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thin-film solar cells, a method based on a precursor solution was developed. In particular,
under this method, multiple coatings with two pastes with different properties (e.g,
viscosity) because of the different binder materials added were applied. Paste A could form a
thin, dense layer enabling a high-efficiency solar cell but required several coating and drying
cycles for the desired film thickness. On the other hand, paste B could easily form one-
micrometer-thick films by means of a one-time spin-coating process but the porous
microstructure limited the solar cell performance. Three different configurations of the
CIGS films (A + B, B + A, and A + B + A) were realized by multiple coatings with the two
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pastes to find the optimal stacking configuration for a combination of the advantages of each

paste. Solar cell devices using these films showed a notable difference in their photovoltaic characteristics. The bottom dense
layer increased the minority carrier diffusion length and enhanced the short-circuit current. The top dense layer could suppress
interface recombination but exhibited a low optical absorption, thereby decreasing the photocurrent. As a result, the A + B
configuration could be suggested as a desirable simple stacking structure. The solar cell with A + B coating showed a highly
improved efficiency (4.66%) compared to the cell with a film prepared by paste B only (2.90%), achieved by simple insertion of a
single thin (200 nm), dense layer between the Mo back contact and a thick porous CIGS layer.
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1. INTRODUCTION

Culn,Ga;_,S,Se,_, (CIGSSe) thin-film solar cells are consid-
ered to be among the most promising alternatives to crystalline
silicon solar cells due to their potential in efficiency, cost, and
durability."? To fabricate CIGSSe thin-film solar cells more
efficiently, ink- or paste-based coating methods for CIGSSe
absorber films have been intensively developed.>~® In general,
the preparation of solution-based CIGSSe thin films is
conducted by using (1) ink (or paste), followed by (2) a
coating process and (3) a heat treatment.”” "' Depending on
the specific method, there are a few differences in steps (2) and
(3) because general printing methods (e.g, spin coating or
doctor blading) and a heat treatment (e.g, selenization or
sulfurization) are commonly used. On the other hand, the
properties of the ink or paste can differ greatly among the
methods devised thus far; hence, solar cells fabricated by these
methods show a wide range of power conversion efficiency
levels, ranging from less than 1 to more than 15%.">"3 For
example, a CIGSSe film produced from nanocrystalline ink
showed a solar cell efficiency value of approximately 0.2%,'*
while a similar CIGSSe film from a hydrazine-based solution
containing binary compound precursors, such as Cu,S, In,Ses,
or Ga,Se; achieved a solar cell efficiency of 15.2%,> implying
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that the properties of the ink or the paste are crucial in
determining the quality of CIGSSe thin films and therefore the
solar cell performance level.

Recently, we have developed a precursor-solution-based
method for the preparation of wide-bandgap CulnGa$, (CIGS)
thin films in which most of the procedures, including the paste
preparation and film deposition steps, were conducted under
ambient air conditions, as opposed to restricted conditions (i.e.,
in a glove box).15 Furthermore, an alcohol, such as ethanol or
methanol, was used as solvent for the paste solution that is
much less harmful and easier to handle compared to toxic
solvents, such as hydrazine. However, we have also found that
the properties of the CIGS films are strongly influenced by the
properties of the precursor solution paste, even if identical
coating and heat treatment processes are applied.'*~*

For example, a paste prepared by Cu, In, and Ga nitrate
precursors in methanol with polyvinyl acetate (PVA) as organic
binder resulted in a densely packed CIGS film, but it required
multiple coating and drying cycles to achieve a proper film
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thickness. On the other hand, another paste prepared using the
same Cu, In, and Ga nitrate precursors dissolved in ethanol
with ethyl cellulose as organic binder revealed a high degree of
porosity, but it could be easily applied to realize the desired film
thickness (~1.2 ym) by spin coating or by the doctor blade
coating method.

On the basis of our previous studies it can be expected that a
suitable combination of the beneficial properties of each paste
will lead to a more efficient fabrication of CIGS thin films
(fewer coating and drying cycles) and an improved solar cell
performance. In this study, to realize this objective, we
introduced a novel synthesis method of CIGS films by multiple
coatings with two pastes with different properties: one for a
dense and thin layer and the other for a porous and thick layer.
Three different types of stacked CIGS films were prepared
using this method, and their morphological and photovoltaic
characteristics were investigated.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Pastes. Paste A: A precursor mixture
solution was prepared by dissolving appropriate amounts of Cu-
(NO,),-«H,0 (99.999%, Alfa Aesar, 1.0 g), In(NO;);-«H,O (99.99%,
Alfa Aesar, 1.12 g), and Ga(NO3);-xH,0 (99.999%, Alfa Aesar, 0.41 g)
in methanol (7.0 mL), followed by the adding of a methanol solution
(7.0 mL) with poly-vinyl acetate (PVA) (Aldrich, 1.0 g). After the
mixture solution was stirred with a magnetic bar for 30 min, a paste
suitable for spin-coating was prepared.

Paste B: A precursor mixture solution was prepared by dissolving
appropriate amounts of Cu(NO;),-«H,0 (99.999%, Alfa Aesar, 1.0 g),
In(NO;);«H,0 (99.99%, Alfa Aesar, 1.12 g), and Ga(NO;);-«H,0
(99.999%, Alfa Aesar, 0.41 g) in anhydrous ethanol (80 mL), followed
by an addition of ethanol solution (20 mL) with terpineol (Fluka, 13.7
g) and ethyl cellulose (Aldrich, 0.75 g). After the mixture solution was
condensed at 40 °C under reduced pressure, a viscous paste with
rheological properties suitable for spin-coating was prepared.

2.2. Synthesis of the CIGS Films. CIGS thin films were
synthesized by paste coating and subsequent two step heat treatment
of oxidation and sulfurization. The paste was spin-casted onto a Mo-
coated glass substrate, and the film was then dried at 150 and 300 °C
for first layer and second layer using a hot plate for 3 min, respectively.
The dried film was annealed at 350 °C for 1 h under ambient
conditions in a furnace, resulting in a mixed oxide film of Cu, In, and
Ga. The CIGS alloy film was then formed by reacting this oxidized film
with dilute H,S gas (H,S(1%)/N,) at an elevated temperature (500
°C) for 30 min.

2.3. Fabrication of the Solar Cell Device. The solar cell devices
were fabricated according to the conventional configuration (Mo/
CIGS/CdS/i-ZnO/n-ZnO/Ni/Al). In our process, a 60 nm thick CdS
buffer layer was deposited on CIGS film by chemical bath deposition
(CBD), and i-ZnO (50 nm)/Al doped n-ZnO (500 nm) layers were
deposited by radio-frequency (RF) magnetron sputtering on the CdS
layer. A Ni (50 nm) and Al (500 nm) grid thick was deposited as a
current collector by thermal evaporation. The active area of the
completed cells was 0.44 cm?.

2.4. Characterization. Structural characterization of the films was
performed using a scanning electron microscope (SEM, FEI, Nova-
Nano200) with a 10 kV acceleration voltage and an X-ray diffraction
(XRD, Shimadzu, XRD-6000) with Cu Ka radiation (4 = 0.15406
nm). Composition analysis was carried out with an electron probe
microanalyzer (EPMA, JEOL Ltd., Tokyo, Japan). Viscosities of the
pastes were measured at 25 °C using a cone—plate type viscometer
(TVE-22LT, Toki Sangyo Co. Ltd). Optical properties were measured
by a diffuse reflectance UV—vis spectrophotometer (Cary 5000,
Varian). Device performances were characterized using a class AAA
solar simulator (Wacom, Saitama, Japan) and an incident photon
conversion efficiency (IPCE) measurement unit (Soma Optics, Tokyo,
Japan). DC transport characteristics were measured using a Keithley
4200 semiconductor characterization system in a cryogenic vacuum
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probe station (Janis Co., ST-500) over the temperature range of 100—
300 K.

3. RESULTS AND DISCUSSION

As briefly described earlier, two different paste solutions were
prepared and applied to make wide-bandgap CIGS thin films.
Paste A appeared in blue with a viscosity of 15 + S cP at 25 °C.
On the other hand, paste B revealed a similar blue color, but its
viscosity was measured to be 4000 + 100 cP at 2S5 °C. In fact,
this viscosity difference resulted from amount used, as well as
intrinsic property of the binder materials. Because of the
relatively high viscosity of paste B, the desired film thickness
(~1.2 um) could be easily achieved by a one-time spin coating.
However, the resulting CIGS films revealed a high degree of
porosity, which led to relatively low solar cell efficiencies (<3%)
of devices created by using these films (see Supporting
Information Figure S1).

Notably, very different from paste B, paste A required
multiple coating and drying cycles to achieve a proper film
thickness. For example, a ~1.2-um-thick film could be achieved
by six cycles of coating and drying, which would lead to a low
throughput during large scale production. Interestingly,
however, the CIGS film produced from this paste showed a
densely packed film morphology concomitant with the
generation of much higher power conversion performance
lexigls (8.3%) as compared to the films fabricated from paste
B.

In order to combine the beneficial properties of two pastes,
we introduced cocktails of paste coatings using both paste A
and B, as schematically described in Figure 1. The notation A +

@ PasteA

. Paste B

A+B

B+A A+B+A

Figure 1. Schematics of CIGS film configurations prepared by the
multiple-paste-coating method.

B indicates the film configuration, in which a thin film (~0.2
pm) was initially attained by a one-time coating with paste A,
followed by an additional coating with paste B to form a thick
layer (~1 um) on top of the dense film created by paste A.
Meanwhile, the notation of B+A indicates a film arrangement in
which a porous and thick layer (~1 pm) by paste B was
prepared prior to the dense and thin layer (~0.2 um)
consisting of paste A. A sandwich configuration A + B + A
was also prepared, in which both top (~0.2 gm) and bottom

dx.doi.org/10.1021/am404164b | ACS Appl. Mater. Interfaces 2014, 6, 888—893



ACS Applied Materials & Interfaces

Research Article

Figure 2. Top view (a, b, and c) and cross-sectional (d, e, and f) SEM images of three different CIGS film arrangements: (a and d) A + B, (b and e)
B + A, and (c and f) A + B + A. Red dashed lines indicate the demarcation between the individual layers prepared by the two different pastes A and

B.
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Figure 3. (a) J—V characteristics of representative CIGS solar cell devices with different layers of films under 1 sun illumination, (b) external quan-
tum efficiency (EQE) of the three types of CIGS solar cells at zero bias, (c) EQE ratios at —0.2 and 0 V biases of the CIGS solar cells.

thin layers (~0.2 ym) were fabricated by paste A and a middle
thicker layer (~0.8 um) by paste B. The overall film thicknesses
were adjusted so that they were virtually identical (~1.2 ym) by
controlling the spinning speed of the spin coater to avoid any
ambiguity caused by a varying film thickness.

Figure 2 shows the morphologies of the CIGS films obtained
by the multiple coating with pastes A and B and subsequent
oxidation and sulfurization steps. For the fabrication of the
CIGS film with A + B configuration, paste A was spin-casted
onto a Mo-coated glass substrate. The film was then dried at
150 °C under ambient conditions using a hot plate. On top of
the dried film, paste B was spin-casted and dried at 300 °C,
again using a hot plate. The dried films of A + B configuration
were annealed at 350 °C for 1 h under ambient conditions in a
furnace, resulting in a mixed oxide film of Cu, In, and Ga.
Because of this this heat treatment the amount of residual
carbon was found to be dramatically reduced (<S wt %) based
on an electron probe microanalyzer (EPMA) analysis. The
CIGS alloy film was then synthesized by reacting this film
composite with dilute H,S gas (H,S(1%)/N,) at an elevated
temperature (S00 °C). The surface morphology of the highly
porous CIGS film formed only by paste B was observed in the
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corresponding top-view scanning electron microscopy (SEM)
image (Figure 2a). In contrast, the densely packed film created
by paste A at the bottom of the film configuration was more
clearly confirmed by the cross-sectional SEM image shown in
Figure 2d, revealing an apparent line of demarcation due to the
different compactness of the layers formed by paste A and B (as
denoted by the dashed lines).

The reverse film configuration B + A (Figures 2b and e) was
constructed by a similar coating method except for the coating
order. In this case, paste B was initially coated, followed by
drying and subsequent coating with paste A. After a
sulfurization step, the surface morphology was found to be
significantly different from that of the A + B film, as shown in
Figure 2b. A dense surface was noted due to the second coating
with paste A. Furthermore, a sandwich configuration A + B+ A
(Figures 2c and f) was also constructed by the successive
coating of paste A, paste B, and again paste A with drying
between each coating step. After sulfurization, a surface
morphology similar to that of Figure 2b was observed because
a dense layer formed by paste A was prepared on top of the film
composite (Figure 2c). Notably, the X-ray diffraction (XRD)
patterns of the films arranged in the three different
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configurations did not differ, thus indicating that the crystal
structure is not influenced by the film configuration (see
Supporting Information Figure S2).

To investigate the effects of the multiple-paste-coating
method on the solar cell performance, solar cell devices were
constructed based on a substrate-type configuration (Al/Ni/
Zn0:Al/i-ZnO/CdS/CIGS/Mo coated glass). General deposi-
tion procedures were applied for a CdS buffer layer (chemical
bath deposition) and a ZnO window layer (sputtering
deposition). Current density—voltage (J—V) measurements of
the solar cell devices showed very different features, depending
on the absorber film configurations (Figure 3a and Table 1).

Table 1. Average Performance Values of Eight CIGS Thin-
Film Solar Cell Devices with Different Absorber Film
Configurations

sample V. (mV) Joc (mA/cm?) FF (%) n (%)
A+ B 537 144 60.2 4.66
B+A 572 8.13 58.1 2.71
A+B+A 523 9.87 57.5 2.94

The solar cell device with B + A film configuration showed the
highest open-circuit voltage (V,.) but the lowest power
conversion efficiency (average of 2.71% and best value of
2.90%) due to the low short-circuit current (J,.). Compared to
the solar cell with a film prepared by paste B only (see
supporting information Figure S1), the increase of V. is
noticeable. However, the decrease of ], resulted in no
improvement of the overall solar cell efficiency. On the other
hand, when the bottom layer of the CIGS film (on top of Mo)
was synthesized by paste A (ie, A+ Band A + B + A), J.
increased while V. decreased, compared to the B + A
configuration. The highest power conversion efficiency
(average of 4.66% and best value of 5.19%) was obtained by
the solar cell device with the CIGS film configuration A + B.
Based on the J—V characteristics of the solar cell devices with
the three different absorber film configurations, it can be
inferred that the dense layer formed by paste A at the bottom
(at the interface with the Mo back-contact electrode) helps to
increase J,, whereas the same layer on top (interface with CdS
buffer layer) reduces J,.

For a better understanding of the solar cell performance in
dependence of the absorber film on figuration, the wavelength-
and bias-dependent external quantum efficiencies (EQE) were
investigated. Figure 3b shows that the EQE of the CIGS solar
cell clearly depends on the stacking configuration of the dense
and porous layers. The solar cell with A + B film arrangement
exhibited the best carrier collection efficiency at long
wavelengths among the three investigated kinds of cells. In
contrast, a significant drop in the EQE data of the cell with B +
A configuration is remarkable, compared with the other types of
cells.

EQE data under reverse bias can further clarify the origin of
the poor spectral response of the solar cell device with B + A
configuration.”*** The reverse bias can enlarge the depletion
width in the absorber film, and thereby, increased EQE in case
the electrical recombination loss in the cell is significant. As
shown in Figure 3¢, the EQE(-0.2 V)/EQE(0 V) ratios of the
CIGS solar cells with A + B and A + B + A configuration did
not vary greatly. The ratio of the cell with B + A configuration,
however, increased considerably at long wavelengths (> 700
nm). This indicates that the poor EQE characteristics of the B
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+ A film are mainly caused by the electrical loss. It should be
also noted that the dense bottom layer can enhance the spectral
response because of the long minority carrier diffusion length.**
Therefore, the difference in the EQE data of the cells with A +
B and A + B + A layer arrangement should be attributed to
optical rather than to electrical loss, since the reverse bias could
not vary the EQE results. In fact, the samples with a dense top
layer (B + A and A + B + A) exhibited a somewhat higher
optical reflectance than that with the porous top layer (A + B)
(see Supporting Information Figure S3). It seems that the
relatively large grains and pores in the porous layers can scatter
incident light efficiently and thereby lower the optical
reflectance. Such an optical gain in the porous top layer
enabled an increase of the photocurrent of the solar cell.

The dark J—V characteristics of the CIGS solar cells follow
the well-known diode equation Jyo4 = Jolexp(qV/AkzT)—1]
where Jy, A, g, kg, and T are the saturation current density, the
diode ideality factor, the electron charge, the Boltzmann
constant, and temperature, respectively.”® ], shows an activation
behavior with the characteristic energy E,: J, = Joo exp(—E,/
AkgT). Joo is the reference current density which is only weakly
temperature-dependent.*® Thus, Aln(J,) shows a linear depend-
ence on 1/T, as shown in Figure 4.
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Figure 4. Plots of Aln], as a function of the inverse temperature for the
CIGS solar cells (A = ideality factor, ], = saturation current density).

The E, values can be extracted from the slopes of the linear
curves and amount to 0.84, 1.23, and 0.92 eV for A + B, B + A,
and A + B + A, respectively. These E, values are smaller than
the bandgap energy of CIGS, 1.62—1.65 eV, as estimated from
the reflectance spectra of the CIGS films (see Supporting
Information Figure S3). This indicates that the major
recombination process occurs at the interface rather than in
the bulk of the CIGS films.**** The diode ideality factor A of
the CIGS solar cells showed a significant increase as
temperature decreased and was as large as 4—6 at 100 K (see
Supporting Information Figure S4). Such a temperature
dependence of A indicates that tunneling-enhanced recombi-
nation at the interface is the dominating process in all of our
CIGS solar cells.”® The E, values of the cells with dense top
layer (B + A and A + B + A) were larger than that of the cell
with A + B configuration. This suggests that the dense top layer
helped to reduce the defect concentration near the CdS/CIGS
junction and suppresses trap-mediated recombination at the
interface. A porous top layer is not supposed to form a well-
defined p—n junction with the CdS buffer layer and may even
induce Cd diffusion from the CdS buffer into the CIGS layer.”

Such poor interfaces can cause the creation of recombination
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sites, as well as leakage currents. Indeed, a solar cell with a film
prepared using only paste B (very porous throughout the film)
revealed a low V,. and low efficiency (see Supporting
Information Figure S1).

The effect of the dense layer on the performance of the CIGS
solar cell is not straightforward, as discussed above. Most of all,
its influence strongly depended on the location within the cell
(top, bottom, or top-and-bottom). To gain more insight into
this issue, the microstructure of the absorber film was more
carefully investigated. Figure S shows SEM images of each layer

Figure S. Cross-sectional SEM image of the CIGS thin film with A + B
+ A configuration (left) and the magnified images of each layer: (a)
top layer by paste A, (b) middle layer by paste B, and (c) bottom layer
by paste A.

of the CIGS film with A + B + A configuration at higher
resolution. The middle part of the film consisting of paste B
shows a highly porous morphology composed of grains with an
average diameter of 34 nm. Notably, the top and bottom layers
reveal distinctively different morphologies, even though they
were made by the same material (paste A). The top layer shows
a very densely packed film composed of small grains with an
average diameter of 20 nm. Instead, the bottom layer consists
of very large grains, as seen in Figure Sc. It should be noted that
the morphology of this bottom layer is much closer to that of a
typical film synthesized by only paste A (see Supporting
Information Figure SS), which has shown a much higher
performance in solar cell applications.® The stacking sequence
influenced the microstructures of the CIGS layers even in case
they were prepared by the same paste. Obviously, the
underlying layers should influence the structural properties of
thin films grown on top of them. As shown in Figure Sa, the top
dense layer was composed of small-sized grains, and hence,
carriers will undergo scattering while crossing the grain
boundaries.”® Thus, such high-density grain boundaries may
limit the collection of photocarriers. Such a grain boundary
effect may provide additional clues to explain why the presence
of a dense top layer reduces J,. despite the beneficial effect of a
suppression of recombination at the CdS/CIGS interface
(Figure 4). Different from the effect of an upper dense layer, a
bottom dense layer consists of highly crystalline large grains,
thus leading to a much better charge transport, as evident from
the EQE data (Figures 3b and 3c).

4. CONCLUSIONS

In brief, in this study, we introduced a novel synthesis method
of CIGS films by multiple coatings with two pastes with
different properties: one for a dense and thin layer and the
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other for a porous and thick layer. We compared the
photovoltaic characteristics of solar cells with several types of
stacked films and suggested a more efficient (requiring fewer
coating and drying cycles) fabrication method of CIGS thin
films with improved performance. We found that the stacking
configuration of the CIGS layers significantly influenced the
performance of the solar cells that is closely related to the
microstructure of the layers. The dense CIGS layer on the Mo
back contact helped to increase the minority carrier diffusion
length and raised the photocurrent. The top dense layer could
suppress interface recombination but its low optical absorption
limited the maximum achievable photocurrent. The dense top
layer composed of small grains seems to induce an additional
reduction of the photocurrent due to grain boundary effects.
The CIGS solar cell consisting of a dense bottom layer and a
porous top layer resulted in an efficiency of 4.66%, much higher
than the efficiency (2.90%) of a cell consisting of a porous layer
only.
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