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ABSTRACT Wide applications of surface plasmon resonance rely on the in-
depth understanding of the near-field distribution over a metallic nanostructure.
However, precisely locating the strongest electric field in a metallic nanostructure
still remains a great challenge in experiments because the field strength decays
exponentially from the surface. Here, we demonstrate that the hot spot position
for gold nanoparticles over a metal film can be precisely located using surface-

enhanced Raman spectroscopy (SERS) by rationally choosing the probe molecules
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and excitation wavelengths. The finite difference time domain simulation verifies the experimental results and further reveals that the enhancement for

the above system is sensitive to the distance between nanoparticles and the metal film but insensitive to the distance of nanoparticles. On the basis of this

finding, we propose and demonstrate an approach of using a nanoparticles-on-metal film substrate as a uniform SERS substrate. This work provides a

convenient way to probe the location of strong near-field enhancement with SERS and will have important implications in both surface analysis and surface

plasmonics.
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urface plasmon resonance (SPR) of me-

tals, due to the collective oscillation of

free electrons, has attracted tremen-
dous interest in many fascinating fields,
such as nanosensors,' nano-optics,>* nano-
electronics,* biology,® and photovoltaics.®
Metal nanostructures exhibit bright colors
due to their strong SPR effects in the visible
and near-infrared region. In fact, the SPR
leads to a strongly enhanced electric
field on the surfaces of metal nanostruc-
tures, resulting in a significantly enhanced
efficiency of a range of optical processes on
surfaces, including Raman,” fluorescence?
and second-harmonic effects.” Surface-
enhanced Raman spectroscopy (SERS) is
one of the most important spectroscopies
inherently originated from the SPR of
metal nanostructures.'®"'? It has been
widely applied in chemical, physical, materi-
al, and biological analysis'>~"® since it is
capable of providing fingerprint information

WANG ET AL.

of probe molecules at the single-molecule
level.'”—1°

In practice, two kinds of substrates have
been widely used for SERS detection: metal
nanoparticle colloids and solid SERS sub-
strates.? =22 The former are usually induced
to form nanoparticle aggregates to gener-
ate effective coupling and strong Raman
signals. The latter, which involve fabrication
of nanostructures with SERS activity or as-
sembly of nanoparticles on a solid support,
are more commonly used in SERS measure-
ment owing to the ease of operation. Glass
and silicon are two of the most widely used
solid supports. The presence of a dielectric
material around the nanoparticles will lead
to an obvious shift of the SPR peaks of metal
nanoparticles, but will not result in an ob-
vious change of the near-field distribution
of the electric field (Scheme 1a).2% However,
if a metallic solid support is used, a much
stronger SERS signal will be observed than
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Scheme 1. (a) Metal nanoparticles dispersed on a dielectric
support. The SERS signal is contributed by the molecules
adsorbed on nanoparticles. (b) Metal nanoparticles dis-
persed on a gold support. The SERS signal is contributed
by the molecules adsorbed on the smooth gold surface.

in the case of dielectric supports. In particular, the
strong Raman signals of a monolayer of molecules
adsorbed on smooth metal surfaces (including both
gold and platinum) with gold and silver nanoparticles
were observed?*™?” even when illuminating perpen-
dicularly with the electric field vector polarized parallel
to the surface (Scheme 1b). This means that the signal
comes from the gap region between the nanoparticle
and the substrate instead of from the gap between
nanoparticles. This phenomenon appears to be contra-
dictory to the common understanding that the stron-
gest coupling should occur in the gap between nano-
particles when the laser is polarized parallel to the
central axis of the two particles.?®73° On the other
hand, many works®' 3> have shown that the coupling
between a metal nanoparticle and the gold substrate
can only be efficiently induced by maximizing the
component of light polarized perpendicularly to the
metal surface. Obviously, the introduction of the me-
tallic substrate completely changes the local distribu-
tion of the electric field.

This phenomenon points to an important issue in
surface plasmonics: how to precisely predict and mea-
sure the distribution of the near-field electric field
when there are more than one SPR coupling mode
and more than one enhanced near-field position in a
nanostructure. Clarifying this issue will be helpful in
extracting meaningful information for further applica-
tions in plasmon-enhanced spectroscopy and plasmo-
nic waveguides. However, it is well known that the SPR-
induced electromagnetic field is tightly confined near
the surface. The enhancement decays exponentially
with the increase of the distance to the surface and
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extends only a few to tens of nanometers away from
the surface, which makes the measurement of the
near-field distribution a great challenge. The traditional
optical techniques, such as dark-field microscopy and
UV—vis spectroscopy, can provide only the SPR-induced
far-field scattering or extinction information, which is
insufficient to correlate the far-field information with the
near-field distribution without the help of the theore-
tical calculation. Scanning near-field optical microscopy
(SNOM) is capable of providing the optical information
at a spatial resolution breaking the diffraction limit.
However, it is still a challenge for SNOM to obtain the
three-dimensional information to reflect the local dis-
tribution of the electric field. The mostimportantissue is
that the SNOM probe itself may change the near-field
distribution of metal nanostructures>3®*” Therefore, a
method to correctly reflect the near-field distribution
and enhancement is highly desired.

SERS is a phenomenon that employs the SPR-
induced optical field enhancement to increase the
Raman signals of adsorbed molecules on metal sur-
faces. It has been revealed that 98% of the SERS signals
are contributed by 2% of the molecules adsorbed at
strongly enhanced positions on the probe nanostruc-
tures (so-called hot spots).>®3° Therefore, only the
locations at metal nanostructures with a strong near-
field enhancement (hot spot) will dominantly contri-
bute to the obtained Raman signals. According to this
correlation, the SERS signal of a probe molecule is
capable of detecting the location with a strong near-
field enhancement of metal nanostructures.*®* More
recently, the super-resolution optical method has been
used to image the single-molecule SERS hot spot.*'*?

Therefore, in the present work, we chose a coupling
system consisting of a gold nanoparticle dimer and a
gold film to simulate the experimental system and to
calculate the wavelength-dependent near-field distri-
bution by the finite difference time domain (FDTD)
method. Experimentally, we dispersed a homoge-
neous monolayer of gold nanoparticles over a gold
film. We controlled the adsorption of two types of
probe molecules with distinct Raman spectral features
but similar Raman cross section at different positions of
the nanoparticle dimer—film system, such as the nano-
particle surface or the gold film surface. Then we used
different excitation wavelengths to selectively excite the
desired species. The feasibility of using SERS to probe
the near-field distribution has important implications in
both SERS and surface plasmonics. Furthermore, we
demonstrated a uniform SERS substrate that exhibits
much more homogeneous signals than traditional sub-
strates involving nanoparticles dispersed.

RESULTS AND DISCUSSION

Figure 1 presents the extinction spectra of the
dimer—film coupling system in the visible and near-
infrared region as well as the near-field distribution at
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Figure 1. (a) Calculated extinction spectra for the gold
dimer—film coupling system with FDTD. The model shown
in the inset indicates the direction and polarization of the
incident laser. (b, ¢, d, e) Images of the near-field distribu-
tion of the electric field under the excitation wavelengths of
587,532,722, and 633 nm, respectively. Images (b)—(e) are
presented in different scales.

four characteristic wavelengths, including the two ex-
tinction maxima and the two experimental laser
wavelengths. The peak at 587 nm can be assigned to
the LSPR mode of the individual gold nanoparticle,
showing a relatively low near-field enhancement of
about 8 x 10° (Figure 1b). The intense peak at 722 nm
is a result of the effective coupling of the SPR mode
of two gold nanoparticles, showing a strong near-field
enhancement of about 1.2 x 10° (Figure 1d). To cor-
relate the simulation with experiments, we examined
the near-field distribution of the gold dimer—film
coupling system at 532 and 633 nm, which are the
two most common laser lines in SERS experiments. It
was interesting to observe that the near-field enhance-
ment is totally localized at the gap between two gold
nanoparticles and the gap between nanoparticles and
the gold film excited at 532 and 633 nm, respectively.
The field enhancements outside these two regions are
negligible as compared with their respective maxima.
This phenomenon is much different from the case
where a single gold nanoparticle sits 1 nm above the
gold film (Supporting Information S1).

To understand the wavelength dependence of the
distribution of near-field enhancement, we take some
transient snapshots of the dipole direction and distri-
bution inside and outside the metals during the inter-
action of light (633 nm) with the gold dimer—film
system. As shown in Figure 23, at the initial stage of

WANG ET AL.

Figure 2. Snapshots of the dipole direction and distribution
inside and outside metals during the interaction of light
with the gold dimer—film system with FDTD simulation. (a)
Initial state that the light interacts with gold nanoparticles.
(b) Transient state showing a competition between the
coupling mode between nanoparticles and the coupling
mode between nanoparticles and the gold film. (c) Steady
state where the electric field is confined in the gap between
nanoparticles and the gold film.

interaction with light, the free electrons undergo os-
cillation along the axis of two nanoparticles parallel
to the surface. A large amount of free electrons are
involved in the oscillation in this dipole direction,
resulting in a strong electric field in the gap of the
two nanoparticles and leading to a partial positive field
at the bottom of the nanoparticles. Therefore, the free
electrons in the gold film reservoir are induced to
gather under the nanoparticles as a result of the elec-
trostatic effect. Then, the redistribution of electrons/
dipoles will occur. Figure 2b shows such a redistribu-
tion as a result of the competition between the SPR
coupling between nanoparticles and the coupling
between nanoparticles and the gold film. In this case,
the electrons are confined at two positions, with similar
surface charge density. However, the distribution of
electrons/dipoles in a specific metal structure finally
has to reach a state in phase with the wavelength of
excitation light. Figure 2c shows the distribution in the
steady state of the gold dimer—film system excited
at 633 nm. The free electrons gather at the bottom
of nanoparticles to form a relatively strong near-
field coupling with the gold film. However, due to the
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competition among different SPR modes, the near-
field intensity enhancement factor excited at 633 nm is
decreased to only around 2.8 x 10% which is much
weaker than that excited at 722 nm (1.2 x 10°).

In the case of 532 nm excitation, few free electrons
can gather in the dipole direction of the nanoparticle
parallel to surface. As a result, there are no obvious
changes in the surface charges at the bottom of the
nanoparticles, which is insufficient to induce the gath-
ering of free charges in the gold film. Therefore, the
gold dimer—film system shows very weak coupling in
the gap between the nanoparticles and the gold film.
Furthermore, the near-field enhancement is also weak
in the gap between nanoparticles, with a near-field
enhancement factor of around 80.

Though the near-field enhancement excited at
722 nm is intense, the distribution of electric field has
extended over the nanoparticles and the film. While
the enhancement excited at 532 and 633 nm is rela-
tively weak, the spatial distributions are explicit; that is,
the hot spot is located at the gap between the gold
nanoparticles exited at 532 nm and at the gap between
the nanoparticles and the gold film exited at 633 nm.
If we use two different kinds of molecules to occupy
different positions, we may be able to probe the loca-
tions of different hot spots and the near-field distribu-
tion experimentally. In fact, the location of different hot
spots presents the different excited modes with differ-
ent surface charge distributions. A scheme of such a
concept s given in the left panel of Figure 3aand b. We
have used thiophenol (TP) and 1,4-benzenedithiol
(BDT) as the two SERS probe molecules, because they
have similar Raman cross sections and adsorption
behaviors on the gold surface, which is highly impor-
tant for the present experiment. We show the SERS
spectra of TP and BDT molecules adsorbed on SERS-
active gold nanoparticle substrates in the Supporting
Information (Figure S5). BDT shows peaks at 1008,
1064, and 1178 cm™ ', and the TP shows peaks at
998, 1022, and 1072 cm™'. Most of the Raman peaks
of the two molecules overlap heavily because of their
similar molecular structures. However, the peaks at
around 1000 cm ™' show quite different features. The
peak at 998 cm ' is distinctly present in TP and is
absent in BDT, so it can be used to distinguish TP and
BDT molecules. BDT shows a much broader peak than
TP at around 1064 cm™', and the peak can be con-
sidered the characteristic peak of BDT. Therefore, we
can use these two peaks to demonstrate the different
near-field distribution.

To perform the experiments, the TP molecules were
adsorbed on a clean gold film first. Then a monolayer
film of gold nanoparticles of 55 nm diameter was
transferred on the gold film with TP molecules after
rinsing with ethanol. Afterward, the sample was im-
mersed in an ethanol solution containing BDT mol-
ecules (see Methods section). The scheme is shown in
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Figure 3. (a) Scheme for SERS detection with thiophenol
(TP) molecules adsorbed in the gap between gold nanopar-
ticles and the gold film and benzenedithiol (BDT) molecules
adsorbed in the gap between nanoparticles. The green and
red spectra were obtained with 532 and 633 nm excitation,
respectively. (b) Similar to (a) with TP and BDT adsorbed at
different locations.

Figure 3a. In this configuration, we obtained the sam-
ple with TP molecules adsorbed in the gap between
the nanoparticles and the gold film and BDT molecules
adsorbed in the gap between the nanoparticles. The
configuration can be reversed if we change the ad-
sorption sequence of TP and BDT molecules.

The Raman spectrum (green line in Figure 3a) ex-
cited at 532 nm shows a broad peak at 1064 cm™,
which comes from BDT molecules adsorbed at the
gap between nanoparticles. Meanwhile, the peak at
998 cm " related to TP is absent. This is in good agree-
ment with the previous simulation in Figure 1c where
the hot spot totally locates at the gap between the gold
nanoparticles. When we switched the excitation line to
633 nm, we obtained a spectrum (red line, Figure 3a)
showing the intense characteristic peak of TP mol-
ecules at 998 cm™', which is located at the gap
between the gold nanoparticles and the gold film.
The experimental results agree very well with simula-
tion and clearly demonstrate the feasibility of employ-
ing SERS to probe the near-field distribution of metal
nanostructures. However, the peak at 1072 cm ™' (red
line, Figure 3a) becomes broader than that of pure TP,
as BDT molecules also contribute slightly to this peak.
This phenomenon can be easily understood by the fact
that BDT molecules can also be adsorbed to the curved
edge outside the region of the nanoparticle—film gap,
and they can also be enhanced, although slightly less,
in the configuration of Figure 3a with red excitation.
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To further verify our assumption, we changed the
adsorption sequence to change the position of TP
and BDT molecules. The configuration is shown in
the left panel of Figure 3b, in which the TP molecules
are adsorbed on nanoparticles and BDT molecules are
adsorbed in the gap between nanoparticles and the
gold film. We obtained a spectrum with signal mainly
from TP excited at 532 nm, with the three sharp peaks
appearing at 998, 1022, and 1072 cm™'. When we
changed the excitation line to 633 nm, we observed
the strong signal from BDT with a broad peak at
1064 cm™" and a weak signal from TP. This phenom-
enon can be also understood by the same reason as
above, as TP molecules can also be adsorbed in the
curved edge outside the gap between nanoparticles
and the film; see Figure 3b. These experimental results
are in very good agreement with the simulation result.
To verify the influence of the molecules adsorbed in
the curved edge of the gap, we designed another
experiment, and the scheme and results are shown in
the Supporting Information (S5). It demonstrated that
the molecules adsorbed in the curved edge of the gap
contribute little to the overall signals.

Both experimental and simulation results reveal that
the location of the near-field enhancement will vary
with the change of the excitation wavelengths for a
specific metal nanostructure. Thus, one may obtain
incorrect information without a proper understanding
of SPR coupling modes and near-field distributions. It
should be pointed out that, in the simulation above, we
have a model of a nanoparticle dimer over a gold film.
However in our experiment, we prepared a single layer
of gold nanoparticles over a gold film. Therefore, one
may wonder whether the presence of other nanopar-
ticles will significantly change the coupling behavior as
well as the near-field enhancement distribution of the
system. The good agreement between the experiment
and simulation result has indicated that this kind of
effect may be negligible. But a proper theoretical
understanding of the reason may have further impor-
tant implications for experiment. In experiment, the
nanoparticles are, in most cases, randomly dispersed
on the substrate. How will the near-field distribu-
tion change with the variation of the number and the
distribution of the nanoparticles and the distance
between them?

For this purpose, we placed one more gold nano-
particle with a different distance to the gold nanopar-
ticle dimer. The simulation was performed with 633 nm
excitation, which is most commonly used for the gold
nanoparticle system. The field distributions on the
surface of the gold film are given in Figure 4. When a
third gold nanoparticle was placed 1 nm from the
dimer, the near-field distribution under the middle
one spread to the nanoparticles at the two ends
and presents a petal-like pattern (Figure 4b). This effect
can be understood by the fact that the induced free
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Figure 4. Images of the near-field distribution of the electric
field on the upper surface of the gold film in the nanopar-
ticles and gold—film coupling system simulated with FDTD.
(a) Dimer with a separation of 1 nm. (b, ¢, d) Third gold nano-
particles placed 1, 5, and 10 nm away from the dimer in (a).

electrons in the gold film reservoir can be effectively
coupled with the nanoparticles at the two ends with
the polarization along the connecting axis of the
nanoparticles. Thus few electrons are involved in the
coupling with the middle one, leading to a weak near-
field enhancement and a petal-like coupling pattern. In
fact, this is a result of symmetry breaking induced by
the presence of the third gold nanoparticle. If we
further break the symmetry by placing the third nano-
particle at a larger distance, like 5 or 10 nm, the petal-
like pattern disappears, as shown in Figure 4c and d.
Although the near-field distribution on the gold film
undergoes dramatic changes due to the presence of
another nanoparticle or symmetry breaking, we did
not see an obvious change in the enhancement factor
in the near field. In fact, increasing the number of
nanoparticles will increase the number of locations
with a high near-field enhancement, which will even-
tually improve the efficiency for the SERS detection. In
addition, the near-field enhancement between nanopar-
ticles and the gold film is also independent of the aggre-

gation of nanoparticles (Supporting Information S6).
The simulation result of multiple gold nanoparticles
on the gold film reveals a promising feature of such
a system: the enhancement on the metal surface is
independent of the dispersing state of gold nanopar-
ticles, which benefited from the fact that the 633 nm
laser effectively excites only the coupling between
nanoparticles and the gold film. This type of coupling
depends on the distance between nanoparticles and
the gold film, which is only controlled by the length of
probe molecules (Figure 5a). In other word, we are able
to achieve reproducible SERS detection by adsorb-
ing probe molecules on a gold film first followed by
dispersing with gold nanoparticles, which appears to
be much easier than the traditional SERS substrates,
which need to precisely control the distance between a
large number of nanoparticles (Figure 5e). The parallel
polarization for detecting molecules in the gap is
compatible with the standard configuration of all the
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Figure 5. Comparison of the gap-mode SERS substrate (a—d) and the traditional SERS substrate (e—h). (a and e) Scheme for
the two modes. (b and f) Scattering spectra obtained on the two substrates under a dark-field microscope. (c and g) Raman
mapping images of the two substrates using the normalized intensity of the peak at 1064 cm ™. The step size is 1.5 um, and
the mapping area is 30 x 30 um?>. (d and h) Distribution of SERS intensity for the peak on the two substrates.

Raman instruments; that is, the excitation laser illumi-
nates perpendicularly to the metal surface with its
polarization parallel to the surface. Figure 5b and f
show the scattering spectra of the gap-mode and
traditional substrates, respectively. The gap-mode sub-
strate presents a relatively narrow peak width, which
can be understood by the identical distance between
the nanoparticle and the film. However, the far-field
scattering spectrum from experiment (Figure 5b) shows
some deviation from the calculated one (Figure 1a). The
discrepancy can be understood from the different re-
sponse in the near field and far field. The electric-field
enhancement (near field) between particles and the
film is not affected by the distribution and aggregation
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states of particles, as shown in Figure 4 and Figure S7.
Therefore the uniformity of SERS detection can be
guaranteed. On the other hand, the scattering peaks
(far field) are red-shifted with the increase of the
distance between particles, as shown in Figure S8.
Therefore, the experimentally obtained scattering
spectra are the averaged spectra over all different
distances, giving a wide peak around 600—700 nm.
Up to now, it is still a great challenge to precisely con-
trol the distance between nanoparticles. The traditional
substrate shows a much broader peak width over the
visible region, because the SPR of this system is deter-
mined by the coupling between nanoparticles dispersed
on the surface, and the unavoidable inhomogeneous
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distribution of the nanoparticles on the surface leads to the
broadening of the scattering band, as shown in Figure 5f.
We further evaluated the surface uniformity of SERS
substrates by Raman mapping on the two types of
substrates, and we measured two different substrates
for each type to check the reproducibility. The mapp-
ing was performed over an area of 30 x 30 um? with
a 1.5 um step and excited with a 633 nm laser. From
the mapping result using the intensity of the peak
(integrated peak area) at 1064 cm ™' for BDT molecules,
we can easily see that the gap-mode type (Figure 5¢) is
more uniform than the traditional one (Figure 5g).
Figure 5d and h plot the intensity of the peak over all
the sampling points, and it is also clear that the variation
is much smaller from the gap-mode SERS substrate than
that from a traditional substrate. The relative standard
deviations (RSD) of SERS intensity are about 9.3% and
10.9% for the two gap-mode SERS substrates. However,
the RSD for the two traditional SERS substrates are
28.4% and 28.7%. Therefore, we can conclude that our
gap-mode SERS substrate gives much more homoge-
neous signals, as we expected. This result can perfectly
explain our previous work in SHINERS, in which we have
achieved a very homogeneous response by simply
dispersing SHINERS nanoparticles over a metallic single-
crystal substrate preadsorbed with molecules.*

CONCLUSIONS

In conclusion, we have been able to precisely locate
the position of different hot spots in a complex system

METHODS

Synthesis of Gold Nanoparticles. Gold nanoparticles were syn-
thesized by a seed-mediated growth method. The seed of gold
nanoparticles was synthesized according to Frens' method.*”* A
1.2 mL amount of 1% (weight/volume, w/v %) sodium citrate
was added into 100 mL of boiled 0.01% (w/v %) chloroauric acid
under strong stirring. The stirred solution was heated to reflux
for 30 min to form the gold-nanoparticle seeds. After cooling, a
25 mL solution of gold-nanoparticle seeds was added into the
mixture of 0.8 mL 1% sodium citrate and 50 mL of water. A
8.3 mL portion of 25 mM hydroxylamine was added 5 min later.
Finally, 19 mL of 1 mM chloroauric acid was dropped into the
solution slowly within 15 min. All the chemical agents were
added under stirring and kept stirring for one more hour.

Fabrication of Gold-Nanopartide Monolayer Films. The gold-
nanoparticle monolayer film was fabricated according to Li's
method.** A 5 mL amount of cyclohexane was added to a 50 mL
beaker containing 15 mL of gold colloid. Then 4 mL of ethanol
was dropped into the mixture. The gold nanoparticles were
transferred from the aqueous solution to the interface between
water and cyclohexane during the addition of ethanol. After-
ward, most of the cyclohexane was removed with a syringe. A
monolayer film of gold nanoparticles was formed due to the
interfacial tension of the cyclohexane/water interface during the
removal of cyclohexane. The gold-nanoparticle monolayer film
can then be transferred to a solid support for further experiments.

Fabrication of Gold Nanoparticle—Film System with Adsorbed Mol-
ecules. The gold film with a thickness of 200 nm was fabricated
by electron beam evaporation with Temescal FC2000 on glass
slides. The root-mean-square roughness of the gold film was
less than 0.5 nm, calculated from AFM data. Before use, the gold
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of nanoparticles on a metal film with SERS by changing
the excitation wavelengths and adsorbing different
molecules (BDT or TP) at different surface sites. The
feasibility to use SERS to probe the near-field distribu-
tion has important implications in surface plasmonics
and surface analysis and also guides the design of
metal nanostructures to improve the efficiency of SPR
applications. The near-field enhancement correspond-
ing to the coupling between nanoparticles and the
coupling between nanoparticles and the gold film was
found to be selectively excited with 532 and 633 nm
lasers polarized parallel to the metal surface. The
feasibility of a laser with the polarization perpendicular
to the connecting axis of a coupling system seems to
be against the notion of using the parallel polarization
to excite a coupling system. The efficient excitation of
SPR in the gap between gold nanoparticles and the
gold film with a 633 nm laser offers us a unique
opportunity to probe the information at the gap and
the information for molecules adsorbed on the metal
surface. The fact that the gap-mode SERS depends only
on the distance between gold nanoparticles and the
gold film (controlled by the length of probe molecules)
provides a way to produce uniform SERS substrates:
the probe molecule can be adsorbed on a metallic film
first, followed by dispersing or adsorbing nanoparticles
on the surface. This type of gap-mode SERS could
provide the subtle chemical information on the surface
with uniform signals over the substrate, which is im-
portant for surface analysis.

film was immersed in concentrated sulfuric acid for 15 min.
Then it was rinsed by water and dried with nitrogen. A clean
gold film was immersed in a 0.5 mM TP solution for 1 h and then
rinsed with ethanol. After the TP-coated gold film was dry,
a gold-nanoparticle monolayer film was transferred onto it.
Thus the TP molecules were located at the gap between gold
nanoparticles and the gold film. Then the substrate was again
immersed in a 0.5 mM BDT solution for 1 h to let the BDT
molecules adsorb on the nanoparticles. Thus we obtained the
geometry shown in Figure 3a. The structure shown in Figure 3b
was fabricated according to the following procedures. A clean
gold film was immersed in a 0.5 mM BDT solution for 1 h and
then rinsed with ethanol. After the BDT-coated gold film was
dry, a gold-nanoparticle monolayer film was transferred onto it.
Thus the BDT molecules were located at the gap between gold
nanoparticles and the gold film. Then the substrate was again
immersed in 0.5 mM TP solution for 1 h to let the TP molecules
adsorb on nanoparticles.

Samples for Raman Mapping. The sample shown in Figure 5a
was fabricated according to the following procedure. A gold
film was immersed in a 0.5 mM ethanol solution of BDT for 1 h.
Then it was rinsed by ethanol and dried with nitrogen. Finally
the gold-nanoparticle monolayer film was transferred to the
BDT-coated gold film. The sample shown in Figure 5e was
fabricated according to the following procedure. The gold-
nanoparticle monolayer film was transferred to a glass slide.
Then the substrate was immersed in a 0.5 mM ethanol solution
of BDT for 1 h. After that, it was rinsed by ethanol and dried with
nitrogen.

Dark-Field Measurements. A Renishaw Raman instrument
equipped with a Leica DM 2500 M dark-field microscope was
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used to collect the scattering spectra of the substrates under
dark-field illumination. We used a dark-field objective with
50x magnification, 0.55 NA, and a 150/mm grating. The back-
ground reference spectrum was collected at the place without
nanoparticles. All the data shown in Figure 5b and f were
corrected with background.

Raman Measurements. All the Raman detections in this paper
were performed on a Renishaw inVia. The powers of the 633 and
532 nm laser on the sample were 0.21 and 0.15 mW, respectively,
if they were not specified. We used a 50 x objective with NA 0.55
and a 1800/mm grating. For Raman mapping, the mapping area
was 30 x 30 um? with a step of 1.5 um. The power of the 633 nm
laser on the sample was 0.54 mW. The collection times for
532 nm and 633 nm are 60 s and 1 s, respectively.

Electrodynamic Simulations. The electromagnetic response of
metal nanostructures was simulated by the FDTD method with
a commercial software package (Lumerical Solutions, Inc. and
Recom XFDTD). Scheme 1 shows the simulation model. It is
composed of a gold nanoparticle dimer with a separation of
1 nm and placed 1 nm above a gold film. The gap size is close to
the size of the molecule to achieve an effective coupling. The
diameter of the gold nanoparticles is 55 nm, and the thickness
of the gold film is 50 nm. The thickness has negligible effects on
the optical response when the gold film is thicker than 50 nm
(Supporting Information S8). The laser was illuminated perpen-
dicularly to the metal surface following the experimental con-
figuration, with the polarization parallel to the connecting axis
of two gold particles and also parallel to the metal surface. The
mesh unit was 1 x 1 x 1 nm?>. Different mesh units have been
checked to ensure the credibility (Supporting Information S9).
The dielectric constant of gold was from John and Christy.*®
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