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’ INTRODUCTION

Transparent conducting oxides (TCO) are critical applied
materials used in a wide range of optoelectronic devices,1�8 such
as solar cells9 and thin film light emitting diodes, etc.10 TCO such
as indium tin oxide (ITO) and fluorinated tin oxide (FTO) are
usually coated as planar two-dimensional (2D) transparent
conductive films on flat transparent substrates to simultaneously
allow both absorption/emission of light by the devices and the
collection/injection of charges from/into the devices.3 However,
the conflicting requirements of the large optical thickness of the
semiconductor layer and short transport distance for charges
traversing the semiconductor layer consistently become the
principle hurdle for the enhancement of the device efficiency.11�14

In particular, a thicker semiconductor layer is desired to carry
more solar-absorbing p-n junctions or color centers for enhanced
light harvesting. In a conventional PV configuration, the solar
absorbing semiconductor layer is sandwiched between a flat 2D
TCO thin film electrode and a counter electrode. This geometry
leads to ineffective use of the vital TCO/semiconductor inter-
face, where band bending occurs (region ∼50 nm thick). This
band bending creates a built-in potential that provides a driv-
ing force to effectively separate electrons and holes.15�18

Thus, efficient field-driven drift transport can occur at this
TCO/semiconductor interface.19 However, when a 2D TCO
is used, the majority of charge transport pathways are far away
from TCO/semiconductor interface, especially for a thick

semiconductor layer, and diffusive transport dominates.20�22

Charge separation and transport in the diffusion zone is very
inefficient, because the random-walk electrons and holes suffer
significantly from recombination because of the limited charge
diffusivity and the long transport distance in thick semiconductor
layers.21�24 Moreover, defect sites in the semiconductor layer may
also act as charge traps further slowing down the transport.20�22,25

All these effects result in energy losses in photovoltaic devices,
which reduce their performance in concert with the insufficient
overlap between the absorption spectra of the PV semiconductors
and the solar spectrum, and the rapid cooling of hot carriers,
i.e., Shockley�Queisser Limit.26,27

Presently, a significant amount of effort in enhancing the
charge transport efficiency is focused on improving of the
semiconductor layer, by exploring new architectures with few
crystal defects or new PV materials with the prospect of better
charge diffusivity.28�33 However, much less efforts have been
devoted to the enhancement of the charge collection via innova-
tions in the conventional 2D planar TCO-based electrodes.34

As a key component in many optoelectronic devices, TCO
exhibits a much higher conductivity (>1 � 103 S/cm)4,6,8 com-
pared to traditional semiconductors used in the photoelectric
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studied by Hall effect and sheet resistance measurement. Using atomic layer
depositionmethod, an ultrathin TiO2 layer is coated on all surfaces of the IO-FTO
electrodes. Cyclic voltammetry study indicates that the resulting TiO2-coated IO-
FTO shows excellent potentials as electrodes for electrolyte-based photoelec-
trochemical solar cells.
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structures, such as TiO2 or ZnO (only a few S/cm even for single-
crystal ZnO and anatase).35�37 This is defined by the extremely
high carrier concentration (>1 � 1020/cm3)4,8 and good carrier
mobility in strongly doped TCO, which, due to its high density of
states, is often treated as a metal.24 In contrast, the carrier
concentration in single crystals TiO2 or ZnO is only ∼1 �
1018/cm3,38 and the values are even lower in organic semicon-
ductors.22,39 Therefore, for the purpose of efficient charge
transport, TCO would be a much more preferable material than
most of solar absorbing semiconductors. Hence, it is a rational
approach to place the TCO as close to the charge separation
centers as possible to minimize the transport time in the poorly
conductive (with respect to TCO) semiconductor layers.

To overcome this challenge, it is necessary to design a strategy
to enlarge the TCO/semiconductor interface area so that a large
portion of the semiconductor layer could be accommodated in
the close proximity to TCO. In this way, the majority of charge
transport pathways will be in the drift zone, in which transport is
more efficient than in the diffusion zone. Geometrically, this can
be realized by replacing the planar TCO electrode with a rough
TCO film in a structure that will include a similar amount of
semiconductor with a relatively thinner thickness.

In this work, we demonstrate a possibility to transform the
conventional 2D TCO electrode into a 3D nanoarchitectured
TCO with remarkably enhanced surface area. In addition, the
transformation of the TCO film from the planar 2D to versatile
3D geometry enables us to intentionally incorporate special
optical structures into the 3-D TCO film to synergistically
enhance the light harvesting efficiency. For example, inverse
opal, as a type of photonic crystals (PC), can enhance light
harvesting due to the resonance of their structural and optical
periodicity with the photon frequencies such that a longer
matter�radiation interaction time can be achieved via multi-
scattering in the PC.40�42

Below we report the synthesis and optical and electrical
studies on nanoscale 3D inverse opal FTO (IO-FTO) electrode
architectures with prospect of synergistic enhancement in both
charge transport and light harvest, in contrast to their conflicting
relation when a conventional 2-D TCO is used. Furthermore, the
selection of FTO as a transparent electrode offers a better
thermostability than ITO,43,44 and reduces the material cost
because of the higher natural abundance of fluorine compared to
indium. These properties demonstrate the high potential of our
structures for the scale-up fabrication and processes requiring the
high-temperature treatment process. Moreover, for industrial
applications, the simple solution chemistry synthesis of 3D FTO
structures reported here avoids the use of toxic gaseous fluorine
precursors.

’EXPERIMENTAL SECTION

Materials. Monodispersed polystyrene nanospheres (PS, 2.50%
solid latex, diameter 350 nm (14 nm) were bought from Polysciences.
SnCl4 3 5H2O (purity 99.99%), NH4F (purity 99.99%), and ethanol
(purity 99.5%) were purchased from Aldrich. All of these chemicals have
been used without additional purification. Themicroscope glass slides (1
mm thick, Fisher Scientific) and FTO glass slides (2.2 mm thick, TEC 7
Pilkington) were used as substrates.
Fabrication of the PS Opal. The bare glass and FTO glass

substrates used here were first sonicated in aqueous detergent (7X)
solution for 15 min and rinsed with copious amount of pure water. The
substrates were then soaked in 0.1 M HCl ethanol solution for 10 min

under sonication to remove any metal contamination, and then rinsed
again by pure water. The substrates were then dried in a stream of air,
followed by O2 plasma treatment for 10 min to remove any residual
organic contaminants. The glass slides and the commercial FTO glass
slides were placed on a leveled flat surface. Prior to use, the PS
suspension were sonicated for 15 min to break down the aggregated
particles. One-hundred microliters of PS suspension was dropped and
spread uniformly on the substrates, which was left still for 10 min in air.
After the solvent was evaporated, 3D-ordered PS latex film was formed
on the glass slides. This process can be repeated to obtain thicker layers
of PS opals.
Synthesis of 3D Inverse Opal FTO. In a typical preparation

process of FTO precursory solution, 1.40 g of SnCl4 3 5H2O was
dissolved in 20 mL of absolute ethanol. After 5 min of sonication,
0.24 g of saturated aqueous NH4F (solubility is 45.3 g/100 mL at 20 �C)
solution was added to the SnCl4 in ethanol solution under vigorous
stirring.43,44 The resulting mixture was continuously sonicated for 20
min to obtain a clear solution. Subsequently, 60 μL of the FTO
precursory solution was homogeneously spread on the as-prepared 3D
PS template film. The solution penetrated the 3-D PS opal through the
voids among the PS beads by capillary force. After drying at ambient
temperature for 10min, the filmwas further heated at 100 �C for another
10 min to remove any residual solvents. This process was repeated
multiple times as needed to ensure the good filling of the voids by the
FTO precursors.47 With a heating rate of 1 �C/min, the resulting
substrates were calcinated for 2 h under various temperatures in air
for comparison.
Atomic Layer Deposition (ALD). ALD is the most suitable

technique to produce high quality films with excellent reproducibility
and superior conformal growth on various morphologies. The IO-FTO
samples were coated with 10 nm TiO2 by ALD (Sundew Technologies)
at 180 �C by using TiCl4 and H2O as Ti precursor and oxidant,
respectively. The pulse/dose/purge sequence for TiCl4 is 20 ms/100
ms/1000 ms, and that for H2O is 55 ms/200 ms/2000 ms. The growth
rate was estimated to be approximately 3.3 Å/cycle.
Structural, Optical, and Electrical Characterization. SEM

study was carried out on a field-emission scanning electron microscope
(SEM, Hitachi-4700). X-ray diffraction (XRD) was performed on a
Miniflex X-ray diffractometer. Optical transmission and reflection
measurements were conducted on a UV�vis spectrometer (Ocean
Optics Inc.).

The sheet resistance was measured by a four-probe method using a
DC current source (Keithley 6221) and a nanovoltmeter (Keithley 196).
In detail, four parallel thick indium strips (11mm long and 1.2mmwide)
were pressed onto the surface of the IO-FTO film to make stable
electrical contacts on the sample. A constant current of 100 mA was
supplied between the two external current contacts placed 9 mm apart,
and the voltage was measured between the two inner voltage contacts
separated by a 3.5 mm gap.

Also, Hall Effect measurements were conducted to determine the
carrier-type of the as-synthesized IO-FTO electrodes. Two parallel
indium stripes on opposite sides of the sample were used as current
electrodes and the Hall voltage was measured using two small contacts
on the sides perpendicular to the current electrodes. The sample was
placed on the flat surface of a permanent magnet yielding relatively
homogeneous perpendicular field of 1.7 kOe over the sample area and
the sign of the Hall voltage was measured with a current application of
100 mA. The polarity of the Hall voltage allowed us to determine
whether the IO-FTO is n-type or p-type using a commercial n-type Si
wafer as a reference.

The electrochemical cyclic voltammetry (CV) study was conducted
in 0.1 M LiClO4 and 1 mM ferrocene in acetonitrile55 solution using a
potentiostat (Gamry Reference 600). A platinum foil and an Ag/AgCl
were used as the counter and reference electrodes, respectively, in all
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studies. Commercial Bare FTO glass (area = 1 cm2), IO-FTO/FTO
glass and TiO2�IO-FTO/FTO glass were studied as the working
electrode, individually.

’RESULTS AND DISCUSSION

Synthesis and Structural Characterization of 3D IO-FTO
Electrodes. Synthesis of the IO-FTO electrodes was conducted
through a PS beads-templated method41,45�47 as elucidated in
Scheme 1. First, PS nanobeads are self-assembled into an opal
thin film on a planar FTO glass substrate as shown in Scheme 1a.
Figure 1a shows the scanning electron microscope (SEM) image
of a multilayer PS spheres. The PS spheres are nearly mono-
dispersed with a diameter of about 350 nm. Figure 1b shows the
SEM cross sectional image of a 5-layer PS opal film. The PS
microspheres have self-aggregated into a face-centered cubic
(FCC) structure. This is because the stacking of hard spheres
in a close-packed FCC arrangement is the densest and most
stable configuration. Some dislocations were also observed on
both the surface and the bulk of the PS film. The structural
stability of the film was further enhanced via heat treatment at
60 �C, which promotes the attachment of neighboring spheres.48

In an ideal FCC structure, the spheres occupy 74% volume,
leaving 26% space for infiltration.49

To establish the desired IO-FTO structure, a precursory
solution of FTO was then infiltrated into the voids of the PS
opal matrix(Scheme 1b). To achieve a high filling rate of the
precursors in the voids, we adopted the layer-by-layer precursor
deposition method.47 A proper amount of FTO ethanol pre-
cursory solution composed of SnCl4 and NH4F was cast into the
voids of the PS opal matrix. Upon the evaporation of the ethanol
at room temperature, the deposited SnCl4 was further hydro-
lyzed to SnO2 at 100 �C under a humid environment.50 This
process can be repeatedmultiple times to ensure that all the voids

are filled, although no excessive materials form an overlayer.
Figure 1c shows the SEM image of the resulting PS multilayer
after infiltration and heat treatment of the precursory solution.
Finally, the 3D IO-FTO electrodes were obtained by tem-

perature-programmed calcinations of the precursor-filled PS opal
matrix. PS spheres start decomposing at 300 �C and further
elevation of temperature leads to the complete removal of the PS
spheres. The formation of FTO from its precursor requires
higher temperature above 400 �C (Scheme 1c).
Figure 2a presents a large area SEM top view image of a typical

3D IO-FTO structure. It shows that our method can produce a
large domain area (∼5 μm� 5 μm) of the IO structure with only
few defects. Figure 2b exhibits a top view SEM image at high
magnification. The top surface is composed of a closely packed,
hexagonally ordered microporous FTO. The diameter of the
pores on this top layer is about 300 nm. Considering the initial
350 nm diameter of the PS spheres, we estimate the calcination-
induced shrinkage of the structure (the micropore diameter
compared to that of the original PS spheres) to be about 14%.
Such shrinkage is likely due to the loss of liquid volumewithin the
precusor. The well-defined 3D-ordered micropores in the top
layer of the 3D IO-FTO film connect the corresponding
nanopores (of an average size of ∼70 nm) in the sublayer
through the necks/joints. These nanopores in the sublayer
originate from the contact area between the PS spheres, which
cannot be filled with the precursory material. The wall thickness
between each micropore on the top layer is about 40 nm. The
surface roughness factor (SRF, i.e., the ratio of effective surface
area of the IO-FTO to the projected substrate area) of the IO-
FTO film can be calculated. For a FCC structure, the SRF of each
layer is 2π/(3)1/2 (see the Supporting Information). ForN layers
of FCC spheres, the value is just multiplied by N. So, in principle,
for example, a 5-μm-thick, 3-D IO-FTO film with voids of

Scheme 1. Growth Mechanism of Inverse Opal FTO and the Proposed Growth Mechanism of FTO Nanotubesa

a (a) Self assembly of opal thin film composed of polystyrene (PS)microspheres on the FTO substrate. (b) FTO precursory material infiltration into the
PS opal film to form composite structure. (c) Removal of PS template upon sintering at 400�500 �C. (d) The formation of overlayer on the very top of
the film due to excessive addition of FTO precursor. (e) The formation of FTO nanotubes within one overlayer region that are directed along the gas, e.
g., CO2þH2O flowing.
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350 nm has about 17.5 layers. (see the Supporting Information).
This is confirmed by the cross-section SEM image of a ca. 5 μm
thick IO-FTO (Figure 2c). This yields a SRF of∼63.5 for such a
3-D IO-FTO film. This value of SRF is a significant enhancement
in comparison to a planar FTO film, whose SRF is 1. The
resulting FTO film is optically clear and macroscopically uniform
as illustrated in Figure 2d (digital photos), where the word
“Solar”written on the paper is clearly visible through a 5 μm thick
IO-FTO film on a glass substrate. The inset photograph in
Figure.2d shows the color of the scattered light51 at a tilted angle,

matching the stop-band of the prepared IO-FTO as discus-
sed below.
Our experiments indicate that the relationship between the

amount of precursory solution and the number of layers of the PS
spheres exhibits a profound effect on the quality of the resulting
IO-FTO film.48 Typically, PS opals with fewer layers of spheres
exhibit fewer cracks and dislocations. In addition, when the
thickness of the PS opal template is fixed, the amount of the
infiltrated precursory material will show two effects. If the
precursory material is insufficient to fill all voids, the resulting
IO-FTO film appears structurally imperfect (Figure 3a), and thin
as shown in the cross-sectional SEM image (Figure 3b). How-
ever, when excessive amount of the precursory material is
infiltrated, some patches of flakelike overlayers form on the top
surface (Figure 3c). Further addition of precursors leads to an
almost continuous and thicker film as shown in Figure 3d. By
choosing proper infiltration of the precursory material, we
manufactured highly ordered IO-FTO films with large domain
size similar to that in Figure 2.
Interestingly, for IO-FTO with overlayers, when the heating

rate during calcinations is faster than 2 �C/min, nanotube-like
structure can be obtained on the top of the IO-FTO, as illustrated
in Figure 4. Figure 4a shows SEM image of FTO nanotubes
formed due to the overlayer on the IO-FTO film. Figure 4b
presents a high-magnification SEM image of FTO nanotubes on
top of the as-synthesized IO-FTO film. The average diameter of
the nanotubes is about 300 nm, and the wall thickness is ap-
proximately 15 nm.
A hypothetical growth mechanism resulting in the FTO

tubular structure, termed as “secondary template” growth me-
chanism is also illustrated in Scheme 1(d, e). Here the PS spheres
serve as the primary template forming the IO-FTO structures

Figure 1. SEM images of template opal films. (a) PS template particle
(350 nm) film(as prepared) on the substrate, showing dislocation on the
surface; (b) the cross section of 5 layer-PS template on the substrate self-
assembled as an FCC model; (c) PS/FTO precursor composite film on
the substrate after complete infiltration, showing there is no overlayer
coating.

Figure 2. SEM images of as prepared inverse opal FTO under
optimized condition. (a) A large topview image of a typical 3D IO-
FTO structure. (b) A top-view SEM image at high magnification. The
top surface is composed of a closely packed, hexagonally ordered
microporous FTO. (c) Cross-section view of a fractured IO-FTO film
on the FTOglass. (d)Digital images of a bare FTO glass and an IO-FTO
film on glass with word “Solar” underneath each of the two substrates for
comparison. The inset at right-lower corner captures the scattered light
from the IO-FTO film at a tilted angle.
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upon the decomposition of PS spheres in air. Obviously, the
development of FTO hexagonally porous structure starts at the
top layers where the PS spheres in direct contact with air, burn off
first. For the lower layers, the gaseous species, e.g. CO2 and H2O,
will be temporarily belated in the hexagonal voids under the top
overlayer. The build-up of the gas pressure in the voids will
eventually pop up and clear the overlayer, forming the hexagonal
array of holes (secondary template) to sustain the gas flow, which
is shown in Scheme 1d. The morphology of this secondary
template depends on the shape of the primary template, i.e., the
hexagonal voids underneath the top layer. In this process the
heating rate must be fast enough to quickly build-up a threshold
pressure that is high enough to pop up the overlayer. At slow
heating rates (1 �C/min), which provides enough time for gases
to diffuse through the pore network, we did not observe any
tubular structures.
After the secondary template is formed, the additional gas

from deeper layers goes preferentially through the open holes,
where it encounters less flow resistance. The FTO precursory
material in the proximity of the open holes is transported by this
directed gas flow to form the tubular structure, as shown in
Scheme 1e. The proposed scenario is supported by the fact that
all the nanotubes are only found on the top of the IO-FTO
structure covered with overlayers. The length of the nanotubes is
limited by the available precursory materials supplied by the
overlayer. However, in thicker overlayer that provides more
materials for growing longer tubes, the initial gas pressure may
not be high enough to pop it up. Hence, the “secondary template”
growth of nanotubes could have some limitations but it definitely
provides a novel approach for nanomaterials synthesis.
Figure 5 shows the X-ray diffraction (XRD) pattern of the as-

synthesized 3-D IO-FTO films on glass, which were calcinated at

500 �C. For comparison, the XRD of a commercial FTO glass is
also shown. The XRD measurements indicate that our IO-FTO
films have the tetragonal rutile structure in polycrystalline
configuration.52 The XRD spectra contain all peaks characteristic
for SnO2 (JCPDS Powder Diffraction File Card 5�0467). For
example, the more intense diffraction peaks for the IO-FTO film
at 28.7, 36.5, 53.8, and 66.1� correspond to at Æ110æ, Æ101æ, Æ211æ,
Æ301æ planes, respectively, in good agreement with the diffraction
peaks found in the commercial FTO thin film, as well as other
literatures.44,53,54 The peaks become broader than those in the
commercial FTO film due to the smaller grain size of our IO-
FTO. This is indicated by the mean grain size of∼24 nm in our
IO-FTO as estimated using Scherrer equation from the full width
at half-maximum (FWHM) of the XRD peaks. The XRD of our
IO-FTO films does not show any impurity peaks, indicating the
high purity of the as-synthesized films.
Optical Properties. To elucidate peculiarities of the optical

properties due to the photonic-crystal structure in our samples,
we conducted the spectroscopic study in the UV�vis region on
the as-synthesized 3-D IO-FTO films using the commercial FTO
glass as a reference.
Figure 6 shows the UV�vis transmittance spectra of the IO-

FTO films and a commercial flat FTO-coated glass for the
incident light perpendicular to the film plane. Apparently, the
IO-FTO films exhibit much stronger loss in the region of
400�600 nm than the reference FTO film. This can be attributed

Figure 3. SEM images of as-prepared inverse opal FTO under different
condition. (a) Insufficient infiltration of the precursory material results a
compact but thin, with few cracks IO-FTO film. (b) Cross-section SEM
image of the IO-FTO film with insufficient filtration of precursory
materials. (c) Excessive infiltration of precursory material results a
thicker film but with flake-like overlayers covering the top layer. (d)
Cross-section SEM image of the IO-FTO film with excessive filtration of
precursory materials.

Figure 4. SEM images of the FTO nanotubes formed on the very top of
3-D inverse opal FTO films: (a) low and (b) high magnification.
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to a longer optical path in the 3D IO-FTO representing a
photonic crystal with a period of 300 nm. This extension of
optical path in 3D IO-FTO is expected because of the multiple
scattering55 when the wavelength of incident light is comparable
with the optical periodicity of the crystal.
Furthermore, because a 3D inverse opal photonic crystal can

strongly diffract light of a wavelength close to the crystal
periodicity, there should be a stop band that excludes the passage
of photons of the appropriate range of frequencies.47,49 In our 3D
IO-FTO, the stop-band was found at 560 nm as measured for the
perpendicular incident light. This value is in good agreement
with the estimation of 566 nm obtained from the Bragg formula49

λ ¼ 1:633dðjnwalls þ ð1� jÞnvoidsÞ
Here d is the diameter of the spheres (300 nm in our case), nwall
and nvoids are refractive indices of the wall material and voids,
respectively, and j = 0.26 is the solid volume fraction for inverse
FCC structure. The effective refractive indices are about∼1.6 for
the wall material (FTO)56 and 1 for the air in the voids.
Electrical Properties.The nominal sheet resistance of the IO-

FTO films on commercial continuous FTO glass was character-
ized by a four-probe resistance measurement method. For the set
of our IO-FTO films with different thickness (0.5, 0.8, 1.5, 2.5,
and 3.5 μm) it was 7.11, 7.43, 8.07, 8.10, and 8.72 Ω/0,

respectively. These values are only slightly higher than ∼6.47
Ω/0 of the commercial FTO film, which shows that our IO-
FTO on a continuous FTO film possesses comparable conduc-
tivity as the commercial continuous FTO film. The sheet
resistance measurement suggests that the presence of the IO-
FTO layer atop the continuous flat FTO layer only slightly
increased the overall resistance. This can be understood with
Ohm’s law: the majority current flow in the IO-FTO layer must
be through the pathways with lowest resistance, that is, the
normal direction of the IO-FTO layer. Thus, the voids and the
inevitable cracks in the IO-FTO layer that can cause large
resistance in the lateral direction, will not affect the collection
of current. Cracks in thin films always form preferentially along
the film normal (it is unlikely that a crack can slice the film) so as
to decrease the lateral conductance. For comparison, a continues
and compact FTO film made by spraying of the same precursory
solution on a bare glass substrate shows a sheet resistance of∼10
Ω/0, close to the commercial FTO glass To be clear, we
emphasize hereby that a continuous FTO layer underneath the
IO-FTO layer is necessary for final current collection, while the
IO-FTO structure provides shortcuts (in vertical direction) to
transport charges to this continuous FTO layer.
We further characterized the type of carriers in our IO-FTO

structures fabricated on the bare glass substrates by measuring
the Hall effect polarity. The polarity of the Hall voltage coincides
with that of a commercial n-type Si sample of the same geometry
measured with the same setup which confirms that our IO-FTO
samples are n-type. This assures that the IO-FTO prepared by
our method is suitable for applications in which n-type TCO is
desired.
To demonstrate the feasibility of our IO-FTO films for use in

optoelectronic devices, such as solar cells, it is necessary to show
that all the surfaces of our IO-FTO film can be coated with a
semiconducting layer. The study of dye-sensitized solar cells
(DSSCs) showed that the coverage of the FTO surface with a
charge blocking semiconductor layer is crucial to minimize shunt
current, which results in an internal short circuit between the
anode and cathode) and can lead to a significant loss of the

Figure 5. XRD spectra of a commercial FTO glass as a reference (black,
denoted as FTO); 3D inverse opal FTO film prepared on a regular glass
substrate (red, denoted as IO-FTO) and the calcination temperature for
this sample is at 500 �C.

Figure 6. Transmittance spectra of 3D FTO inverse opal film on
commercial bare FTO glass (red) and commercial bare planar FTO
glass (black).

Figure 7. Cyclic voltammetry of ferrocene using IO-FTO/FTO (red),
planar FTO (black) and TiO2/IO-FTO/FTO (blue) as working
electrodes at a scan rate of 50 mV/s. Herein, IO-FTO/FTO represents
the 3D IO-FTO on a commercial planar FTO glass, TiO2/IO-FTO/
FTO represents the surface-passivated IO-FTO/FTO sample by an
ALD TiO2 layer, and bare FTO represents a commercial planar
FTO glass.
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output power.17,20,57�59 In contrast to a 2D planar FTO film, it is
exceptionally difficult to achieve a full surface coverage of the 3D
FTO electrode architecture with a charge blocking layer using
conventional deposition techniques. We, therefore, employed a
state-of-the-art atomic layer deposition (ALD)method to coat all
the surface of our IO-FTO film with a layer of TiO2.

60 To
investigate the functionality of this ALDTiO2 layer as an electron
blocking layer, the cyclic voltammetry (CV) study of the
ferrocene (Fc/Fcþ) redox reaction57 was conducted using the
TiO2 coated IO-FTO film as working electrode. Figure 7 shows
the CV curves of the Fc/Fcþ redox reaction for a 2D planar FTO,
our IO-FTO (without ALD TiO2), and the ALD TiO2-coated
IO-FTO, respectively. It can be seen that the redox current of
∼0.32 mA on the IO-FTO/FTO electrode is noticeably higher
than that on a bare commercial FTO. This is defined by the larger
surface area of the 3-D IO-FTO/FTO available for the redox
species as compared to the commercial planar FTO electrode.
Remarkably, after the ALD coating of an amorphous TiO2 layer
on the IO-FTO, the current decreased to only a few micro-
amperes, indicating an excellent coverage of TiO2 on nearly all
surface of the IO-FTO electrodes by the ALD technique. This
confirms that a 10 nm thick TiO2 blocking layer can efficiently
suppress shunt leakage at the FTO/TiO2 and FTO/electrolyte
interfaces. Our results prove that the prepared IO-FTO struc-
tures can be used as photocurrent collecting electrodes in
photovoltaic devices with potentially short charge transport
distances and enhanced light harvesting due to multiple light
scattering in the photonic crystal structures.

’CONCLUSIONS

In summary, we have demonstrated the synthesis of highly
ordered 3D inverse opal FTO electrodes using a facile, template-
based, solution chemistry methodology. The as-synthesized IO-
FTO electrodes exhibit a large surface roughness factor of more
than 60, which is desirable for enhanced charge transport in
photovoltaic devices. The IO-FTO electrodes show strong light
scattering in the visible region and a pronounced photonic stop
band at 560 nm. These properties are potentially valuable for
enhanced light harvesting via multiple light scattering in the
inverse opal structures. Hall Effect measurements indicate that
the as-synthesized IO-FTO films are n-type semiconductors. The
IO-FTO films on a planar FTO glass exhibit excellent conduc-
tivity in the vertical direction and a nominal sheet resistance less
than 10 Ω/square. Using the atomic layer deposition method,
the entire surface of the IO-FTO electrode can be readily covered
with a layer of amorphous TiO2. Cyclic voltammetric study
suggests that this thin ALD TiO2 layer acts as an effective
electron blocking layer, which is crucial for the suppression of
shunt leak in photovoltaic applications such as dye-sensitized
solar cells.
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