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Abstract
Modified stacking sequence of precursors and pre-annealing process on Se vapor at low temperature
were applied to Cu(In,Ga)Se2 (CIGS) solar. The remarkable improvement of efficiency (5.53–10.10%
and further 11.04%) and open circuit voltage (0.41 V–0.53 V and further 0.56 V) comes from a
compact, smooth microstructure, and modified depth profile of Ga with suitable thickness of CuGa
multi-stacking layers in the top of precursors as well as surface bandgap enhancement via pre-
annealing process without Se vapor followed by a specific non-toxic hydrogen-assisted solid Se
vapor selenization process. The effects of microstructural, compositional and electrical character-
istics of Ga distribution including accumulation and interdiffusion were examined in detail. Finally,
a large-area (40� 30 cm2) CIGS solar cell efficiency with improved open circuit voltage (VOC) and fill
factor (FF) of 36% and 14% has been demonstrated, yielding a promising efficiency of �11.04%.
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Introduction

Compared to other thin film solar cell devices, Cu(In,Ga)Se2
(CIGS) and related materials have been considered as the most
promise candidates due to their high absorption coefficients
and excellent outdoor stability, yielding the highest energy
conversion efficiency and low cost [1,2]. A previous work has
reported that the highest efficiency of �20.8% for a CIGS single
cell was fabricated by a co-evaporation process [3]. Advantages
of controllably stoichiometric composition, smooth surface,
high absorption efficiency, and better carrier collection by
the co-evaporation process provide the CIGS absorber with
Figure 1 (a–e)Schematic images of various stacking sequences. (f–
various roughness from In islands on flat CuGa layers. Note that the t
SEM images of corresponding selenized CIGS films with different ro
excellent quality [4]. However, mass production by this
approach for a large scale CIGS film is limited due to poor
uniformity and low throughput. Sputtering process via Cu/In/Ga
metallic precursors followed by a selenization process is a likely
method to massively produce a large area solar panel. However,
the low melting-point (�140 1C) pure In phases of the metallic
precursors typically result in degradation of filling factor of CIGS
solar cells owing to rough morphology on the CIGS layer [5–8].
The difference in thermodynamics [9] and diffusivity [10]
between In and Ga leads to internal diffusion, namely accumu-
lation of Ga, near to Mo back electrode, which results in lowing
conversion efficiency due to an decrease in open circuit voltage
j) Cross-sectional SEM images of corresponding precursors with
hickness for all condition is kept the same. (k–o) Cross-sectional
ughness and compactness extent.
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because of phase separation between CuInSe2 (CIS) and
CuGaSe2 (CGS) [11–13].

The selenization process by H2Se gas, a conventional
methodology, is usually used to provide homogeneous Ga
distribution through the CIGS film. A non-toxic hydrogen-
assisted solid Se vapor selenization process (HASVS) techni-
que using non-toxic Se pellets as precursor to achieve a
large-area (40� 30 cm2) and uniform CIGS solar panel has
been demonstrated in our previous study [14]. The term,
“non-toxic”, was confirmed by sensing the exhausting gas
with H2Se concentration o1 ppb. In this regard, we report a
symmetric study on layer stacking modification of metallic
precursors to improve the qualities of the CIGS thin film,
including a better crystalline structure and well control of
the Ga distribution through film. Findings indicate that
multi-layer precursors with modified stacking sequence
can mitigate low-melting-point for In phase hillocks and
increase the amount of the Ga on a surface. The detailed
surface morphologies and crystalline qualities with respect
to different stacking sequences and Ga distribution were
investigated. In addition, a pre-annealing process at 330 1C
prior to the HASVS process can stabilize the Ga distribution
on surface of CIGS film, leading to a much larger bandgap
(Eg) extracted by external quantum efficiency (EQE) mea-
surements where the Cu16In9 intermediate phase forms first
and then a Ga phase forms in the top of the film. Thus, the
increased ratios of Ga to Ga and In (GGI) are observed in the
space-charge region. Finally, a large-area (40� 30 cm2) CIGS
solar panel efficiency with improved open circuit voltage
(VOC) and fill factor (FF) of 36% and 14% has been demon-
strated, respectively, yielding the highest efficiency of
�11.04% based on modified multi-layer precursors after
the pre-annealing process without Se vapor followed by the
HASVS process.
Experimental procedure

Process

Configuration of a CIGS solar cell typically consists of SLG/
Mo/CIGS/CdS/ZnO/ ITO/Al. Soda lime Glass (SLG) with a
moderate concentration of Na ions was used as substrate. A
Mo back electrode on the SLG with a thickness of 0.4 mm was
fabricated by two-stage sputtering processes to achieve
better adhesion, higher thermal stability, and lower contact
resistance, respectively [15]. The CIGS absorber layer was
prepared by DC sputtering of Cu0.75Ga0.25 and In metallic
targets rather than CuInGa or CuInGaSe2 single target due to
flexibility of composition modification, which has widely
been used in mass production. Metallic precursors were
sputtered on the Mo-coated SLG substrate with different
stacking sequences with a fixed total thickness of �0.8 μm.
The detail of following selenization follows the standard
non-toxic hydrogen-assisted Se solid vapor selenization
(HASVS) process at 550 1C for 20 min and the ratio of N2 to
H2 is 15% to 85%0.14 In addition, before the HASVS process,
pre-annealing process without Se vapor at annealing tem-
perature of �330 1C was applied. A 80 nm-thin CdS buffer
layer was chemically grown on a CIGS layer via chemical
bath deposition (CBD) at 70 1C. Subsequently, ZnO (70 nm)/
ITO (550 nm) layers were deposited by pulsed-DC and DC
sputtering systems as window/transparent conducting
layers, with which the average transmittance and resistivity
were 488% and o6.0� 10�4 Ω-cm, respectively. Finally, an
Al electrode with a thickness of 1 mm was deposited on the
top by the DC sputtering system.

Characterization

Morphologies and microstructures of CIGS thin films were
performed by field emission scanning electron microscopy
(FESEM JSE-6500 F) equipped with electron dispersive
spectrometer (EDS). X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific Theta Probe) was used to detect the
compositional changes in the CIGS film. Glance incident angle
X-ray diffraction (GIXRD) with a copper target (Kα; λ=
0.154 nm) was used to inspect phase orientations and crystal-
line quality at fixed incident angle of 0.51 from surface of
sample. Current–voltage characteristics of solar cell were
measured using Keithley 2400 source-meter illuminated by a
standard AM 1.5 G (Class AAA Solar Simulator, Newport) with a
power of 1000 W/m2. The temperature was actively controlled
at 2571 1C during the measurements. External quantum
efficiency (EQE) was measured by a system of mercury
spectrum lamp, optical emission spectrometer, and lock-in
amplifier with measurements ranged from 200 nm to 1800 nm.
Short circuit current was verified by the EQE spectrum
calibrated by the AM1.5G standard solar simulator spectrum
(ASTM G173-03). Bandgap was extracted from the EQE spec-
trum by using [hν� ln(1�EQE)]2 versus hν [16,17].

Results and discussion

Microstructures and composition changes with
different stacking sequences of metallic precursors

Figure 1(a–e) shows the schematics of different stacking
sequences of metallic precursors. Figure 1(f–j) and 1(k–o)
shows the corresponding cross-sectional SEM images before
and after the HASVS process, respectively. The top-view SEM
images are shown in Figure S1. Note that the conventional
stacking sequence, In/CuGa/Mo, was marked as “Bi-layer”
while the CuGa layer is as bottom layer for the CIGS/Mo
adhesion consideration (Figure 1a). Obviously, the rough
surfaces of precursors are observed in the bi-layer sample as
shown in Figure 1(f). The rough surfaces are most likely
from formation of hillocks owing to coalescence of In islands
occurred by the compressive stress due to a low melting
point and high diffusion coefficient without inserting the
CuGa layer as deposition time increases [18,19]. To tackle
the surface roughness issue, we shorten the In deposition
time by using multi-steps (five steps in this study) in order to
maintain the same thickness while the CuGa layer was
inserted into each step to avoid the formation of In islands.
For different layer stacking modifications, each CuGa or In
layer with one fifth thickness of bi-layer structure were used
while the CuGa layer was used as the bottom layer. There-
fore, four kinds of stacking sequences of metal precursors
were investigated to increase the Ga concentrations on the
surface of the CIGS film as follows, In/CuGa/In/CuGa/
In/CuGa/In/CuGa/In/CuGa/Mo, denoted as “Multi-layer”
(Figure 1b), CuGa/CuGa/In/CuGa/In/In/CuGa/In/In/CuGa/
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Mo, denoted as “Advanced_ 2CG” (Figure 1c), CuGa/CuGa/
CuGa/In/In/In/CuGa/In/In/CuGa/Mo, denoted as “Advanced_
3CG” (Figure 1d), and CuGa/CuGa/CuGa/CuGa/In/In/In/In/
In/CuGa/Mo, denoted as “Advanced_ 4CG” (Figure 1e),
respectively. As can been seen in cross sectional SEM images
(Figure 1g–j), more CuGa stacking layers can lead to much
rougher morphology with highly dense In islands. In the
ultimate case, namely, advanced_4CG as shown in Figure 1
(e), the equivalent effect of single and thick In layer was
formed. Therefore, the obvious island structures were
observed again where the morphology of samples after the
HASVS process exhibits slightly correlation to this trend, as
shown from Figure 1(k–o). The higher In islands can lead to
rougher and larger islands confirmed by the top view SEM
images (Figure 1f–j corresponding to Figure S1f–j), respec-
tively. By plotting volume sizes of In islands taken from SEM
images as the function of vertical height of In islands at
different stacking sequences of metallic precursors as shown
in Figure S2, it is obviously that the smaller size and higher In
islands lead to flat and compact films after the HASVS process
(Figure 1k–n corresponding to Figure S1k–n) so that the
“flatter” and “smaller” island structures were observed in
the advanced_2CG structure. This is why the CIGS phase with
compact films and larger grain can be found for the stacking
sequences of the advanced_2CG after the HASVS process as
show in Figure S1(m) and Figure 1(m).

Figure 2(a) shows Ga concentration profiles of CIGS thin
films with different stacking sequences of metallic precur-
sors obtained by XPS measurements at an ion beam etching
Figure 2 (a)Ga compositional depth profiles of various stacking
sequences in XPS analysis. Depth is defined by etching time
represented by ion gun sputtering. (b) XRD spectra of CIGS
(1 1 2) crystalline orientation for all kinds of stacking sequences.
rate of �0.35 nm/s after the HASVS process. The detailed
Ga concentration profiles close to the surface of CIGS thin
films is shown in Figure S3 (surface to 300 nm in depth).
Obviously, significant Ga segregation toward the bottom of
the CIGS film can be found after the HASVS process for all
different stacking sequences (Figure 2a). Note that a Ga
depleted region for the bi-layer case at depth between 30
and 270 nm from the surface of the CIGS thin film case was
found while the Ga depleted region get much improvement
after modification of stacking consequences (Figure S3).
Furthermore, the Ga concentration increases at the surface
of the CISG film (o30 nm) as numbers of top CuGa layers
increase, namely, advanced_2CG to advanced 4CG, respec-
tively (Figure S3). The higher Ga content in the surface will
lead to higher band gap, thus larger open circuit voltage
(VOC) might be obtained with advanced stacking structures
and will be discussed later. In addition, Figure 2(b) shows
CIGS (1 1 2) orientation for different stacking sequences of
metal precursors obtained by GIXRD in order to confirm the
transformation of crystalline phase. In JCPDS (International
Centre for Diffraction Data) database, the (1 1 2) orienta-
tion of CuInSe2 is located at 2θ=26.61 and CuGaSe2 is
located at 2θ=27.81 as marked in dash lines in Figure 2
(b). Consequently, no CuGaSe2 phase forms while Cu(In,Ga)
Se2 phase with a red shift with respect to CuInSe2 was
observed. The broaden peak with the red shift to larger 2θ
value of the Cu(In,Ga)Se2 phase is attributed to higher Ga
contents at the surface of the CIGS film as the numbers of
GaCu layers increase [20]. In addition, the higher Ga
contents at the surface of the CIGS film will further result
in phase separation phenomena (one at 26.71 and another at
27.21), namely Ga-poor and Ga-rich phases. The location of
Ga-poor phase slightly increases, corresponding to the trend
of XPS depth profiles owing to the increased Ga content at
the surface of the CIGS film as numbers of top CuGa layers
increase. The phase separation phenomena eventually
deteriorate device performance. As a result, the advan-
ced_2CG configuration exhibits the less phase separation
than other structures and shows a more uniform structure
in depth.

Effects and efficiency measurements of CIGS solar
cell with different stacking sequences of metallic
precursors and improved efficiency after pre-
annealing process without Se vapor at low
temperature

To shed light on energy conversion performance, the CIGS thin
films with different stacking sequences of metal precursors
were preceded by a standard device fabrication process,
namely Al/ITO/i-ZnO/CdS/CIGS/Mo/SLG (see experimental
part for more detailed information). The corresponding J–V
curves of bi-, multi-, and advanced_2CG after the HASVS
process were measured under AM1.5 G solar simulator as
shown in Figure 3(a). The corresponding conversion efficiency
(η), filling factor (FF), short circuit current (JSC), and open
circuit voltage (VOC) are listed in Table 1, respectively.
Obviously, the VOC can be clearly enhanced from 0.41 V for
bi-layer to 0.53 V after the multi-layer stacking modification
due to formation of high Ga contents on the surface of the
CIGS film confirmed by elemental profiles. Interestingly, as the
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number of the CuGa layers increases, the energy conversion
performance for the J–V curve reveals improved VOC from
0.53 V for the advanced_2CG to 0.56 V for the advanced_4CG
as shown in Figure 3(b) (Figure S4). Moreover, enhancement of
FF are achieved by improving the smoothness and compact-
ness of the surface after the HASVS process while both JSC
from 30.76 mA/cm2 for the advanced_2CG to 27.27 mA/cm2

for the advanced_4CG with η from 10.10% for the advan-
ced_2CG to 9.60% for the advanced_4CG are degraded as
numbers of CuGa layers increase. The degradation of the
performance for the advanced_4CG is supposed to be the
phase separation. Consequently, a maximum performance of
Figure 3 (a)Representative J–V characteristics of CIGS devices
with Bi-layer/Multi-layer/Advanced_2CG stacking sequences. (b) J–
V characteristics comparison of CIGS devices with further stacking
Ga on top (Advanced_2CG/Advanced_3CG/Advanced_4CG).

Table 1 List of CIGS solar cell performance (conversion efficien
different stacking sequences of metal precursors and different s

Stacking structure

Mo–CuGa/In (Bi-layer)
Mo–CuGa/In/CuGa/In/CuGa/In/CuGa/In/CuGa/In (Multi-layer)
Mo–CuGa/In/In/CuGa/In/In/CuGa/In/CuGa/CuGa (Advanced_2CG
Mo–CuGa/In/In/CuGa/In/In/In/CuGa/CuGa/CuGa (Advanced_3CG
Mo–CuGa/In/In/In/In/In/CuGa/CuGa/CuGa/CuGa (Advanced_4CG
Mo–CuGa/In/In/CuGa/In/In/CuGa/In/CuGa/CuGa (Advanced_2CG
efficiency reaching to �10.1% can be achieved for the
advanced_2CG case.

As can be proved by XPS measurements, Ga can be
segregated in depth of 30 nm beneath the surface of the
CIGS film after using stacking sequences of metal precur-
sors. It is well known that pure CIGS phase forms only at a
high temperature 4450 1C and a long dwell time more than
20 min while the interdiffusion of In and Ga occurs. In
addition, the reaction kinetics reveals that the activation
energy of CIS phase (�124 kJ/mol) is lower than that of
CIGS phase (�144 kJ/mol), indicating that the CIS phase has
lower surface free energy than the CGS phase [21]. There-
fore, the CIS phase is preferentially formed on the surface
rather than CIGS phase and Ga atoms are enforced to diffuse
toward to the bottom of the CIGS film through grain
boundary or vacancy defects during the selenization process
[22,23]. To tackle the problem, the gas phase selenization
process using H2Se is widely used to homogenize the Ga
distribution in depth while safety concerns owing to toxic
issue and facility cost have to be taken into account. Other
previous studies reported that Se comes from the precursors
at low temperature and form a Se amorphous phase to
retard the Ga diffusion toward the bottom of the CIGS films
[24]. Here, a process, called the pre-annealing process at
330 1C for 40 min on the pure CIG precursor, was applied to
prevent Se segregation during the HASVS process (Figure
S5). The pre-annealing process prior to the HASVS process is
also considered to further enhance Ga distribution along the
surface of the CIGS film. As a result, the efficiency can be
further improved to �11.4% for the Advanced_2CG case
after the pre-annealing process followed by the HASVS
process as listed in Table 1. The reason of the pre-
annealing process at 330 1C on pure CIG precursor is due
to the complete formation of Cu16In9 phase (ref. code 01-
071-7753) with remaining Ga phase (ref. code 01-089-2735)
at the specific composition ratio near stoichiometry con-
firmed by the GIXRD spectra as shown Figure 4(a) [25]. The
corresponding elemental profiling of Ga is kept in the top of
thin film surface and thus there is no vacancy defects
formed as shown in Figure 4(b). For comparison, the same
sample annealed at 330 1C without the pre-annealing
process (i.e. with Se vapor participation) shows formation
of low activation energy CIS phase (ref. code 00-035-1102)
and CuxSe secondary phase (ref. code 00-049-1457), respec-
tively, for which the Ga atoms are “pushed” toward
the bottom of the CIGS film. XPS analysis verifies this
cy/fill factor/short circuit current/open circuit voltage) with
elenizaton profiles.

Selenization
profile

η (%) FF (%) Jsc
(mA/cm2)

Voc (V)

HASVS 5.53 52.8 25.50 0.41
HASVS 7.61 62.5 26.45 0.46

) HASVS 10.10 61.7 30.76 0.53
p) HASVS 9.80 62.9 28.55 0.55
) HASVS 9.60 62.5 27.27 0.56
) Pre-annealing

process
+HASVS

11.04 60.4 32.70 0.56



Figure 4 (a)XRD spectrum of the Advacne_2CG samples with and
without the pre-annealing processes at 33 1C. (b) Corresponding Ga
compositional depth profiles for two kinds of CIGS films.

33Toward high efficiency and panel size
observation as shown in Figure 4(b). This is why no Ga signal
can be found in GIXRD results. Note that the results of the
Ga profile [26] are the results of Ga accumulation near
the bottom of the film and In–Ga interdiffusion. As a result,
the same with the pre-annealing process remains more Ga
on the top of thin film surface than the sample without the
pre-annealing process, resulting in high Ga contents and
high GGI ratios (Ga /Ga+ In) confirmed by elemental depth
profiles from XPS measurements as shown in Figure S6.
Fabrication of panel scale 30�40 cm2 toward high
efficiency Cu(In,Ga)Se2 solar cell

Furthermore, we repeat the standard device fabrication
processes to fabricate a panel size CIGS solar with
30� 40 cm2 in width and length without and with the pre-
annealing processes followed by the HASVS process, respec-
tively. The corresponding images of the advanced_2CG
sample for two kinds of conditions are shown in Figure 5
(a) and (b). Clearly, a lot of dark spots were observed in the
sample without the pre-annealing process while the uniform
surface of the CIGS film can be achieved with the pre-
annealing process. It is because solid Se vapor might cause
severe Se condensation at a substrate temperature o330 1C
because of incomplete reaction during the following HASVS
process. Insets in Figure 5(a) and (b) shows the
corresponding SEM images for two cases. As can be seen in
top view SEM images, the larger average grain size of
�1.3 μm was observed after the pre-annealing process.
However, the grain size of �1 μm was found without the
pre-annealing process. The improvement of the grain size
might be the stabilization of precursor with stoichiometric
distribution, thus the uniform grain size in lateral or in
depth (as shown in cross sectional view SEM) are formed.
The average efficiency of �8.25% for the advanced_2CG
samples after the HASVS process without pre-annealing
process were measured by measuring more than 25 devices
with actively measured area of 0.48 cm2 while the average
conversion efficiency of �9.29% and the champion cell as
high as the efficiency of �11.0% (12.2% with active area)
can be achieved with the pre-annealing process followed by
the HASVS process as shown in Figure 5(c). The correspond-
ing parameters are also listed in Table 1. Furthermore,
photo responses in EQE measurements were measured,
indicating that the enhanced efficiency is due to the
improved quantum efficiency because of higher absorption
at visible wavelength region (Figure S7). The larger band
gap is attributed to the higher Ga concentrates in the CIGS
film for the advanced_2CG sample after the pre-annealing
process compared with the same sample without the pre-
annealing process prior to the HASVS process. This is why
the significantly enlarged VOC of �6% is resulted from the
larger Ga concentrations at the surface of CIGS film and
increased JSC of �6% was also found due to larger grain size
and compact microstructure, yielding the enhanced cell
efficiency of CIGS solar cell. To shed light on enlarged band
gap due to the higher concentration of Ga atoms in the CIGS
film, the energy band gaps of the CIGS thin films for the
advanced_2CG with two kinds of annealing processes were
extracted from EQE measurements as shown in Figure 5(d).
Obviously, the average band gap of the sample after the
pre-annealing process film is 1.08 eV, which is larger than
that of the same sample without the pre-annealing process
(1.02 eV). For the process integration consideration, the
pre-annealing process can be also applied at extremely low
cost non-vacuum process such as particle-based CIGS [27]
and CZTS [28,29]. In addition, pre-annealing process can
stabilize the precursor and get free of detrimental oxygen
and carbon to CIGS or CZTS thin film solar cells24. Our
results provide a facile approach for quality improvement of
CIGS and stimulate a low cost, high output, and non-toxic
procedure in large scale CIGS PV industries.
Conclusions

We have demonstrated an optimized precursor stacking
sequences to achieve a large-area (40� 30 cm2) CIGS solar
panel. The conversion efficiency can be enhanced as high as
11.0% (12.2% for active area). An increased Ga segregation
on the top of the thin film was achieved by the stacking of
multi-layer with two CuGa layers on top, namely advan-
ced_2CG and the smooth and compact microstructure was
obtained as well. Furthermore, a pre-annealing process at
low temperature of 330 1C was applied which can retain
high Ga concentration on the surface of the thin films by
forming Cu16In9 phase and pure Ga phase while the sample
without the pre-annealing, the CIS phase is formed first and



Figure 5 (a) and (b) Comparison between with and without the pre-annealing process for the CIGS solar panel for the
Advance_2CG. Insets show the corresponding top-view and cross-sectional SEM images. (c) Comparison of the champion cell
performance with and without the pre-annealing process. (d) Band gaps (Eg) for the Advance_2CG sample with and without the pre-
annealing process extracted from EQE measurements.
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then repels Ga toward to the bottom of the CIGS thin film.
As a result, high GGI ratio was observed and high energy
band gap can be achieved, yielding an improved VOC to
0.56 V and the highest efficiency of �11% for the advan-
ced_2CG sequence with the pre-annealing process followed
by the HASVS process.
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