
carbon impurity layer often produced delamination of the
CIGS absorber layer because of its poor adhesion to the
molybdenum substrate. Other studies have reported that the
carbon layer constrains CIGS crystal growth.15,29 For these
reasons, it is the best to remove the carbon layer to improve the
overall conversion eﬃciency. Park et al.18,19 introduced air
annealing immediately after coating a CIGS absorber layer to
remove carbon from the CIGS layer. They noted that an

Despite resulting in a high PCE, it is diﬃcult to envision the
widespread use of the hydrazine-based approach because of its
toxicity, reactivity, and high cost.4,11−13 Table 1 brieﬂy
summarizes the history of the PCE of CIS-based solar
cells.4−6,10,14−26
Building upon our previous eﬀorts,27 we adopted electrostatic spray deposition (ESD) in this study to spray the CIG
precursor. The advantages of ESD include the extremely small
usage of precursor (nearly 100% deposition eﬃciency),
nanoscale drop generation, and potential for application in
large-scale production.10 Furthermore, we introduce a process
for producing carbon- and oxygen-free ﬁlms via sulfurization
and selenization, which improves the overall PCE. After
sulfurization and selenization, the electro-sprayed Cu(In,Ga)(SSe)2 (CIGSSe) solar cell had a 4.63% power conversion
eﬃciency with an open-circuit voltage, VOC, of 0.41 V, a shortcircuit current density, Jsc, of 20.95 mA/cm2, and a ﬁll factor,
FF, of 0.53 on an active absorber area of 0.46 cm2.
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Figure 1. Schematic of the CIGSSe thin-ﬁlm fabrication processes.

Figure 2. Top-view (top row) and cross-sectional (bottom row) SEM images of the (a) as-deposited CuInGa ﬁlm, (b) sulfurized Cu(InGa)S2 ﬁlm,
and (c) selenized Cu(InGa)(SSe)2 ﬁlm.

annealing temperature of 350 °C was optimal; higher
temperatures resulted in oxidation of the molybdenum
substrate, which reduced the solar cell eﬃciency.
We adopted an air-annealing process to remove carbon
impurities from the Cu−In−Ga precursor ﬁlm. Then, oxide
that was formed during annealing was removed via sulfurization. Selenization followed as a ﬁnal step to grow the CIGS
grains. These procedures are illustrated in Figure 1. Figure 2a
shows the as-deposited nanocrystalline CuInGa precursor ﬁlm
with a ﬁlm thickness of ∼0.8 μm. The air-annealed metallic
precursor ﬁlm was sulfurized in a H2S atmosphere to remove
residual oxide, forming a very dense and crack-free ﬂat surface
morphology. The thickness of the sulfurized CIGS absorber
was reduced to ∼0.5 μm, as shown in Figure 2b. After
selenization, larger grains are formed, as shown in Figure 2c. A
molybdenum diselenide (MoSe2) layer with a thickness of 0.2
μm was formed at the interface between the CIGS absorber and
the molybdenum substrate.
Eﬀects of Annealing. CuInGa precursor with an atomic
ratio of 1:0.7:0.3 was electrosprayed onto the molybdenumcoated soda-lime glass for 20 min. The substrate was heated at
80 °C to dry the ﬁlm followed by 10 min of annealing at higher
temperature (200 °C or higher) in air. Annealing was necessary
to remove carbon residues or impurities, even though it
produced oxides. Figure 3 shows the eﬀect of the annealing
temperature on the surface morphology of the CIG precursor
ﬁlm. No diﬀerence was observed between the ﬁlms annealed at

Figure 3. Top-view SEM images showing the eﬀect of the airannealing temperature on the surface morphology and grain size of the
as-deposited ﬁlm (before sulfurization).

200 °C and those annealed at 300 °C. At annealing
temperatures of 400 °C or higher, growth of crystal grains
was clearly visible. Figure 4 shows the powder XRD patterns for
the ﬁlms shown in Figure 3. No clear peaks are seen following
annealing at 200 or 300 °C, even though oxides were formed
during annealing. In Figure 3, peaks corresponding to In2O3 are
observed after annealing at 400 and 500 °C, which is
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structure, which is compared to the crystalline structure of our
Cu(InGa)S2 ﬁlm. The lack of a discernable diﬀerence in the
XRD patterns suggests that the gallium content in the
Cu(InGa)S2 ﬁlm was low. The values for the lattice parameters
are also much closer to those of CuInS2 than to those of
CuInSe2. In addition, comparison with JCPDS card no. 851575 conﬁrmed that the crystal structure of our Cu(InGa)S2
ﬁlm is body-centered tetragonal, with unit cell parameters of a
= b = 5.522 and c = 11.132.
Figure 7 shows the atomic concentration of each component
included in the ﬁlm, as determined using Auger electron
spectroscopy (AES). The x axis indicates the sputter time
elapsed during the AES characterization, which implies the
depth of the ﬁlm. The sharp rise of the molybdenum content
implies the interface between the deposited absorber layer and
the molybdenum substrate. In Figure 7a, the oxide content is
prevalent as a result of air annealing in the previous posttreatment step. The atomic ratio of Cu/(In + Ga) was
maintained at unity (i.e., 30/(20 + 10) ∼ 1) before
sulfurization. This ratio is nearly the same as the atomic
concentration of the initial precursor: In/Cu ∼ 0.67 and Ga/Cu
∼ 0.33. Therefore, air annealing alone did not alter the initial
atomic concentration of the precursor even though annealing
caused oxide formation throughout the entire ﬁlm. Figure 7b
shows the compositional changes of each element after
sulfurization. As expected, most oxides were removed as their
atomic concentrations neared zero for the range of sputter
times from 0−15 min. The oxygen content observed at sputter
times greater than 15 min is indicative of the formation of
molybdenum oxide, which was removed later during selenization. The sulfur content was dominant after sulfurization. The
ideal composition of the elements is 1:1:2 for Cu/(In + Ga)/S,
which seems to be the case, as shown in Figure 7b. It is
noteworthy that some Ga was lost during the sulfurization
process. The copper content was slightly reduced, which is also
desirable because a copper-poor condition is essential to form a
chalcopyrite grain structure with (112) orientation.28 CuInGaS
alone without selenium can function as a solar cell device.
However, we introduced an additional selenization process step
to grow the grains of the CIGS ﬁlm and to tune the band gap of
the absorber layer
Selenization. The sulfurized ﬁlms were selenized to grow
the CIGSSe absorber layer at various temperatures of 300, 400,
500, 520, 540, and 560 °C. The ramp rate was 5 °C/min for
each temperature. The selenization process lasted for 10 min
under nitrogen gas. Figure 8 shows the XRD results for the
Cu(InGa)(SSe)2 (CIGSS) ﬁlms selenized at various temperatures. At 300 and 400 °C, the sulfurized ﬁlm was not selenized,
as the low-selenization-temperature results did not have an
apparent peak for CIGSS; only the three peaks corresponding
to CIGS (CuInGaS) are apparent. At 500 °C, the CIGSS peaks
are clearly shown. In fact, the peaks at 500 °C are the sharpest
when compared to the peaks at higher temperatures. Table 2
summarizes the crystal size of the ﬁlms selenized at various
temperatures. The crystal size was estimated using the Debye−
Scherrer formula,30 D = kλ/(β cos θ), where D is the mean
grain size, k is a geometric factor (0.89), λ is the X-ray
wavelength, β is the full width at half-maximum (fwhm) of the
diﬀraction peak, and θ is the diﬀraction angle. The results
conﬁrmed that the largest crystal size was found at the
selenization temperature of 500 °C.
In addition to the selenization temperature, the temperature
ramp rate (or selenization duration) has a substantial inﬂuence

Figure 4. XRD of air-annealed Cu−In−Ga ﬁlms.

undesirable because its presence greatly hinders the electrical
mobility of the cell.
Sulfurization. Sulfurization was performed after the
annealing procedure to remove the oxides formed during
annealing. Sulfurization of the CIGO ﬁlm was carried out under
H2S(1%)/N2 gas for 30 min at various temperatures. The
sulfurization procedure resulted in the formation of CuInGaS2,
which on its own can function as a solar cell device. However,
we introduced the additional selenization post-treatment to
grow CIGS grains and to replace sulfur with selenium.
We have observed the eﬀect of sulfurization at 500 °C, which
is shown in Figure 2b. Figure 5 shows a comparison of the

Figure 5. Top-view SEM images showing the eﬀect of sulfurization
temperature on surface morphology and grain size.

surface morphology of the CIGS ﬁlms produced at various
sulfurization temperatures. At 300 °C and above, higher
temperatures resulted in larger grain sizes. The corresponding
XRD results shown in Figure 6a provide information on the
crystallinity and phase of the sulfurized ﬁlms shown in Figure 5.
As the sulfurization temperature increased from 300 to 500 °C,
the peak intensity also increased and the peak width decreased,
which is consistent with the surface morphology observed in
the SEM images in Figure 5. At 200 °C, the ﬁlm was in an
amorphous state. However, above 300 °C, the ﬁlms were wellcrystallized to form Cu(InGa)S2.
Figure 6b shows the diﬀraction patterns, crystallite size, and
lattice parameter of the Cu(InGa)S2 ﬁlm sulfurized at 500 °C.
The solid line is the typical XRD pattern of a CuInS2 crystalline
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Figure 6. (a) XRD of ﬁlms after sulfurization. (b) XRD patterns with Rietveld reﬁnement ﬁts to the ﬁlm sulfurized at 500 °C.

selenium cannot readily inﬁltrate into the absorber ﬁlm. In
the case of a thicker layer, only the top surface was selenized.
The selenized top layer then functioned as a blocking layer that
prevented further penetration of selenium into the remainder of
the ﬁlm. For these reasons, we produced devices with an
absorber layer that was less than 1 μm thick, which allowed
complete permeation of selenium into the entire ﬁlm, leading
to successful selenization.
Permeation of the selenium vapor into the deep bottom part
of the absorber layer is not always desirable because the
permeated gas reacts with molybdenum and forms MoSe2, as
indicated in Figure 2c. This formation of a MoSe2 layer at the
interface between the absorber layer and the Mo substrate has
often been reported, especially when the selenium gas pressure
is relatively high. Thus, the correct selenium gas pressure is
crucial to provide suﬃciently high penetration of the gas into
the ﬁlm while still being low enough to minimize the formation
of the MoSe2 layer.23
A CIGSS solar cell was fabricated with the conventional Mo/
CIGSSe/CdS/i-ZnO/n-ZnO/Ni/Al structure on an active cell
area of 0.46 cm2, with a depth proﬁle having various elements,
as shown in Figure 11. The content of Cu, In, Ga, and S in the
absorber layer is lower toward the back contact, whereas the Se
content is greater at the interface between the absorber layer

on the surface morphology and the crystallization of the ﬁlms.
Figure 9 shows the surface morphology of the ﬁlms selenized at
500 °C with various temperature ramp rates. The largest crystal
size is found in the case with 100 min. This qualitative
observation is conﬁrmed by the XRD results shown in Figure
10. Although the diﬀerences are subtle, the peak is the sharpest
(lowest fwhm) in the case with the ramp time of 100 min. The
crystal sizes of these ﬁlms selenized at various increase rates are
summarized in Table 3, which also quantitatively conﬁrms that
increasing the temperature over 100 min produced the largest
grain size during the selenization process. Table 4 summarizes
the optimal post-treatment conditions, starting from air
annealing to sulfurization and selenization.
Cell Fabrication. The electrosprayed CIGSS absorber layer
was about 0.7 μm thick, whereas it is well-known that an
absorber layer of 1 to 2 μm is optimal to increase light
absorption, thereby increasing electrical current as well.29
Thinner layers introduce increased recombination with the
back contact, which in turn decreases carrier collection and
eventually reduces the PCE.31 We also fabricated an absorber
layer thicker than 1 μm. As for the thinner ﬁlm, air annealing
produced a carbon-free dense ﬁlm. However, when the
thickness of this dense ﬁlm was greater than 1 μm, then
selenizing this dense ﬁlm became very diﬃcult because
8373
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cell performance. A sputter time between 30 and 45 min was
approximated for the absorber layer to meet copper-poor
conditions (i.e., Cu/(In + Ga) < 1). The ratio between (Se + S)
and (Cu + In + Ga + S + Se) was also kept near 0.5. Retaining
the optimal compositions is challenging because the
composition ratio changes during the multiple post-treatments.15,23,34
Figure 12 shows a comparison of the XRD patterns of the
annealed CuInGa, sulfurized CuInGaS2, and selenized CuInGa(SSe)2 absorber. It can be seen that the as-deposited precursor
ﬁlm is amorphous in nature. After sulfurization, the ﬁlms are
polycrystalline and exhibit four characteristic CIGS peaks along
the (112), (200), (204)/(204), and (312) directions at 2θ
values of 28.20, 32.58, 47.32, and 56.17, respectively (CIS,
JCPDS card no. 85-1575). After selenization, the entire XRD
pattern shifts toward lower angle with higher peak intensities
and narrower peak widths, indicating the CIGSSe polycrystalline state (JCPDS card no. 36-1311). The shift toward the
lower angles (which are 27.25° (112), 45.3° (220/204), and
53.7° (116/312)) was due to unit cell volume expansion when
replacing sulfur with selenium.25 Comparing the CIGS peaks
with the CIGSSe peaks, the CIGSSe peaks are sharper and
larger, which is indicative of larger grain size. Thus, selenization
certainly helped to increase the grain size, which can also be
observed visually in Figure 2b,c.
Figure 13a shows the EQE measurement of the CIGSSe solar
cell for a wavelength range from 300 to 1200 nm. The shortwavelength region is strongly inﬂuenced by absorption by the
TCO (ZnO) and CdS-buﬀer layers. The EQE spectrum
exhibits a sharp maximum around 550 nm at a level of 0.61,
which is lower than values reported in the literature.2 On the
basis of the EQE measurement, the energy loss of the shortcircuit current was dominated by poor carrier collection
eﬃciency in the range between 650 and 1100 nm. Back
contact recombination, short minority carrier lifetime, and
insuﬃcient thickness of the absorber layer all contribute to the
suboptimal performance of the solar cell. Defects residing in the
back contact area caused the short carrier lifetime and the
recombination eﬀects. Smaller grain sizes correspond to a
higher density of grain boundaries. This increases recombination of electron−hole pairs at grain boundaries, which in turn
reduces solar cell eﬃciency. Figure 2c shows well-crystallized
larger grains in the upper part of the absorber layer, whereas
relatively smaller grains are found in the lower part. The smaller
grains in the lower part of the absorber layer increase
recombination and reduce the carrier lifetime. It is also
known that the quantum eﬃciency (QE) is reduced if the
absorber layer is less than 1 μm thick, as compared to the QE of
a ﬁlm with 1 to 2 μm thickness.31 The eﬀect of a thin absorber
layer is most evident at longer wavelengths, where the
absorbance of the ﬁlm is lower. Thus, a large grain size,
which minimizes voids and grain boundaries, and suﬃciently
thick absorber layer are required to maximize the QE.
Figure 13b shows the estimated band gap of the absorber
layer based on the EQE data. The estimation was made by
plotting [hv × ln(1 − EQE)]2 versus hν and drawing a tangent
line. The tangent line intersects the x axis at the band gap
energy of the absorber layer, which is about 1.15 eV. This
estimation is similar to the values reported in the
literature.4,25,35,36
As indicated in Figure 11, the atomic concentration ratio of
Cu/(In + Ga) is not consistent over the depth of the absorber
layer. We also noted that the thickness of the absorber layer was

Figure 7. Eﬀect of sulfurization. The AES depth proﬁles shows the
atomic concentration of each element for the ﬁlm (a) prior to
sulfurization and (b) after sulfurization.

Figure 8. Eﬀect of selenization temperature on CIGSS crystallization.

Table 2. Crystal Size Variation with Selenization
Temperature
selenization temperature
(°C)
crystal size (nm)

300

400

500

520

540

560

26.9

24.3

42.3

36.8

40

37.8

and the substrate, which is evidence for the formation of
MoSe2. The presence of S and Se conﬁrms that this solar cell is
of the CuInGa(SSe)2 type. The zinc and oxygen contents in the
range of 15−30 min represent the ZnO window layer stacked
during cell/device fabrication. The absorber layer is essentially
carbon- and oxygen-free, as there is no carbon or oxygen
content. It is well-known that a slightly copper-poor condition,
such as 0.86 < Cu/(In + Ga) < 0.96,32,33 yields the best solar
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Figure 9. Top-view SEM images showing the surface morphology of the ﬁlms after selenization. The inﬂuence of the time over which the sample was
heated to the selenization temperature (temperature ramp time) on the surface morphology, for temperature ramp times of (a) 10, (b) 30, (c) 60,
(d) 100, and (e) 130 min.

Figure 10. XRD after selenization with varying heating rates to give
temperature ramp times of 10, 30, 60, 100, and 130 min at a
selenization temperature of 500 °C.

Figure 11. AES depth proﬁle of the cell fabricated under the optimal
conditions: annealing temperature of 300 °C, sulfurization temperature of 500 °C, selenization temperature of 500 °C, and a selenization
ramp time of 100 min.

Table 3. Crystal Size Variation with Selenization
Temperature Ramp Time
time (min)
crystal size (nm)

10
33.4

30
38.5

60
38.6

100
42.3

130
39.5

Table 4. Optimized Post-Treatment Conditions
air-annealing temp. (°C)
sulfurization temp. (°C)
selenization temp. (°C)
selenization time (min)

300
500
500
100

not suﬃciently high (less than 1 μm), which hinders the
absorbance of photons of longer wavelength. Furthermore, the
formation of MoSe2 at the interface between the absorber layer
and the molybdenum substrate is excessive. Figure 14 shows
the I−V characteristics of our electrosprayed CIGSSe thin-ﬁlm
solar cell device. The best solar cell processed so far achieved a
PCE of 4.63% with an open-circuit voltage (Voc) of 0.41 V, a
short-circuit density (Jsc) of 21 mA/cm2, and a ﬁll factor (FF)
of 0.53 for an active area of 0.46 cm2. This PCE value
represents a 2.5-fold increase from our previous record.10 The
carbon- and oxygen-free approaches introduced in this study
clearly helped to improve the PCE value. In addition, the band
gap value increased from 1.02 eV in our previous work to 1.15
eV here because of the inclusion of gallium. The widened band

Figure 12. XRD pattern of the ﬁlm annealed at 300 °C, sulfurized at
500 °C, and selenized at 500 °C with ramp time of 100 min.

gap is closer to the theoretically optimal value of 1.34 eV for a
single-junction cell and therefore provides an improved PCE.

4. CONCLUSIONS
We demonstrated the synthesis of carbon- and oxygen-free
Cu(InGa)(SSe)2 (CIGSSe) absorber thin ﬁlms prepared by
electrospraying a CuInGa precursor followed by sulfurization
and selenization at elevated temperature. A polycrystalline
8375

dx.doi.org/10.1021/am501286d | ACS Appl. Mater. Interfaces 2014, 6, 8369−8377

ACS Applied Materials & Interfaces

■

Research Article

ACKNOWLEDGMENTS
This work was supported by the Human Resources Development Program (no. 20124030200120) of KETEP and also by
the Industrial Strategic Technology Development Program
(10045221) of MKE. The authors extend their appreciation to
the Deanship of Scientiﬁc Research at King Saud University for
funding the work through the research group project no. RGP089.

■

Figure 13. (a) External quantum eﬃciency and (b) estimation of the
band gap.

Figure 14. I−V characteristics of the CIGSSe solar cell on a
molybdenum-coated substrate.

chalcopyrite CIGSSe absorber with a large-faceted ﬂat-grained
morphology was prepared after sulfurization and selenization. A
solar cell with a 4.63% conversion eﬃciency was produced with
Voc = 410 mV, Jsc =21 mA/cm2, and FF = 0.5337 for an active
area of 0.46 cm2.

■

REFERENCES

(1) Romeo, A.; Terheggen, M.; Abou-Ras, D.; Bätzner, D. L.; Haug,
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