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Abstract: Hot-hole injection from plasmonic metal nano-
particles to the valence band of p-type semiconductors and
reduction by hot electrons should be improved for efficient
and tuneable reduction to obtain beneficial chemical com-
pounds. We employed the concept of modal strong coupling
between plasmons and a Fabry-Pérot (FP) nanocavity to
enhance the hot-hole injection efficiency. We fabricated a
photocathode composed of gold nanoparticles (Au� NPs), p-
type nickel oxide (NiO), and a platinum film (Pt film) (ANP).
The ANP structure absorbs visible light over a broad wave-

length range from 500 nm to 850 nm via hybrid modes based
on the modal strong coupling between the plasmons of
Au� NPs and the FP nanocavity of NiO on a Pt film. All
wavelength regions of the hybrid modes of the modal strong
coupling system promoted hot-hole injection from the
Au� NPs to NiO and proton/water reduction by hot electrons.
The incident photon-to-current efficiency based on H2

evolution through water/proton reduction by hot electrons
reached 0.2% at 650 nm and 0.04% at 800 nm.

Introduction

Hot electron and hole pairs generated via nonradiative decay of
localized surface plasmon resonances (LSPRs) attract consider-
able attention for triggering chemical reactions.[1] The hot-
electron injection from plasmonic metals to the conduction
band of n-type semiconductors and subsequent oxidation have
been widely studied.[2] Additionally, the remaining holes have
been reported to have the ability to oxidize water.[3] Recently,
we reported that the light absorption and water oxidation
ability were dramatically enhanced by modal strong coupling
between LSPR and a Fabry-Pérot (FP) nanocavity.[4] We found
that the coupling strength, that is, the energy exchange rate
between two original modes, affects the photoelectrochemical
performance under modal strong coupling conditions.[5]

In the photoanode with a combination of a metal and an n-
type semiconductor, reduction is performed by the electrons
injected into the conduction band of the semiconductor.
Therefore, the reduction potential is restricted by the band
structure of the semiconductor, and the additional energy of
the LSPR used for hot-electron excitation is lost (Figure 1a). In
contrast, the photocathode composed of a plasmonic metal
and a hole-trapping material effectively induces reduction
because hot electrons reduce the substances, which involves
hot-hole injection from the metal to the hole-trapping material
(Figure 1b). Furthermore, Atwater et al. reported that hot-hole
injection from gold to a p-type semiconductor is thermody-
namically preferable to hot-electron injection from gold to an
n-type semiconductor due to the energy distribution of hot
carriers generated in gold estimated by theoretical
calculations.[6] Recently, plasmonic photocathodes have been
investigated to perform reduction.[7] However, the plasmonic
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Figure 1. a) Hot-electron injection at the interface of a plasmonic metal and
an n-type semiconductor. b) Hot-hole injection at the interface of a
plasmonic metal and a p-type semiconductor. CBM, VBM, and EF indicate the
conduction band minimum, valence band maximum, and Fermi level,
respectively.
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photocathode using a single layer of metallic nanoparticles has
the same problem as the anode. The absorptivity is not
sufficient, and consequently, the photoelectrochemical reaction
efficiency is limited. We assume that the strong coupling
between the LSPR and a FP nanocavity also enhances the
absorption and reaction efficiencies on the photocathode. The
aim of this study is to experimentally verify whether modal
strong coupling enhances hot-hole injection from the metal
nanoparticle to the p-type semiconductor. We employed gold
nanoparticles (Au� NPs) as a plasmonic metal, lithium-doped
nickel oxide (NiO) as a p-type semiconductor, and a platinum
film (Pt film) as a reflection layer. A dielectric film with a high
refractive index on a metallic film, such as NiO on a Pt film,
works as an FP nanocavity.[8] Additionally, Pt film has enough
resistance against thermal deformation during the annealing
process.

Results and Discussion

Au� NP/NiO/Pt-film (ANP, Figures 2a and b) structures were
fabricated as follows. We employed a pulsed laser deposition
(PLD) procedure to precisely control the deposition thickness of
NiO. First, a Pt film with a thickness of 100 nm was sputtered on
a yttrium-stabilized zirconium oxide (YSZ) substrate. Then, a
NiO layer was deposited by PLD at 25 °C. After that, an Au film
with a thickness of 3 nm was evaporated. Finally, the substrate
was annealed at 900 °C to form Au� NPs and increase the
crystallinity of NiO. From the X-ray diffraction (XRD) pattern, the
(111) orientation of the NiO crystal on Pt (111) and YSZ (111)
was clearly observed (Figure S1a).

The NiO atoms were speculated to be aligned along the
crystalline lattice of the Pt film based on the deposition
mechanism of PLD. Figure 2c shows the surface morphology of
the ANP structure measured by scanning electron microscopy
(SEM). The formation of Au� NPs was observed, and the average
particle diameter and the standard deviation were 39 and
14 nm, respectively. The detailed analysis is shown in Fig-
ure S1b. The cross-section of the structure was investigated by
scanning transmission electron microscopy (STEM). Dense and
flat films of Pt and NiO were observed, as shown in Figures S1c
and S1d. The lattice structures of NiO and Au� NPs were clearly
observed, indicating good crystallinity (Figure S1e). The inter-
planar distance of the NiO crystal was estimated to be 2.4�
0.2 Å, corresponding to the interplanar distance of NiO in the
(111) direction, as expected from the XRD result.[9] The
interplanar distance of Au� NPs was close to that of the NiO
crystal, indicating Au (111).[10] Interestingly, some Au� NPs were
partially or fully inlaid in the NiO layer even though they were
self-organized by simple annealing of the Au thin film (Fig-
ure 2d). This is due to the lattice matching of Au and NiO.[11]

The partial inlaying of Au� NPs plays a critical role in forming a
three-phase interface of Au/NiO/substance for chemical reac-
tions in addition to increasing the modal strong coupling
strength.[4,12] To form the strong coupling between the LSPR
and FP nanocavity, a large spatial overlap of LSPR and cavity
modes is required. Figure S2 clearly indicates that the splitting
of upper and lower branches became obvious as an increase of
the inlaid depth. On the other hand, full coverage of Au� NPs by
the NiO layer prevents the reduction of substances near the
strong electric field.

The diameter of Au� NPs fabricated by this study is
approximately 40 nm, which is 1.5 to three times larger than
those of previous works on modal strong coupling between
LSPR and a FP nanocavity.[4–5] Larger metallic NPs have been
reported to interact with a metallic mirror through a thin
insulator.[13] The electric field distribution and vector of the ANP
structure with a NiO layer thickness of 40 nm showed that the
electric field of the LSPR of Au� NPs reached the Pt surface,
perturbing the reflected light field on Pt (Figure S3a). This
inhomogeneous light reflection induces complex optical modes
and disturbs the understanding of the effect of the strong
coupling between a pure FP nanocavity and the LSPR. In
contrast, the LSPR of Au� NPs did not affect the Pt film when
the NiO layer thickness was 240 nm (Figure S3b). Therefore, to
evaluate the modal coupling between the LSPR of Au� NPs and
FP nanocavity of NiO on a Pt film, we employed a second-order
FP nanocavity using a thicker NiO layer. First, finite-difference
time-domain (FDTD) simulations were performed to confirm the
modal coupling using a second-order FP nanocavity (Figure 3a).
We focused on the average diameter of 40 nm for the
calculations. Half of the Au� NPs are distributed from 30 to
50 nm based on the analysis of Figure S1b. Therefore, the
coverage ratio of the simulation was set to 6.9%, which is half
the total coverage by all Au� NPs. From the absorption spectra
shown in Figure 3b, two peaks derived from energy-level
splitting into upper and lower branches are observed. Figure 3c
shows a dispersion curve obtained by plotting the peak energy

Figure 2. a) Energy-level diagram of the modal strong coupling between the
LSPR and FP nanocavity modes. Ω, ωLSP, and ωcavity are the splitting frequency
of modal strong coupling and resonant frequencies of the LSPR and FP
nanocavity modes. b) Schematic of the ANP structure. c) Top-view SEM
image of the ANP structure. (d) Cross-section of a Au� NP inlaid in a NiO
layer. Left: high-angle annular dark field (HAADF)-STEM image; right: energy-
dispersive X-ray spectrometry (EDS) mapping. The green, red and blue
colours depict Au, Ni and O elements, respectively. The lower panels show
EDS mapping of each element.
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of the upper and lower branches as a function of the
wavenumber of the cavity resonances of NiO on a Pt film with
various NiO thicknesses. The splitting energy was calculated to
be 200 meV using a coupled harmonic oscillator model.[4,14] In
the strong coupling regime, the frequency Ω of the coupled
system is higher than the dephasing time of both oscillators.[15]

In other words, the two absorption bands derived from hybrid
states should fulfil Equation (1).

�hW >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2
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2 þ
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2
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¼
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g2

LSPR

2

r

(1)

where �hΩ is the splitting energy, γUB and γLB are the linewidths
of the upper and lower branch modes when the energies of the
nanocavity and LSPR modes are equal, and γcavity and γLSPR are
the linewidths of the nanocavity and LSPR modes, respectively.
Here, the root mean square (RMS) of γUB and γLB represented by
the centre part in Equation (1) was estimated to be 180 meV,
which is smaller than the splitting energy of 200 meV. There-
fore, the ANP structure can fulfil the strong coupling condition
in principle. Based on the FDTD simulations, we fabricated an
ANP structure with a NiO thickness of 245 nm and an FP cavity

wavenumber of 15100 cm� 1, which is close to the tuning
condition calculated from Figure 3c (14600 cm� 1). The absorp-
tion spectrum showed a broad absorption band, as shown in
Figure 4. The two peaks derived from hybrid modes are not
apparently distinguished due to the broadness of the LSPR
mode derived from the inhomogeneities of the Au� NP

Figure 3. a) Cross-sectional view of the geometric model for FDTD simulations. Numbers indicate lengths in nm. The variable t indicates the NiO thickness
excluding the inlay depth of 10 nm. b) Absorption spectra of ANP structures with different thicknesses of NiO obtained by FDTD simulations. R indicates the
reflectance. The transmittance T was negligibly small because the ANP structures included Pt films with thicknesses of 100 nm. The t values were 180 nm
(red), 200 nm (blue), 220 nm (magenta), 230 nm (green), 240 nm (purple), and 260 nm (orange). The broken curves in light green and navy indicate the
Lorentz fitting of the absorption band of the upper and lower branches (P+, P� ). The grey curves indicate the uncoupled mode. c) Dispersion curve of the
absorption band shown in panel b). The black and red curves are fittings obtained using a coupled harmonic oscillator model. E� indicates the energy of P+

and P� .

Figure 4. Absorption spectrum and IPCE action spectra of the ANP photo-
cathode with a NiO thickness of 245 nm in an aqueous solution of
0.1 moldm� 3 KClO4 with (red) and without (blue) 0.1 moldm� 3 K2S2O8.
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diameters and interparticle distances. For example, the different
particle diameters of Au� NPs gave different peak splitting in
the FDTD simulation. Additionally, the ANP structure with
inhomogeneous diameters of Au� NPs, with a similar particle
diameter distribution as the experimental result, showed a
broad absorption band that could not be clearly divided into
two bands (Figure S4). However, the ANP structure can form
modal strong coupling, as discussed above. Importantly, more
than 99% of light with a wavelength of 650 nm was absorbed
by the ANP structure. The contribution of hybrid modes to the
absorption was estimated to be 70% at 650 nm by subtracting
the baseline derived from the absorption of the Pt film. This
absorption efficiency is dramatically enhanced compared to the
LSPR alone (Figure S5). Such significant absorption
enhancement is derived from strong coupling rather than weak
coupling.

We performed photoelectrochemical measurements to
determine the photoreduction performance of the ANP photo-
cathode using a conventional three-electrode system. First,
current-potential (I–V) characteristics and Mott-Schottky plots
were obtained in neutral 0.1 mol dm� 3 KClO4 aqueous solution.
The rectification properties of a p-type semiconductor were
observed from the I–V characteristics, indicating that the ANP
works as the cathode (Figure S6a). Additionally, from the
intercept and slope of the Mott-Schottky plot, the flat-band
potential and the acceptor density were estimated to be 0.87 V
vs. reversible hydrogen electrode (RHE) and 8.5×1019 cm� 3,
respectively (Figure S6b). These values are consistent with the
reported flat-band potential and acceptor density of NiO.[16]

Figure 4 also shows the action spectra of the incident photon-
to-current conversion efficiency (IPCE) of the ANP photocathode
with and without potassium persulfate (K2S2O8) as a sacrificial
electron acceptor. Because S2O8

2� is an excellent one-electron
acceptor with fast reaction kinetics, the consumption of
electrons generated in Au� NPs is accelerated. In the presence
of K2S2O8, obvious IPCE values were observed from 500 to
800 nm, and the maximum value reached 0.45% at 650 nm.
Additionally, the shape of the action spectrum corresponds well
to that of the absorption spectrum. Therefore, the broad IPCE

action spectral band suggests that the hot holes excited by all
wavelength regions of hybrid modes were injected from
Au� NPs into NiO in the ANP photocathode, and the hot
electrons reduce substances under modal strong coupling
conditions. To discuss the apparent charge separation effi-
ciency, the internal quantum efficiency (IQE) was obtained by
dividing the IPCE value by the absorption in the presence of the
sacrificial electron acceptor. Figure S7 depicts the IQE spectrum
of the ANP photocathode. The averaged IQE for wavelengths
from 550 to 800 nm was 0.72%. Surprisingly, the shape of the
IPCE action spectrum excluding the sacrificial reagent did not
change, although the absolute values became approximately
half, as shown by the blue curve in Figure 4. In this case, water
or protons act as electron acceptors. Therefore, photocurrent
generation based on H2 evolution via water/proton reduction
by hot electrons is clearly observed even at 800 nm. The
maximum value of the IPCE reached 0.2% at 650 nm, which
was significantly larger than that of Au� NPs on NiO without a
Pt film (Figure S4).

To obtain direct evidence of H2 evolution by using water as
an electron acceptor, we quantified the evolved H2 under visible
light irradiation (410–800 nm) by using the ANP photocathode
as a working electrode of a three-electrode system. Under
irradiation conditions, the amount of evolved H2 gas from the
ANP photocathode linearly increased, as shown in Figure 5a.
The reaction rate of H2 evolution was estimated to be
23 nmolcm� 2 h� 1. Furthermore, a stable cathodic photocurrent
was obtained for at least 9 h (Figure 5b). The Faradaic efficiency
was approximately 70% for H2 evolution when the irradiation
time was 9 h. Additionally, the comparison to the conventional
plasmonic photocathodes is summarized in Table S1. Because
the total amount of Au atoms within the reaction area of ANP
was roughly calculated to be 20 nmol cm� 2, the turnover
number at a reaction time of 9 h was approximately 10, much
larger than 1. These results indicate that the ANP photocathode
works as a robust photocatalytic cathode for H2 evolution under
visible light irradiation.

Figure 5. a) H2 evolution on the ANP photocathode with a NiO thickness of 245 nm. Error bars indicate the standard deviations. b) Current density-time
characteristics of the ANP cathode. Irradiation wavelengths were from 410 nm to 800 nm. The applied potential was � 0.7 V vs. Pt quasi-reference electrode.
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Conclusion

In conclusion, we fabricated a novel ANP photocathode by
combining the LSPR of Au� NPs and the FP nanocavity of NiO
on a Pt film. ANP absorbs visible light over a broad wavelength
range via hybrid modes based on the modal strong coupling
between the LSPR and FP nanocavity. Interestingly, Au� NPs
were spontaneously inlaid in the NiO layer by high-temperature
annealing due to the lattice matching between Au and NiO.
The hybrid modes of the modal strong coupling system
promoted hot-hole transfer from the Au NPs to NiO and H2

evolution through water reduction by hot electrons. The water
reduction system on ANP photocathodes worked up to 800 nm.
Our investigation demonstrates that the concept of modal
strong coupling can be applied to photocathodes for reduction
of chemical compounds. The absorption efficiency and wave-
length can be arbitrarily designed via modal strong coupling.
Furthermore, several studies in addition to this study suggest
that modal strong coupling enhances not only the absorptivity
but also the hot-electron and -hole injection efficiencies from a
metal to a semiconductor.[13] Modal strong coupling is expected
to be applied for a wide variety of photochemical reactions to
solve the issue of enhancing hot-carrier injection. Understand-
ing the hot-electron and -hole transfer dynamics using time-
resolved photoemission electron microscopy and transient
absorption measurements pumped by an ultrashort pulse laser
is important. In the near future, we will work on these studies.
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