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Large-scale, subwavelength-structured nanodome arrays were successfully fabricated using simple, scal-
able bottom-up colloidal (nanosphere) lithography on a glass substrate as an efficient antireflective
photoanode for dye-sensitized solar cells (DSSCs). A self-assembled monolayer of close-packed colloidal
crystals (silica) was used as a structural template to pattern the two-dimensional subwavelength-
structured nanodome arrays, which function as an efficient antireflective coating due to the graded
refractive index across the interface between the air and specific nanodome array structure. The light
harvesting for a DSSC with a subwavelength-structured antireflective coating was enhanced due to the
improved broadband antireflectivity. Adjusting the nanodome size yielded a short-circuit current den-
sity (Jsc) of 15.88 mA/cm? with a power conversion efficiency (PCE) of 8.82%, which were both better
than the reference cell without a subwavelength-structured antireflective coating (Jsc = 15.26 mA/cm?

and PCE=8.45%).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Abundantly available solar energy has long been recognized as
an important alternative energy source. Photovoltaic device devel-
opment plays a crucial role in efficiently converting solar energy
into electricity. Dye-sensitized solar cells (DSSCs) have developed
into a successful photovoltaic device based on numerous studies
over the past two decades [1-5]. However, more effort is needed
to meet commercialization requirement such as power conver-
sion efficiency (PCE) comparable to Si-based solar cells, durability
for long-term operation, and mass producible assembly technique.
Enhancing light utilization in a DSSC is useful for improving the
PCE. One common method is to enhance the molar extinction
coefficient of the sensitizers (dye molecules) via a specific molec-
ular design or structural modification [6-8]. Co-sensitization using
two or more sensitizers [9-11], introducing a scattering medium
[12-15], and spectrum down-/up-conversion via Férster resonance
energy transfer (FRET) [16,17] are also useful approaches toward
efficient light harvesting.

Periodic micro-/nano-structures in biological systems with
unique functionalities have provided significant inspiration for
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practical applications [18-20]. For instance, the corneal sub-
300nm nipple arrays in nocturnal moth eyes reduce reflections
over a wide range of wavelengths [21]. This reflection reduc-
tion results from a refractive index gradient across the interface
between the air and cornea due to the specific nipple array
structure [22]. Subwavelength-structured gratings with a smaller
period than the wavelength of incident light based on the broad-
band antireflection properties of moth eyes have been extensively
exploited using top-down and bottom-up technologies [23-29].
Subwavelength-structured gratings fabricated on Si substrate
exhibited good antireflection performance and thereby improved
the light harvesting and photovoltaic performance of Si-based solar
cells [30,31]. Unfortunately, the high cost and low throughput
of top-down lithography-based fabrication technologies is con-
cerning. Bottom-up self-assembly technologies are inexpensive,
simple to implement, and high throughput alternatives to lithog-
raphy technologies [32-34]. However, most currently available
self-assembly technologies involve multiple steps, and are incom-
patible with fabrication scale-up.

Light reflection suppression by an antireflective coating (ARC)
fabricated on a Si substrate using colloidal lithography has been
extensively investigated [18-34]; however, applications of such
bio-inspired nanostructures to glass substrates is relatively limited
[35-38]. Li et al. [35,39] used polystyrene (PS) microspheres as
mask in the colloidal lithography process and fabricated an ARC
on a silica surface to improve the light transmittance. The best
light transmittance for this ARC was in the visible region when
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the nipple array period was 210 nm [39], whereas a 580 nm period
enhanced the light transmittance better in the near-infrared light
regions [35]. This period dependence for the ARC allows for a high
variety of practical applications. The bio-inspired structure was
also applied to the photoanode surface of a DSSC to increase its
light transmittance and PCE [40]. However, the moth-eye structure
was fabricated by coating an additional polymeric film on the glass
substrate using a nanostamp patterning technique. Some material
characteristics, for example, the coefficient of thermal expansion
(CTE), for the polymer may differ significantly from the glass sub-
strate, which likely causes thermal instability and delamination.

In this study, we developed a simple, inexpensive, and scalable
bottom-up colloidal lithography for self-assembling a monolayer
of close-packed colloidal crystals (silica) as structural templates
for patterning two-dimensional microstructure arrays to mass-
fabricate large-scale ARC in a single step. The silica nanospheres
became nanodomes after reactive ion etching (RIE) and firmly
adhered to the underlying homogeneous glass substrate to form
a subwavelength-structured ARC. The nanodome array ARC simul-
taneously suppressed reflection and enhanced light transmittance
over a wide range of wavelengths. Due to the enhanced light trans-
mittance, the incident photon to current efficiency (IPCE) was
improved for a DSSC using such a surface-modified electrode, and
the PCE of the DSSC improved accordingly.

2. Experimental procedures

2.1. Preparation and characterization of
subwavelength-structured antireflective coatings on a glass
substrate

The reagents used to synthesize the silica microspheres, includ-
ing tetraethyl orthosilicate (TEOS, 98%) and ammonium hydroxide
(28%), were purchased from Sigma-Aldrich. Ethanol (99.8%) and
ethylene glycol (99%) were obtained from ECHO. All of the solvents
and chemicals were used without further purification except for
TEOS, which was distilled immediately before use. Monodispersed
silica particles with various diameters (180, 250, and 315nm)
were synthesized using the standard Stober method [41]. The
synthesized silica microspheres were purified via multiple cen-
trifugation/redispersion cycles in ethanol before redispersing into
ethylene glycol. The silica sphere volume fractions for these sus-
pensions were controlled to 0.10. Using a clamp attached to the
syringe pump, a fluorine-doped tin oxide (FTO) glass sheet was
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vertically immersed in a Kimax crystallizing dish containing de-
ionized water. The silica/ethylene glycol suspension was added
dropwise to the water surface. The silica spheres rapidly dispersed
to form a floating colloidal monolayer at the air/water interface.
The glass sheet was then withdrawn at a rate of ~5 cm/min using a
KD Scientific 780-230 syringe pump [42,34]. As the glass sheet was
withdrawn, the floating colloidal monolayer transferred to both of
its sides.

Fig. 1 shows a schematic illustration of the templating proce-
dure for fabricating these subwavelength-structured nipple arrays
on a glass sheet. As mentioned above, the colloidal silica sphere
monolayers were generated on both sides of the FTO glass sheet.
Before the RIE treatment, the colloidal monolayer on the FTO side
was wiped off to leave a colloidal monolayer only on the back (illu-
minated side) of the glass sheet. An oxygen + argon RIE process was
then performed on the back (illuminated side) of the glass sheet at
2 x 10> Torr and 50 W. The oxygen and argon flow rates were 15
and 5 SCCM, respectively. During the RIE process, the silica particles
functioned as an etching mask to protect the glass underneath them
from being etched [32], while the non-protected glass surface was
etched. After an appropriately long RIE treatment, subwavelength-
structured nipple arrays formed on the glass surface as shown in
Fig. 1. The surface morphology and cross section of these nipple
arrays were examined using scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The optical properties of the
FTO glass sheet with these subwavelength-structured nipple arrays
were also analyzed. The transmittance spectra was measured using
a UV-vis spectroscopy (SHIMADZU mini-1240), and the diffuse
reflection spectra was measured using a solar cell quantum effi-
ciency QE/IPCE measurement system (Zolix Solar Cell Scan 100)
equipped with an integrating sphere and silicon diode detector.

2.2. Assembly and photovoltaic performance of DSSCs based on
the antireflective coating

The fabricated FTO glass sheet with subwavelength-structured
nipple arrays was used as the substrate to coat a TiO, mesoporous
film. A 0.16 cm? TiO, paste coating (Ti-Nanoxide T20/SP, Solaronix)
was formed on the FTO side of the glass substrate via screen-
printing (ATMA, AT-45PA). After sequentially sintering in an oven at
325°C for 5min, 375 °C for 5 min, 450 °C for 15 min, and 500 °C for
15 min, a 9.5 pm thick TiO, mesoporous film (7.5 wm nanoparticle
layer +2 pm scattering layer) had formed on the FTO glass sub-
strate as the photoanode. A 1.5 cm x 1.5 cm FTO glass sheet (10 2/0J,
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Fig. 1. Schematic illustration of templating procedure for fabricating the subwavelength-structured nanodome arrays on the glass sheet and assembly of DSSCs.
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Fig. 2. Optical transmittance and diffuse reflection of glass substrates before and after RIE treatment for various lengths of etching time.

2.2 mm Tripod Technology Corp., Taiwan) was coated with an ultra-
thin platinum layer via a solution-based dipping process [43,44] as
the counter electrode. The TiO,-coated photoanode was dipped in
a dye solution (0.42 mM N719) for 4h at room temperature. The
photoanode was then assembled with the Pt-coated ITO counter
electrode. The appropriate amount of liquid electrolyte (0.1 M Lil,
0.05M I, 0.6 M PMII, 0.5M TBP, and 0.2 M TBAI in AN/VN 85:15)
was injected into the gap between the two electrodes. The as-
fabricated DSSC was evaluated under AM 1.5 (1 sun) illumination
using a solar simulator (YSS-E40, Yamashita Denso Corp., Japan).
The photocurrent-photovoltage (J-V) curves were recorded using
a computer-controlled digital source meter (Keithley Model 2400,
Keithley Instruments Inc., USA). The IPCE spectrum was measured
using a QE/IPCE measurement system (Zolix Solar Cell Scan 100).

3. Results and discussion

3.1. Optical performance of glass substrates with
subwavelength-structured ARCs

Three silica particles with different diameters (180, 250,
and 315nm) were monodispersed onto glass substrates and

RIE-treated to fabricate subwavelength-structured ARCs on the
glass surface. Various etching times were tested for the three
silica particle diameters to optimize the optical performance
of the subwavelength-structured ARCs. As shown in Fig. 2, the
diffuse reflection was suppressed and the light transmittance was
simultaneously enhanced over a wide range of wavelengths for the
RIE-treated glass substrates, which indicates the subwavelength-
structured ARCs did improve the optical performance of the glass
substrate. The best optical performances were achieved at etching
times of 4, 5.5, and 8 h for diameters of 180, 250, and 315 nm,
respectively. Under these etching and silica size conditions, the
resulting ARCs reduced the diffuse reflection to 5-6%, approxi-
mately one half that of the glass substrate without an ARC (10%).
The best light transmittance was augmented approximately 4-5%
relative to the glass substrate without an ARC.

3.2. Microstructural examination of subwavelength-structured
ARCs on glass surface

Fig. 3 shows the silica particle microstructures with three diam-
eters coated on the glass surface before and after RIE etching. Before
RIE etching, the silica particles, coated using the Langmuir-Blodgett
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Fig. 3. Top-view SEM images of silica particles with three diameters coated on the glass surface (a)-(c) before and (d)-(f) after RIE etching. (g)-(i) Show the cross-sectional

SEM images of subwavelength-structured nanodome arrays.

method [42], were close-packed on the glass surface. These silica
particles served as an etching mask protecting the glass under-
neath. The reactive ions etched the uncovered glass surface, which
caused the protected glass surface to protrude and gradually
formed the subwavelength-structured nanodome arrays shown in
Fig. 3(d)-(f) for the 180, 250, and 315 nm samples, respectively.
The etching times were 4, 5.5, and 8 h for 180, 250, and 315 nm,
respectively, which were the times with the best optical perfor-
mance as mentioned above. Fig. 3(g)-(i) shows cross sections of
the nanodome arrays on the glass surface. Each nanodome was
constructed with a cap adhering above a trapezoid with a visible
boundary between them as shown by the arrow in Fig. 3(h). The
cap evolved from the silica particle and the trapezoid formed from
the base glass substrate during the RIE treatment. Severe scratch-
ing with sandpaper had difficulty removing the cap from the base
trapezoid, which indicates a strong adhesion between the cap and
trapezoid. The nanodome sizes were reduced from those of origi-
nal silica particle, and all nanodomes exhibited a longer base width
with a shorter height as shown in Table 1. The nanodome array
periods were approximately 199, 260, and 305 nm for the 180, 250,

Table 1
Dimensions of nanodome arrays in subwavelength-structured antireflective
coatings.

Silica size

180 nm 250 nm 315nm
Height (nm) 108 138 149
Base width (nm) 178 234 278
Period (nm) 199 260 305

and 315 samples, respectively, based on the cross-sectional AFM
images shown in Fig. 4. All of the periods were sufficiently small to
enhance the light transmittance over a broad range of wavelengths.
The root-mean-square roughness (Ryms) was the lowest (1.19nm)
for a glass surface without any structural modification, while the
Rrms increased to 16.75, 24.87, and 29.70 nm for the 180, 250, and
315 nm samples, respectively.

3.3. Photovoltaic performance for DSSCs using the antireflective
coatings

Fig. 5 shows J-V curves representative of the DSSCs fabricated
with and without a subwavelength-structured ARC. The Vg was
similar for all of the DSSCs; however, the Jsc was improved in the
DSSCs with an ARC (type 180, 250, and 315) over that without an
ARC (reference cell). To statistically investigate the effects of the
ARC, at least five cells were fabricated for each type of DSSC, and
their J-V curves were measured. Table 2 lists the average photo-
voltaic characteristics for the DSSCs determined from their J-V
curves. DSSCs without a subwavelength-structured ARC (reference

Table 2
Photovoltaic characteristics of DSSCs with and without a subwavelength-structured
antireflective coating.

Type Jsc (mAfcm?) Voc (V) FF PCE (%)
Reference cell 15.26 0.757 0.731 8.45
Type 180 15.57 0.759 0.731 8.64
Type 250 15.78 0.759 0.726 8.70

Type 315 15.88 0.759 0.731 8.82
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Fig. 4. AFM images of subwavelength-structured nanodome arrays coated on the glass surface: (a)-(c) side view, (d)—(f) top view and the insets show cross-sectional view.

cell) exhibited a PCE of 8.45% with the following photovoltaic
parameters: Jsc = 15.26 A/cm?2, Vo =0.757V, and FF=0.731. In con-
trast, the PCE improved for DSSCs with subwavelength-structured
ARCs, which was apparently due to the improved Jsc. The best Jsc

18

16

12

Current density (mA/cm?)

S W

obtained was 15.88 mA/cm? for the 315 nm DSSC, and the resulting
PCE reached 8.82%, which was the highest for all of the tested cells.
This result indicated the subwavelength-structured ARC enhanced
the photoanode light transmittance (as confirmed in Fig. 2), which

increased the incident light harvested by the N719 dye molecules
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Fig. 5. Representative photocurrent-photovoltage (J-V) curves of DSSCs fabricated

with (type 180, 250, and 315) and without (reference) a subwavelength-structured
antireflective coating.
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and thus the PCE. Fig. 6 shows the IPCE spectra for the four types
of DSSCs, and those based on subwavelength-structured ARC (type
180, 250, and 315) exhibited better IPCE performance over the
visible wavelength range than those without an ARC (reference
cell). These results confirmed the incident light harvested by the
N719 dye molecules was indeed enhanced by the ARC. The exterior
ARC did not affect the energy bandgap relationship between the
TiO, and electrolyte within the DSSC; therefore, the Voc was
similar between the DSSCs with and without an ARC. Similarly, the
FF variation was insignificant for all of the tested DSSCs because
the exterior ARC did not affect the electron transport properties
and impedance within the DSSC.

The enhanced light transmittance using a subwavelength-
structured ARC was attributed to a refractive index gradient across
the interface between the air and nanodome array. These specific
nanodome arrays effectively suppressed reflection by gradually
reducing the effective refractive index away from the glass sub-
strate surface, which enhanced the light transmittance [45]. The
effective refractive index (neg) can be determined by averaging the
refractive indices for air and glass (SiO,) weighted by the volume
at their interface as expressed by the following simulation [45].

o o

Negr = Vair(%) X Mair + Vsio, (%) x Nsio, (1)

where Vj;; and Vs;o, are the volume fractions for air and SiO;
(glass), respectively, and n,;; and ng;o, are the refractive indices for
air and SiO, (glass), respectively, and are 1 and 1.5, respectively.
At the top of the nanodome arrays, Vy;; is nearly 100% and Vs;o, is
nearly zero, so the ne is close to n,;,. However, Vy;. decreases while
Vsio, increases upon approaching to the nanodome array base.
Thus, neg nearly equals ng;o, at the nanodome array base. To calcu-
late the effective refractive index for the ARC, we assumed all of the
subwavelength-structured nanodome arrays were semi-ellipses
arranged in a close-packed order on the glass surface as illustrated
inFig. 7(a). The dimensions (base width and height) for the 180, 250,
and 315 nm semi-ellipses were set to those listed in Table 1. Using
the widths and heights for the semi-ellipses in Eq. (1) allows neg to
be calculated as a function of the semi-ellipse height as shown in
Fig. 7(b). The neg gradually changed from 1 () to 1.5 (nsjo, ) upon
reducing the semi-ellipse height for all three sizes (180, 250, and
315). The 315 nm samples exhibited the best antireflective per-
formance because the neg transition from n=1 for air to n=1.5 for
glass (SiO, ) with increasing depth was the smoothest. This result
indicates the subwavelength nanostructure height plays a crucial
role, that is, the larger the height, the more gradual the refractive
index changes, which decreases the light reflection [40]. These
findings were consistent with the IPCE spectra results (Fig. 6) where

the 315 nm DSSC exhibited the best light harvesting performance.
Therefore, the 315 nm DSSC exhibited the best Jsc and PCE.

4. Conclusions

A bottom-up colloidal lithography with self-assembled close-
packed silica nanospheres (180, 250, and 315nm) as structural
templates was used to fabricate an efficient ARC onto the illu-
minated side of DSSCs. This anti-reflective coating consisted of
subwavelength-structured nanodome arrays that effectively sup-
pressed light reflection via a graded refractive index across the
interface between the air and nanodomes. The diffuse reflection
was reduced to 5-6%, which was approximately one half of the glass
substrate without an anti-reflective coating (10%). The light trans-
mittance was enhanced 4-5% on the illuminated side for the DSSCs,
and the IPCE and short-circuit current density both improved
accordingly. Depending on the nanodome array height, the short-
circuit current density was enhanced from 15.57 to 15.88 mA/cm?
relative to the reference cell without a subwavelength-structured
anti-reflective coating (15.26 mA/cm?). The power conversion effi-
ciency was enhanced from 8.45% (reference cell) to 8.64-8.82%
using the subwavelength-structured anti-reflective coating. The
DSSC power conversion efficiency can be enhanced further by min-
imizing the light reflection loss by optimizing the anti-reflective
coating profile by increasing the nanodome height or accurately
controlling the nanodome aspect ratio to form pillar-like nano-
structures under different etching conditions.
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