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Abstract: We proposed a fabrication of nanoimprinted tex-
tures on a front glass/transparent conductive oxide inter-
face for dye-sensitized solar cells (DSSCs). These textures
were fabricated through polydimethylsiloxane (PDMS)
nanoimprint lithography on organosilsesquioxane solu-
tion. The texture structures were estimated via optical
simulation. Master molds were anodic aluminum oxide
templates with nano-texture (N-Tx) and micro-nano dou-
ble texture (D-Tx). Meanwhile, replicate molds used a hard
PDMS. Fluorine-doped tin oxide and titanium dioxide
were deposited on textured glass substrates to generate
electrodes for DSSCs. Unlike the DSSCs without texture,
textured DSSCs realized 11.4% (N-Tx) and 10% (D-Tx)
improvement in conversion efficiency.

Keywords: dye-sensitized solar cells; inner AR; polydi-
methylsiloxane nanoimprint lithography; textures.

1 Introduction

Light management, which improves module power by
increasing light absorption in active layers, is a key
technique for solar modules. Antireflection (AR) coat-
ings or textures on a sunny-side glass are most effective
technologies and used worldwide in all photovoltaic
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modules/cells [1-4] because incident light loses largely
at the interface between air (refractive index of 1.00)
and front glass (refractive index of 1.52 [5]). However,
the effects of AR coating or texture degrade easily due to
outside weather and organic contamination. Meanwhile,
enhancing the light path within the absorption layers by
light trapping textures inside the front glass is vital in
thin-film solar modules [1, 2, 6-9].

The surface texturing for light trapping has two roles:
‘inner AR’ and ‘light scattering’. Generally, thin-film solar
cells use transparent conductive oxides (TCO) as the
front electrode. Commercial thin-film solar modules also
adopted natural-textured TCOs, such as fluorine-doped
SnO, (FTO) deposited through low-pressure chemical
vapor deposition (LPCVD) [10] or spray pyrolysis depo-
sition (SPD) [11] and aluminum-doped zinc oxide (AZO)
deposited through LPCVD [1, 2, 8, 10]. These TCOs are
deposited on a flat glass. The refractive index of TCO is
approximately 2.00 at 632 nm [12]; thus, a few percent
reflections on glass and TCO occur.

To reduce light loss, inserting silicon nitride, which has
a refractive index, in between the glass and AZO as inner
AR coatings at the glass/AZO interface reduces the reflec-
tion to 1.6% [13]. Hence, this inner AR will not be degraded.
Moreover, submicron structure layers on the glass/TCO
interface were fabricated via UV nanoimprint lithography
(NIL) as the inner AR structure, including light trapping
effect [8, 9]. These textures improved the efficiency of thin-
film solar cells. However, these structures may degrade
due to the reliability and weatherability of NIL resins, for
example, yellowing. In addition, these inner AR structures
induced the degradation of the light absorption layer in
thin-film amorphous silicon or tandem devices [8].

Dye-sensitized solar cells (DSSCs) attracted a remark-
able interest because of their low material cost, simple
construction, and color potential, transparency, and flex-
ibility. However, with a cell efficiency of approximately
11.9%, which is less than half of a crystalline silicon solar
cell [14], additional improvement in DSSCs is required.
Figure 1A shows the construction of a conventional DSSC
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Figure 1: Schematic illustrations of DSSCs.
(A) Conventional DSSC. (B) Proposed DSSC.

(Figure 1). As observed in the figure, a DSSC comprises a
front glass coated with FTO (FTO glass), nanopatrticle TiO,
layer, electrolytes, and back-side glass coated platinum.
The TiO, layer adsorbed with a photosensitive dye acts
as an anode and generates electrons when light passes
through. Hence, apart from the dye performance improve-
ment, increasing incident light into the TiO, layer and
light trapping in TiO, are important in the enhancement
of DSSC efficiency.

Two types of light trapping on the front glass in DSSCs
were reported. One is the FTO layer with textured struc-
tures. They used FTO glasses with various morphology of
FTO under various SPD conditions [11] and with a textured
structure etched by RIE [15]. Another is the TiO, layer with
a textured structure, fabricated by imprinting [16, 17], pat-
terned screen printing [18], and anodic titanium oxide
[19]. Mainly researches used commercial FTO glasses.
Meanwhile, textured back substrates that have a two-
dimensional periodic structure for increasing the reflec-
tion applied to DSSCs were reported [20]. These textured
structures were fabricated on an Si substrate using solvent
suspension/inorganic nanoparticle pastes, such as ZnO,
ITO, TiO,, and SiO,, by stamping polydimethylsiloxane
(PDMS) molds. These DSSCs improved power conversion
efficiency by light trapping.

Figure 1B shows our proposed DSSC using a textured
front glass through PDMS NIL on organosilsesquioxane
(0SQ) solution similar to hydrogen SQ [21]. The textured
substrate at the glass/TCO interface was reported to apply
for thin-film Si solar cells[1, 2, 8, 9] because TCO was coated
by the LP-CVD process in the commercial production of
the thin-film Si solar modules. These textured glasses
and FTO are also expected to improve DSSC efficiency in
three effects: (1) less light loss (reflection) at the glass/FTO
interface, (2) longer light path owing to the scattering into
the TiO, layer, and (3) reduction of electrical resistance
associated with the increase in the FTO/TiO, surface area.
In this research, we adopted the FTO fabricated by SPD to
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low-cost fabrication. Thus, we utilized 0SQ for textured
material regardless of its low refractive index (n=1.41).
Although excellently textured materials have refractive
index in between the glass and FTO, this disadvantage
can be compensated through a designed texture struc-
ture. Meanwhile, textured materials must show high heat
resistance because the FTO coating is performed at 450°C
in air. After baking, the used OSQ changed and possessed
a characteristic similar to Si0O,, which had high heat resist-
ance. Here, baked 0SQ is expressed as SiO,.

First, we calculated and designed two textures
through optical simulation. Two master templates, with
nano and micro-nano double concave structures, were
fabricated via anodic oxidation of aluminum and wet
etching. Then, PDMS molds were replicated, from which
textures were transferred onto the glass substrate through
PDMS NIL. The assumed effects (1) and (2) were confirmed
by measuring the reflectance and diffuse transmittance
of textured glass substrates, whereas effect (3) was exam-
ined by observing the surface topography of the substrates
after TiO, deposition. Finally, the properties of DSSCs were
evaluated under AM 1.5 illumination.

2 Experimental
2.1 Optical simulation

Textured structures with high aspect ratio show excellent AR effect
over a broad wavelength range [22]. However, the designs of tex-
tured structures were restricted to a concave structure, considering
the characteristics of the used OSQ and fabrication processing of
DSSC. This is because a high aspect ratio structure had some prob-
lems, such as large shrink of 0SQ and low coverage of FTO or TiO,
on these structures. Moreover, the texture height is less than 1 um
because when the thickness of 0SQ exceeds 1 um, the baked 0SQ film
tends to break by stressing themselves. To optimize the scale of the
texture structure, the reflectance (from the air to the TiO, layer) of the
concave structure with a range of pitches (from 100 nm to 1000 nm)
and depths (half of the pitch) were calculated using Gsolver (Grating
Solver Development Co., Saratoga Springs, UT, USA).

Figure 2 shows the schematic of the simulation model. As
observed in the figure, light in the air passes through the glass, tex-
tured SiO,, and FTO and finally arrives at the TiO, layer. Table 1 pre-
sents the refractive index and thickness of each layer (Table 1). As
a standard sample, the reflectance of a conventional non-textured
model with air/glass/flat FTO/TiO, layers was also simulated, as
shown in the table. Table 2 summarizes the average reflectance in
the wavelength ranging from 400 nm to 800 nm (Table 2). In addi-
tion, the texture with a pitch of 400 nm and a depth of 200 nm dem-
onstrates the lowest reflectance. However, our attempt to fabricate a
periodic structure through photolithography or direct laser writing
was restricted using our experimental equipment. Further, consider-
ing that a random surface texture causes scattering [23], we believed
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Figure 2: Schematic image of simulation model.

Table 1: Parameters of simulation model.

Layer Air Glass Sio, FTO Tio,
Refractive index 1.00 1.51 1.41 2.01 2.60
Thickness (ium) 700 1 0.8

Table 2: Average reflectance in the wavelength range from 400 to
800 nm of simulation.

Pitch (nm) Flat 100 200 400 600 800 1000
Depth (nm) 50 100 200 300 400 500
Reflectance (%) 6.5 9.0 4.4 2.5 9.3 4.2 6.5

that fabricating random texture on the scale of 400 nm is feasible.
Anodic oxidation is a convenient method to realize a porous struc-
ture with a pitch of approximately 400 nm [24-26]. Moreover, by
adjusting anodization and wet etching conditions, a random texture
with a micro-nano double structure was realized.

2.2 Fabrication of textured glass substrates

Figure 3 illustrates the fabrication process of the textured substrates
(Figure 3). As shown in the figure, the master molds are anodic
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aluminum oxide (AAO) templates with modifications in conditions
for different textures. Replicate molds utilized a hard PDMS. The tex-
tures were transferred on glass substrates through PDMS NIL using
0SQ solution.

2.3 Master molds

Figure 3A shows the fabrication process of two types of master
mold. First, porous aluminum oxide (A1,0,) grew on a pretreated
aluminum (Al) sheet as a result of anodization (Figure 3A-1, 2). Sec-
ond, the pore diameter of Al,O, was widened, and the thickness was
reduced through wet etching (Figure 3A-3). Third, the nano-texture
(N-Tx) was obtained (Figure 3A-3). With further etching, porous ALO,
formed when the first AAO was removed completely. Fourth, the
concave texture of micrometer scale appeared on the Al substrate
(Figure 3A-4). This substrate was treated through the second anodi-
zation (Figure 3A-5). Finally, porous Al O, formed by the second AAO
was also second etched, and then double texture (D-Tx) was obtained
(Figure 3A-6).

Pretreatments primarily followed the procedures outlined by Wu
et al. [19] with the following exceptions. First, the thickness of the Al
sheet (purity of 99%) was increased to 1 mm to avoid deformation of
master molds during demolding. Second, the electro-polishing of the
annealed Al sheet was performed from —5°C to 0°C for 5 min. Third,
anodization was performed at 185 V in a 4:1 v/v solution of 1 wt.%
phosphoric acid (H,PO,) and ethanol (C,H,OH) vigorously stirred
at 600 rpm. Fourth, the solution temperature ranged from -10°C to
10°C, and ethanol was used because of its cooling effect [20]. Finally,
wet etching was performed in 6 wt.% H PO, at room temperature or
slightly higher.

2.4 Replicate molds

Figure 3B illustrates the fabrication process flow of the replicate
molds. Master molds were pretreated using a release agent (OPTOOL
HD 2100, Daikin Co. Ltd., Osaka, Japan) prior to molding. A hard
PDMS (X-32-3095, Shin-Etsu Chemical Co. Ltd. Tokyo, Japan) was
preferred for molding. The quantity of PDMS should be controlled,
allowing the replicate molds to have a suitable thickness for better
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Figure 3: Schematic illustration of fabrication process: (A) master molds, (B) replicate molds, (C) textured substrates.
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performance of the nanoimprint. After degassing, PDMS was hard-
ened by heating at 150°C for 30 min. The dimension of the replicate
mold might be slightly smaller than the glass substrate, which helps
mold position when imprinting. In this study, the imprint area is
slightly less than 20 mm x 20 mm to fit the size of a counter electrode.

2.5 Textured glass substrates

Figure 3C shows the fabrication process of textured glass substrates.
The 0SQ solution (Tokyo Ohka Kogyo Co. Ltd. Tokyo, Japan) was
spin coated on glass substrate (Eagle XG, Corning Inc., New York,
NY, USA). The spin-coating condition depends on temperature and
humidity because the organic solvent of OSQ solution volatilizes
rapidly. Further, a stable experimental environment is strongly rec-
ommended. A PDMS replicate mold was pressed on the 0SQ solu-
tion at a pressure of 0.1 MPa at room temperature. As the solvent was
absorbed by the PDMS, the texture on the replicate mold formed on
the 0SQ layer. Finally, after releasing the mold, the glass substrate
with 0SQ layer was heated at 150°C for 60 min, 250°C for 30 min, and
480°C for 30 min. The 0SQ exhibited a similar characteristic to that
of Si0, as a result of heat treatment.

2.6 Application for DSSCs

Textured substrates with a dimension of 20 mm x 20 mm x 0.7 mm were
utilized for DSSC fabrication. First, the FTO film with a thickness of
700-800 nm was deposited on textured substrates using SPD, which
was performed in the SPD Laboratory Inc., Hamamatsu, Japan. More-
over, TiO, deposition was performed by screen printing using a paste
(Ti-Nanoxide T/SP, Solaronix, Aubonne, Switzerland) containing
nanoparticles with a diameter of 15-20 nm. The thickness of the TiO,
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layer was approximately 4.3 um after heating at 120°C for 30 min and
480°C for 30 min. A flat TiO, (TiO, electrode without texture) was also
fabricated for comparison. Second, the substrates were immersed in
N749 dye (triisothiocyanato-(2,2":6’,6"-terpyridyl-4,4",4”-tricarboxylato)
ruthenium(Il) tris(tetra-butylammonium), Solaronix) for 24 h and
then rinsed with ethanol. Third, the TiO, electrodes were manually
sealed with counter platinum electrodes (Solaronix, made from
TCO227 FTO-coated glass) using a hot-melt film (Meltonix 1170-60,
Solaronix) at 110°C under pressure. Finally, after electrolyte (Iodolyte
HI30, Solaronix) filling and sealing of holes, the DSSCs with an
active area of 0.36 cm? (0.6 cm x 0.6 cm) were achieved.

3 Results and discussion

3.1 Textured glass substrates

To confirm the completion of the nanoimprint, the surface
topography of the AAO master molds and SiO, textures
were observed using a scanning electron microscope
(SEM, Miniscope® TM3030, Hitachi High-Technologies
Corp., Tokyo, Japan). To evaluate the AR effect and haze
of textures, the reflectance and transmittance of the glass
substrates with and without textures were measured
using a UV/vis spectrophotometer with an integrating
sphere system (V-570, JASCO, Hatchioji, Japan). In addi-
tion, to verify the improvement of the TiO, surface area at
the FTO/TiO2 interface, the SEM images of the FTO sub-
strates were provided, as shown in Figure 4. To estimate

Figure 4: SEM images of AAO templates and SiO textures: (A) top view of N-Tx AAO; (B, C) top view and bird’s eye view of N-Tx SiO; (D) top

view of D-Tx AAO; (E, F) top view and bird’s eye view of D-Tx SiO.
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light scattering within the TiO, layer, the diffuse trans-
mittance of the FTO substrates was analyzed. Finally, the
reflectance of the TiO, substrates was evaluated to confirm
the total AR effect.

Figure 4 presents the SEM images of the surface
topography of the AAO master molds and SiO, textures
fabricated using nanoimprint (Figure 4). Figure 4A and B
illustrates that the pitch and diameter of N-Tx is approxi-
mately 200-400 nm, although not strictly periodical.
The three-dimensional structure of N-Tx was verified by
a bird’s view image shown in Figure 4C. Uniform depth is
difficult to achieve due to the features of anodization and
wet etching. Figure 4D-F illustrates the hierarchical mor-
phology of D-Tx. The nano-scale textures formed in the
micro-scale templates, resembling several nets tangled
together. In summary, both N-Tx and D-Tx were well rep-
licated from the master molds to the SiO, layer on glass
substrates.

The optical curves of textured glass substrates and
average values in a visible wavelength with a range of
400-800 nm are shown in Figure 5. In the figure, the
inner AR effect of the SiO, textures was verified by a 2.1%
reflectance reduction of N-Tx and a 1.5% decrease of D-Tx.
Note that the SiO, textures were fabricated between glass
and air, resulting in a gradual refractive index change
at the glass/air interface. The refractive index of SiO, is
1.41, which is in between the glass and air. The texture
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Figure 5: Optical measurement results of textured glass substrates.
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structure also provides a mild transition. In addition, the
textures demonstrated high haze, indicating a long light
path length caused by scattering. Generally, for either
N-Tx or D-Tx, the inner AR effect is significant in a long-
wavelength range (600-800 nm), and high haze appears
in a short-wavelength range. Therefore, for DSSC fabrica-
tion, we chose the N749 dye that has absorption peaks
over a broad range.

3.2 Textured FTO and TiO2 substrates

Figure 6 presents the top view SEM images of FTO sub-
strates (Figure 6). As observed in the figure, textured FTO
substrates contain a rough topography than the FTO sub-
strates without texture, although the original N-Tx and D-Tx
did not appear on the FTO surface completely. Those were
caused by the wettability effect of the FTO precursor on the
textures’ structure. We could claim that the surface area of
the FTO substrates was improved with textures, indicating
that the TiO, layer will have a large contact area with the
FTO layer. Hence, the TiO, surface area will increase.
Figure 7 shows the optical measurement results of
textured FTO and TiO, substrates. For either N-Tx or
D-Tx, the total transmittance of textured FTO substrate
was lower than the flat FTO (FTO substrates without
texture) (Figure 7). However, a significant improvement
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Figure 6: Top view SEM images of FTO substrates: (A) flat FTO (without texture); (B) with N-Tx; (C) with D-Tx.

in haze indicates that light utilization rate within the
TiO, layer will increase despite the reduction in quantity.
Furthermore, the average reflectance of textured TiO,
substrates decreased by 0.1% (N-Tx) and 0.9% (D-Tx).
Thus, the reflectance cutback verified the expected
inner AR effect.
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Figure 7: Optical measurement results of textured FTO substrates
and TiO, substrates.

3.3 DSSCs with textured glass

Figure 8 and Table 3 illustrate the characteristics of DSSCs
(Figure 8 and Table 3). The I-V curves measurement of the
DSSCs was performed under STC conditions (AM 1.5, 1 SUN,
25°C) using a solar simulator (XES-155 S1, Sanei Denki Co.,
Ltd., Osaka, Japan). As observed in the table and figure,
the short circuit current density (J_) in all the DSSCs fab-
ricated in this research is lower than conventional DSSCs
because TiO, is thin (4.3 pm). Moreover, the J_of N-Tx and
D-Tx is larger than that of flat FTO. Meanwhile, the open
circuit voltage (V. ) did not change. Besides, the fill factor
(FF) of these DSSCs also did not change. Thus, the con-
version efficiency of textured DSSCs improved by 11.4%
(N-Tx) and 10.0% (D-Tx), compared with the flat DSSC
(DSSCs without texture). The performance of DSSCs was
enhanced owing to texture application, resulting in the

- FTO DSSC

— N-Tx
= D-Tx

Current (mA/cm?)
w

0 0.1 0.2 03 0.4 05 06 0.7 08
Voltage (V)

Figure 8: Current density—voltage curve of DSSCs.

Table 3: Characteristics of DSSCs.

DSSC type Flat N-Tx D-Tx
N (%) 2.19 2.44 2.41
J,. (mA/cm?) 4.73 5.10 5.45
V..o 0.65 0.67 0.65
FF 0.71 0.71 0.68
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improvement of light path length and TiO, surface area.
Moreover, the proposed textured substrate may be suit-
able for DSSC, as FF was not decreased by textured glass.
The FF of other thin-film solar cells was decreased largely
by texture glass [8, 9].

4 Conclusions

In this research, we fabricated SiO, textures on a front
glass/FTO interface for DSSCs. Textured DSSCs achieved
11.4% (N-Tx, nano-texture) and 10% (D-Tx, double
texture) improvement in conversion efficiency. This
attempt indicated the potential of enhancing the DSSC
efficiency by adding textures on the front glass/FTO
interface. The reflectance of TiO, electrodes decreased
due to the inner AR effect of the textures. The effect is
not significant but at least not harmful when compared
with traditional outer AR. The SiO, textures caused
light scattering, resulting in light loss in the FTO layer.
However, textures also appeared at the FTO/TiO, inter-
face, not completely but sufficient to render the FTO
surface rough. The rough FTO surface provides high haze
to improve the light path length and large TiO, surface
area. Consequently, the DSSCs with textured TiO, elec-
trodes obtained better performance.

Texture fabrication was realized through PDMS NIL.
Both simple N-Tx and complicated D-Tx were success-
fully replicated, although the characteristic in vertical
direction is difficult to evaluate because of the thin thick-
ness and random feature of the textures. Master molds
were generated from the AAO templates. By adjusting the
time and temperature of anodization and wet etching,
considerably effective condition and different textures
can be achieved.

In any case, this work was conducted roughly to
confirm the possibility of inner AR textures. However, we
believe that a highly significant result is achievable when
further works are conducted.
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