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ABSTRACT We fabricated three-dimensional copper oxide structure by holographic lithography and electroless deposition. A five-
beam interference pattern defined a woodpile structure of SU-8. The surface modification of SU-8 structure was achieved by multilayer
coating of polyelectrolyte, which is critical for activating the surface for the reduction of copper. Copper was deposited onto the surface
of the structure by electroless deposition, and subsequent calcinations removed the SU-8 structure and simultaneously oxidized the
copper into copper oxide. The porous copper oxide structure was used as a photoelectrochemical electrode. Because of the highly
porous structure, our structure showed higher photocurrent efficiency.
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INTRODUCTION
opper oxide in the form of cuprous oxide (Cu,O) or

cupric oxide (CuO) is a p-type semiconducting ma-
terial with a relatively low direct bandgap of ~2 or
~1.2 eV, respectively, which makes it a suitable candidate
for photonic and photoelectrochemical applications such as
photonic crystals, solar cells, and photocatalysts (1—5).For
example, copper oxide has been used as a visible-light
catalyst in the production of hydrogen to be used as an
alternative energy source, and in the degradation of organic
molecules for environment (4). Meanwhile, for photoelec-
trochemical applications, porous copper oxide structures
have been attracted because porous structures can provide
larger surface areas, thus enabling higher electrochemical
reaction rates as well as greater absorption of light. Previ-
ously, copper oxide was grown under an electric field and
electrodeposited with a surfactant to produce mesostruc-
tured copper oxide particles and their assembled films (6, 7).
However, in these approaches, the control of pore size or
organization are not allowed. Instead, templating methods,
such as the use of sacrificial colloidal crystals of monodis-
persed particles have been recently applied to produce
porous copper oxide particles (1, 8). In a typical procedure
using a template, a polymeric colloidal particle assembly was
formed. The deposition of copper and subsequent removal
of colloidal particles by heat treatment generated copper
oxide porous films. A major advantage of the colloidal crystal
template method is the ability to control the pore size easily
by varying the size of the particles.
In this communication, we report the application of three-
dimensional (3D) holographic lithography and electroless
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deposition to produce porous copper oxide structures for use
as photoelectrochemical electrodes. Compared with using
colloidal crystal templates, holographic lithography is a more
flexible approach as it permits access to a variety of mor-
phologies, including various lattice symmetries and volume
fractions, through appropriate arrangements of the laser
beams and exposure conditions (9). Meanwhile, previously,
3D holographic lithography templates and electrodeposition
have been used to produce 3D copper oxide photonic
crystals (1). Here an electroless deposition method was
successfully applied for the deposition of copper oxide into
holographic lithography templates. For this purpose, we
introduce a facile modification method of SU-8 photoresists
by layer-by-layer coating of polyelectrolytes to activate SU-8
surface and apply a conformal shell of copper by electroless
deposition. Photoelectrochemical reactions using the litho-
graphically defined copper oxide structure were investigated.
The photoelectrochemical responses under visible light were
compared with the performance using a flat copper oxide
film. 3D woodpile porous copper oxide electrodes show a
three times increase of the cathode photocurrent when
exposed to light.

EXPERIMENTAL METHODS

Preparation of a 3D Woodpile Structure. A 3D
woodpile structure was obtained via multibeam holographic
lithography. The photoresist was prepared by mixing epoxy-
based resin (EPON SU-8, Miller-Stephenson Chemical) and
a photoinitiator (Irgacure 261, Ciba, 2 wt %) in a solvent
(gamma-butyrolactone (GBL), Sigma-Aldrich). A photoresist
film with a thickness of 4—6 um was obtained by spin-
casting on a fluorine-doped tin oxide (FTO) glass substrate.
The film was soft-baked at 95 °C for 10 min before being
exposed to the interference pattern. The diameter of the
laser beam used for the interference pattern (Ar-ion laser,
wavelength 488 nm, coherent) was expanded by a factor of
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Scheme 1.

Fabrication of the 3D Woodpile Copper Oxide Structures: (a) SU-8 Surface Activation by

Formation of Pd Catalysts with the Assistance of Layer-by-Layer Coating of Polyelectrolytes. (b) Electroless
Deposition of Copper and Subsequent Calcinations for 3D Copper Oxide Structures
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3 using a Galilean beam expander (Thorlabs). The laser beam
was incident on the photoresist through a top-cut four-sided
fused silica prism, which had a refractive index of 1.48 at a
wavelength of 488 nm and was positioned with the surface
perpendicular to the laser beam. The photoresist was ex-
posed to the beam for 0.5 s to create the interference
pattern. After postexposure baking at 95 °C, the sample was
developed with PGMEA (propylene glycol methyl ether
acetate, Sigma-Aldrich) and rinsed with 2-propanol.

Activation of the SU-8 Surface. The surface of the
SU-8 pattern was activated by coating with a palladium (Pd)
catalyst; alternating coatings of polyelectrolyte and Pd cata-
lyst solution were applied to the SU-8. For polyelectrolytes,
poly(allylamine hydrochloride) (PAH) (M,, 70 000, Aldrich)
and poly(allylamine hydrochloride) (PAA) (M,, 90 000, Ald-
rich) solutions were dissolved in deionized water and the pH
was controlled for both solutions at 7.5 and 3.5, respectively,
using 1 M NaOH for pH 7.5 and 1 M HCI for pH 3.5. The
catalyst solution was prepared by dissolving Na,PdCl, in HCI
solution (pH 2.5). The SU-8 pattern was dipped in PAH
solution, Pd catalytic solution, and then PAA solution. This
process was repeated and the substrate was washed thor-
oughly with distilled water in between each step.

Copper Electroless Deposition. The copper elec-
troless deposition bath was prepared by mixing 0.04 M
copper sulfate (Aldrich), ethylenediaminetetraacetic acid
(EDTA, Aldrich), 50 ppm 2,2’-dipyridyl (Aldrich), and 0.05
M formaldehyde solution (Aldrich) in deionized water. The
pH of the solution was controlled to be 12—13 by adding
NaOH solution (50 %). The deposition of copper was achieved
by dipping the activated SU-8 templates in the prepared
copper electroless deposition solution at 70 °C.

Photoelectrochemical Measurement. Photoelec-
trochemical studies of copper oxide were performed by
applying the copper oxide film as a working electrode.
Photocurrent characterization was performed using a po-
tentiostat (Versastat, AMETEK); the scan ranged from 0.0 V
to —0.4 V at a rate of 0.1 V/s under visible laser light
exposure (Ar-ion laser, wavelength 488 nm). A platinum wire

www.acsami.org

VOL. 2 ¢« NO. 11 ¢ 2982-2986 « 2010

and a saturated calomel electrode were used as the counter
and reference electrodes, respectively. An aqueous electro-
lyte solution of 0.5 M Na,SO,4 was prepared and oxygen was
bubbled through it for 30 min before the measurement.

Characterization. The copper oxide microstructure
was measured by SEM (Hitachi). The film composition of the
catalyst activated SU-8 surface was evaluated using an
energy-dispersive spectroscopy (EDS) device attached to the
SEM. The crystal structure and orientation of the copper
oxide film were investigated by X-ray diffraction (XRD) with
Cu Ka radiation.

RESULTS AND DISCUSSION
The fabrication procedure for the copper oxide woodpile

electrodes is shown in Scheme 1. The woodpile structure
was created by a five-beam interference pattern using a
multifaceted prism. The surface of the SU-8 was treated with
polyelectrolyte multilayers to adsorb catalyst ions. This was
followed by electroless deposition to apply a copper coating
to the woodpile structure. The SU-8 templates were removed
by heat treatment, and simultaneously, the copper was
oxidized to copper oxide, leaving behind 3D woodpile
copper oxide structures.

The beams of the five-beam interference pattern pro-
duced by the prism possess wave-vectors of k (0, 0, 1), R
(—sin 8, 0, cos 0), k (0, —sin 6, cos ), k (sin 8, 0, cos 0), and
k (0, sin 6, cos 6), where k = 27/, A is the wavelength of
the laser beam (488 nm) and 0 is the angle between the side
beams and the central beam (30°) (10). The polarizations
of the five beams as follows: the unit polarization of the
central beam was £(0.71, 0.71, 0) and the unit polarizations
of the side beams were £(0.59, 0.60, —0.35), £(0.59, 0.60,
0.35), £(0.60, 0.59, —0.35), and £(0.60, 0.59, 0.35).

The iso-intensity surface of the interference pattern of
these beams is shown in the inset image of Figure 1a. The
ratio between lattice distance on the surface and the layer-
by-layer distance in the vertical direction of the film was to
be 1:2.5. Figure 1a,b shows SEM images of the holographic
woodpile structure of SU-8 fabricated by exposure to five-
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FIGURE 1. SEM images of SU-8 woodpile structures fabricated by
holographic lithography and their inverted copper oxide structures.
(a) Surface image of SU-8 woodpile structures and (b) their cross-
sectional image. The inset shows a simulated surface of woodpile
interference patterns. (c) Surface image of copper oxide and (d) their
cross-sectional image. The inset shows the magnified image of the
cross-section of copper oxide. (Scale bar, 1 um.)

Table 1. EDX Analysis of SU-8 Surface Treated by
Catalyst Solution without and with Layer-by-Layer
Coating of Polyelectrolytes

sample C% O % Pd %
bare SU-8 77.26 22.74 0.00
polyelectrolyte-treated SU-8 77.81 16.49 6.70

beam interference. Previously, it has been reported that the
phase of the one beam in a five-beam interfering beam
determines whether the symmetry of the woodpile structure
is diamond or FCC (11). In our experiment, we obtained
woodpile structures of the type shown in Figure 1, that is,
with the x- and y-rods stacked alternately. The lattice dis-
tance on the surface and the layer-by-layer distance are 0.95
and 1.8 um, respectively. Compared with the simulated
interference pattern shown in the inset image, the lattice was
shrunk in the vertical direction of the film by 25% due to a
pinning effect (12).

The activation of the SU-8 surface with the Pd catalyst was
achieved by dipping the SU-8 woodpile structure in the
catalyst solution of [PdCl]*~ ions. Meanwhile, the native
surface of SU-8 was negatively charged due to hydroxyl
groups generated by a cross-linking reaction of the epoxy
groups. Since the isoelectric point of hydroxide ions on the
SU-8 was reported to be between pH 2 and 4 and the pH of
the catalyst solution was about 2.5, the cross-linked SU-8
surface has a very weak positive charge in this catalyst
solution (13). Hence, there might be a weak electrostatic
attraction that would attach palladium ions, [PdCl4]>~ onto
the surface. The elemental analysis by EDX showed that no
Pd was deposited on the SU-8 surface (Table 1).

The surface of the SU-8 was treated with a positively
charged polyelectrolyte to attract catalyst anions, and alter-
nating coatings of positively and negatively charged poly-
electrolytes (PAH and PAA) were applied to control the
amount of catalyst deposited. In the case of PAH and PAA
multilayers, it is known that surface compositions can be
determined by the pH of the polyelectrolyte solutions (14).
PAH solution at pH 7.5 and PAA solution at pH 3.5 were
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FIGURE 2. X-ray diffraction patterns of copper by electroless deposi-
tion and oxidized copper at 400 °C in air.

used; under these conditions, it is known that the surface is
dominated by the last polyelectrolyte coating applied (14).
In our experiment, after the first coating of PAH on bare SU-
8, a catalytic solution containing [PdCl4]*>~ ions was applied
and subsequently the PAA coating was applied. The amount
of catalyst can be controlled by the number of coatings, and
in this experiment, this step for applying both coatings was
repeated four times. Since the pK, of the allylamine groups
in PAH is around 7, PAH has a positive charge in acid catalyst
solution. The PAH surface might adsorb [PdCl,]?” ions
effectively by electrostatic attraction. The other advantage
of the coating of PAA and PAH is that the reduction of Pd
ions into metallic Pd can be achieved simultaneously by
ligand exchange with ionized carboxylates on the PAA (14).
EDX analysis clearly showed that metallic Pd was found on
the surface of the multilayer polyelectrolyte treated SU-8
surface (Table 1).

Copper electroless deposition was applied to coat the
activated surface of the SU-8 woodpile structure with copper.
Electroless copper was deposited autocatalytically from an
alkaline solution of copper complex containing formalde-
hyde as the reducing agent. Previously, electrodeposition
was used to successfully deposit cuprous oxide into 3D
patterned structures (1). Compared with the electrodeposi-
tion approach, the electroless method is simpler as it does
not require patterns on a conducting substrate or an applied
external voltage. The growth rate of the conformal shell can
also be changed in a controlled manner by altering, for
example, the deposition time, the temperature or the reduc-
ing agent. For our deposition onto the woodpile structure,
the growth rate of copper was about 50 nm/min. We
determined that the copper was uniformly coated through
the 3D SU-8 structures as shown in Figure S1 in the Sup-
porting Information. XRD measurements showed that the
copper grown by electroless deposition preferred the Cu(111)
orientation over Cu(200) (Figure 2), as would be expected
for growth at a high pH (15).

Calcination at 400 °C in air was then performed to
remove the polymeric woodpile template and simulta-
neously oxidize the copper into copper oxide. Images ¢ and
d in Figure 1 show SEM images of the inverted woodpile
copper oxide. The lattice distance on the surface and layer-
by-layer distance are 0.9 and 1.1 um, respectively. Copper
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FIGURE 3. Photocurrent—voltage responses of (a) bare copper oxide
and (b) 3D woodpile copper oxide structures. (Scale bar, 1 um.)
can have two oxidation states: cuprous oxide (Cu,O) and
cupric oxide (CuO). The composition and crystalline phase
of oxidized copper can be changed by varying the growth
or the oxidizing conditions, such as temperature or the
environment (17). In general, the formation of cupric oxide
is favored during high temperature treatment because it is
thermodynamically stable. As shown in Figure 2, XRD was
measured to investigate the crystalline composition of oxi-
dized copper. The peak assignments obtained using peak
analysis software (Crystalimpact Inc.) indicated that cuprous
oxide and cupric oxide coexist in the copper oxide woodpile
structure.

The photocurrent response was measured under illumi-
nation. It is known that the photocurrent of copper oxide is
induced by the creation of electron—hole pairs and the
subsequent increase of minority carriers of electrons for
p-type semiconductors under illumination (18). Photogener-
ated electrons transferred onto the copper surface reduce
oxygen into hydrogen peroxide. Here, the chopped laser
light (~3 W/cm?) was periodically illuminated on the sample
at a rate of 1 s exposure following every 1 s unilluminated,
and the current was recorded while the voltage was changed
from 0 to —0.4 V. We compared the photocurrent response
of the 3D woodpile porous electrode structure of copper
oxide and a film prepared by the same deposition procedure
without the SU-8 structure. For both samples, a clear in-
crease in the magnitude of the cathodic photocurrent was
seen under laser exposure, as shown in Figure 3. The
photocurrent was reduced when oxygen was not bubbled
through the electrolyte solution or after several scans (not
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FIGURE 4. Diffuse reflectance spectra of (a) flat and (b) 3D woodpile
copper oxide films.

shown). These findings demonstrate the absorption of the
visible light by copper oxide and subsequent photoelectrore-
duction of oxygen on the surface. Meanwhile, it is notewor-
thy that the maximum photocurrent for flat film and 3D
woodpile porous electrodes in the range —0.35 and —0.40
Vis —1 and —3 mA/cm?, respectively. Thus, 3D porous
copper oxide electrodes show an increase of a factor of 3 in
the cathode photocurrent when exposed to light. It has been
reported that as the electrode becomes thicker, the photo-
current increases because of an increase in photon absorp-
tion (19). We compared the effective thickness of the flat
film and 3D structures of copper oxide. The thickness of the
flat copper oxide film was 1.5 um. The effective thickness
of the 3D copper oxide film was estimated to be ~1.0 um,
considering the thickness of the 3D copper oxide structures
(4.7 um) and the estimated filling fraction of 20 % of copper
oxide in 3D structures obtained from surface SEM images.
Thus, the large photocurrent for 3D copper oxide structures
might be mainly attributed to the fact that the increase in
the surface area reduces the distance to the copper oxide
surface and thus the charge transport length, hence reducing
the rate of recombination of charge carriers.

Meanwhile, we measured diffuse reflectance spectra of
flat and 3D porous copper oxide films. In our experiment,
photonic bandgap properties of 3D woodpile structures
cannot play any role: the photonic bandgap in the direction
perpendicular to the film was estimated to be within infrared
region by Bragg’s law, which is outside the wavelength
region of the exposed laser (20). Figure 4 shows that the
reflectance of the 3D copper oxide films was twice that of
the flat film on average in the visible-light range. Thus, the
higher scattering of 3D woodpile porous structures can
enhance the absorption of light (488 nm wavelength), result-
ing in additional enhancement of the photocurrent.

In summary, we used 3D holographic lithography to
produce 3D porous copper oxide for use as photoelectro-
chemical electrodes. Multibeam interference patterning via
a multifaceted prism produced a 3D woodpile SU-8 structure.
The layer-by-layer coating with polyelectrolytes allowed
facile modification of SU-8 structures and activation of the
surface with catalysts. Electroless deposition of copper and
subsequent calcination removed the SU-8 templates and
simultaneously produced copper oxide. The 3D copper oxide
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electrode showed an enhanced electrochemical response
under exposure to visible laser light. This photoelectro-
chemical response revealed that a high surface area of 3D
copper oxide structure was favored in electrode applications.
We believe this type of electrode fabricated from holo-
graphically defined templates allows control of the morphol-
ogy (e.g., pore size and network) over a wide range with high
fidelity. Moreover, the uniform pore size throughout the pore
network and the triply connected pore network allow easy
infiltration of electrolytes and high mechanical strength,
which is an advantage for use as electrodes for solar energy
harvesting and storage.
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