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ABSTRACT: We developed a substrate that enables highly sensitive and spatially uniform surface-enhanced Raman
scattering (SERS). This substrate comprises densely packed gold nanoparticles (d-AuNPs) /titanium dioxide/Au film
(d-ATA). The d-ATA substrate demonstrates modal ultrastrong coupling between localized surface plasmon
resonances (LSPRs) of AuNPs and Fabry—Pérot nanocavities. d-ATA exhibits a significant enhancement of the near-
field intensity, resulting in a 78-fold increase in the SERS signal for crystal violet (CV) compared to that of d-AuNP/
TiO, substrates. Importantly, high sensitivity and a spatially uniform signal intensity can be obtained without precise
control of the shape and arrangement of the nanoscale AuNPs, enabling quantitative SERS measurements.
Additionally, SERS measurements of rhodamine 6G (R6G) on this substrate under ultralow adsorption conditions
(0.6 R6G molecules/AuNP) show a spatial variation in the signal intensity within 3%. These findings suggest that
the SERS signal under modal ultrastrong coupling originates from multiple plasmonic particles with quantum
coherence.

KEYWORDS: localized surface plasmon resonance, modal ultrastrong coupling, surface-enhanced Raman scattering,
quantum coherence, self-assembly

INTRODUCTION ultrasensitive SERS measurements at the single-molecule
level.”™"" However, the surface nanostructure of a typical
plasmonic substrate has spatial variability, leading to a random
arrangement of hot spots on the substrate with a broad
distribution of the electric field intensity.'”~"* The SERS signal

Surface-enhanced Raman scattering (SERS) is a sensing
technique that allows label-free and sensitive detection of
chemical and biological molecules on metal nanostructures.' ™
The primary mechanism for enhancing Raman signals involves
a significant electromagnetic enhancement due to local
confinement of the electromagnetic field at so-called “hot Received:  November 6, 2023
spots” produced by localized surface plasmon resonances Revised:  January 24, 2024
(LSPRs) of noble metals, such as silver or gold nanostructures. Accepted:  January 25, 2024
In particular, a narrower gap between these plasmonic Published: February 1, 2024
nanostructures can generate a stronger electromagnetic field

through the near-field coupling of LSPRs,°"® enabling
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Figure 1. (a) Schematic of the d-ATA substrate. Top-view SEM images of (b) IS-ATA and (c) RS-ATA before ozone cleaning. The average
sizes of these AuNPs were 15.4 and 14.3 nm, respectively. Absorption spectra of the (d) d-AT and (e) d-ATA structures.

intensity obtained from a typical plasmonic substrate is
spatially nonuniform, which is a major reason for the poor
quantitative results.

By utilizing a self-assembly method to fabricate a close-
packed arrangement of metal nanoparticles, spatially nearly
uniform and dense hot spots can be generated on the
substrate.">'® This method has attracted much attention in
recent years as a technique for realizing highly sensitive and
uniform SERS measurements.'’ > Achieving higher sensitivity
with SERS requires spatially narrow nanoscale interparticle
gaps that exhibit strong LSPR coupling.”” At this scale, even
small differences in the gap distance can cause large variations
in the near-field intensity. Therefore, attaining both high
sensitivity and spatial uniformity necessitates precise sub-
nanoscale control over the arrangement of metallic nano-
particles. However, such control is difficult to achieve in
practice.”””* The dilemma with using homogeneous structures
for SERS measurements lies in the fact that minor deviations in
the nanostructure can greatly compromise the quantitative
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nature of the measurement. Moreover, hot spots are located at
narrow gaps between the metal nanoparticles. Because the hot
spots locally exist only at narrow gaps between metal
nanoparticles and analytes attach to various positions on
gold nanoparticles (AuNPs), particularly under low adsorption
conditions, the spatial variation in the Raman signal intensity
becomes significant.”>*® This limits the ability to obtain
reproducible SERS signals through methodologies that
improve nanostructure uniformity. Therefore, the development
of SERS sensing substrates that simultaneously achieve both
high sensitivity and spatial uniformity of the signal intensity for
low concentrations of analytes in biological and chemical
sensing remains a significant challenge.

We recently reported that SERS measurements on a
substrate exhibiting modal coupling between Fabry—Pérot
(FP) nanocavities and the LSPR of nonuniformly sized AuNPs
fabricated through thermal melting improved both the
intensity and spatial uniformity of the SERS signal compared
to a substrate without FP nanocavities.”” Finite difference time
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domain (FDTD) simulations indicated that the enhancement
in the SERS signal intensity due to modal coupling was a result
of the near-field strength enhancement. Additionally, the
spatial uniformity of the SERS signal intensity was attributed to
coherent interactions induced between the LSPRs of AuNPs
via FP nanocavities, leading to SERS signals originating from
multiple AuNPs that are coherently interacting. We further
confirmed the existence of quantum coherent interactions
between the LSPRs of gold nanodisks (AuNDs) via FP
nanocavities using a substrate with AuNDs fabricated on FP
nanocavities, where both the AuND size and arrangement were
precisely controlled using electron-beam lithography.”® On the
basis of these findings, we expected that the increase in the
coupling strength improves the sensitivity and spatial
uniformity of SERS signals rather than the conventional
approaches based on the control of the geometric homogeneity
of nanostructures. For an increase in the coupling strength, an
increase in the number density of oscillators (nanoparticles) is
a simple way. However, our previous approaches could not
allow a further increase in the nanoparticle density.

In this study, we developed a nanostructure for which modal
ultrastrong coupling is formed through densely packed AuNPs
(d-AuNPs) on FP nanocavities using a self-assembly method.
SERS measurements using this structure yielded a spatially
uniform and intensely strong signal over a wide area.
Importantly, SERS measurements of rhodamine 6G (R6G),
which has very low adsorption on this substrate (0.6 to 24
molecules/AuNP), exhibited a spatial variation in the signal
intensity of less than 3%. Additionally, extremely sensitive and
quantitative SERS measurements were achieved, even without
precise control of the shape or spatial arrangement of the
AuNPs on a nanoscale. This enables quantitative measure-
ments even at extremely low analyte adsorptions. These
findings strongly suggest that, in SERS using plasmonic
particles forming modal ultrastrong couplings with FP
nanocavities, the SERS signals from the coherence area are
coherent, and the SERS field amplitudes are averaged. This
methodology represents an approach that simultaneously
achieves the high sensitivity and spatial uniformity of the
signal intensity in SERS.

RESULTS AND DISCUSSION

First, we fabricated d-AuNP/titanium dioxide (TiO,)/Au film
(d-ATA) structures and, as a control, d-AuNP/TiO, (d-AT)
structures. To evaluate the influence of the gap distance
distribution arising from the irregularity in the shape of AuNPs
on the SERS homogeneity, these structures were fabricated
with irregular spherical AuNPs (IS-AuNPs) prepared through a
common citrate reduction method™ and with commercially
available regular spherical AuNPs (RS-AuNPs), referred to as
IS-ATA, IS-AT, RS-ATA and RS-AT, respectively (Figure la).
The absorption spectra of both IS-AuNP and RS-AuNP
colloidal solutions showed an LSPR peak at 520 nm, and their
spectral shapes were almost identical (Figure S1). Self-
assembly techniques were emgloyed to load d-AuNPs onto
the TiO, of each structure.'*" These AuNPs were function-
alized with 1-dodecanethiol (DDT) to allow for small
interparticle gaps. DDT-modified AuNPs (AuNP@DDT)
were dispersed in a chloroform solution. This AuUNP@DDT
solution was dropped onto the surface of Milli-Q water,
providing a d-AuNP monolayer at the air—water interface. The
d-AuNP monolayer was transferred onto the TiO, surface by
the Langmuir—Schaefer method.”" Scanning electron micros-

4995

copy (SEM) images of IS-ATA and RS-ATA surfaces are
shown in Figure 1b and c. Finally, the DDT coating of the
surface was removed by an ozone cleaning process. SEM
images of the IS-ATA and RS-ATA surfaces after ozone
cleaning are shown in Figure S2a and b. After the ozone
cleaning treatment, the spatial homogeneity of the d-AuNP
arrangement in both IS-ATA and RS-ATA deteriorated
(Figure S2a and b). The AuNP sizes for IS-ATA and RS-
ATA after ozone cleaning were 15.4 + 2.2 nm and 14.3 &+ 1.2
nm, respectively, whereas the aspect ratios of the long and
short diameters in IS-ATA and RS-ATA measured 1.29 + 0.22
and 1.13 =+ 0.09, respectively. These findings indicate a larger
variation in the AuNP shape in IS-ATA. In addition, the
surface coverages of AuNPs were 66.3% for IS-ATA and 66.7%
for RS-ATA, confirming the high-density loading of AuNPs on
TiO, of the FP nanocavities. To evaluate the structural
homogeneity of IS-ATA and RS-ATA, we calculated the
Voronoi areas for each AuNP. The coefficients of variation for
these areas were 30% and 21% (Figure S2c and d),
respectively. The results suggest that the d-AuNPs in IS-ATA
exhibited a relatively wide gap distance distribution, whereas
the d-AuNPs in RS-ATA were more spatially uniformly
distributed even after ozone cleaning (Figure S2a—d).

Figure 1d and e show the absorption spectra of each
substrate. Although there was no significant difference in the
spectral shapes of IS-AuNPs and RS-AuNPs dispersed in
solution (Figure S1), the absorption peak of RS-AT was red-
shifted by 40 nm and exhibited broadening compared to IS-
AT. This indicates that when AuNPs are densely loaded on the
substrate by the self-assembly method, the gap distance
between AuNPs becomes nonuniform due to variations in
the shape of IS-AuNPs, resulting in differences in the
absorption spectra. The absorption peaks for both IS-ATA
and RS-ATA significantly split into two distinct peaks in the
500—900 nm range due to the formation of two new hybrid
states.

Modal coupling is the state in which energy is exchanged
between two modes via photons. As the rate of energy
exchange by photons increases, the coupling strength increases
and modal strong coupling is formed. In strong coupling
between LSPR modes and nanocavity modes, two new hybrid
modes are formed by hybridization between the modes. For
modal strong coupling, the splitting energy between the hybrid
modes must satisfy the condition shown in eq 1.

2 | 2 2
yLB — \/ ycavity yLSPR
2 (1)

2 2
where 7Q is the splitting energy, yyp and yip are the line
widths of the upper and lower branch modes, and 7 ,, and
Yrspr are the line widths of the FP nanocavity and LSPR
modes, respectively.”” Furthermore, when the energy of the
noninteracting states of the LSPR and nanocavity modes is
hw,, the modal coupling states with splitting energies 7L >
0.2Aw, are defined as ultrastrong coupling conditions.” In
Figure S3, dispersion curves were prepared by plotting the
peak energies of the upper and lower branch modes as
functions of the wavenumber of the lowest-order FP
nanocavity modes in d-ATA with different TiO, film
thicknesses to tune the condition between the LSPR and FP
nanocavity modes. It was confirmed that the almost zero
detuning conditions were achieved when the TiO, film
thicknesses were 31 and 33 nm for IS-ATA and RS-ATA,
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Figure 2. (a, b) Raman spectra of CV (1 uM) on each substrate obtained by using 785 nm laser excitation. The laser power was 50 gW. (c)
Relative Raman intensity ratios for different Raman peaks obtained from (a) and (b). (d—g) Cross-sectional near-field distributions at 785
nm. The model for IS-AuNPs was based on the SEM image in Figure S2a, whereas the model for RS-AuNPs was an ideal uniform spatial
arrangement model to understand the effects of heterogeneity in the AuNP sequence.

respectively. The splitting energies for IS-ATA and RS-ATA
calculated from the harmonic oscillator model®* were 0.34Aw,
(680 meV) and 0.35%w, (670 meV), respectively (Figure S3).
These results confirm the formation of ultrastrong coupling in
both structures.

In modal ultrastrong coupling, the LSPRs of multiple AuNPs
quantum coherently interact via a nanocavity. The authors
report that in modal strong coupling, the range of quantum
coherent interaction (coherence area) is estimated to be a
circle with a diameter of approximately 500 nm.** The
dephasing time of the LSPR under this modal strong coupling
condition is less than 10 fs, defining the size of the coherence
area. Therefore, modal ultrastrong coupling is considered to
have a coherence area almost the same as that of modal strong
coupling. The SERS from modal strong coupling or ultrastrong
coupling within such a coherence area is coherent. In other
words, the field amplitudes of SERS from gold nanostructures
within the coherence area are averaged.

Let us now consider the SERS intensity integrated over the
region S. The intensity is expressed by the following equation:

1
I= 3 LI(r) dr 2)

where I(r) is the intensity distribution as a function of spatial
coordinate r. The variance in the integrated intensity is
statistically given by
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ot = (- (D))
5 [ @ - ) - @) dn an

= [ 1) - a1 dn o,

()

where (@) represents the ensemble average. This equation can
be rewritten as

1
6t = ? [/s {g(z)(rl, r) — 11 dry dr, @

Here, the second-order coherence function g(z)(rl,rz) is

defined as

<I("1)I("2)>
(I(r)){I(ry)) ()

When the electric fields at two positions r, and r, are perfectly
coherent (perfectly correlated), g(z)(rl,rz) = 1, which is the
minimum value of g*. In contrast, in the case of spatial
incoherence (uncorrelated) between positions r; and r,, 1 <
g(z) (ryr,) < o0, depending on the randomness of the intensity
distribution I(r). Comparing the second-order coherence
functions of the d-AT structure with inhomogeneously
distributed hot spots, g,(f,)w(rl,rz), and d-ATA with a quantum
coherence area, gi*A74(r,r2),

g(Z)("v ’2) =

g;_zliT > ga(l_zliTA ~ latany (r, n,) 6)
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Figure 3. Raman mapping images of CV (1 uM) on (a) IS-AT, (b) RS-AT, (c) IS-ATA, and (d) RS-ATA substrates around a wavenumber of
1617 cm ™! obtained by using 785 nm laser excitation. The laser power was 0.5 mW. (e) RSDs of Raman intensities at different Raman peaks
obtained from Raman mapping of CV (1 uM). Schematic illustrations of SERS excitation under (f) LSPR and (g) modal ultrastrong
coupling. The red area indicates the coherence area, and SERS would be emitted from all analyte molecules within the coherence areas.

Therefore, the variance in the SERS intensity from the d-ATA
structure can be expected to be drastically smaller than that
from the d-AT structure.

The SERS intensity on each substrate was evaluated using a
crystal violet (CV) as the analyte. The substrates were
immersed in S mL of an aqueous solution of CV (1 uM) for
1 h, rinsed with Milli-Q water, and air-dried. While typical
Raman experiments use lasers with excitation wavelengths of
either 532 or 785 nm, a 785 nm laser was opted for in this
study. This choice was made to avoid potential complications
in the analysis of SERS properties caused by the d-band to sp-
band transition absorption of gold.”* Figure 2a shows the
SERS spectra of IS-AT and RS-AT. Raman peaks attributed to
CV were observed for both IS-AT and RS-AT. The
assignments of Raman bands of CV are provided in Table
S1 of the Supporting Information. The average Raman
intensity calculated from 6 peaks (at 724, 914, 1173, 1382,
1584, and 1617 cm™") of RS-AT was 6 times (6 + 1.7) higher
than that of IS-AT (Figure 2c). This difference can be
attributed to the evenly spaced gaps between AuNPs in RS-AT,
where CV molecules are adsorbed at hot spots between
AuNPs. The relatively high optical absorption of RS-AT at 785
nm (Figure 1d) suggests that the coupling mode between
LSPRs affects the SERS intensity enhancement.

An electromagnetic field analysis was performed by using
FDTD simulations to gain insight into the SERS enhancement.
For the simulation model in this analysis, a periodic structure
with uniformly spaced AuNPs was assumed (Figure S4a). No
significant difference in the near-field strength between IS-AT
and RS-AT was found with this model (Figure S4c). Then,
FDTD simulations using two models with different distribu-
tions of the gap distances between AuNPs (Figures 2d and e
and SS) were performed. The model for IS-AuNPs was based
on the SEM image in Figure S2a, whereas the model for RS-
AuNPs was based on an ideal uniform spatial arrangement
model to understand the effects of AuNP sequence
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heterogeneity. The maximum near-field intensity for IS-AT
was 2.8 times higher than that for RS-AT. However, the near-
field intensity for IS-AT showed a greater coefficient of
variation (431%) than that for RS-AT (353%), highlighting
that the uniformity of the AuNP sequence significantly impacts
the SERS intensity in LSPR-based AT structures.

Next, we compared the SERS spectra of IS-ATA and RS-
ATA. Surprisingly, the average Raman intensities of the two
were nearly identical and approximately 80 times (78 + 27)
higher than those of IS-AT (Figure 2b and c). The peak
intensity ratio variation depended on the IS-AT peak intensity.
From the near-field spectra in Figure S4c, the near-field
intensity for RS-ATA at 785 nm was approximately 10 times
higher than that for RS-AT. Moreover, IS-ATA and RS-ATA
showed almost the same maximum near-field intensities
(Figure 2f and g). These findings suggest that the spatial
arrangement of AuNPs in d-ATA has a minor impact because
the electric field enhancement resulting from the coupling
between the nanocavity modes and LSPRs significantly
outweighs that from the coupling between LSPRs. Addition-
ally, the longitudinal (z-axis) cross-sectional near-field
distributions (Figure S6) support the total enhancement of
the electric field intensities via the modal ultrastrong coupling.

To examine the effect of modal ultrastrong coupling on the
spatial homogeneity of the SERS intensity, Raman mapping
was conducted on a 30 X 30 um? area (625 measurements) of
CV molecules (1 pM) adsorbed on each substrate. The
objective lens magnification was 50X (0.7S NA). The spatial
homogeneity was evaluated by calculating the relative standard
deviation (RSD), which is the standard deviation of the Raman
intensity divided by the mean intensity. Figure 3a—d shows
Raman mapping images at 1617 cm™". The RSDs of IS-AT and
RS-AT were 10% and 4.3%, respectively. This result is
attributed to the spatial distribution of AuNPs. Conversely,
the RSDs of IS-ATA and RS-ATA were even lower (2.4%),
resulting in highly spatially homogeneous Raman mapping
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Figure 4. (a) Raman spectra for different numbers of adsorbed R6G molecules per AuNP on RS-ATA. The laser power was 0.5 mW. The
number of adsorbed R6G molecules varied from 0.6 to 66 molecules/AuNP. (b) Characteristic Raman signal intensities of RS-ATA (red)
and RS-AT (black) around a wavenumber of 614 cm™ as a function of the number of R6G molecules per AuNP on d-AuNPs. The red and
black lines represent the linear regression to RS-ATA and RS-AT, respectively. RS-ATA was curve fitted in the range below 24 R6G
molecules/AuNP. The correlation coefficients R of these lines are 0.991 for RS-ATA and 0.997 for RS-AT. (c) RSD of the Raman signal
intensity of RS-AT (black), RS-ATA (red), and IS-ATA (blue) around a wavenumber of 614 cm™ as a function of the number of R6G
molecules on AuNPs. RS-AT could not be measured due to insufficient signal intensity in the 0.6—15 R6G molecules/AuNP range. The error

bars of the graph were obtained from three experiments.

images. Moreover, the RSDs of both d-ATA substrates at six
Raman peaks in the range of 700—1700 cm™' were all below
2.5% (Figure 3e), demonstrating highly homogeneous Raman
measurements regardless of the Raman shift. These results can
be understood by the quantum coherence in modal ultrastrong
coupling. Figure 3f and g schematically illustrate the
mechanism of this scenario. When light is incident on the
AuNPs without an FP nanocavity (Figure 3f), the incident
light randomly couples with the LSPRs of individual AuNPs,
and SERS is excited from molecules adsorbed at each hot spot.
Thus, IS-AT with a large spatial variation produces a
nonuniform Raman signal. In d-ATA, AuNPs within the
coherence area share an incident light field through the FP
nanocavity (Figure 3g). Raman scattering is generated from all
molecules adsorbed throughout the coherence area, and the
SERS amplitudes within the coherence area are averaged. As a
result, many AuNPs can share a Raman scattering field under
modal ultrastrong coupling with the d-AuNPs in the coherence
area, and the heterogeneity of the d-AuNP array becomes
ignorable. This allows for spatially highly homogeneous Raman
measurements. Furthermore, the FDTD simulation showed
that the coeflicient of variation of the near-field intensity for IS-
ATA was 361%, which was higher than that for RS-ATA
(354%) in Figure 2f and g, indicating a difference in their
spatial near-field strength. Nevertheless, the lack of difference
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in the spatial homogeneity of the SERS intensity for both
structures supports the quantum coherence effect on the
uniformity of the SERS signal.

We further investigated the effect of nonuniformity in the
arrangement of d-AuNPs on the homogeneity of SERS by
performing Raman mapping over a larger area of 1 X 1 mm®
(Figure S7). The objective lens magnification was Sx (0.12
NA). The laser power was 4.6 mW. The RSDs of both IS-AT
(18%) and RS-AT (7.8%) deteriorated compared to the results
of 30 X 30 ym? area Raman mapping in Figure 3b. In contrast,
Raman mapping for RS-ATA and IS-ATA still showed low
RSDs of approximately 4% or less. The laser spot areas for
Raman mapping of 30 X 30 um? and 1 X 1 mm?® were
calculated as 1.28 ym? and 50 um?, respectively. These values
are based on the laser spot diameter and objective lens, as
described in the Methods section. In our previous study, we
calculated the coherence area to be approximately 500 nm in
diameter from the splitting energy calculation.”® We assume
that the Raman signal for d-ATA is averaged over a coherence
area of an equivalent size. The RSDs of the Raman mappings at
the two different scales are nearly identical. This observation
confirms that the presence of a coherence area as large as 500
nm can provide a spatially uniform Raman signal intensity
regardless of the laser spot area.
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Finally, quantitative SERS measurements and Raman
mapping, depending on the number of molecules adsorbed
on d-AuNPs, were conducted. The fluorescent molecule R6G
was employed to evaluate the quantity of molecules adsorbed
on each AuNP. The adsorption of R6G molecules on each
AuNP was controlled by varying the contact time of a 1 uM
R6G aqueous solution with the substrate surface. The number
of adsorbed R6G/AuNPs was calculated by measuring the
fluorescence intensity of the collected R6G solution (Figure
S8). The absorption spectra are shown in Figure S9. From the
spectra of R6G-decorated IS-AT, the absorption peak slightly
red-shifted from approximately 600 to 605 nm as the
adsorption of R6G increased. This absorption band shift
could be attributed to the coupling between LSPRs and
transition dipoles of the R6G molecules.*® In the case of RS-
AT, Raman peaks were observed for 18 R6G molecules per
AuNP (Figure S10), whereas for RS-ATA, Raman peaks were
observed even under low R6G adsorption conditions of 0.6
molecules per AuNP (Figure 4a). No Raman peaks were
observed for IS-AT under any R6G adsorption condition.
Figure 4b shows the Raman intensity at 614 cm™' depending
on the number of adsorbed R6G molecules. RS-ATA showed a
linear response (correlation coefficient R > 0.99) in the range
of 0.6—24 R6G molecules per AuNP, confirming the feasibility
of quantitative Raman measurements. Moreover, Raman
mappings of a 30 X 30 um’ area were conducted under
different numbers of adsorbed R6G molecules (Figures S11—
S13). The RSD is shown in Figure 4c. Both IS-ATA and RS-
ATA exhibited RSDs of less than 3% across all R6G molecule
adsorption conditions, indicating a more spatially uniform
Raman intensity compared to RS-AT (RSD < 6.3%). The RSD
of RS-AT increased as the number of adsorbed R6G molecules
per AuNP decreased (5.0—6.3%). Measurements below 20
molecules per AuNP were unfeasible due to detection
sensitivity limitations. The RSD is anticipated to further
increase with fewer adsorbed molecules per AuNP due to
significant variations in the adsorption sites. In contrast, RS-
ATA maintained relatively low RSDs regardless of the number
of adsorbed R6G molecules (2.3—2.5%). Under the condition
of 0.6 R6G molecules per AuNP, approximately 3,200
molecules (5.3 X 107> M) were adsorbed on the laser spot
area of the substrate containing 5,300 AuNPs. Despite the
potential for large variations in the adsorption positions of
R6G molecules on d-AuNPs, spatially homogeneous Raman
intensities were obtained. This observation supports the
interpretation that SERS originates from the entire coherence
area due to quantum coherence in modal ultrastrong coupling.
These results demonstrate that d-ATA substrates enable highly
sensitive, spatially homogeneous, and quantitative Raman
measurements even under low analyte adsorption conditions.

CONCLUSIONS

Quantitative SERS measurements using a SERS substrate with
LSPR under low molecule adsorption conditions are generally
difficult due to the nonuniformity of the SERS signal intensity.
To address this issue, we developed a structure composed of d-
AuNPs on FP nanocavities that exhibits modal ultrastrong
coupling by using a self-assembly method. SERS measurements
using this structure yielded strong and spatially uniform signals
over a wide area. High-sensitivity and quantitative SERS
measurements were achieved without the need for precise
control over the nanoscale shape or arrangement of the d-
AuNPs. Furthermore, even in SERS measurements using R6G,
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which showed very low and limited adsorption on this
substrate (0.6 to 24 molecules per AuNP), the spatial variation
in the signal intensity remained within 3%. This enabled
quantitative measurements even at extremely low analyte
adsorptions. These findings strongly suggest that in SERS
utilizing plasmonic particles forming modal ultrastrong
coupling with FP nanocavities, the signal arises from multiple
plasmonic particles with quantum coherent interactions within
the coherence area. Although the detection range for
quantitative analysis on RS-ATA is limited at low adsorption
levels due to their signal saturation, d-ATA devices can become
practical SERS substrates by overcoming this issue. Overall, we
have established a methodology that enables both high SERS
sensitivity and reproducibility, which have a trade-off relation
for conventional LSPR-based SERS substrates.

METHODS

Materials. Fifteen nanometer AuNPs (RS-AuNPs) were pur-
chased from BBI Solutions. Crystal violet (CV), 1-dodecanethiol
(DDT), chloroform, trisodium citrate, acetic acid, and tannic acid
were purchased from Wako Pure Chemical Industries, Ltd. Rhod-
amine 6G (R6G) and propylphosphoric acid were purchased from
Tokyo Chemical Industry (TCI) Co., Ltd.

Synthesis of IS-AuNPs. A water solution of IS-AuNPs was
synthesized by mixing 20 mL of trisodium citrate (0.2% w/v) and 16
uL of tannic acid (1% w/v) with 294 uL of HAuCl, (0.1 M) in 80 mL
of Milli-Q, boiling it in the oil bath at 120 °C, and maintaining it for
10 min.

Surface Modification of AuNPs. DDT-modified RS (or IS)-
AuNPs (AuNPs@DDT) were prepared by using a two-step ligand
exchange method. In this step, DDT (350 uL) with a chloroform
solution (6.65 mL) was transferred to 20 mL of an RS-AuNP (2.32
nM) solution with acetic acid (340 xL) and vigorously stirred for 30 s.
The mixture was then ultrasonicated for 30 min. Then, the top water
solution was removed. Finally, a centrifuge was utilized to purge the
AuNPs@DDT/chloroform solution.

Fabrication of d-AuNP/TiO,/Au-Film (d-ATA) Substrates.
The d-ATA structure with RS-AuNPs (RS-ATA) or IS-AuNPs (IS-
ATA) was fabricated on a silica glass substrate. First, Fabry—Pérot
(FP) nanocavities (TiO,/Au film) were constructed. The silica
substrates were cleaned with acetone, methanol, and deionized water
in an ultrasonic bath for 3 min and dried with airflow. A 3 nm
titanium film, a 100 nm Au film, and a 0.5 nm titanium film were
sequentially sputtered on the surface of silica glass by using a helicon
sputter (ULVAC, MPS-4000C1/HC1). A 31 or 33 nm TiO, film was
deposited by an atomic layer deposition (ALD) system (SUNALE R
series, Picosun) on the Au film at 300 °C with titanium tetrachloride
(TiCl,) and H,O as precursors. The substrate was submerged in
propylphosphoric acid in an ethanol solution (2 mM) for 12 h to
hydrophobize the TiO, surface. A d-AuNP monolayer was formed by
dropping a chloroform solution of AuNPs@DDT onto the Milli-Q
water surface. Subsequently, the d-AuNP monolayer was transferred
to the TiO, surface of the FP nanocavities. Finally, an ozone cleaning
process was performed in a commercial UV/ozone cleaner (UV-1,
SAMCO) for 2 h at 40 °C to remove DDT molecules on d-ATA. This
cleaner contained a low-pressure mercury vapor lamp that could
irradiate 110 W ultraviolet light at wavelengths of 254 nm (~85%)
and 185 nm (~15%). This cleaning process was performed without
direct UV irradiation for the sample.

Sample Characterization. The absorption spectra of the AuNP
colloidal solutions were measured by a UV—vis spectrophotometer
(Shimadzu UV3100PC). The reflection spectra of d-ATA were
measured with a spectroscopic reflectometer (F20-UV, Filmetrics).
The reflection and transmission spectra of d-AT were measured by a
photonic multichannel analyzer (Hamamatsu Photonics, PMA
C7473) equipped with an optical microscope (Olympus, BX-S1).
The absorption spectra of d-AT and d-ATA were calculated as —log
(T + R) and —log (R) as functions of wavelength, respectively, using
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the reflection R and the transmission T. The transmission of d-ATA
was zero due to the presence of a gold reflective film. The surface
morphology was observed by field-emission scanning electron
microscopy (SEM, SU8230, Hitachi High-Technologies Corporation)
with a maximum resolution of 1 nm at an electron accelerating voltage
of 10 kV.

Raman Measurements. A Raman microscope system (Renishaw,
inVia Reflex) with a 50X objective lens (0.75 NA, Leica) in a certain
configuration was used for SERS measurements. A 785 nm laser was
used as the excitation source. The laser spot diameter was 1.28 pm.
The data acquisition time was 10 s. The Raman spectra were acquired
in the wavenumber range of 400—1700 cm™" with a resolution of 1.5
cm™. The concentration of the analytes (CV, R6G) used in all
experiments was 1 uM.

The Raman mapping experiments presented in Figures 3 and 4
were conducted over an area of 30 X 30 um?® Each mapping was
composed of a total of 625 measurements. The step length was 1.2
um. The data acquisition time was 0.5 s. Large-scale Raman mapping
measurements over a 1 X 1 mm? area were also employed, as shown
in Figure S7. The step size was 40 um. The objective lens
magnification was 5X (0.12 NA, Leica). The data acquisition time
was 0.5 s. The laser spot diameter was 8 ym. The laser spot area
where the laser irradiates the sample can be approximately calculated
by (0.614/NA)* X x, where 1 is the wavelength of the incident light.
The laser spot areas in Raman mapping of a 30 X 30 ym?® or 1 X 1
mm? area were found to be 7 X 0.639* = 1.28 um? or & X 4> = 50
um?, respectively.

Calculation of the Number of Adsorbed R6G Molecules per
AuNP and in the Probed Area. The number of adsorbed R6G
molecules per AuNP was calculated by measuring the fluorescence
intensity of R6G. Two hundred microliters of R6G solution (1 uM)
was dropped onto RS-ATA for an arbitrary time (5—3600 s), 100 uL
of R6G solution was taken, and the fluorescence intensity was
measured using a spectrofluorometer (F-4500, Hitachi), as shown in
Figure S8a. The number of adsorbed R6G molecules on the AuNPs
on RS-ATA was calculated using a calibration curve (Figure S8c)
prepared using R6G solutions of various concentrations. Finally, the
number of R6G molecules adsorbed per AuNP (Figure S8b) was
calculated from the adsorption number of R6G on d-ATA, A 41, and
the FP nanocavity (TiO,/Au film), Acavity the spot size area of the
R6G solution on the RS-ATA substrate S (8-mm-diameter
circle), the surface coverage of AuNPs, Cy,np and the area of the
circle at the center of AuNP, S,,\p, according to eq 7.

R6G molecule per AuNP
total adsorption number of R6G on AuNPs
total number of AuNPs on d-ATA
Agata — Acavity

= X Spunp
Ssuhstrate X CAuNP (7)

The laser spot radius was 0.64 um. The total numbers of R6G
molecules in the case of 0.6 molecules/AuNP and AuNPs in the
probed area were found to be 3200 (5.3 X 107! mol) and 5320,
respectively.

Simulations. FDTD simulations were performed to elucidate the
near-field intensity of d-ATA using a commercial package (Lumerical,
Inc.). The complex refractive indices of AuNPs, TiO, and Ti were
adopted from the experimental data of Ciesielski et al,*® DeVore,”’
and Palik*® respectively. Circularly polarized light was used to
produce an unbiased amplitude of the electric field in the plane
perpendicular to the direction of light propagation. The structure unit
cell was simulated with periodic boundary conditions along the x- and
y-axes and a perfectly matched layer along the electromagnetic wave
propagation direction (z-axis). The simulation region was chosen to
be the same as that for one array unit. The mesh sizes of the
simulations originating from Figures S4 and S5 were 0.2 and 0.5 nm,
respectively.
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