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The photophysical properties of Culn,Ga,,S, (CIGS) thin films, prepared by solution-based
coating methods, are investigated to understand the correlation between the optical properties
DOI: 10.1039/X0XX00000X . L. . )

of these films and the electrical characteristics of solar cells fabricated using these films.
www.rsc.org/ Photophysical properties, such as the depth-dependent band gap and carrier lifetime, turn out
to be at play in determining the energy conversion efficiency of solar cells. A double grading
of the band gap in CIGS films enhances solar cell efficiency, even when defect states disturb
carrier collection by non-radiative decay. The combinational stacking of different density films
leads to improved solar cell performance as well as efficient fabrication because a graded band
gap and reduced shunt current increase carrier collection efficiency. The photodynamics of

minority-carriers suggests that the suppression of defect states is a primary area of

improvement in CIGS thin films prepared by solution-based methods.

1. Introduction

Culn,Ga,,S,Se, , (CIGSSe) solar cells have been considered as an
alternative to silicon solar cells owing to the high energy conversion
efficiency and competitive fabrication cost.'” Indeed, highly
efficient CIGSSe solar cells (~20%) is fabricated with an absorber
film thickness of only ~2 pm.”> CIGSSe has a direct band gap and a
high absorbance. Another advantage is its easily tunable band gap,
which is a promising feature for tandem solar cell architecture.’
Moreover, wide-band-gap affords high voltage to photovoltaic
devices, which is advantageous for enhancing solar cell efficiency.*”
The band gap of CIGSSe is influenced by the composition variation
and strain in its layers.®® This band gap change in the absorber film
can affect the collection and recombination of photocarriers,
suggesting that it is feasible to improve solar cell performance by the
introduction of a properly graded band gap in the absorber layer.”'°
Solar cell efficiency is also related to the lifetime of minority-
carriers,'"'? which is determined by the various radiative and non-
radiative decay channels of photo-excited carriers. In this regard, a
detailed understanding of the correlation between the optical
properties of absorber films and the electrical characteristics of solar
cells using these films is crucial for the optimization of solar cells.

CIGSSe thin films have been fabricated by vacuum-based
processes such as co-evaporation and sputtering. Recently, solution-
based methods have been developed for achieving large-scale and
low-cost pr()duc'cion.13'18 However, solution-based methods suffer
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from low quality of thin films and concomitant low efficiency of
solar cells. In addition, solution properties significantly affect
photovoltaic performance, although solution-based methods have
recently become competitive even in terms of efficiency. For
example, CIGSSe films prepared using hydrazine-solution-based
methods resulted in high solar cell efficiency (>15%)," whereas
some films prepared using nanocrystalline-based methods resulted in
low efficiency (< 1%)."

In this study, we investigate the correlation between the optical
properties of Culn,Ga;,S, (CIGS) thin films and the electrical
characteristics of solar cells fabricated using these films. We used
two different paste solutions to prepare CIGS thin films. One
precursor paste resulted in a densely packed CIGS films, whereas the
other led to a high degree of porosity in the films.'*** The depth-
dependence of the band gap in the films indicated that a graded band
gap in the dense film improved solar cell efficiency by enhanced
carrier collection. Moreover, combinational stacking of layers
prepared using the two pastes also affected the photovoltaic
performance of solar cells, where the solar cell with dense-back and
porous-front layers showed higher efficiency than that with a
reversely stacked structure.’ The band gap structure suggested the
existence of a graded band gap in stacked absorber layers, which
explained the enhanced solar cell efficiency. The lifetime of photo-
excited carriers was shorter in the solution-processed film than that
in a conventional vacuum-processed film.
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2. Experimental

2.1. Preparation of pastes. Paste A: A precursor solution was
prepared by dissolving Cu(NOj3),'xH,0, In(NOs);'xH,0O, and
Ga(NOs;);-XH,0 in methanol, to which polyvinyl acetate was added
as a binder material.'® After stirring the precursor solution for 30 min,
a paste was obtained with a viscosity of 15 £ 5 ¢P at 25 °C, which
was suitable for spin-coating. Paste B: A precursor solution was
prepared by dissolving Cu(NOs),"xH,0, In(NO;);-xH,O, and
Ga(NOs);-XH,0 in anhydrous ethanol. Terpineol and ethyl cellulose
were added as binder materials. After condensing the solution, a
paste was obtained with a viscosity of 4000 + 100 cP at 25 °C. The
viscosity difference between the two pastes was mainly attributed to
the properties of the binder materials.

2.2. Fabrication of CIGS thin-film solar cells. Paste A was spin-
coated and dried on a Mo-coated glass substrate; this process was
repeated about six times to obtain the desired thickness for the dense
film (~1.2 um)."” After coating and drying, air annealing was
performed under ambient conditions to remove the binder materials,
which resulted in a mixed oxide film of Cu, In, and Ga. Then,
sulfurization of the oxide film was carried out in a H,S/N, gas
environment, which resulted in the formation of the dense CIGS film.
The porous film was prepared via a single cycle of spin-coating and
drying owing to the relatively high viscosity of paste B. The porous
film was then subjected to two-step (oxidation and sulfurization)
annealing under conditions identical to those employed for the dense
film annealing. For obtaining combinational stacking with the
configuration of A+B, paste A was spin-coated onto a Mo-coated
glass substrate and dried under ambient conditions.”® On top of the
dried film, paste B was spin-coated and dried. The films were
annealed under ambient conditions and then sulfurized in a H,S/N,
gas environment. For the configuration of B+A, paste B was spin-
coated onto a Mo-coated glass substrate. On top of the dried film,
paste A was spin-coated and dried. The dried film was then
subjected to two-step (oxidation and sulfurization) annealing under
conditions identical to those employed in the case of A+B. Solar cell
devices were fabricated with a conventional configuration
(Mo/CIGS/CdS/i-ZnO/n-ZnO/Ni/Al).

2.3. Characterization of CIGS films. Structural characterization of
the films was performed using a scanning electron microscope
(SEM)."” Composition analysis was carried out using an electron
probe microanalyzer (EPMA), energy-dispersive X-ray spectroscopy
(EDX), and Auger electron spectroscopy (AES). Absorbance of the
diffuse reflectance UV-vis
spectrophotometer (Cary 5000, Varian). For obtaining steady-state
and time-resolved photoluminescence spectra, CIGS films were

films was measured using a

excited by the fundamental wavelength of a cavity-dumped oscillator
(Mira/PulseSwitch, Coherent, 1 MHz, 710 nm, 150 fs). The CIGS
films were held in a cryostat (CCR, Janis) in which the temperature
was varied from 10 to 300 K by using a temperature controller (331,
LakeShore). Emission from the films was collected using a set of
lens, spectrally resolved using a monochromator, detected using a
photomultiplier, and recorded using a time-correlated single photon
counter (TCSPC, PicoHarp, PicoQuant). The instrumental response
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Fig. 1 (a) Scanning electron microscopy (SEM) image of CIGS
film prepared using paste A shows a densely packed morphology
(cross-sectional view). (b) SEM image of CIGS film prepared
using paste B shows a porous morphology (cross-sectional view).
(c) Absorption and photoluminescence spectra indicate that the
band gap energy of the dense film (paste A) is slightly higher than
that of the porous film (paste B). The inset shows the time
profiles of time-resolved photoluminescence at 820 nm.
Intensities are normalized for comparison purposes.

of the entire system was 0.05 ns.>'?? Solar cell performances were
characterized using a class-AAA solar simulator (Wacom) and an
incident photon conversion efficiency (IPCE) measurement unit
(McScience).

3. Results and discussion
3.1. Band gap structures in CIGS films

The two paste solutions (paste A and B with a viscosity of 15 + 5 cP
and 4000 £ 100 cP at 25 °C, respectively) were used to prepare
CIGS thin films. The films prepared using paste A showed a densely
packed morphology (Fig. la) and a high energy conversion
efficiency (ECE) of 8.3%.'° On the other hand, the films prepared
using paste B revealed a high degree of porosity (Fig. 1b) and a
relatively low ECE of <3%. To understand these differences, the
photophysical properties of the different density films were
investigated. The band gap energy (Eg) of the films could be
estimated from their absorption spectra, which indicated Eg of ~1.7
eV (Fig. 1c). However, E4 could not be easily assigned from the
absorption spectra, because the exciton absorption was not clearly
discernible. In addition, E; was in the non-negligible range of
uncertainty (~0.05 eV), when E4 was estimated by extrapolating the
linear portion of the absorption slope in the spectra, due to the

This journal is © The Royal Society of Chemistry 2012
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smooth onset of absorbance and the absence of the exciton
absorption band. Alternatively,
photoluminescence

Ey; was examined from the
the films, because the
photoluminescence of direct-band-gap materials indicated the near-
band-edge transition and thus implied E; of these materials.

spectrum  of

However, the value of Ey estimated from the photoluminescence
spectrum was different from the absorption spectrum (~0.15 eV),
which was attributed to the Stokes shift, because this range of the
Stokes shift was frequently observed in CIGS.?*?*

Ey of the dense film (paste A) was slightly higher than that of
the porous film (paste B) in both absorption and photoluminescence
spectra (Fig. 1c). At first, the composition variation of the CIGS
films was assumed to result in the difference in Eg (~0.03 eV). The
AES analysis indicated that the chemical composition
([Cu]/[In]/[Ga]) was 1:~0.7:~0.3 in the dense films, which agreed
with the spin-casted composition ratio of 1:0.7:0.3 onto the Mo-
coated glass substrate.'? In this composition ratio, E, was expected to

be ~1.7 eV by the linear approximation model,>2°

which agreed
with E4 estimated from the absorption spectrum. In addition, EDX
analysis showed that the composition ([Cu]/[In]/[Ga]/[S]) was
1:0.75:0.29:2.07 in the dense films. It is notable that In rich and Ga
poor composition was also observed in some selected region of the
films, which was supported by EPMA analysis."” These results
implied that the composition was not homogeneous in the dense
films, which will be discussed in the following. Nevertheless, the
overall composition ratio in the dense films was similar to that in the
porous films within the error range of AES, EDX, and EMPA, since
the precursor mixture solutions of both paste A and B included
identical of Cu(NO3),"xH,O, In(NO;);-xH,0,
Ga(NOs);-xH,0. In this regard, the composition variation could not
explain the difference in Ey between the dense and porous films.

amounts and

Instead, the difference in E; was attributed to the morphology
difference of grains. The average grain size in the dense film was
smaller than that in the porous film," although the coalescence of
small grains typically occurred in the dense film. In other words, the
quantum confinement effect might be at play, although the
confinement effect was not significant in this size regime,”
because the grain size was larger than the exciton Bohr radius.
Indeed, the small variation of Ey (0.03 eV) was observed in SnO,
nanocrystalline films, even when the grain size was larger than the
exciton Bohr radius,”** which happened to match the observed AE,
between the dense and porous films. In addition, the effect of the
grain size was observed in the lifetimes of photo-excited carriers. In
the dense film, the lifetime was about 0.2 ns (inset of Fig 1c), while
that in the porous film was 0.9 ns. In the dense film, the large surface
area of the small grains resulted in surface-related defect states and
concomitant non-radiative decay to the defect states, which reduced
the lifetimes of photocarriers and thus the emission intensities.

The morphology difference also led to the different penetration
depth of incident light. Since the absorbance of CIGS was large (o =
10° cm™") for photon energies above the band gap,>'** most (90%) of
incident light (710 nm) was absorbed within the depth of 230 nm.
On the other hand, the relatively large pores allowed a deeper

This journal is © The Royal Society of Chemistry 2012

penetration depth in the porous film than the dense film. Since the
low-lying layer had a smaller value of E4 than the surface layer,
which will be discussed in the following, the deeper penetration
depth resulted in a smaller value of E; in the porous films.
Accordingly, both grain sizes and penetration depths were
responsible for the difference in Ey between the dense and porous
films, although the contribution of each factor could not be separated.
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Fig. 2 (a) Photoluminescence spectra of the dense film indicate
that the band gap energy changes as a function of thickness.
Intensities are normalized for comparison purposes. (b)
Composition profiles in the dense film are obtained by Auger
depth profiling. (c) The depth-dependent band gap energy is
schematically represented by the shift in the conduction band
minimum, which shows a double grading of the band gap
structure.

Since the band gap structure was known to influence the solar cell
efficiency,”'’ Ey was investigated as a function of film thickness
using the photoluminescence spectra. The information depth of the
photoluminescence spectrum, which is defined as the depth that 90%
of the overall signals were obtained, was ~230 nm.>3 Therefore, Eq
near the surface layer (depth range of 50 nm) was corrected from the
measured photoluminescence via weighting by the exponential
attenuation function, because the photoluminescence intensity was
governed by an  exponential attenuation.  Accordingly,
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photoluminescence indicated the depth-dependent band gap structure
more clearly than absorbance did.

In the dense films, the variation of E; was not monotonous as a
function of thickness (Fig. 2a). E4 of the thinnest film (200 nm) was
the highest (1.71 eV), and it decreased to 1.69 eV at a thickness of
400 nm. The change in E4 could not be explained by the composition
variation of the CIGS films, because the compositions of elements,
obtained from Auger depth profiling, were similar in this regime
(Fig. 2b)." Instead, the higher Egy value for the thinnest film was
attributed to the chemical interaction and strain distribution effect at
the CIGS/Mo interface.® It was observed that the back (bottom)
sides of CIGSSe thin films showed higher Eg than their front (top)
sides due to the chemical interaction with the Mo interface, where
the difference was as large as 0.20 eV.® Furthermore, the difference
in E4 was also related to substrate-induced strain, which increased Eg
by 0.05 V. Accordingly, Eg decreased to 1.55 eV with an increase
in thickness (~600 nm), because the effect of the chemical
interaction and strain became weaker. Indeed, the difference in Eg
was 0.16 eV between the back and central regions, which could be
explained by the chemical interaction and strain effect at the
interface.

With further increase in thickness (> 600 nm), E4 did not change
significantly, while a slight increase in Eg (1.56 V) was observed at
a thickness of 1200 nm. This was ascribed to the variation of the Cu
and Ga contents, when the effect in CIGS was assumed to be similar
to that in CIGSSe, because this effect in CIGS has not been reported.
The Ga content decreased with an increase in thickness (> 1000 nm),
which expected the decrease in E4 by 0.05 eV.* The Cu content also
decreased in this regime, which expected the increase in E4 by 0.04
eV.* In this regard, it is suggested that the reduced Ga content was
counter-balanced by the deficiency in the Cu content, which resulted
in slight increase in Eg at a thickness of 1200 nm. It is noted that the
slight decrease in E; was expected in above estimation, because the
decrease of 0.05 eV (Ga content) was compensated by the increase
of 0.04 eV (Cu content). This discrepancy might be related to the
approximation using the composition variation in CIGSSe, which
might not be identical to that in CIGS. In this regard, the
photoluminescence spectra and Auger depth profiling indicated that
Eq changed as a function of thickness in the CIGS films.

Generally, the valence band maximum was slightly affected by
the change of Eg.g’10 Indeed, the valence band maximum was
observed to be nearly flat between the back and front sides, when Eg

Table 1. Measured band gap energies of absorber films and
performance values of CIGS thin-film solar cell devices

sample E,(eV) Voe (mV) | Joe (mA cm'\) FF (%) n (%)
A 1.56 787 17.0 61.9 8.28

B 1.53 477 11.5 52.7 2.90
A+B 1.53 537 . 14.4 60.2 4.66
B+A 1.56 572 ‘ 8.1 58.1 2.71
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was significantly affected by the chemical interaction at interface.®
Accordingly, the change of Eg in CIGS films could be represented by
a shift of the conduction band minimum. Interestingly, the depth-
dependence of E; indicated a double grading of the conduction band
minimum in the dense films, as schematically shown in Fig. 2¢c. The
simulation study indicated that the double grading enhanced the ECE
by ~30%, compared to the flat one, due to the influence on the
dynamics of the minority charge carriers (electron).” High Eg at the
back side afforded the graded band gap, which increased the
minority-carrier diffusion length and improved the short circuit
current (Ji). High Eg at the front side usually reduced the
recombination rate in the space charge region, because the barrier
height became higher by the widened band gap, where a high open
circuit voltage (V,.) was also expected. On the other hand, the anti-
grading at the front layer (~0.01 eV) could act as a barrier for
minority-carrier collection. However, the barrier effect was not
apparent, because the thermal energy (> 0.02 eV) was sufficient for
minority-carriers to overcome the barrier. Therefore, the double
grading led to the high values of V. and J,. in the dense films, which
afforded the high ECE of solar cells (Table 1).

It should be noted that the lifetime of the minority-carriers was 0.2
ns in the dense films, which was shorter than the reported ones (~10
ns) in high-performance CIGS solar cells.'"'? The small grains in the
dense film were prepared by solution-based methods, although the
coalescence of grains was observed. Thus the short lifetimes were
attributed to non-radiative decay to surface-related defect states,
which implied that the improvement of minority-carrier lifetimes
would increase the solar cell efficiency further. In this regard,
efficient carrier collection was explained by the graded band gap for
minority-carriers, which improved the minority-carrier diffusion
length, although non-radiative decay might have reduced the
diffusion length.

The depth-dependence of E4 was also investigated in the porous
films (Fig. 3a). In fact, Eg at the back layer near Mo substrates could
not be estimated, because the thin film (<500 nm) was not prepared
due to the high viscosity of paste B. In the possibly prepared thinnest
film (~500 nm), E4 was 1.51 eV, which slightly increased to 1.53 eV
with an increase in the film thickness (1200 nm). The change of Ej
was attributed to the composition variation (Fig. 3b). The Cu content
decreased with an increase in thickness (> 500 nm), which led to a
higher Eg at the front side.3? On the other hand, the Ga content was
not changed much in this regime, which was different from the dense
films. Indeed, the anti-grading at the front side was slightly larger in
the porous films (0.02 eV) than the dense films (0.01 eV), which was
correlated to the variation of the Ga content in the porous films.
Although Eg at the back side was not directly measured, E4 at the
back side would be larger than that at the front side, because the
chemical interaction and strain would affect E; at the CIGS/Mo
interface of the porous films.*® Indeed, the back side of the dense
films was observed to have higher Eg than the front side due to the
chemical interaction with the Mo interface as well as the substrate-
induced strain. Accordingly, it was assumed that E; would increase
with a decrease in thickness of the porous films, because the effect
of the chemical interaction and strain became stronger.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 (a) Photoluminescence spectra of the porous film indicate
that the band gap energy slightly increases with an increase in
thickness (> 500 nm). (b) The composition profiles are obtained
in the porous film by Auger depth profiling. (c) The depth-
dependent band gap energy is schematically. Dotted line is
assumed to take the chemical interaction and strain at the
CIGS/Mo interface into account.

The band gap structure in the porous films (Fig. 3c) was not
much different from that in the dense films, although E, at the back
side was assumed at this point. Thus a low ECE could not be
explained by the depth-dependence of Eg in the porous films. In
addition, the relationship between Eg and V, in the porous films was
not similar to that in the dense films. In other words, Ey at the front
layer of the porous films was slightly smaller (0.03 eV) than that of
the dense films, although V. of the porous films was significantly
smaller (0.31 V) than that of the dense films (Table 1). Generally,
V. was affected by shunt leakage current, which was related to the
diffusion of contact metal through the buffer and window layers at
localized regions in CIGS solar cells.**** Since the buffer (CdS) and
window (ZnO) layers were very thin in this study, the porosity of
CIGS films could lead to pinhole-like faults, where the localized
diffusion of the contact metal could induce shunt current. Indeed, the
shunt resistance in the porous films was less than half of that in the
dense films,' which indicated that the porosity of films was
responsible for the shunt current. Therefore, it was concluded that

This journal is © The Royal Society of Chemistry 2012
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the effect of porosity was predominant over the band gap structures
in the solar cell prepared using paste B.

3.2. Band gap structures in combinational stacking of layers

The dense films with higher solar cell efficiency required multiple
coating-and-drying cycles to achieve a proper film thickness, which
might restrict the low-cost production of the solar cells. On the other
hand, the porous films with a similar thickness, which were prepared
by a single coating process, resulted in lower efficiency. In this
regard, a combination of paste A and B was expected to provide
efficient fabrication and improve the solar cell performance. For a
combination of pastes with the configuration of A+B, a thin dense
layer (200 nm) was prepared using a single coating of paste A,
which was followed by a single coating of paste B for a thick porous
layer (1000 nm).”® Certainly, a dense layer was observed at the
bottom of the film (Fig. 4a), which indicated that the layer density
was not affected by sequential stacking. Likewise, the configuration
of B+A indicated that the porous layer was deposited prior to the
dense layer (Fig. 4b).
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Fig. 4 (a) SEM image shows the CIGS thin film of the
configuration of A+B (cross-sectional view), where the dense
layer is in the bottom and the porous layer lies above it. (b) SEM
image shows the CIGS thin film of the configuration of B+A
(cross-sectional view), where the porous layer is in the bottom of
the film and the dense layer lies above it. (c) Absorption and
photoluminescence spectra indicate that the band gap energy of
A+B is slightly lower than that of B+A.

Photoluminescence and absorption spectra indicated that the
measured E4 value for A+B was smaller than that for B+A (Fig. 4c).
Since the observed photoluminescence was mainly governed by the
front layer, the measured Eq of A+B (1.53 V) primarily reflected Eq
of the front porous layer. It is notable that sequential stacking did not
change Eg of the front porous layer considerably, which agreed with
the observation that the crystal structure and layer density were not

J. Name., 2012, 00, 1-3 | 5
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influenced by stacking.”® Similarly, V. of the solar cell of A+B (537
mV) was lower than that of B+A (572 mV), because V,. was mainly
affected by Ey of the front layer. Indeed, the difference in V.
between A+B and B+A (35 mV) was similar to the difference in Ej
between A and B (30 meV), although other factors such as shunt
current and carrier recombination also influenced V,, as discussed
above.

The double grading of the band gap structure was expected in
A+B (Fig. 5a), when the depth-dependence of E4 was assumed to be
unaffected by stacking, as in the case of the front layer. The higher
Ey value at the back layer afforded the graded band gap and
increased Jy. (Table 1). Notably, V., and J, of A+B were
significantly improved from the porous film prepared using paste B,
even though most (~80%) of films in A+B were porous layer. The
dense layer in A+B would reduce the shunt current considerably,
which increased the ECE of A+B up to 4.7%. Moreover, two cycles
of coating-and-drying process in A+B, which was simplified from
six cycles in the dense films prepared using paste A, would facilitate
the low-cost production of the solar cells.

The ECE of B+A, however, was not improved from the porous
film, which was attributed to the low value of Ji. At first, the anti-
grading of the band gap structure at the front layer (Fig. S5b) was
responsible for the low Jy. value. Indeed, the external quantum
efficiency of B+A was significantly enhanced at long wavelengths
(>700 nm) in the reverse bias condition,”® supporting the presence of
the anti-graded band gap. Moreover, the anti-grading barrier (~0.05
eV) was larger than the thermal energy, which disturbed the
minority-carrier collection. Second, the minority-carriers in B+A
was affected by the short lifetime at 300 K (Fig. 5d), which was
shorter than A+B (Fig. 5c). It is notable that the lifetime of the
minority-carriers in B+A was similar to that in A+B at a low
temperature (10 K), but the former became significantly shorter with
an increase in temperature. The temperature-dependence suggested a
non-negligible amount of defect states, because non-radiative decay
to defect states was suppressed at the low temperature.***’ In other
words, the small grains in the front dense layer were responsible for
the surface-related defect states and the short lifetime of minority-
carriers. Accordingly, the diffusion of minority-carriers was
disturbed by the short lifetime in the front layer, in addition to the
anti-graded band gap, which resulted in no improvement in solar cell
efficiency of B+A, compared to the porous film.

4, Conclusions

The band gap structures and the lifetimes of minority-carriers were
investigated in CIGS films to understand the relationship between
the photophysical properties of absorber films and solar cell
efficiencies. The double-grading of the band gap in the dense films
enhanced the solar cell efficiency, because high Eg at the front and
back sides increased the open circuit voltage and minority-carrier
diffusion length, respectively. In the porous films, the effect of the
shunt current was predominant over the graded band gap, which
explained the low solar cell efficiency. In the combinational stacking
of A+B, the reduced shunt current as well as the graded band gap
improved the solar cell efficiency. In B+A, however, the diffusion of
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Fig. 5 (a) The depth-dependent band gap energy in the
configuration of A+B is schematically represented. (b) The depth-
dependent band gap energy in the configuration of B+A is
represented. Dotted line is assumed to take the chemical
interaction and strain at the CIGS/Mo interface into account. The
decay profiles of time-resolved photoluminescence at 820 nm in
(c) A+B and (d) B+A are presented as a function of temperature.
The inset shows the temperature-dependent photoluminescence
spectra. Intensities are normalized for comparison purposes.

minority-carriers was disturbed by the anti-graded band gap and the
short lifetime, which resulted in no improvement in solar cell
efficiency. The CIGS thin films fabricated by solution-based
methods turned out to afford the band gap grading, which was vital
for efficiency improvement. Finally, the improvement of minority-
carrier lifetimes is needed in thin films prepared by solution-based
methods for the large-scale and low-cost production application.
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