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To achieve a future low-carbon society, the effective utilization of photons is essential for the develop-
ment of technologies based on photochemistry, such as photocatalysis and dye-sensitized solar cells,
which have the potential to produce clean energy as well as preserve the environment. Here, we pro-
pose that gold nanostructures exhibiting localized surface plasmon (LSP) resonance are promising sites
for photochemical reaction fields that increase the interaction between a photon and molecule. These
interactions are based on electromagnetic field enhancement effects that are induced by LSP excita-
tions and their localization. In this review, recent studies on the strong coupling field between a photon
and molecule for photochemical reactions are discussed. As an outstanding example, this concept was
applied to the plasmonic, photoelectric conversion of visible to near-infrared wavelengths using elec-
trodes in which gold nanoblocks were elaborately arrayed on the surface of a single TiO, crystal. The
most important characteristic of this photoelectric conversion is that the photocurrent was stable for
more than 200 h without adding the donors, which suggests the possibility that water molecules can act
as donors that provide electrons to the d-band holes assisted by the LSP excitation. Therefore, this system
has the potential for use in artificial photosynthesis systems with irradiation from near-infrared light.
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1. Introduction

Photochemistry plays an essential role in the development of
photoscience and technology. Photolithography [1,2], bio-imaging
techniques [3,4], photosynthesis [5,6], photocatalysis [7,8], and
dye-sensitized solar cells [9,10] are based on the principles of
photochemistry. Thus far, the light absorption process has not
been intensively examined. Rather, research has focused mainly
on the excited-stated molecules after the light absorption process
and their subsequent chemical reactions, such as electron trans-
fer [11,12] and energy transfer [13,14]. The concept of quantum
efficiency describes the probability of a photochemical reaction
involving the excited-state molecules following the light absorp-
tion process; however, the interaction between photons and
molecules is not very strong. The probability of interaction between
a photon and a molecule can be roughly estimated at 10~7 because
the focal spot size of the light is 107 times larger than the gen-
eral molecular absorption cross-section due to the relationship
between the diffraction limit of the incident light and the size of
the molecule. Thus far, the number of excited-state molecules has
been increased by increasing photon density using a laser as the
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excitation source. However, there is a loss of energy because the
probability of interaction does not change. In the case of a total
system, such as a solar cell, the importance of the light absorption
process is readily apparent in photochemical research.

Recently, it was reported that metallic nanostructures exhibit-
ing localized surface plasmons (LSPs) are promising in photochem-
ical reaction fields [15-18]. These structures allow the interaction
between photons and molecules to be enhanced. Recently, a sig-
nificant photopolymerization reaction was reported to occur via
two-photon absorption in the photoinitiator molecules of negative
photoresists in the nanogaps of closely spaced gold nanoparticles
irradiated by a weak incoherent light source, such as a halogen lamp
[15]. The photochemical reaction fields use the localization of elec-
tromagnetic waves within nanogaps to overcome the diffraction
limit of light [19]. Thus, gold nanostructures are useful in pho-
tochemical reaction fields, by enabling the promotion of strong
coupling between photons and molecules that in turn enhance
the effective use of photons. From this standpoint, the concept of
effective photon usage can be applied to a plasmonic photoelec-
tric conversion system that responds to wide ranges of solar light
wavelengths [20].

The development of a high-efficiency solar cell is essential for
the development of a low-carbon society. To construct a solar
cell with high photoelectric conversion efficiency, a system that
responds to a wide spectrum of solar light from visible to near-
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infrared wavelengths is necessary. However, the photoelectric
conversion properties of the amorphous silicon solar cells com-
monly used today are known to drastically decrease in wavelength
ranges longer than 700 nm [21]. For photoelectric conversion at
wavelengths longer than 800 nm, a dye sensitized solar cell with
a particulate titanium dioxide (TiO,) electrode covered with sen-
sitizers, such as metal complexes and gold nanoparticles, has
been suggested [22,23]. However, the spectral distribution in the
infrared wavelength region above 800 nm corresponds to ~40% of
the entire solar energy on earth, and only a few solar cells can
efficiently convert solar energy with these longer wavelengths to
electrical energy. Recently, the plasmonic, photoelectric conversion
from visible to near-infrared wavelengths was successfully demon-
strated using electrodes in which gold nanoblocks were elaborately
arrayed on the surface of TiO, single-crystal electrodes via a top-
down nanostructuring process. In this system, the generation of
larger photocurrent was attained from the optical antenna effects
on the gold nanorods. Interestingly, this photoelectric conversion
system can be used as a solar cell that can be embedded in living
tissue because it is able to use light with wavelengths from 800
to 1200 nm, which is the absorbing spectral window for biological
systems.

In this review, recent studies concerning the construction of
a strong coupling field between a photon and molecule for pho-
tochemical reactions and effective photon usage are discussed.
First, the fabrication of metallic nanostructures exhibiting LSP reso-
nances and their spectral and optical properties are described. Next,
research studies are discussed that use surface-enhanced Raman
scattering (SERS) to evaluate electromagnetic field enhancement
effects localized on the fabricated metallic nanostructures, which
leads to strong coupling between a photon and a molecule. Finally,
studies are described that explore plasmon-assisted photochem-
ical reactions using two-photon photopolymerization, including
research on plasmonic photocurrent generation from visible to
near-infrared wavelengths, and the significance of strong coupling
fields between a photon and a molecule in the context of a photo-
chemical reaction is discussed.

2. Fabrication of metallic nanostructures showing LSP and
their optical properties

Various sizes and shapes of metallic nanoparticles exhibiting LSP
have been chemically synthesized [24-30]. Gwo et al. have demon-
strated control of the gap width of two diagonally aligned metallic
nanocrystals, which were chemically synthesized with nanometric
accuracy, according to controlling the position of the nanocrystals
with mechanical probes equipped with a scanning electron micro-
scope (SEM) system. Elucidation of the optical properties of the
crystals indicates the existence of bright and dark plasmon modes
[31]. However, controlling the arrangements of chemically pro-
duced metallic nanoparticles on solid substrates remains difficult.
Advanced nanoprocessing methods using high resolution electron
beam lithography (EBL) allow for the fabrication of metallic nanos-
tructures with nanometric accuracy, while their arrangement on a
substrate may be achieved more easily [32-35].

As one example of these fabrication methods, our fabrication
technique was implemented as described here. Planar patterns of
gold nanoblocks were fabricated on glass substrates (Matsunami
Co.,Japan)in an area of 24 mm x 24 mm using high-resolution elec-
tron beam lithography (ELS-7700H, Elionix Co., Ltd., Japan) that
was operated at 100 kV accelerating voltage. A co-polymer resist
(ZEP-520a, Zeon Co., Ltd., Tokyo, Japan) diluted with ZEP thinner
(1:1) was spin-coated on the substrates at 1000 rpm for 10s and
at 4000 rpm for 90s. After pre-baking on a hot plate for 3 min at
180°C, EBL was carried out at an electrical current of 5 pA. After

developing using a standard developer (Zeon Co., Ltd., Japan), a
2nm chromium and 40 nm gold bilayer was deposited by sput-
tering (ULVAC, MPS-4000, Japan). Then, lift-off was performed by
immersing the fabricated sample in acetone solution (Wako Pure
Chemical Industrials Ltd., GR Grade) in an ultrasonic bath for 2 min
and then in a resist remover (Zeon Co., Ltd., Tokyo, Japan) for 2 min
[36-38].

To elucidate the resolution of our fabrication methods,
patterns were prepared that had a rectangular footprint of
dimensions (Ww=143+3.3) x (1=373 £ 2.7+ Al)nm?, where
Al=Nx193+038nm (N=0, 2.14) is the block length incre-
ment in the fabricated set of 15 samples. Nanoblocks with a design
height of h=30nm were fabricated using a lift-off technique on
a 2nm Cr buffer layer to achieve better adhesion. The significant
advantage of this technique over chemical synthesis is the poten-
tial to obtain large ensembles of identically oriented nanoblocks.
Fig. 1(a) shows a SEM image of the nanoblocks with N=0. Fig. 1(b)
presents the schematic parameters of the nanoblocks. The elon-
gated shape of the nanorods distinguishes the longitudinal (L)
versus transverse (T) surface plasmon modes associated with these
nanoparticles [39-42]. Longitudinal and transverse modes can
be excited in the entire ensemble by radiation polarized linearly
along the direction parallel to the longer and shorter axes of
the blocks, respectively, as shown in Fig. 1(b). The length of the
nanoblocks was chosen to tune their longitudinal plasmon mode;
the properties of this mode are very important to this work. An
appropriately large separation between the blocks of 200 nm was
chosen to prevent significant dipole-dipole coupling [43-47].

Fig. 1(c) presents optical extinction spectra for the samples
under L-mode excitation conditions. An area of 10 pm x 10 wm
comprising 312 nanoblocks was imaged on each sample. Accord-
ing to classical Maxwell electrodynamics, the peak wavelengths of
these modes should roughly scale with the corresponding dimen-
sions of the nanoblocks [48-50]. As expected, the extinction peaks
in L mode exhibit a monotonous and pronounced red-shift with the
increasing design length of the blocks, but the peaks in T mode are
almost identical across all of the samples because their transverse
size is the same. The spectral positions of the extinction peaks are
summarized in Fig. 1(d). It is noteworthy that an increase in the
block length by a single step, which means Al when N=1, yields
an easily detectable spectral shift of the peak by about 5 nm. Thus,
the above data demonstrate the high sensitivity of the longitudi-
nal plasmon resonance to the design length of the nanoblocks. This
result means that block length can be determined with an accuracy
corresponding to the thickness of about ~4-12 atomic gold layers,
which can be prepared using recently developed nanoprocessing
methods [51].

2.1. Electromagnetic field enhancement effects on SERS from gold
nanoblocks

LSPs are associated with electromagnetic (EM) field enhance-
ment effects [52-57]. Various optical effects, such as non-linear
electronic excitation [58,59], higher order harmonic generation
[60,61], and surface-enhanced Raman scattering (SERS) [62-65],
are promoted in the vicinity of metallic nanoparticles due to EM
field enhancement effects. Itoh and co-workers demonstrated EM
field enhancement effects on SERS by measuring SERS signals from
single silver nanoparticle pairs and analyzing the data according to
EM theory on SERS [66]. Based on EM theory on SERS, SERS intensity
is related to plasmonic enhancement effects at the wavelengths of
both incident light field and scattering light fields according to the
following equation [67]:

Ps(vs) = NosgrsL(v;)*L(vs)*1(v;), (1)



132

K. Ueno, H. Misawa / Journal of Photochemistry and Photobiology A: Chemistry 221 (2011) 130-137

(@)

RERRRRE 2L

0.80

(c)

0.8+
0.7 4
0.6 4

0.5+

0.4 4

extinction

0.3+

0.2 1
0.1
0.0

F0.75

F0.70

on

085

extinct

T T T
1450 1500 1550 1600

wavelength (nm)

T
1400

T T
1400 1600

T
1200

790

1 BbO
wavelength (nm)

T
2000

7801
770
760
% 750
<5 740]
730
720
710
7004

1540
1530
1520
1510
- 1500 .
£ 1490 .
~ 1480 s ¥

1470

1460{ @

(nm)

X (nm)

Fig. 1. (a) A scanning electron microscope (SEM) image of the gold nanoblock sample with N=0. (b) A schematic drawing of the nanoblock on a glass substrate with
explanation of nanoblock dimensions and directions of linear polarization required for the excitation of L and T modes of the LSP. (c) Polarized extinction spectra measured
in ensembles of 312 nanoblocks with different lengths I, with N=0, 3, 5, 8, 11, and 14. (d) The spectral position of the extinction peaks of transverse (upper) and longitudinal

(lower) modes versus Al

where L(v;)?> is the enhancement factor at the wavelength
of incident light (L(v;)= |E|0C(v,-)| /|E(wo)|), and L(vs)? is the
enhancement factor at the Raman scattering wavelength (L(vs) =
‘Eloc(vs)’ / ‘E(vo)‘). Additionally, N is the number of molecules
contributing to SERS signals, osggs is the Raman scattering cross-
section that includes chemical effects on SERS (as determined
by the type of molecule), and I(v;) is the incident laser power
in the SERS measurement. Therefore, it is expected that SERS
intensity is affected by the extinction values of the plasmon reso-
nance band at the wavelengths of both incident light and scattered
light.

The relationship between SERS intensity and the extinction
value for both light wavelength types was analyzed in detail.
Well-defined gold nanoblocks of various sizes were fabricated, and
detailed surface-enhanced Raman scattering (SERS) properties of

crystal violet molecules were then studied. SEM images of gold
nanoblocks fabricated on glass substrates are shown in Fig. 2(a)
and (b). In the present study, the side length of the nanoblock (that
is, land w) and the interval distance between gold nanoblocks were
set at identical values ranging from 80 nm to 180 nm. As shown in
Fig. 2(a) and (b), gold nanoblocks of size 90 nm x 90 nm x 25 nm
(a) and 160 nm x 160 nm x 25 nm (b) were constructed. Fig. 2(c)
presents extinction spectra for gold nanoblocks with various side
lengths; the extinction spectra exhibit red shift as the size of the
gold nanoblocks increased.

SERS spectra of crystal violet molecules with several nanoblock
sizes are shown in Fig. 2(d). The spectral bands identified at about
913, 1173, and 1383 cm™! in these SERS spectra (Fig. 2(d)) are
attributed to the ring skeletal vibrations in the radical orientation,
ring C-H out-of-plane bending, and N-phenyl stretching vibrations
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Fig. 2. SEM images of gold nanoblocks with side lengths of 90 nm (a) and 160 nm (b). (¢) Extinction spectra of gold nanoblocks with various side lengths. (d) Stokes Raman
scattering spectra of the crystal violet molecule obtained using gold nanoblocks. (e) The block size dependence of the extinction values at incident (closed triangle) and Stokes
Raman scattering (closed circle) wavelengths, and the block size dependence of SERS intensity at 1173 cm~! in Stokes Raman scattering (open circle).

of the crystal violet molecules, respectively [68]. Significantly, the
SERS intensity of each band differs for different gold nanoblock
sizes. The highest SERS intensity in Stokes Raman scattering was
obtained using gold nanoblocks with a side length of 125 nm. These
results were inferred to be due to the difference in the enhancement
factor at the wavelengths of both incident light and Raman scatter-
ing light because the plasmon resonance band is shifted by changes
in block size, as shown in Fig. 2(c).

Fig. 2(e) shows the dependence of the extinction values on
block size at the incident (red circle) and Stokes Raman scattering
(blue circle) wavelengths. The extinction values at the incident and
Raman scattering wavelengths showed maximum values for gold
nanoblocks of 110-nm and 140-nm side lengths, respectively. The
block-size dependence of SERS intensity at 1173cm~! in Stokes
Raman scattering is also shown in Fig. 2(e) (open circle). In the
present study, the Raman band with a shift at 1173 cm™! (ring
C-H out-of-plane bending) was selected to show the block-size
dependence of SERS intensity. The 1173 cm~! band in the Stokes
Raman was 864 nm with a 785-nm-wavelength laser as the excita-
tion source for SERS measurements. As shown in Fig. 2(e), the SERS
intensity exhibited peaks for nanoblocks with side lengths of 125
and 129 nm. The nanoblock size showing peak of SERS intensity
in Fig. 2(e) indicates middle between two block sizes exhibiting
maximum extinction values at incident and Stokes Raman scat-
tering wavelengths. This result supports the conclusion that SERS
intensity is determined by the enhancement factor at the incident
light wavelength as well as the Raman scattering wavelength, as

expressed in EM theory on SERS [69]. Thus, EM field enhancement
effects on SERS have been elucidated using precisely fabricated
gold nanoblocks. The effective tuning of the plasmon resonance
band coupled to both incident light and scattered light is needed to
obtain relatively large SERS intensity based on EM field enhance-
ment effects.

2.2. Two-photon polymerization on gold nanoparticles

The EM field enhancement effects induced by metallic nanos-
tructures also promote non-linear photochemical reactions. Tsuboi
et al. demonstrated that the two-photon, ring-opening pho-
tochromic reaction of a diarylethene (DE) derivative can be driven
by irradiation from weak, near-infrared continuous-wave laser
light in the presence of gold nanoparticles [70]. Nishi et al. also
showed that the one photon photochromic reaction of a DE
derivative conjugated by gold nanoparticles via polymer chains
proceeded efficiently due to the EM field enhancement effects
localized on the gold nanoparticles [71]. As an exception to
these photochromic reactions, two-photon photopolymerization
on gold nanostructures have been reported by a number of
researchers [72-74]. As one example, we describe here the study
of a two-photon photopolymerization that is spatially promoted
by near-field enhancement effects localized on gold nanoblocks
[75]. The results of this study show a qualitative resemblance
to the photopolymerization patterns induced in a commercial
SU-8 photoresist by optical, near-field surface plasmons local-
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Fig. 3. (a) ASEM image of a periodic array of 55 nm (w) x 385 nm (I) x 32 nm (h) gold nanoblocks. (b) An extinction spectrum of nanoblock ensembles measured after coating
with SU-8. SEM images of gold nanoblocks after exposure and development for different exposure doses, namely, 2.6 x 103 W/cm? for 1200 (c) and 7.7 x 10> W/cm? for

120s (d). (e) The near-field pattern calculated at a wavelength of 800 nm (log scale).

ized on rectangular gold nanoblocks. Fig. 3(a) shows a SEM
image of rectangular gold nanoblocks of size 55 nm (w) x 385 nm
(I) x 32nm (h). The structures were spin-coated with thin films
of epoxy-based negative photoresist SU-8 (MicroChem. Corp.) and
subsequently irradiated by pulses from a femtosecond Ti:sapphire
laser (Tsunami, Spectra Physics) with a pulse duration of 120fs,
a central wavelength of 800 nm, a repetition rate of 82 MHz, and
a linear polarization parallel to the long axes of the nanoblocks
(L-mode). Fig. 3(b) shows the optical extinction spectra of the LP
modes for nanoblocks immersed in SU-8. The main extinction band
associated with a dipolar LP mode is centered at a wavelength of
2010 nm. At shorter wavelengths, several other peaks can be seen,
with the most prominent one centered at a wavelength of 830 nm.
These bands represent multipolar LP modes of the nanoblocks.
Fig. 3(c) and (d) shows SEM images of gold nanoblocks irra-
diated with different exposure doses. The lowest detectable dose
is achieved in Fig. 3(c), which is evidenced by the small amount
of polymerized SU-8 near the tips of the nanoblock and its bare
middle section. SEM images in Fig. 3(d) illustrate the effect of a
gradual dose increase, which is achieved by approximately tripling
the average irradiance and prolonging the exposure time at the
same irradiance level. These images indicate that the evidence
of SU-8 first emerges near the tips of the nanoblocks and then
gradually spreads to fill their middle sections. The shapes of the
polymerized SU-8 regions should resemble the distribution of the
near-field intensity, I2=|E|%, in the case of two-photon absorp-
tion (TPA). Fig. 3(e) shows the near-field intensity profile on the
gold nanoblocks as calculated by a FDTD simulation; it depicts
2 dependence to reflect the TPA nature of the photoexcitation.
At higher exposure doses, photopolymerization near the tip is
already saturated and occurs mainly in the surrounding regions

that are characterized by lower TPA exposure levels. As shown
in Fig. 3(e), constant TPA exposure lines form a multipolar pat-
tern at lower exposure levels, which is somewhat similar to the
photopolymerization images in Fig. 3(d). Thus, a two-photon pho-
tochemical reaction that was spatially promoted by near-field
enhancement effects localized on gold nanoblocks was successfully
demonstrated [75].

2.3. Plasmon-assisted photocurrent generation from visible to
near-infrared wavelengths

To construct a plasmon-assisted photocurrent generation sys-
tem that responds to visible to near-infrared wavelengths, gold
nanoblocks exhibiting LSP resonance were fabricated on n-type
TiO, single crystals (0.05wt% niobium doped). Fig. 4(a) shows
SEM images of the gold nanoblocks fabricated on the substrate.
The substrate dimensions were 110 nm x 240 nm x 40 nm. These
dimensions were designed to result in horizontal and vertical struc-
tural periods of 200 and 300 nm, respectively. Gold nanoblocks
were fabricated within an area of 2.5mm x 2.5 mm on the TiO,
substrate. A TiO, single crystal with gold nanoblocks was used
as a working electrode in the photoelectrochemical measure-
ment system. In this system, light was irradiated on the 2 mm
¢ area of the working electrode corresponding to the area of
gold nanoblocks, and the 2 mm ¢ electrode was immersed in an
aqueous electrolyte solution (KCl or KClOg4, 0.1 M). The incident
photon-to-photocurrent efficiency (IPCE) values of the photocur-
rent were obtained by dividing the number of generated electrons
by the number of irradiated photons. Fig. 4(b) presents the extinc-
tion spectra for gold nanoblocks prepared on the TiO, single
crystal in an aqueous electrolyte solution. A broad LSP band
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Fig.4. (a) ASEM image of the gold nanoblocks on a TiO, substrate. The figure on the
right side shows a SEM image taken from directly above the substrate. The figure
on the left side shows a SEM image of the same substrate tilted by 75 degrees. (b)
Extinction spectra of the gold nanoblocks in water. Dashed line: under irradiation
by non-polarized light; solid and broken lines: T mode and L mode, respectively,
under irradiation with linearly polarized light. (c¢) Photoelectric conversion effi-
ciency of the action spectrum measured at each wavelength with monochromatic
light (wavelength interval: 10 nm) irradiated with a monochromator. closed circle:
non-polarized light; closed square polarized light in T-mode; closed triangle: polar-
ized light in L-mode. (d) Internal quantum efficiency obtained by standardizing the
photoelectric conversion efficiency.

was observed around the wavelengths of 650 nm (T-mode) and
1000 nm (L-mode), which can be selectively excited by controlling
the orientation of the linear polarization of the incident light. An
extinction spectrum measured under non-polarized conditions is
also shown (black curve). The -V measurement was conducted
in the dark as well as under light irradiation of wavelengths
500-1300 nm. An anodic photocurrent was observed at positive
potentials above —0.3 V (data not shown here). We confirmed that
the stability of the photocurrent was continuous during the entire
photocurrent measurement, corresponding to 200 h. According to
the results on the photocurrent spectrum using linear polarization
(Fig. 4(c)), the incident photon-to-photocurrent efficiency (IPCE)
values of the photocurrent were 6.3% and 8.4% for the LSP bands for
T mode at 650 nm and L mode at 1000 nm, respectively. Notably,
no photocurrent was observed at the TiO, single crystal under light
irradiation with a wavelength of 450nm or longer without the
presence of the gold nanoblocks. This demonstrates that electron
transfer from the gold nanoblocks to the TiO, single crystal sub-
strate is induced by LSP excitation. Of even greater significance,

this TiO, single crystal with gold nanoblocks allows the generation
of a photocurrent by irradiation with infrared light at longer wave-
lengths from 800 to 1300 nm. This system is superior to that of a
previously reported photovoltaic cell [76-78] because a photocur-
rent can be produced in response to quite a wide range of the solar
spectrum, ranging from visible radiation to infrared light, using
simple gold nanoblocks, and this system does not require different
dye-sensitizers with spectral absorbances at different wavelengths
or semiconductors with different band gaps, as in a tandem solar
cell.

The photocurrent produced from a monochromatic photon flux
can be expressed by the internal quantum efficiency (IQE), which
is the number of electrons injected into the conduction band of
TiO, per photon interacting with the gold nanoblocks. The IQE
is calculated by correcting the IPCE based on photons interacting
with the gold nanoblocks using IQE =IPCE/n, where 7 is the prob-
ability of interaction between the photons and gold nanoblocks.
Therefore, n can be expressed by (total photon flux — transmitted
photon flux)[total photon flux. Fig. 4(d) shows the IQE values
plotted against the wavelength of incident monochromatic light.
As clearly observed in this figure, this photoelectric conversion
system demonstrates that the quantum efficiency near the LSP
band of the T mode and L mode depends on the wavelength,
and there are local maximum values for each. In an IQE mea-
surement for a general photoelectrochemical system, IQE does
not depend on the wavelength that corresponds to the absorp-
tion spectrum of the sensitizer driving the photoelectron transfer
[79]. This result suggests that the photo induced electron trans-
fer from the gold nanoblocks to the TiO, resulting from excitation
of the LSPs is promoted by electromagnetic field enhancement
effects.

We found that our system is characterized by a highly effi-
cient photocurrent without the inclusion of certain electron donors.
However, the photocurrent was stable for more than 200 h when
only the electrolyte solution (aq. KCl or KC1O4) was used in the pho-
toelectrochemical measurement, suggesting that hydroxide ions
or water molecules may potentially act as donors that provide
electrons into the d-band holes. This process is assisted by the
LSP excitation in the present system. We speculate that these
results suggest that interband transition from the d-bands to the
sp-conduction band is promoted, and pairs of an excited electron
and electron hole should form around the interface between the
gold nanoblocks and TiO,; however, the hole should be trapped
at the TiO, surface states when the LSPs are excited by light
with wavelengths shorter than 700 nm [80]. The density of states
in the d-bands of gold is known to decrease from the Fermi
level of around 1.8 eV [81,82]. Therefore, the probability of an
interband transition from d-bands to the sp-conduction band
when excited by wavelengths from 700 to 1300 nm is considered
very low. However, the intense optical near-field that is locally
augmented by plasmonic enhancement effects at the nanoblock
tips may assist in the electronic excitation of gold with near
infrared wavelengths and result in successful electron transfer
from the gold nanoblocks to the conduction band of the TiO,.
Thus, a multi-electron transfer process via oxidation of hydrox-
ide ions and/or water molecules will contribute to photocurrent
generation.

3. Conclusions

In this review, recent studies elucidating the strong coupling
between a photon and a molecule and its application to photochem-
ical reactions are discussed. The fabrication of gold nanoblocks
using an advanced nanoprocessing technique is described, and
the resolution of the gold nanoblocks was successfully elucidated
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based on measurements of their optical properties. Electromag-
netic field enhancement effects localized on the gold nanoblocks
were also elucidated using surface-enhanced Raman scattering
spectroscopy. This study emphasizes the importance of coupling
efficiency between LSP resonance and incident or Raman scattered
light. Two-photon polymerization of a negative photoresist, which
was spatially promoted by near-field enhancement effects local-
ized on the gold nanoblocks, was clearly demonstrated. Thus, gold
nanostructures may be utilized as photochemical reaction fields
that promote strong, photon-efficient coupling between photons
and molecules. This concept was applied to plasmonic, photoelec-
tric conversion from visible to near-infrared wavelengths using
electrodes in which gold nanoblocks were elaborately arrayed on
the surface of a single TiO, crystal. Significantly, the results of
this study indicate that the photocurrent was stable for more than
200 h without adding the donors, which suggests the possibility
that water molecules can act as donors that provide electrons to
the d-band holes assisted by the LSP excitation. Therefore, it can
be deduced that four-electron oxidation of water molecules can be
expected. This oxidation is important because there is a possibility
that the system can behave as an artificial photosynthesis system
using irradiation with near-infrared light.
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