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The use of colorful solar cells is necessary for building-integrated photovoltaic (BIPV) applications in urban
areas, where aesthetics play an important role. The conventional deposition process of multilayer color filters
utilized in solar cells for BIPV applications is expensive because it requires multiple sputter targets. Herein, to
address the issue of high cost, a single sputter target was used to produce a color filter consisting of a Zn-based
multilayer structure. The oxygen content in the Zn(O,S) films could be controlled by adjusting the amount of
oxygen gas supplied during the sputtering process. This allows for control of the optical properties of the films,
including the refractive index and extinction coefficient. A color filter with the Zn(Oy,.92,S0.08)/ZnS structure

repeated three times was applied to Cu(In,Ga)Se; thin-film solar cells; the resulting solar cell demonstrated a
wide range of color expressions and less than 10% reduction in optical performance. The proposed technology is
expected to significantly reduce the cost of optical filter processes and their applications.

1. Introduction

In recent times, there has been a growing demand for the incorpo-
ration of color in devices such as solar cells, displays, mobile phones, and
defense systems. Although improving photovoltaic performance re-
mains a key priority, the development of technology that implements
color to offer effective camouflage and provide visual and psychological
enjoyment to humans is underway. In particular, the demand for
colorization technology in photovoltaic applications has significantly
increased. Conventional photovoltaic modules are dominated by
monochromatic panels that only consider the power generation per-
formance; however, of late, solar modules with different colors and
various sizes and shapes have found applications in buildings in
response to the demand for building-integrated photovoltaics (BIPVs) to
support energy self-sufficiency in urban areas [1-8].

Multilayer optical interference filters are a common technology used
in various devices to achieve low or high reflection in the desired
wavelength range. Multilayer optical notch filters with layered inter-
ference coatings are widely used for color implementation [9-13]. An
alternating formation of oxide-based high-refractive-index and

low-refractive-index films can be used to achieve constructive interfer-
ence at specific wavelengths to produce reflection or transmission,
enabling the realization of desired colors. The refractive index (n),
thickness, and number of layers of the thin film can be adjusted to
control the color. For use in colorful photovoltaic modules, a multilayer
interference coating is commonly formed on a glass substrate and placed
on the photovoltaic module. Color filters consist of high-refractive-index
materials such as Al;O3, NbyOs, and TiO,, and low-refractive-index
materials such as SiO2 and MgF,, which are deposited via sputtering
or electron beam evaporation [11,14-16]. Sputtering, which is advan-
tageous for large-area deposition, is the most widely used method for the
mass production of color filters and photovoltaic applications [17-22].
However, forming a multilayer coating of different materials using
sputtering requires different sputter targets for each material, which
requires alternating depositions and results in increased deposition time
and cost. In addition, the deposition process should be designed by
considering the target arrangement and substrate transfer speed ac-
cording to the thickness and number of layers.

If two or more types of thin films can be formed using a single target,
the process cost can be considerably reduced by resizing the equipment
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Fig. 1. (a) XRD results of Zn(0,S) thin films with different O5/(Ar + O,) ratios and their (b) lattice constants and S-to-O composition ratios estimated from the

20 values.

and vacuum chambers, including the sputter guns, and the yield can be
increased.

In this study, we propose a method for fabricating a color filter using
only a single ZnS target. The refractive index of the Zn(O,S) thin film was
controlled by changing the oxygen content and controlling the O, gas
supply during sputtering. The single-target-based color filter was man-
ufactured by stacking thin films with different refractive indices, thereby
reducing production cost and facilitating process engineering according
to the change in the structure. Furthermore, we analyze the structural
and optical properties of Zn(0,S) thin films and the optical and electrical
performance of the solar cells with the color filters applied.

2. Material and methods

Zn(01x,Sx) thin films were deposited via radio frequency (RF)
magnetron sputtering using a single ZnS target. The details of the sputter
system and the mechanism of thin film formation are described in our
previous papers [23,24]. By adjusting the Oy gas flow ratio (Oy/(Ar +
05)) at 3.3%, 2.0%, 1.0%, and 0%, S-to-O composition ratios (x, S/(O +
S)) of 0.08, 0.35, 0.85, and 1.00 were obtained in the Zn(O1.,S,) thin
films, respectively. The total gas flow rate under each condition was 61
scem, and the Os:Ar flow rates were 2.0:59.0, 1.2:59.8, 0.6:60.4, and
0:61 under the four Oy gas flow ratios of 3.3%, 2.0%, 1.0%, and 0%,
respectively [25]. The total pressure during deposition was 4 mTorr and
the substrate temperature was 185 °C; the RF power was maintained at
150 W. The diameter of the ZnS target was 10.16 cm.

The color filter consisted of six layers formed by alternating de-
positions of the Zn(Og 92,50.08) and ZnS thin films three times each. The
deposition rates of the Zn(Og.92,S0.0g) and ZnS thin films were 0.552 and
1.284 Ass, respectively.

A Cu(In,Ga)Se, (CIGS) thin-film solar cell was fabricated with Al/Ni/
indium tin oxide (ITO)/Zn0O/Zn(0,S)/CIGS/Mo/soda-lime glass struc-
ture using the baseline process described in previous studies [13,26-30].
First, a 900-nm-thick Mo rear electrode was deposited on a
1.1-mm-thick soda-lime glass substrate via direct current sputtering.
Subsequently, a CIGS absorber layer was formed using a co-evaporation
method in which Cu, In, Ga, and Se were independently evaporated. The
evaporated elements in each stage changed in the following order:
In-Ga-Se, Cu-Se, and In-Ga-Se. A Zn(0O,S) buffer layer was synthesized
via chemical bath deposition using an aqueous solution of thiourea,
NH4OH, and ZnSO4 [31-33]. A resistive layer of ZnO and a transparent
ITO electrode were deposited with thicknesses of 70 and 150 nm,
respectively, through RF sputtering. Finally, for the metal grid contact,
Ni and Al were formed with thicknesses of 50 nm and 3 pm, respectively,
by electron beam evaporation.

The thickness of each layer in the color filter was determined via

computer simulation using Essential Macleod software (Thin Film Cen-
ter Inc.) to achieve the target color. The measured optical characteristics
of the solar cells and the refractive indices and extinction coefficients (k)
of the Zn(0Og 92,50.08) and ZnS thin films were used the simulation. The
reflectance/transmittance spectra and color parameters of the designed
filters were also obtained via computer simulations.

The structural properties of the fabricated Zn(O,S) thin films were
analyzed via X-ray diffraction (XRD) 20-» measurements (X’pert PRO-
MPD, Malvern Panalytical Ltd., UK). The light transmittance and
reflectance of the thin films were measured using a UV-VIS spectro-
photometer (Lambda 950, PerkinElmer, USA) [34]. The thicknesses,
refractive indices, and extinction coefficients of the thin films were
measured using a spectroscopic ellipsometer (M200D (RCT), JA Wool-
lam, USA). The external quantum efficiency (EQE) was measured using
spectrally resolved monochromatic light generated by a 12 W halogen
lamp (Newport, USA). The optical performance of the solar cell was
analyzed by measuring the current density (J) and voltage (V) using a
current-voltage source meter (Keithley 2400, Keithley Instruments,
USA) under 1 kWm™ irradiance by an Air Mass 1.5G Spectrum; the
short-circuit current density (Jsc) was then obtained from a plot of J-V
curve. The grid pads were protected from color-filter deposition to
facilitate electrical contact. The samples were light-soaked under solar
irradiation for 1 h to achieve a performance-saturated state before
measuring the J-V and EQE [31,33].

3. Results and discussion

We observed the change in the S-to-O composition ratio with respect
to the amount of O, supplied and the corresponding changes in the
structural properties of the Zn(O,S) thin films. The XRD results shown in
Fig. 1(a) indicated that a (0002) peak was observed in all Zn(O;.x,Sx)
thin films at different positions depending on the value of x. Fig. 1(b)
shows a plot of the 20 value of the (0002) peak, the lattice constant (LC),
and the S-to-O composition ratio as a function of the O gas flow ratio. At
O, gas flow ratios of 3.3%, 2.0%, 1.0%, and 0%, the 20 values were
33.80°, 32.02°, 29.21°, and 28.45°, respectively. The thicknesses of the
thin films were 37, 39, 62, and 86 nm, respectively, and the LC values
calculated using Bragg’s law were 0.530, 0.559, 0.611, and 0.627 nm,
respectively. The x value in Zn(O1.,,Sy) and LC have a strong linear
relationship that satisfies Vegard’s rule and is empirically expressed as
follows [35,36]:

x = (9.01 x LC [nm]) - 0.518 (D)

Thus, the S-to-O composition ratio x was found to be 0.08, 0.35, 0.85,
and 1.00 in samples with O, gas flow ratios of 3.3%, 2.0%, 1.0%, and
0%, respectively. The S-to-O composition ratio in the Zn(0O,S) thin films
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Fig. 2. (a) Transmittance, (b) Tauc plot, and (c) refractive index and extinction coefficient of Zn(O,S) thin films with different S-to-O composition ratios.
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Fig. 3. (a) Schematic of the color-filter-applied CIGS solar cell structure and (b) designed thickness of each layer for red, green, and blue reflective color. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

could be precisely and easily controlled over a wide range by controlling
a small amount of the incorporated O, gas.

The optical characteristics of the Zn(O,S) thin films according to the
S-to-O composition ratio were analyzed, and the color filter layer con-
ditions capable of maintaining vivid color and adequate solar cell per-
formance were explored. Fig. 2(a) and (b) display the transmittances
and their Tauc plots for the Zn(Og 92,50.08), Zn(0g.65,S0.35), Zn(Og.15,
So.g5), and ZnS thin films, which show bandgap energies (Eg) of 3.03,
2.80, 3.04, and 3.45 eV, respectively, with high transmittances in the
visible wavelength region. The Eg of Zn(0O,S) shows a bowing pattern
wherein the Ej initially decreases and subsequently increases with an
increase in the S-to-O composition ratio is expressed as follows [37-40]:

Eg 7n(01-x,5x) = ¥Egzns + (1-X)Eg 700 - bx(1 - x) (&)

We confirmed that the bowing factor (b) was 2.1 eV in the Zn(O,S)
thin film fabricated in our previous study [23,24]. The bandgap ob-
tained from the Tauc plot in Fig. 2(b) satisfies this relationship. The
optical properties of the color filter that can simultaneously satisfy solar
cell application and color implementation were observed. Fig. 2(c)
shows the refractive index (n) and extinction coefficient (k) as functions
of the wavelength measured by a spectroscopic ellipsometer. Differences
were observed in the refractive index and extinction coefficient of the
thin films. As the S-to-O composition ratio increased, n increased over

the entire visible light wavelength range. The n values at a wavelength of
600 nm were 1.96, 2.19, 2.34, and 2.38 at x = 0.08, 0.35, 0.85, and 1.00,
respectively, which is similar to the reported values [41,42]. The k
values were negligible for wavelengths longer than 500 nm, whereas a
large difference was observed for wavelengths shorter than 500 nm
[39]. The smaller the Eg obtained in Fig. 2(b), the larger the k in the
short-wavelength region. The k values at a wavelength of 400 nm were
0.079, 0.282, 0.099, and 0.003 at x = 0.08, 0.35, 0.85, and 1.00,
respectively.

As the difference in the refractive index increases, more vivid colors
can be realized in a color filter via a multilayer structure consisting of
thin films with high and low refractive indices. For the implementation
of a color filter in a solar cell, a smaller extinction coefficient in the
wavelength range used for photoelectric conversion is more advanta-
geous for optical gain. Therefore, in this study, Zn(0Og.92,S0.08) and ZnS
which have the largest difference in refractive index and relatively small
extinction coefficients in the short-wavelength regions were chosen for
the fabrication of color filters.

The color filters were deposited on the top of the fabricated CIGS
solar cells. Fig. 3 shows a (a) schematic of the structure of the CIGS solar
cell and the color filter fabricated on it and (b) the thickness of each
layer of the color filter for red, green, and blue color implementations.
The color filter was fabricated with a structure in which the ZnS/Zn
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Fig. 4. Photographs of the red (left), green (center), and blue (right) color filters fabricated on the (a) solar cells and (b) glass substrates. The inset color patches
indicate the simulated color. (c) Corresponding simulated and measured color coordinates of the solar cell samples plotted on a CIE 1931 xyY color space at Y = 0.15.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Simulated and measured reflectance values of the solar cells with red, green, and blue color filters. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

(00.92, So.08) layer was repeated three times. The thickness of each layer
was determined through computer simulations to realize red, green, and
blue colors, and the total thicknesses were 552, 406, and 350 nm,
respectively.

The color performances of the color filters were analyzed. Fig. 4(a)
and (b) show photographs of the red, green, and blue color filters
fabricated on the solar cell and glass substrate and their simulation re-
sults (inset color patch). Fig. 4(c) shows the measured values and
simulation results of the xy color index. The color filters on the glass
substrates in Fig. 4(b) are transmissive colors photographed on a white
background, which are very similar to the colors obtained from the
simulation results. Therefore, the target thickness and composition of
the layered structure of the thin film were achieved. As shown in Fig. 4
(a), the sample with color filters on the solar cells was also well-
implemented for the three colors. The (x, y, Y) color index values of
the red, green, and blue samples were (0.428, 0.305, 4.21), (0.288,
0.387,5.61), and (0.255, 0.323, 4.49), respectively (Fig. 4(c)). However,
the sample with the color filter formed on the solar cell was darker than
the simulated sample and exhibited a narrower color range in the color
coordinates. Because the CIGS solar cell was not completely black, the
color obtained was slightly different from that obtained in the simula-
tion result. In addition, in the case of the solar cell sample, light scat-
tering occurred on the surface because of the high roughness resulting
from the stacking of several layers of compound thin films. The surface

root-mean-square roughness of CIGS solar cells is known to reach up to
200 nm [43,44]. The simulation results (a) and measurement results (b)
for the reflectance of the solar cell with the color filter applied are dis-
played in Fig. 5. In the simulation, the solar cell with the color filter was
designed to have peaks at 640, 525, and 465 nm for red, green, and blue
light, respectively. However, peak shifts and secondary peaks were
observed in the measured samples because the broad reflectance peak at
approximately 530 nm observed on the surface of the solar cell without a
color filter influenced the background reflectance, and the surface
roughness lowered the reflectance intensity.

The spectral optical gains of the solar cells with each color filter were
measured in order to confirm the availability of the color filter for the
solar cell application. Fig. 6 shows the EQE results for the (a) red, (b)
green, and (c) blue solar cells. The EQE was measured before and after
color filter deposition for the cells with the highest Jsc among the six
cells of each sample. Relatively low EQE values were obtained in the
wavelength range with high reflectance, in agreement with the reflec-
tance results shown in Fig. 5(b). Fig. 6(d) shows the Jg¢ performance of
the six cells of each sample before and after color filter formation. The
average Jsc value of the red solar cell decreased by 3.39 mA/cm? (9.9%)
from 34.12 mA/cm? to 30.73 mA/cm? after color filter deposition. The
Jsc value of the green sample decreased by 2.15 mA/cm? (6.3%) from
34.11 mA/cm? to 31.96 mA/cm?, and that of the blue sample decreased
by 2.13 mA/em? (6.3%) from 33.73 mA/cm? to 31.60 mA/cm?. To

30589



D.-H. Cho et al.

(@)

100
80} .
< 60} ]
<
40+ -
w —=— Without
201+ —e— Red
400 600 800 1000 1200
Wavelength (nm)
(c)
100 ; ; . ’
80+ .
& 60} ]
w
J 40} .
—=— Without
20} —e— Blue

1000

800
Wavelength (nm)

400 600 1200

Ceramics International 49 (2023) 30586-30591

100 : : ;
80+ 1
X 60t .
e
40t ]
w —=— Without
20+ —e— Green _
400 600 800 1000 1200
Wavelength (nm)
(d)
40 ; . ’
o~ 35 79 9% “ —6.3% Oz -6.3%
e \ * \ u
3 SRR
E 30t 1
(@]
(2]
= 25¢ & Without i
[ Colorfilter
20 ; : :
Red Green Blue

Fig. 6. EQE results of the solar cells before and after coating with the (a) red, (b) green, and (c) blue color filters. (d) The Jsc values of the solar cells with and without
color filters. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

maintain electrical contact for electrical performance measurement of
the solar cells, Kapton® tape was attached to the metal contact pad
before the color filter deposition, and the tape was removed after
deposition. During this process, the metal grid was damaged, causing a
significant decrease in the fill factor owing to an increase in the series
resistance. However, it appears that this problem caused by the in-house
process can be resolved if a color-filter-deposited solar cell is mass-
produced.

4. Conclusions

We fabricated a color filter by alternately depositing thin films with
different refractive indices to achieve an appropriate thickness using a
single ZnS sputter target. This approach helps fabricate solar cells with
various colors and minimal performance degradation. The refractive
index and extinction coefficient were controlled by adjusting the oxygen
content of the Zn(0O,S) thin film, which was achieved by varying the O,
gas flow rate during sputtering. Highly efficient CIGS thin-film solar
cells of various colors such as red, green, and blue, were fabricated by
selecting thin films with an S-to-O composition ratio that offers both a
large refractive index difference and a low extinction coefficient. This
fabrication process led to a wide range of color expression and a small
reduction in Jg¢ performance, ranging from 6.3% to 9.9% depending on
the color. Optimization of the thickness and number of layers in the
color filter structure is expected to result in a wider range of colors and
minimize the degradation in solar cell performance. The technology
proposed herein, which requires only a single ZnS target and adjustable
O, gas flow rate, can contribute to significantly reducing the production
cost of color filters for solar cells.
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