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hotocatalytic water splitting is a pro-
mising approach to produce fuel
using solar energy.'® While semicon-
ductors in photovoltaic devices generate
electricity, semiconductors in water split-
ting use photogenerated charge carriers to
facilitate the evolution of oxygen and hydro-
gen.>® Increasing the number of charge car-
riers that can reach the semiconductor—
electrolyte interface is essential to a higher
light-harvesting efficiency; however, the
length over which the charge collection
takes place is typically shorter than the
depth at which photons are absorbed.>®
Here, we demonstrate an enhanced photo-
current of iron oxide (hematite) photo-
anodes by coating the semiconductor thin
film on Au nanopillars. The enhancement
can be attributed to increased optical ab-
sorption originating from both surface plas-
mon resonances and photonic-mode light
trapping within the nanostructured topo-
graphy. The resonances can be tuned to
desirable wavelengths by varying the thick-
ness of the iron oxide layer. A net enhance-
ment as high as 50% was observed over the
solar spectrum. Our results provide a gen-
eral, widely applicable solution to concen-
trating light in the active regions of semi-
conductors. Such optical engineering methods
are fully compatible with and independent
of efforts on material quality optimization,
which together can lead to improved per-
formance of solar-driven water splitting.
Much work so far has focused on wide
band gap semiconductors for water split-
ting for the sake of chemical stability. For
optimal optical absorption, however, it is
desirable to use materials with smaller band
gaps (e.g., Eq < 2.5 eV) so that the significant
part of solar radiation in the visible range
can be utilized.'® Hematite Fe,05 has been
identified as an excellent candidate for
photoanodes in water splitting because it is
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Photocatalytic water splitting represents a promising way to produce renewable hydrogen fuel

from solar energy. Ultrathin semiconductor electrodes for water splitting are of particular

interest because the optical absorption occurs in the region where photogenerated charge

carriers can effectively contribute to the chemical reactions on the surface. It is therefore

important to manipulate and concentrate the incident light so that more photons can be

absorbed within the thin film. Here we show an enhanced photocurrent in a thin-film iron

oxide photoanode coated on arrays of Au nanopillars. The enhancement can be attributed

primarily to the increased optical absorption originating from both surface plasmon

resonances and photonic-mode light trapping in the nanostructured topography. The

resonances can be tuned to a desirable wavelength by varying the thickness of the iron

oxide layer. A net enhancement as high as 50% was observed over the solar spectrum.

KEYWORDS: plasmonic - iron oxide - photoanode - photocurrent - nanograting

earth-abundant, cost-effective, photoelec-
trochemically stable, and, most importantly,
has a desirable band gap of 2.2 eV.""™"?
Unfortunately, severe bulk recombination
was reported in Fe,O5 so that the charge
carriers generated in only a very thin layer (a
few nanometers without bias*® and tens of
nanometers with bias?'?%) near the inter-
face with the electrolyte can contribute effec-
tively to the reactions on the surface of the
Fe,05 electrode. Plasmonic and photonic na-
nostructures have shown promise in manipu-
lating and concentrating light in photocatalytic
and photovoltaic devices, which can lead to
enhanced photon absorption in the thin, ef-
fective layer of the semiconductor.?® 28
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In this work, we use arrays of Au nanopillars as both
electrical contacts and plasmonic couplers to achieve
enhanced photoactivity of Fe,0; photoanodes. Com-
pared to metal nanoparticles that exhibit extremely
confined localized plasmon resonances,?”?%3° the na-
nostructured continuous Au substrates sustain surface
plasmon modes whose evanescent fields exhibit much
longer decay lengths.3" Therefore, pronounced en-
hancement can be achieved with the Au nanopillars
buried under the Fe,05 layer, avoiding issues such as
interference of the metal in the chemical reaction
processes and loss of incoming light absorbed by
metal particles placed near the semiconductor—
electrolyte interface.*?

RESULTS AND DISCUSSION

Fe,03 electrodes on large-area arrays of Au nano-
pillars were fabricated on the basis of nanoimprinting
techniques® (Figure 1a and Methods). To generate
surface plasmon modes in visible wavelengths at the
Au—Fe,05 interface, we patterned the nanopillars in
periodic lattices with 700 nm pitch. A layer of 200 nm Au
was first evaporated onto quartz substrates followed
by spin-coating nominally 500 nm thick poly(methyl
methacrylate) (PMMA). Square arrays of cylindrical
holes were generated in the PMMA layer, inversely
replicating the nanorod array (on 700 nm pitches)
structures in the polyurethane nanoimprinting molds.
Using a layer of electron-beam-evaporated Cr as an
etching mask, the cylindrical holes were further dee-
pened by plasma etching. Au nanopillars were then
obtained after directional electron beam evapora-
tion of Au followed by PMMA liftoff. The Au nanopillars
were 300 nm in height and had a base diameter of
about 300 nm, approximately equal to the diameter of
the nanorods in the polyurethane molds. The top of the
nanopillars had a smaller diameter because of the
apertures in the Cr mask shrank as Au was evaporated
on it. The arrays of Au nanopillars were highly uniform
on a centimeter scale (Figure 1b inset) and can be
potentially further scaled up owing to the scalability of
nanoimprinting techniques. The photoanodes were
completed with a 90 nm thin-film coating of Fe,0s.
Metallic Fe was evaporated onto the patterned Au
substrates and annealed in pure oxygen at 450 °C for
about one hour. Conformal coating of the Fe,O5 layer
can be seen in the tilt-angle scanning electron micro-
scopy (SEM) image (Figure 1c). The annealed Fe,0O3
layer resembles the cauliflower-like morphology re-
ported previously** (Figure 1d). X-ray diffraction indi-
cated complete conversion from Fe to hematite Fe,03
(Figure S1).

A net enhancement of photocurrent under AM1.5
simulated solar illumination was observed from the
Fe,03 nanopillar photoanodes as compared to a planar
control sample (Figure 2). The measurement was
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Figure 1. Fe,0;3 photoanode on arrays of Au nanopillars. (a)
Steps of the fabrication procedure. (b) The geometry of the
Au nanopillars is shown schematically. The nanopillars are
300 nm in diameter at the base and 300 nm in height.
Connected by a 200 nm thick planar Au film, the nanopillars
were patterned in square arrays with 700 nm pitch. Inset:
photograph of a 1.5 x 1.5 cm? sample uniformly patterned
with Au nanopillars with a penny for perspective. (c) 30°
tilted and (d) top view scanning electron microscopy (SEM)
images of 90 nm of Fe,03 coated on a Au nanopillar array.

carried out in 1 M NaOH electrolyte using a three-
electrode configuration with Ag/AgCl reference elec-
trode and platinum mesh counter electrode. The Fe,03
electrode was illuminated by 100 mW/cm? light from a
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Figure 2. Enhanced photocurrent from 90 nm Fe,03 coated
on an Au nanopillar array. (a) The /-V curves show enhance-
ment of the photocurrent from the patterned Fe,0s elec-
trode as compared to the planar control under AM1.5
simulated solar illumination. (b) The IPCE spectra (circles
and squares) were obtained using spectrally resolved
photocurrent measurements. Distinct enhancement can
be observed as peaks (triangles) in visible wavelengths.

300 W xenon arc lamp through an AM1.5 solar simula-
tion filter. The measured photocurrent was normalized
to the sample's macroscopic area to obtain the photo-
current density (in units of mA/cm?) for comparison.
A photocurrent enhancement higher than 40%
was achieved at 1.5 V vs RHE (reversible hydrogen
electrode) (Figure 2a). The dark current remained low
even beyond 1.6 V vs RHE, which indicated high-quality
conformal coating of the Fe,03 on the Au nanopillars.
Interestingly, the onset voltage of the photocurrent
remained nearly the same for both the planar and the
patterned photoanodes. In photoelectrochemical re-
actions, the total quantum efficiency is limited by
recombination of photogenerated charge carriers both
in the semiconductor's bulk and at the semiconduc-
tor—electrolyte interface. Under low bias, surface re-
combination, which originates from surface states and
interface barriers, is the dominant effect in the oxygen
evolution reaction on Fe,O3 photoanodes. Such sur-
face barriers become less effective under higher bias,
where the bulk recombination then becomes the
limiting factor and the photocurrent approaches a
plateau.®® The fact that constant onset voltage was
observed regardless of nanopatterning of the surface
indicates that the nanopillar structures had minimal
influence on the chemical processes occurring at the
semiconductor—electrolyte interface. Therefore, the
significant enhancement of photocurrent under high
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Figure 3. Enhanced optical absorption simulated using
finite difference time domain methods. (a) Well-defined
peaks are observed in the simulated absorption enhance-
ment spectrum of Fe,03 at 624 and 681 nm (solid curve),
which agree well with the measured enhancement in IPCE.
Peaks at the same wavelengths are also found in the
simulated absorption spectrum of Au nanopillars (dashed
curve), indicating that the photocurrent enhancement ob-
tained in nanopatterned Fe,O3 electrodes is induced by
surface plasmon resonances. (b) Electric field distribution
maps from the FDTD simulations verified the plasmonic
resonances at 624 and 681 nm with the characteristic evanes-
cent field patterns near the Fe,0;—Au interfaces. Moreover,
the field map at a nonresonant wavelength (451 nm) indicates
that photonic-mode light trapping is responsible for the
enhancement in a broader spectral range.

bias was caused mainly by enhanced optical absorp-
tion in the Fe,03 thin film that led to an increased
number of photogenerated charge carriers.

The incident photon-to-current efficiency (IPCE), ob-
tained via spectrally resolved photocurrent measure-
ments, showed a clear wavelength dependence of the
photocurrent enhancement (Figure 2b). Well-defined
peaks in the enhancement in visible wavelengths were
observed with magnitudes higher than 2.5. While the
enhancement spectrum reaches these maxima at long
wavelengths, the peaks are so broad that significant
enhancement occurs starting from 500 nm around the
band gap of Fe,0s. In contrast, the photocurrent en-
hancement was much lower at wavelengths shorter than
500 nm, where the intrinsic interband transitions in Au
suppress the surface plasmon resonances.*® Although
the higher photocurrent enhancement is located in the
spectral region where the incident photon to current
efficiency is low, a large portion of the power in solar
radiation comes from light in the visible region, which
accounts for the considerable net enhancement of
photocurrent under solar-simulated illumination.

These spectral features of the IPCE enhancement
can be attributed to the electric field of the plasmonic
resonances that originates from the modulated
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Fe,Os;—Au interface and results in enhanced optical
absorption. The mechanisms were verified by numer-
ical electromagnetic simulations (Figure 3). Optical
absorption spectra of the Fe,O3 layer on patterned
and planar Au substrates were calculated using three-
dimensional full-field finite difference time domain
methods (Lumerical FDTD Solution 7.5). A large in-
crease in the absorption was observed with peaks at
624 and 681 nm (Figure 3a), which matches well with
the experimentally measured IPCE enhancement spec-
trum. When surface plasmon resonances are generated,
the collective charge oscillations at the metal surface
cause increased ohmic loss of electromagnetic energy,
which can be visualized as peaks in the spectrally
resolved absorption in the metal.>” While the absorption
in the semiconductor and in the metallic sections is hard
to distinguish experimentally, theoretical simulations
provide a powerful tool to gain microscopic insights.
By integrating the absorption only in the Au regions,
the electromagnetic energy dissipated in the Au was
obtained theoretically (Figure 3a). The two plasmonic
resonances at longer wavelengths (>600 nm) in the
absorption spectrum of the Au nanopillars coincide
with the peak wavelengths of the enhancement of
absorption in Fe,0s, which verifies that generation of
the surface plasmons within the Au nanopillar arrays is
responsible for the calculated absorption enhance-
ment and the measured photocurrent enhancement.
It is worth noting that the peaks in the measured
enhancement spectrum are much broader than the
calculated plasmonic resonances. Such a discrepancy
is often observed between experiments and simula-
tions and can be attributed to a variety of factors such
as the variation of the unit cell geometry, the surface
roughness that is inevitable in reality but not consid-
ered in theory, and imperfect collimation of the optical
illumination. This broadening effect appears to be
quite important to the enhanced photocurrent
achieved here. Much of the enhancement arises in
the spectral range from 500 to 600 nm, where the
shoulder of the plasmon resonance and a considerable
absorption coefficient in the Fe, 05 coexist.

The IPCE spectra can also be used to deconvolute
the enhancement from plasmonic fields and other
effects such as microscopic surface area of the photo-
electrode. The solid—electrolyte interface area is parti-
cularly important for electrochemical processes. One
may be concerned that the enhanced photocurrent
observed here is merely originated from the increased
surface area of the nanostructured electrode. In fact,
the contribution from surface area increase is indicated by
the IPCE spectrum below 400 nm, where surface plas-
mons are known to be suppressed in Au. It is found
that about 15% enhancement of IPCE around 400 nm
(Figure 2a) is much smaller than the 30% increase of
the surface area for an electrode with nanopillars.
It is worth noting that this 15% is inevitably an

GAO ET AL.

a os
----- Au Nanopillars —4 12
A Measured

iy Simulated I 1 o
o 04 g
= Hos 2
5 N 145 €
- o
S 1 E
o — 8
2 02 - JT04 §
E 12
=
i | ]

0 . " " s s L 0.0

350 400 450 500 550 600 650 700
Wavelength (nm)
b os
----- Au Nanopillars

- A Measured 154
3 ——— Simulated 1} §
8 ®
w
é 140 nm E
g- £
i
< £
=
w

Wavelength (nm)

Figure 4. Tunable enhancement by varying the thickness of
Fe,0s. Photoanodes of Fe,0; on Au nanopillars with differ-
ent thicknesses were investigated. The surface plasmon
resonances, shifted to (a) shorter wavelengths with 50 nm
Fe,05 and (b) longer wavelengths with 140 nm Fe,0s, are
shown in the simulated absorption in Au nanopillars
(dashed curves) and absorption enhancement in Fe,O3
(solid curves). The shifted peaks are also observed in the
measured IPCE spectra (triangles).

overestimation of the influence from surface area in-
crease because other nonplasmonic effects such as photo-
nic scattering can still take effect in this spectral region.
Therefore, the enhancement of photocurrent resulting
from the surface area increase is quite modest compared
to the distinct plasmonic resonance in the spectra.

As further evidence for the plasmonic nature of the
measured enhancement, the plasmonic characteristics
at both enhancement peaks (624 and 681 nm) can be
observed in the electric field distribution maps provided
by the FDTD simulations (Figure 3b). The plasmonic
evanescent waves featured with spatially confined and
highly intense electromagnetic fields show maximum
amplitudes around the nanopillars at the Fe,Os—Au
interface, which decay exponentially into the bulk of
Fe,0s. The effective optical absorption of the Fe,0s that
contributes to photocurrent decreases as the distance
to the Fe,Oz—electrolyte interface increases. Because of
the bulk recombination, only the photogenerated charge
carriers within a thin layer of the active material close to
the semiconductor—electrolyte interface can reach the
aqueous solution and contribute to the electrochemical
reaction. Therefore, the photocurrent enhancement
measured on 90 nm thick Fe,O3 is smaller than the
calculated absorption enhancement around the plasmo-
nic resonances.
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In addition to the evanescent field patterns around
the nanopillars, photonic-mode light trapping is another
important factor for the enhanced photocurrent in Fe,O3
coated on Au nanopillars. This light-trapping effect can
be identified by the intense electric field in the planar
region between adjacent nanopillars in the simulated
field distribution maps (Figure 3b). In contrast to the
plasmonic modes, which have the largest field amplitude
at the Fe,Os;—Au interface, the electric field of the
photonic-mode light trapping maximizes in the middle
of the Fe,0j layer.3® The photonic-mode light trapping is
responsible for the enhanced optical absorption in a
much broader spectral region. At wavelengths other than
the plasmonic resonances (e.g., 450 nm), photonic-mode
trapping can be observed both between and around the
nanopillars, while the evanescent field is not present
(Figure 3b). Compared to the simplified, extremely
smooth surfaces in theoretical simulations, the samples
in the experiments benefit from substantial surface
roughness, which resulted in more significant photonic-
mode light trapping, an effect that has been used in solar
cells with intentionally roughened back electrodes.*®
Therefore, the measured photocurrent enhancement is
generally higher than the calculated absorption enhance-
ment at wavelengths far from the plasmon resonances.

The wavelengths of enhanced photocurrent can
be tuned by changing the thickness of the Fe,Os.
Surface plasmon resonances depend upon the electric
permittivity of the environment surrounding the
metallic nanostructures.®' Because of the subwave-
length thickness of the Fe,O5 layer in our experiments,
the plasmon resonances of the metal experience an
effective refractive index that is the average of the
refractive index of the Fe,O3 layer and the aqueous
solution.**"*? By reducing the Fe,O; thickness to
50 nm, the effective refractive index was reduced
(Fe;03 has a higher refractive index than water) and
the plasmon resonances shifted to shorter wave-
lengths (Figure 4a). Consistently, the spectrum of the

METHODS

Preparation of Nanostructured Photoanodes. Au (200 nm), with a
thin Ti adhesion layer, was deposited onto quartz substrates
using electron beam evaporation. A layer of nominally 500 nm
PMMA thin film was spin-coated onto Au and imprinted against
a polyurethane mold at about 130 °C for 20 min. The polyur-
ethane mold was replicated from a silicon master (homemade
using photolithography), which contained square arrays of
300 nm diameter cylindrical rods with 700 nm pitch. The imprinted
PMMA has the inverted nanostructures (ie, cylindrical holes).
Chromium (5 nm) was then evaporated from a glancing angle
(ca.80°) onto the patterned PMMA as an etching mask. The holes in
the PMMA thin film were deepened using plasma etching (50 W for
5 min in 90 mTorr Oxygen, Plasma-Therm PK-12) until the Au
surface was exposed. After directional Au deposition using electron
beam evaporation at a slow rate (1 A/s) followed by PMMA liftoff in
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photocurrent enhancement also shows blue-shifted
peaks (Figure 4a). Although the surface plasmon reso-
nances in the case of the 50 nm thick Fe,05 exhibited a
smaller amplitude in the simulated absorption spec-
trum of Au nanopillars, the blue-shifted resonances led
to higher enhancement at wavelengths with higher
IPCE in Fe,03, which yielded a net photocurrent en-
hancement of about 50% at 1.5 V vs RHE (Figure S2). We
also demonstrated that by increasing the thickness of
the Fe,0s3, the peak of the photocurrent enhancement
shifted to a longer wavelength, which agreed well with
the red-shifted plasmonic resonances predicted by the
FDTD simulation (Figure 4b).

The intrinsic absorption coefficient of semiconduc-
tor materials, the photoactivity of electrodes, the re-
sonances of surface plasmons, and the power density
of solar radiation are all wavelength dependent. It is,
therefore, critical to match the spectral profiles of these
properties for optimized photocurrent enhancement
by improving effective photon absorption. The signifi-
cant photocurrent enhancement observed here takes
advantage of both the surface plasmon resonances in
the visible range sustained by the Au nanopillars and
the relatively low band gap of the active semiconduc-
tor Fe,0s. The effects demonstrated here, however,
should not be limited to the Fe,O;—Au combination.
Plasmonic metals such as Ag, Al, and Pd sustain
resonances in the UV region*® and can be selected to
pair with photoactive materials with wider band gaps
including WO5** and TiO,." Recent advances in alloyed
plasmonic metals can be particularly interesting be-
cause they are more chemically stable while retaining
pronounced plasmonic resonances.***¢ Furthermore,
the thickness of the thin semiconductor layer provides
an extra dimension to tune the plasmon resonances.
Together with the nanoimprinting-based fabrication
processes, the metallic nanopillar arrays offer a con-
trollable and scalable platform to tailor plasmonic and
photonic resonances for efficient solar water splitting.

acetone, arrays of Au nanopillars were obtained on continuous Au
substrates. The photoanode material Fe,03 was coated on the Au
surface using electron-beam-evaporated metallic Fe followed by
annealing in pure oxygen at 450 °C for about one hour.
Photoelectrochemical Measurements. The photocurrent was
measured in a three-electrode photoelectrochemical cell with
Ag/AgCl as the reference electrode and meshed platinum as the
counter electrode. A 1 M NaOH solution was used as the
electrolyte. The illumination was from a 300 W xenon arc lamp
(Newport 66984) through an AM1.5 solar simulation filter
(Newport 2 x 2 in? AM 1.5 Global). The power density of the
illumination was calibrated to be 100 mW/cm? using a standar-
dized photodiode (Hamamatsu). The /—V curves were obtained
using a potentiostat (Gamry Reference 600) with a scan rate of
10 mV/s. To obtain the photocurrent density, the measured
photocurrent was normalized to the macroscopic area of the
sample. Although microscopic surface areas are sometimes
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considered for nanostructures, in this work the effective optical
absorption determines the overall activity of the photoelec-
trode. Therefore, photocurrent density calculated using macro-
scopic area shows the ability of photon-to-electron conversion
of the electrode. For IPCE measurements, light from the xenon
lamp was dispersed by a monochromator (Newport Corp.), and
the photocurrent was recorded at a constant bias (1.5 V vs RHE)
with a spectral step of 5 nm (bandwidth of the light delivered from
the monochromator is about 15 nm). The measured photocurrent
was converted to IPCE by normalizing to a standard photodiode
with a known quantum efficiency. The enhancement factor was
calculated by (nanopillar — planar)/Mplanar-

Numerical Electromagnetic Simulations. The optical properties of
Fe,05 on Au nanopillars were simulated using three-dimensional
full-field finite difference time domain methods (Lumerical FDTD
Solutions 7.5). Broadband linearly polarized plane waves were
perpendicularly incident onto individual nanopillars with periodic
in-plane boundary conditions. Meshing size as small as 3 nm was
used in the regions containing Fe,05 and Au materials, which was
proven fine enough in convergence tests. The field vectors were
monitored in three-dimensional grid points to extract absorption
spectra of Fe,0s and Au, respectively, and to generate field
distribution maps at wavelengths of interest.
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