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In this study, an interfacial modification layer was applied to improve the plasmon-induced light energy
conversion of a gallium(i) oxide (Ga,O3) photoelectrode, which possesses a much more negative con-
duction band potential compared with the reduction potential of photons to hydrogen. The plasmon-
induced photocurrent generation under visible light irradiation was observed with Au nanoparticle-loaded
GayO3z (Au-NPs/Ga,0Os3). An interfacial modification was carried out by depositing a titanium dioxide (TiO5)
thin-film layer on Au-NPs/Ga,Os3 via atomic layer deposition. Since the surface states of TiO, possess
excellent hole-trapping ability, this interfacial modification remarkably improved the generation of
plasmon-induced photocurrent in the visible region. The photoelectric conversion efficiency of interfa-
cially modified Au-NPs/Ga,O3z showed a TiO, thin-film thickness dependence because the migration of
hot carriers was suppressed with increasing TiO, thickness. The Au-NPs/Ga,Oz photoelectrode modified
with 2 nm-thick TiO, showed the best photoelectric conversion performance, and the thermodynamic
energy conversion efficiency under irradiation with 600 nm light was approximately two times larger than
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that of the Au-NPs/TiO,-thin film due to the extremely negative onset potential of Au-NPs/Ga,Os with
TiO,. Therefore, the plasmonic Ga,Os photoanode with the interfacial TiO, modification could provide
both a high reduction ability for H, evolution and an oxidation ability for water oxidation, because of the
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Introduction

Solar water splitting to produce H, is a main topic in artificial
photosynthesis. To achieve efficient overall water splitting, one
indispensable condition is that the bottom of the conduction
band (CB) of the semiconductor should be more negative than
the reduction potential of H'/H (0 V vs. RHE)."” Therefore,
gallium(m) oxide (Ga,Oj3), which possesses a negative CB (—1.0
to —1.5 V vs. RHE), is a promising photocatalyst for overall
water splitting.>”® The largely negative CB potential of Ga,Oj
can also be applied to the reduction of carbon dioxide to CO
or HCOOH.” However, it is only able to utilize the ultraviolet
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negative conduction band of Ga,O3z and the hole-trapping property from TiO,, respectively.

light of solar radiation due to its wide band gap (~4.9 eV).?
Band engineering is a standard method for extending the
absorption edge of a material. Kudo et al. reported that doping
In,0; into p-Ga,0; to form a solid solution could efficiently
shift the absorption edge towards longer wavelengths, thus
maintaining H, and O, evolution.’ Although the absorption
edge can be shifted to longer wavelengths by the doping
method, the visible light energy is still insufficiently utilized.
Moreover, doping causes a positive shift in the CB, thereby
decreasing the reduction potential of Ga,O;. Although other
methods, such as the addition of cocatalysts and promotors,
have also been applied to increase the catalytic performance of
Ga,0;, the results are not ideal for the use of visible light."*™"?

Recently, localized surface plasmon resonance (LSPR) of
noble metal nanoparticles (Au, Ag) has been increasingly
studied because it can efficiently increase visible-light absorp-
tion and significantly enhance the electromagnetic near-
field."**®> Under LSPR excitation, hot carriers are generated in
the metal nanoparticles.’® When settling metal nanoparticles
on a semiconductor, a Schottky barrier forms at the interface,
and hot carriers with energy higher than the Schottky barrier
can transfer to the CB of the semiconductor, thus achieving
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charge separation at the interface.'”'® The electrons trans-
ferred to the CB of the semiconductor take part in the
reduction reactions, such as H, evolution, while the holes will
be captured at the surface states of the semiconductor and par-
ticipate in the oxidation reactions.'® Importantly, it is expected
that this plasmon-induced electron transfer mechanism will
not cause a positive shift in the CB of gallium oxide and that
visible light will be used effectively while maintaining a high
reduction ability.

In plasmon-induced artificial photosynthesis systems using
n-type semiconductors, the reducing ability can be improved
by changing the type of semiconductor; however, the important
point is that it is necessary to efficiently induce water oxidation
as the rate-determining step. First, to stably oxidize water for a
long time, it is necessary to use an oxide semiconductor in
which the photoanode itself is not further oxidized. Second, the
surface condition of the photoanode that can efficiently capture
holes is required. Recently, we successfully demonstrated that
plasmon-induced water oxidation is highly sensitive to the
surface states of the crystal facets of SrTiO;, and Au nano-
particle-loaded SrTiO; that is terminated with a TiO, layer
shows a high oxidation ability.”® In addition, Murakoshi et al.
also reported that TiO, was beneficial for water oxidation by
studying the intermediate species during plasmon-induced
oxygen evolution.”® Therefore, improving the hole-trapping
ability at the interface by the surface states of TiO, is an
efficient way to enhance the water oxidation efficiency.

In this study, plasmonic Au-NPs were decorated on the
surface of single-crystal Ga,0; (Au-NPs/Ga,0;) to utilize visible
light without shifting its negative CB energy level, which is
beneficial for reduction reactions, such as H, evolution. To
improve the water oxidation reaction of the Au-NPs/Ga,O;
photoelectrode, we also proposed an interfacial modification
using a thin TiO, layer with a nanometre-scale thickness that
was deposited on Au-NPs/Ga,O; by the atomic layer deposition
(ALD) technique. Photocatalytic reactivities were evaluated by
monitoring the photocurrent of the photoelectrochemical
(PEC) reaction. Based on the excellent hole-trapping ability
of the as-prepared material, the plasmon-induced holes
are efficiently trapped in the surface states at the interfacial
boundary between the Au-NPs and TiO, layer, which
improves the water oxidation reactivity of the Au-NPs/Ga,O3
photoelectrode.

Results and discussion

To optimize the conditions for the plasmonic PEC reaction
enhancement of Au-NP-loaded Ga,O3, we first investigated the
particle size effect of Au-NPs loaded on Ga,O; because the
LSPR properties of Au-NPs were very sensitive to their size.**??
Au-NPs with mean sizes ranging from 10 to 50 nm were fabri-
cated on Ga,O; by annealing Au films with various thick-
nesses, as depicted in Fig. S1.f Fig. 1a shows the extinction
spectra of Au-NPs with different sizes loaded on Ga,0;. The
LSPR peaks showed an obvious red-shift and a broadening of
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Fig. 1 (a) Extinction and (b) IPCE spectra of differently sized Au-NPs
loaded on Ga,0s.

the full width at half maximum (FWHM) as the particle size
increased. To evaluate the photocurrent conversion efficiency,
we carried out incident photon-to-current efficiency (IPCE)
measurements on all Au-NP/Ga,0; photoelectrodes, as shown
in Fig. 1b. Clear peaks were observed at approximately 580 nm
in the IPCE action spectra of all Au-NPs/Ga,O; photoelec-
trodes, and no detectable photo-response was obtained on the
Ga,0; photoelectrode without Au-NPs (see purple plot in
Fig. 1b) in the visible wavelength region. In the case of Au-NP/
Ga,0; photoelectrodes loaded with small particles (<15 nm),
the IPCE band closely corresponded with the extinction spec-
trum of Au-NPs, indicating that the photocurrent was gener-
ated by the LSPR of Au-NPs."® The 15 nm Au-NP-loaded Ga,O;
sample showed the best PEC performance with a peak IPCE
value of 0.11% at 580 nm, as shown by the red curve in
Fig. 1b. For the 10 nm Au-NP-loaded Ga,0; sample, its low
extinction value caused a lower IPCE than the 15 nm Au-NPs.
In contrast, when the particle size became larger than 15 nm,
the IPCEs decreased. A possible explanation for the observed
decrease in IPCE was the LSPR decay mechanism. For large
particles, instead of nonradiative decay, radiative decay
becomes the main pathway for LSPR decay, which is unfavour-
able for electron-hole generation.>**> The near-field enhance-
ment spectra obtained by FDTD calculations (Fig. S21) show a
clear tendency that the large Au-NPs loaded on the Ga,O;
sample exhibited broadening of the LSPR peak, which was
consistent with the extinction spectra. This broadening indi-
cated a short dephasing time of LSPR due to significant radi-
ation damping. Conclusively, Au-NPs/Ga,O; with a particle
size of 15 nm was the optimized photoelectrode for PEC photo-
current generation at visible wavelengths, and it was used in
the following investigation.

To further improve the water oxidation ability of Au-NPs/
Ga,03, an interfacial modification was conducted by the intro-
duction of a thin TiO, layer, which has a high hole-trapping
ability. Because the CB alignment of TiO, is much more posi-
tive than that of Ga,O;, electrons cannot efficiently transfer
from the CB of TiO, to that of Ga,0;.> Therefore, a thin TiO,
layer was deposited on Au-NPs/Ga,O; as the final layer, as
shown in Fig. S3,1 to maintain direct contact between the Au-
NPs and Ga,0O; and to provide effective charge separation.
Moreover, Au-NPs were partially inlaid in the TiO, layer (inset
in Fig. 2b) without destroying the direct contact between the
Au-NPs and Ga,O; by the reported ALD procedure of TiO,."°
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Fig. 2 (a) Absorption spectra and (b) IPCE action spectra of Au-NPs/
Ga,03 modified with different thicknesses of TiO,. Inset: Cross-sec-
tional schematic of TiO,/Au-NPs/Ga,Os. (c) Schematic energy diagram
showing the charge transfer in TiO,/Au-NPs/Ga,0Os.

With this structure, the plasmon-induced electrons could
transfer from Au-NPs to Ga,O; at the interface of Au-NPs/
Ga,03, and the hot holes could be captured at the surface
states of TiO,, which might accelerate the water oxidation reac-
tion. As a control experiment, TiO, was deposited between the
Au-NPs and Ga,0;. However, this arrangement was unfavour-
able for plasmon-induced charge separation, as discussed in
detail in Fig. S6.t

The photoanodes of Au-NPs/Ga,0; with various thicknesses
of the TiO, modification layer (x-nm-TiO,/Au-NPs/Ga,0s3,
where x = 2-4) were investigated in the following section. The
thickness of TiO, was precisely controlled by controlling the
number of ALD cycles from 40 to 80. According to the XRD
measurements in Fig. S4a,t all peaks measured from 10° to
70° show almost the same diffraction angle and width, indicat-
ing the same crystallinity of Ga,0; before and after TiO, depo-
sition. The bandgap (4.8 eV) of Ga,0; estimated from the Tauc
plots in Fig. S4bt kept the same before and after the depo-
sition of TiO,. We also checked the elements oxidation states
by XPS as shown in Fig. S5.1 Ti 2p signal was presented after
the deposition of TiO,. The new signal of Ti 2p provided the
direct evidence of the TiO, deposition on Ga,0;.>°® The
binding energy of O 1s peak showed slightly broadening at the
lower energy side rather than peak energy shift, which is
ascribed to the presence of O 1s peak of Ti-O (529.8 eV) after
TiO, deposition.”” Additionally, the binding energy and the
width of Ga 2p did not change after TiO, deposition. Based on
the results above, it could be concluded that the crystallinity
and band structure of Ga,O; did not change after the depo-
sition of TiO,. According to the top-view SEM in Fig. S7,} after
the deposition of TiO,, the comparison of the morphology and
particle size (dmean ~ 15 nm) of Au-NPs before and after the
deposition of the TiO, modification layer indicated that the
ALD process at 300 °C barely affected the morphology of Au-
NPs on Ga,0s;.
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Light absorption and carrier separation are two main
factors contributing to photocurrent generation. To directly
study the relationship between light absorption and PEC pro-
perties, the absorption spectrum of Au-NPs was calculated as
the difference between the (1 — T — R) spectrum of substrate
with Au-NPs and without Au-NPs in Fig. 2a, where T and R are
the transmission and reflection, respectively. Since the particle
size and distribution of Au-NPs were similar, the red-shift of
the peak position of the LSPR band from 585 to 645 nm was
mainly caused by the refractive index increase in the surround-
ing media after TiO, deposition.>® In addition, the absorption
value at the LSPR peak also increased as the thickness of the
TiO, layer increased. In contrast, the absorption at wavelengths
shorter than 550 nm maintained almost the same value,
which was only determined by the interband transition of
Au." The PEC performance of these modified samples is pre-
sented in Fig. 2b, and all the TiO,/Au-NPs/Ga,O; photoelec-
trodes show an IPCE increase in the visible region compared
with that of the Au-NPs/Ga,0; photoelectrode. Notably, 2-nm-
TiO,/Au-NPs/Ga,0; showed the maximum IPCE value, which
reached 0.17% at approximately 600 nm. Moreover, the stable
photocurrent under 600 nm irradiation was approximately 1.5
times larger than that of Au-NPs/Ga,03;, as shown in Fig. S8.1
The photocurrent of 2-nm-TiO,/Au-NPs/Ga,0; also showed a
good stability because the photocurrent after 7.5 hours
irradiation maintained 90% of the initial value of quasi-steady
photocurrent, as shown in Fig. $9.This result indicated that
the interfacial modification by TiO, was beneficial for improv-
ing the PEC performance of Au-NPs/Ga,0j3. Notably, after com-
paring the 2-nm-TiO,/Au-NPs/Ga,O; and pristine Au-NPs/
Ga,03, the IPCE peak of 2-nm-TiO,/Au-NPs/Ga,0; increased by
1.5 times, while the absorption increased by only 1.1 times at
the peak LSPR wavelength. We suspect that much better
charge separation occurred at the interface, resulting from the
good hole-capturing ability of TiO,, which was an important
factor for IPCE enhancement, as depicted in Fig. 2c. After the
deposition of TiO,, the surface states of TiO, efficiently
capture the plasmon-induced holes for efficient water oxi-
dation. Moreover, the hot electrons generated at the Au-NPs/
Ga,0; interface could be smoothly transferred to the CB of
Ga,0; due to the direct contact between Au and Ga,O;. Based
on this mechanism, hot carriers should have enough energy to
achieve the hot-electron injection and water oxidation. The
flat-band potential of 2-nm-TiO,/Au-NPs/Ga,0O; was estimated
to be —0.80 V vs. RHE after the deposition of 2 nm TiO, as
shown in Fig. S10a.{ The energy barrier between the flat-band
potential of Ga,0O; for hot-electron injection and the oxidation
potential of water (+1.23 V vs. RHE) is estimated as 2.03 eV
(610 nm). Therefore, under the irradiation of light with the
wavelength of 600 nm which is the peak wavelength of the
IPCE action spectrum in Fig. 2b, both hot-electron injection
and water oxidation can be achieved simultaneously.

As shown in Fig. 2a and b, the redshift of the TiO,/Au-NPs/
Ga,0; IPCE peaks is not as obvious as their redshift in the
absorption spectra. This observation could be explained by the
threshold of photon energy needed for exciting electron/hole

This journal is © The Royal Society of Chemistry 2020
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separation at the Au-NPs/Ga,0; interface, as discussed in
Fig. S10.f This result suggested another insight, in that the
electron injected into the CB of Ga,0; had a high negative
potential energy. The energy generated under light irradiation
at 600 nm on the Ga,0; photoanode, #phot0, Was evaluated by
being compared to an ideally nonpolarizable dark electrode as
expressed in formula (1)
Imax(1.23 Vvs. RHE — Vinay)

Mphoto = P X 100(%) (1)
in

where I;,.x and Vy, are the maximum output current and
voltage, which generate the maximum electric power, respect-
ively. Py, is the incident light intensity.”®

The value of 7pheto is the thermodynamic energy-conversion
efficiency of the photoelectrode, and the #7,h0¢, value for 2-nm-
TiO,/Au-NPs/Ga,0; under light irradiation at 600 nm was cal-
culated as 0.06% from the I-V characteristics shown in
Fig. S11.7 This value was approximately twice as large as that
of the Au-NPs/TiO,-thin film (0.03%) due to the extremely
negative onset potential. Therefore, the plasmonic Ga,O;
photoanode modified with the thin TiO, layer could simul-
taneously achieve water oxidation and hot-electron injection
with a negative reduction potential under visible light
irradiation.

To further verify the hole-trapping ability of the TiO, layer,
the IPCE values of 2-nm-TiO,/Au-NPs/Ga,O; and Au-NPs/
Ga,0; were measured in an electrolyte with triethanolamine
(TEOA), as shown in Fig. 3. TEOA is a sacrificial hole scavenger
due to its fast reaction kinetics based on one-electron oxi-
dation.?® For Au-NPs/Ga,0; without TiO, modification, the oxi-
dation reaction with water by holes was difficult, as discussed
above. The addition of TEOA dramatically increased the oxi-
dation reactivity even though the hole-trapping ability of the
Ga,0; surface was poor, as illustrated in Fig. S12a.t The high
IPCE of 2-nm-TiO,/Au-NPs/Ga,0O; without TEOA in Fig. 3b
indicated that the hot holes trapped at the surface states of
2-nm-TiO,/Au-NPs/Ga,0O; oxidized water efficiently even
without the addition of TEOA, as shown in Fig. S12b.f
Although the hole-trapping ability of TiO, could improve the
oxidation reactivity and charge separation, the positive effect
of interfacial modification on the IPCE showed a dependence
on the thickness of TiO,. When the TiO, thickness was larger
than 2 nm, the IPCE improvement decreased even though the

a) —e—no TEOA b)
0401 —o—with 0.5% TEOA|  *4]
Onm TiO, 0.35-

—e—no TECA
—e—with 0.5% TEOA
nm TiO,

2.7 times

300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength/nm Wavelength/nm

Fig. 3 IPCE action spectra of (a) Au-NPs/Ga,O3 and (b) 2-nm-TiO,/Au-
NPs/Ga,0Os measured in a KClO,4 aqueous solution with and without
TEOA.
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Fig. 4 Near-field distributions of Au-NPs/Ga,O3z modified with (a) 0, (b)
2, (c) 3, and (d) 4 nm TiO, layers, which was calculated by an FDTD
simulation.

absorption increased. To understand the PEC performance
difference of TiO,/Au-NPs/Ga,0O; with different thicknesses of
the TiO, layer, the near-field distribution at the interface of
TiO,/Au-NPs/Ga,0O; that determined the plasmon-induced
carrier generation was calculated by a finite-difference time-
domain (FDTD) simulation (Fig. 4). For Au-NPs/Ga,03, the hot
spot of the near-field was located at the interface between Au-
NPs and Ga,0s3, which are represented as the two bright spots
in Fig. 4a. Regarding 2-nm-TiO,/Au-NPs/Ga,03;, the near-field
intensity was enhanced at the three-phase boundary of TiO,/
Au-NPs/Ga,0; (Fig. 4b). However, the near-field intensity at the
three-phase boundary decreased as the TiO, thickness
increased (Fig. 4c and d). Though the near-field became stron-
ger at the interface of TiO,/Au-NPs with increasing distance
from the Ga,0; surface in Fig. 4c and d, the carriers generated
at the Au-NPs/TiO, interface and then injected into the CB of
TiO, contributed less to the IPCE, as discussed in Fig. S6.t
Moreover, trapped holes at the three-phase boundary should
migrate to the surface to participate in the water oxidation
reaction. The thick TiO, modification layer would also sup-
press hole migration to the surface because of the extended
path. Consequently, 2-nm TiO, interfacial-modified Au-NPs/
Ga,0; showed the best PEC improvement.

Conclusions

We demonstrated plasmon-induced photocurrent generation
on wide bandgap Ga,O; under visible light irradiation. The
IPCE of Au-NPs/Ga,0; was improved by an interfacial modifi-
cation consisting of the deposition of a TiO, layer, which exhi-
bits a high hole-trapping ability. The partial inlaying of Au-NPs
with the TiO, layer could be beneficial for trapping plasmon-
induced holes at the interfacial boundary between Au-NPs and
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TiO, and improving the oxidation reactivity while maintaining
efficient electron transfer. The 2-nm-thick TiO, interfacial
modification shows up to a 1.5-times higher IPCE in the
visible region than that without TiO,. The thermodynamic
energy-conversion efficiency for the 2-nm-TiO,/Au-NPs/Ga,03
photoelectrode under light irradiation at 600 nm was approxi-
mately twice as large as that of the Au-NPs/TiO,-thin film due
to the extremely negative onset potential.

Based on the above observations, the plasmonic Ga,O;
photoanode with the interfacial modification of a thin TiO,
layer could demonstrate both a high ability for reduction, such
as H, evolution, and oxidation ability for water oxidation
because of the negative CB of Ga,O; and the hole-trapping
property of TiO,, respectively. We believe this interfacial modi-
fication has enormous potential for use in artificial photosyn-
thesis and could be applied in various fields and devices for
photon energy conversion through structural optimization.

Materials and methods
Sample fabrication and structure characterization

The Sn-doped single-crystal $-Ga,O; wafer (Novel Crystal
Technology, Inc.) with an orientation of (—201) was cut to a
size of 9.0 x 9.0 x 0.7 mm?>. These Ga,0; substrates were suc-
cessively rinsed with acetone and methanol in an ultrasonic
bath for 5 min each. To fabricate Au-NPs on the surface of
Ga,03, a thin gold layer was deposited onto the substrates by
electron-beam evaporation at room temperature. The depo-
sition pressure was approximately 2.0 x 10~° Pa, and the evap-
oration set to approximately 0.16 A s7'.
Subsequently, the samples were annealed in air at 800 °C for
1 h. The fabrication processes are shown in Fig. S3 in the
ESI.t The particle size of Au-NPs was controlled by changing
the thickness of the Au film. The TiO, layer was deposited by
a commercial hot-wall flow-type ALD reactor (SUNALETM R
series, Picosun, Finland) at 300 °C with a deposition rate of
0.05 nm per cycle. TiCl, and deionized water vapor were used
as the Ti and O sources, and N, was used as the carrier gas
and purge gas. The pulse time and purge time were set as 0.1
and 4.0 s, respectively. X-Ray diffraction chart was applied to
check the phase structure of Ga,O; by RIGAKU RINT-2000/PC
using Cu Ko radiation. The valence of Ga, Ti and O was
measured by an X-ray photoelectron spectrometer (XPS,
JPS-9200, JEOL).

rate was

Optical properties and morphology characterization

A photonic multichannel analyser (PMA C7473, Hamamatsu
Photonics) system was applied to measure the optical reflec-
tance and transmittance spectra. Bandgap of Ga,0; was esti-
mated by the Tauc plots obtained from the transmittance
spectra measured by A UV-Vis spectrophotometer (UV-3100PC,
SHIMADZU). The surface morphology was identified by field-
emission scanning electron microscopy (FE-SEM, JSM-6700FT,
JEOL) with a maximum resolution of 1 nm. Additionally,
Image] software was used to analyse the mean particle size.
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Photoelectrochemical measurement

To obtain the ohmic contact, an In-Ga alloy with a weight ratio
of 4:1 was coated on the backside and sidewall of the Au-NPs/
Ga,0; substrates. Then, the samples were connected to a copper
plate in a Teflon reaction cell, which was connected to an electro-
chemical analyser (ALS/CH Instruments 852C, ALS) with a
copper lead wire. The irradiation window consisted of a pinhole
with a diameter of 2.0 mm on the lid of the cell. A three-electrode
system consisting of a platinum wire and a saturated calomel
electrode (SCE) as the counter electrode and reference electrode,
respectively, was applied to measure the PEC properties. In
addition, a 0.1 M KClO, aqueous solution without an electron
donor was used as the electrolyte. During the photocurrent
measurement, a potential of +0.3 V vs. SCE was applied to the
working photoelectrode. The IPCE was calculated by formula (2):

1240 x I(Acm™?)
A(nm) x Py, (Wcem~2)

IPCE(4) = (2)
where I is the photocurrent density, A is the wavelength of inci-
dent light and Py, is the incident light intensity. In addition,
Mott-Schottky experiments were carried out at a constant fre-
quency of 5000 Hz in a scan window of —1.5 to 1.0 V vs. SCE in
the three-electrode system described above.

Numerical simulations

Full-field electromagnetic wave simulations were performed
using the FDTD method (FDTD Solutions, Lumerical). The
investigated structure was simulated using perfectly matched
layers along the z-direction and periodic boundary conditions
along the x-and y-directions with a period of 20 nm. An ellip-
soid sphere with a diameter of 15 nm in the x and y directions
and 10 nm in the z direction was used to model the Au-NPs. In
the simulation, the refractive index of Au was taken from the
optical constants of Johnson and Christy. Ga,0; and TiO, were
treated as dielectric materials with refractive indices of 1.8 and
2.4, respectively.
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