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Intrinsic to plasmonics, however, is that extreme field confinement lacks precise spectral control, which would
hold great promise in shaping the optomechanical interaction between light and molecular vibrations. We dem-
onstrate an experimental platform composed of a plasmonic nanocube-on-mirror antenna coupled to an open,
tunable Fabry-Perot microcavity for selective addressing of individual vibrational lines of molecules with strong
Raman scattering enhancement. Multiple narrow and intense optical resonances arising from the hybridization
of the cavity modes and the plasmonic broad resonance are used to simultaneously enhance the laser pump and
the local density of optical states, and are characterized using rigorous modal analysis. The versatile bottom-up
fabrication approach permits quantitative comparison with the bare nanocube-on-mirror system, both theoret-
ically and experimentally. This shows that the hybrid system allows for similar SERS enhancement ratios with

narrow optical modes, paving the way for dynamical backaction effects in molecular optomechanics.

INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) (1-3) is a powerful
spectroscopy method that relies on the extreme field confinement of
metallic plasmonic surfaces to strongly enhance Raman scattering
by a molecule (4, 5). Recently, SERS has been described within
the framework of cavity optomechanics (6-8). This viewpoint
gives a picture of the optical forces of the plasmon resonator
mode onto the molecule’s mechanical modes, providing an expla-
nation for various proposed and observed effects such as parametric
cooling or amplification of the mechanical motion, and hence non-
linear SERS enhancements (9-11), as well as coherent infrared-
visible conversion (12, 13). Most of the promises contained in
this vista of cavity optomechanics transposed to molecular vibra-
tions require the sideband-resolved regime, where the optical reso-
nance linewidth is narrow compared to the mechanical vibrational
frequency of the molecules. This allows controlling the phase of the
optomechanical interaction, selectively enhancing or suppressing
Stokes or anti-Stokes scattering processes through dynamical back-
action of the optical resonance (14). Because of the large decay rate
of plasmonic resonances, the electromagnetic enhancement offered
in SERS is intrinsically broad, limiting the coherence of the opto-
mechanical interaction. While the low-quality factors (Q) of plas-
monics mean that sideband-resolved plasmonic SERS is out of
reach, recent work has argued that sideband-resolved SERS is pos-
sible via the use of a hybrid plasmonic-photonic resonator, both
theoretically (15, 16) and experimentally (17). A hybrid resonator
combines a high-Q photonic resonator with a low mode volume
plasmonic resonance (18-21). The resulting resonances are
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narrower than the usual molecular vibrational resonance frequen-
cies, allowing for sideband-resolved SERS with single optical reso-
nators and strong SERS enhancements (16, 22).

The single realization to date (17), however, relied on lithogra-
phy to define both the resonator and the plasmonic antenna. Lith-
ographic methods suffer two major drawbacks: They face a
roadblock in terms of SERS enhancement due to inherent poor
field confinement obtained with antenna gaps in the range of tens
of nanometers, and they are limited to a single cavity mode for hy-
bridization, precluding simultaneous pump and Raman emission
enhancement, mandatory to reach potential breakthrough molecu-
lar optomechanics applications. New architectures that leverage the
best plasmonic SERS structures such as ultra-narrow gaps and
atomically controlled metallic facets are needed (23, 24), with
tunable multimode operation that could aim toward single-mole-
cule sideband-resolved SERS.

Here, we report selective Raman enhancement in a new genera-
tion of hybrid resonators that combine state-of-the-art gap antenna
modes (25) together with a tunable Fabry-Pérot (FP) cavity (26).
This system allows reaching record SERS enhancements beyond
10" in a sideband-resolved regime, with the possibility to tune
the hybrid mode resonance frequency in situ and, thus, indepen-
dently and selectively enhance single Raman lines. The gap
antenna is made directly on one of the two FP mirrors and is essen-
tially the well-known nanocube-on-mirror (NCoM) geometry with
all its electromagnetic and structural advantages (25, 27). The
bottom-up fabrication approach that we adopt allows for a full com-
parison of the hybrid cavity performance with the bare constituents
from which it is made and, in particular, with the bare NCoM
system. We show that the tunable hybrid SERS performance is at
least equivalent in strength to the one of the ideal nanoantenna
system, with room for an improvement of three orders of magnitude
in SERS enhancement factor up to 10'* by optimizing the reflectors
and reducing the height of the spacer that forms the gap. This opens
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up the perspective of sideband-resolved single-molecule SERS and
of high optomechanical cooperativities with molecules.

RESULTS
We realize the system as depicted in Fig. 1 as a tunable hybrid cavity,
displaying both a strong field confinement and a high-quality
factor. The system consists of a monocrystalline gold nanocube
on top of a flat gold mirror forming an NCoM system (27), embed-
ded in a tunable, open-access FP microcavity interferometer (28,
29), and will be designated as NCoM-in-FP. The NCoM system ex-
hibits an in-plane magnetic dipole mode that radiates vertically
away from the mirror (30, 3I). This mode has a broad resonance
and exhibits very high local density of states (LDOS) in the
middle of the gap. The gold cube is separated from the mirror by
a thin AL,O; dielectric spacer layer whose thickness can be tuned
(1 to 15 nm) to control the gap resonance frequency. By placing
the NCoM in an FP cavity, created by a second concave mirror,
the cavity mode and plasmon antenna mode hybridize, combining
the electromagnetic field spatial confinement and LDOS of the
NCoM system and the narrow resonance of the FP cavity. This
hybrid mode realizes mode volumes V,, of around 107* A% and Q
factors of ~300. The hybrid resonator is used to selectively
address individual vibrational modes of molecules. More specifi-
cally, monolayers of biphenyl-4-thiol (BPT) are self-assembled on
the cube, automatically placing these molecules in the region
where the strong field enhancement from the NCoM is present.
By virtue of the small linewidth of the hybrid optical mode, it
becomes possible to achieve sideband-resolved SERS and have
well-controlled optomechanical interaction. The optical resonances
can be tuned with the cavity opening so that it can enhance both the
pump laser and a single vibrational line. To this end, the free spec-
tral range (FSR) is matched to the vibrational energy of the molecule
such that one cavity mode matches the pump wavelength, and
another matches the vibrational line of interest.

To elucidate the design characteristics, we discuss COMSOL
simulations of first the NCoM system, then the FP microcavity,
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Fig. 1. The nanocube in an FP hybrid resonator. (A) We realize a bottom-up
hybrid resonator for SERS that leverages the self-assembled NCoM system for
confinement, embedding it in a tunable FP cavity for tunability and sideband res-
olution. The nanocube is coated with BPT molecules, whose Raman emission en-
hancement can be tuned by changing the cavity mirror spacing. (B) Schematic
representation of the tunable dual SERS enhancement obtained with the hybrid
resonator, offering both pump and LDOS enhancement with sideband resolution.

Shlesinger et al., Sci. Adv. 9, eadj4637 (2023) 20 December 2023

and finally the hybrid system. We performed modal analysis to un-
derstand the hybridization of the NCoM system with the cavity
mode. To this end, we use the so-called quasi-normal mode
(QNM) formalism in the implementation reported by Yan
et al. (32).

The NCoM system supports several modes that have strong field
confinement in the gap (30). Our mode of interest is an (11) mode
with an in-plane magnetic dipole mode in the center of the gap,
visible in Fig. 2A. The resonance frequency of this mode can be
tuned by varying the spacer layer thickness or the cube dimensions.
For an Al,Oj; spacer thickness of 6 nm, a cube side length of 75 nm,
and a semitransparent 30-nm gold mirror, the LDOS and radiation
pattern of the (11) mode are shown in Fig. 2 (B and C) and display a
resonance wavelength near 820 nm. The LDOS is calculated near
the edge of the cube, 1 nm below the cube, where the molecules
are expected to be located. LDOS enhancement values of up to
24,000 are reached at Q = 22, which correspond to mode volumes
of order 1.3 x 107> \*. The LDOS has a relatively high radiative con-
tribution of around 34% despite the nanometer gaps and despite the
unconventional choice of just a thin 30-nm Au mirror (33). This
thin mirror is chosen such that in experiments we have transmission
through the mirror, which enables imaging the location of the
nanocubes inside the cavity by looking from outside the cavity
through the mirror (34). The radiation pattern of the (11) mode
has a strong lobe perpendicular to the mirror, as shown in
Fig. 2B, with an angular full width at half maximum (FWHM) of
45°. This radiation pattern is well matched to the modest numerical
aperture (NA) parabolic mirror that we will use to close the micro-
cavity, and is hence advantageous for efficient hybridization with
cavity modes. For reference, the radiation pattern of the vertical
dipole mode (10) is also shown. It has a radiation pattern whose
maximum is at 60° away from the surface normal, quite unsuited
for hybridization with an FP mode.

Next, we report on the microcavity properties that one can
obtain with a 30-nm-thick flat gold mirror and a 30-nm-thick par-
abolic mirror, also from gold and with a radius of curvature of 8 pm.
Electric and magnetic field intensities for a typical cavity mode are
shown, as well as cavity transmission, in Fig. 2 (D and E). We focus
on the fundamental transverse modes at low longitudinal mode
numbers m. The cavity resonances in the near infrared for a 3-um
cavity opening (yielding an FSR of 110 nm) feature optical quality
factors of ca. 250 mainly limited by the mirror thickness. The mag-
netic field experiences a maximum at the mirror surface, naturally
matching the in-plane magnetic dipole of the (11) mode of the cube,
making it ideal for hybridization.

The electric and magnetic field profiles of the hybrid resonator
mode combining the NCoM in an FP cavity are shown in Fig. 2F,
where we recognize the m = 2 cavity mode, obtained for an 800-nm
opening of the cavity. The hybrid character of the selected mode is
demonstrated by the strong field components in the nanogap that
are typical of NCoM systems. The LDOS, mode volume, and Q of
the hybrid mode depend on the spectral detuning between the
NCoM and the cavity resonances. Taking hybrid mode volumes
from the quasi-normal mode formalism (35), we find values on
the order of V,,, ~ 107* \> and Q ~ 100. The hybrid resonator
will thus allow reaching sufficiently narrow linewidths to enhance
single vibrational modes of the molecule, with only a modest loss
in field confinement compared to the NCoM without the closing

20of9

202 ‘$0 Afenuer uo 410NV Te BI080Us 105 MMM//SANY WO | PaPe0 lUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

Nanocube-on-mirror

A
l Out of image plane |H|

Fabry-Pérot cavity

Mode profile D Field enhancement

Max

Hybrid N

- B E G 850 830 810 H 850 830 810
< 03 830N
22 0.4 503 Mirror distance_~
RS ke} =250 k7 780 nm
i @ Q= 0.2 202 —
=1 £02 3 %“
. = A /SR
§ 2 £ 01 §01L 8
= © (= =
Qo V,=1310°0 - 0 WLl Transmission = 0
750 800 850 900 750 800 850  900|| &
Wavelength (nm) Wavelength (nm) g |
° 2 =
B o VAR
= e / \
= X A\ \
= s ’ ¥ iy
(S| 7 Total LROS enh. ¢
150 5 B Ny
g Naw
180 ¥4 LDOS en Q 0
350 360 370 350 360 370
L )L JU Frequency (THz) Frequency (THz)

F Mode profile

Wavelength (nm) Wavelength (nm)

Fig. 2. Simulation results obtained with COMSOL and quasi-normal modal analysis, comparing the NCoM antenna, the empty FP cavity, and the hybrid res-
onator metrics. Analysis performed with the MAN package (32). (A) Magnetic mode (11) profile of the NCoM tuned into resonance by a 6-nm alumina gap, featuring (B) a
strong LDOS enhancement with respect to a homogeneous alumina environment (p/po) for a vertical dipole placed below the corner and in the middle of the gap. (C)
Normalized radiation pattern of the magnetic (11) mode (red) with a vertical radiation direction as opposed to the usual dipolar (10) mode radiation pattern (light brown)
with a mostly tangential radiation. (D) Field enhancement in the empty FP cavity obtained by placing a curved mirror on top of a flat gold mirror [30-nm thickness as in (A)
to (Q)], illuminated by a 1-pm-waist Gaussian beam. (E) Transmission spectrum of the bare cavity showcasing Q factors greater than 200 for 30-nm-thick gold mirrors. (F)
Mode profiles of the NCoM in an FP cavity hybrid. The individual constituents are coupled through their strong H fields on the mirror surface. (G and H) Transmission
spectra of the hybridized cavity structure for varying mirror distances. The linewidth and resonance frequency change as a function of the detuning with the NCoM. (I)
Total LDOS enhancement for a vertical dipole placed in the middle of the gap below the cube’s corner reaching values up to those obtained with the bare NCoM, but with
an additional control on the quality factor and resonance frequency. (J) Crosscut of (I) for the FP cavity and the NCoM at resonance: The total LDOS (dashed) is a sum of
contributions of two hybridized quasi-normal modes, whose asymmetric shape arises from complex valued mode volumes (38).

mirror (one order of magnitude higher mode volume, very similar
LDOS values).

The properties of the hybrid resonances are explored by
mapping the LDOS at 1 nm below the cube corner as a function
of frequency and for different cavity openings (Fig. 2I). The
LDOS reaches high values above 10,000, of the same order as the
values calculated for the bare NCoM and an order of magnitude
higher than the state-of-the-art demonstrated hybrid plasmonic-
photonic resonators (17). For high-Q microcavities coupled
weakly to dipolar nanoantennas, it has been reported that the
LDOS follows Fano line shapes (16, 20, 36), evident as very sharp
and asymmetric features on the broad background of the plasmon
resonances. The diagram obtained for the LDOS in this system may
visually suggest an anti-crossing between two resonances but should
not be interpreted as strong coupling. Instead, Fano features appear
in the same spirit as in previous work (18, 37), with the main dif-
ference that the contrast between quality factors is smaller in our
system since the cavity Q is only one order of magnitude larger
than that of the antenna. This results in comparatively smooth
LDOS variations near the cavity frequency. Figure 2] shows the
LDOS spectrum when the cavity is on resonance with the
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antenna mode. The system exhibits two maxima in LDOS, which,
using QNM theory, we can decompose as being due to two hybrid-
ized eigenmodes. From a fit of the LDOS two-dimensional map and
using a semianalytical model (16), we conclude that there is a hybrid
coupling constant J/2m = 3.5 THz (see the Supplementary Materials)
to be compared with damping rates «/2n = 5 THz and y/2n = 17
THz for the cavity-like and antenna-like modes. These values indi-
cate that the system is not considered to be in the strong coupling
regime since the optical coupling strength between the two subsys-
tems is still smaller than both of the linewidths. The interaction
between the two modes results in non-Lorentzian line shapes for
the LDOS, typical of interference effects in dissipative, multimode
systems (38), which can also display negative contributions of a
single mode to the total LDOS. This can be quantified by the
complex nature of the mode volume derived from QNM analysis
(35), which here reaches notable non-real values up to Im(V,,)/Re
(V,,,) =~ 1. In this system, they arise mainly because of the interaction
of the two modes since for each bare constituent separately (the FP
cavity or even the NCoM antenna), the mode volume is mostly real
[Im(V,,)/Re(V,,) < 0.1]. This demonstrates the possibility of using
hybrid resonators to investigate dissipative coupling in molecular
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optomechanics, where the optical cavity resonance modulates the
damping rate of a molecular vibration, which can significantly facil-
itate reaching high cooperativity regimes (39).

The simulated transmission of an incident Gaussian beam
through the hybrid system is shown in Fig. 2 (G and H). When
tuning the cavity frequency over the NCoM resonance frequency,
the main effect is a modest decrease in quality factor. While this ob-
servation is in remarkable contrast to the strong feature in the LDOS
map, the predicted small variation in transmission is commensurate
with cavity perturbation theory (28, 40, 41). Cavity perturbation
theory predicts a complex-valued cavity frequency shift that is pro-
portional to the antenna polarizability, and is hence expected to be
fully imaginary for on-resonance coupling. The resulting reduction
in Q is mainly visible as a variation in the maximum cavity trans-
mission—the choice of 30-nm-thick mirrors allows reaching good
maximum theoretical transmission of around 30% and is ideal for
our SERS experiments, but the intrinsically modest cavity Q is
clearly not optimal for studies mapping cavity perturbation theory.

Next, we turn to experimental realization of the proposed plat-
form. First, we fabricate flat mirrors by physical vapor deposition of
30 nm of Au on glass, over which we apply a thin spacer of Al,0;
using atomic layer deposition (15 monolayers). This spacer is pre-
cisely chosen to place the NCoM resonance frequency [see (42) for
experimental tuning calibration] between the pump and the Stokes
sideband so as to increase the white-light (WL) signature of hybrid-
ization, and at the same time allowing for a fair comparison of the
hybrid with respect to the bare NCoM construct. To facilitate cavity
alignment, the flat mirrors in our experiment are mesas carved out
of a glass substrate. The NCoM system is formed by dropcasting 70-
nm gold nanocubes (Fig. 3B), which have been previously function-
alized with BPT molecules by self-assembly over a 12-hour incuba-
tion period. For the second mirror forming the FP cavity, we use
concave mirrors, fabricated by CO, laser ablation of glass (26, 43)
and subsequent coating by physical vapor deposition of 30 nm of
gold. From atomic force microscopy (AFM) measurements of the
fabricated concave features, we estimate an NA = 0.24, a radius of
curvature of R = 9 um, and a roughness before coating of below
0.5 nm.

To interrogate the system, we use a microscope setup that can
perform measurements in transmission and reflection (Fig. 3A).
At the heart of the setup is an assembly of micromechanical
stages for positioning the curved mirror and the flat mirror relative
to each other, and in the focus of the microscope objectives (XYZ
and tip/tilt degrees of freedom). For the flat reflector, XYZ piezo
actuation assures fine positioning of the cube, also allowing us to
compare NCoM systems and flat mirror responses without modify-
ing the setup. The curved reflector can be scanned such that we tune
the cavity opening. Mechanical drifts of around 10 pm/s result in
cavity frequency instabilities of 20/m pm/s, with m the cavity
mode order. The setup is equipped with a supercontinuum white
light source and with a narrowband tunable diode laser (Toptica
DL-Pro 780, 50-nm tuning range) as Raman pump laser. A galvanic
mirror system allows for confocal imaging and fine positioning of
the excitation spot. We use a camera for positioning and alignment,
and a fiber-coupled Andor spectroscopy system (Andor Shamrock
A-SR-303i-B-SIL) equipped with a cooled silicon charge-coupled
device (CCD) camera (Andor iVac A-DR324B-FI) for spectroscopy.
The Raman pump light is rejected with a set of two notch filters
(Thorlabs NF785-33). This setup allows for dark-field scattering,
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cavity transmission, and SERS measurements—all in both reflec-
tion and transmission. Moreover, in the same setup, we can
compare cavity-NCoM performance with the bare NCoM system
performance measured on the same nanocube. Last, markers in
the sample allow comparing individual cube data to scanning elec-
tron micrographs, and to extinction spectra that we take in a sepa-
rate setup reported in (42).

First, we plot the extinction spectrum of a bare NCoM in Fig. 3C,
obtained using a low NA objective. It shows the response to the
supercontinuum laser, filtered with an acousto-optical tunable
filter (Crystal Technologies) over approximately 5 nm, whose
center frequency is scanned. We obtain a resonance with Q = 17
similar to what is expected from the simulated LDOS for the (11)
NCoM mode. For the same cube, Fig. 3D shows a bare NCoM
SERS spectrum. The SERS spectrum (with the region around the
pump wavelength blocked by a notch filter) shows a broad and fea-
tureless line shape that is very close to the cube extinction reso-
nance, and which we interpret as the SERS-enhanced electronic
Raman signature of gold (44). Vibrational Raman lines of BPT
appear on top of this background. The anti-Stokes signature is, in
this case, less significant because of the red detuning of the cube
resonance relative to the pump wavelength. Figure 3 (E to G) high-
lights properties of the cavity system in the absence of any cube. In
Fig. 3F, we report transmission versus wavelength as we open and
close the microcavity using a saw-tooth voltage applied to the z-
piezo. A tapestry of cavity transmission resonances is clearly
evident, with the main bright lines corresponding to fundamental
modes of different longitudinal mode number. The fainter features
in between the bright resonances are due to higher-order transverse
modes. This interpretation is confirmed by real-space imaging of
the cavity output in transmission on a camera. Figure 3G reports
transmission at a fixed cavity opening of 1.5 um, showing that we
can routinely access longitudinal mode orders down to m = 3 and
above (up to m = 10 typically), with Q factors scaling from 100
to 300.

We can now assemble hybrid resonators and perform mode scat-
terometry and SERS. Figure 4A shows transmission versus wave-
length of a cavity of fixed geometry with and without a metal
nanoantenna. We accomplish this by sideways movement of the
flat mirror to scan the nanoantenna into and out of focus of the
cavity. We observe a small red shift of the cavity resonances, and
evidence for a reduction in cavity Q, through a broadening and a
reduction of the transmission peak height. As per Fig. 2, we
expect mainly a Q-factor reduction in the present operating
regime. The Q drops approximately from 280 to 220, as expected
for an m = 5 mode and a hybrid coupling strength of J/2m = 2
THz. The presence of the nanoparticle also results in a dispersive
shift of the cavity frequency due to a modification of the optical
path length. This is best visualized when plotting the shift of the
FSR Afpsr normalized by the resonance frequency f,, as shown in
Fig. 4B. Afgsr/fin = 1/m is a constant that does not depend on the
cavity opening and allows to get rid of the instabilities arising from
the lateral piezo movement. Since for each cavity mode the frequen-
cy shift depends on the detuning with the nanoparticle, the normal-
ized FSR is shifted when the cube is scanned laterally through the
cavity. Both the linewidth increase and the dispersive shift are ob-
served over a lateral displacement distance of around 1 pm. This dis-
tance is given by the lateral extent of the cavity mode at the mirror.
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Fig. 3. Optical characterization of the bare constituents. (A) Homebuilt confocal Raman and white-light spectroscopy setup working in both reflection and trans-
mission. The sample position is controlled with two sets of piezos allowing cavity and NCoM alignment. The SERS excitation laser is tunable to match the cavity, while the
cavity opening tunes the cavity resonance and FSR. (B) Transmission electron microscopy image of a typical nanocube and dark-field image of NCoM structures. (C)
Extinction spectrum of a bare NCoM whose resonance frequency is tuned to 820 nm using a 2-nm alumina gap. The LDOS enhancement spectrum simulated for a
dipole under the cube corner is shown for comparison (dashed). (D) SERS spectrum (black line) taken on the same NCoM displays a broad background from electronic
Raman of the gold with a spectral shape similar to the extinction spectrum (red). The distinct peaks above it are characteristic Raman lines of BPT molecules that were
previously coated on the nanocube. (E) Atomic force micrograph of the curved mirror fabricated using CO; laser ablation, which results in curved and smooth ~300-nm-
deep concave features with a radius of curvature of about 9 um. The inset shows a camera image of the bare cavity in transmission (scale bar, 10 pm). (F) Measured
transmission spectra of a bare cavity for a saw-tooth displacement of the z-piezo that controls the cavity opening, which allows tuning the cavity modes resonance. (G)
Transmission spectrum for a fixed mirror distance of 1.5 um. A cavity resonance with Q = 130 at the m = 3 longitudinal mode order is extracted from a Lorentzian fit.

Figure 4D shows Raman spectra of the sample where the pump
laser wavelength is fixed at 771 nm, and we modulate the cavity
length back and forth. In general, the vibrational lines of BPT,
which should appear as vertical features in the diagram (since the
laser is fixed), are hardly visible because of the fact that when used
off-resonance, the cavity transmission function blocks the pump
and the signal, making efficient pumping and signal collection im-
possible. Nonetheless, the fact that we scan the cavity is evident as
faint diagonal stripes, indicative of enhancement of the electronic
and molecular SERS by the fundamental and higher-order cavity
resonances. Whenever a hybrid cavity resonance overlaps with a
molecular line (e.g., at 841 nm for the blue circle), a bright burst
of SERS signal is collected, indicating hybrid enhancement of the
SERS signal. Single crosscuts for SERS enhancement of three differ-
ent individual vibrational lines are shown in Fig. 4E and correspond
to the spectra at the position of the bright spots marked by circles in
Fig. 4D. They correspond to the 1079, 1281, and 1586 cm™' BPT
Raman lines, respectively, and illustrate how the cavity allows for
selective enhancement of the Raman signal by modifying the
LDOS frequency landscape felt by the molecules.

Next, our ambition is to optimize the use of the selective cavity-
enhanced plasmonic SERS and to quantify the performance relative
to standard NCoM SERS. First, we realize that in Fig. 4, the perfor-
mance is limited because the system offers a cavity resonance at the

Shlesinger et al., Sci. Adv. 9, eadj4637 (2023) 20 December 2023

Raman-shifted frequency but does not also offer a hybrid resonance
for pump enhancement. Second, to quantify performance, we
perform quantitative count rate comparisons for cubes with and
without the closing cavity mirror. Figure 5 summarizes the
results, with a direct correlative comparison white-light response
of the resonator and the resulting SERS spectra.

The results for the reference NCoM [cube geometry verified by
scanning electron microscopy (SEM)] without the top mirror are
shown in the first column. Figure 5A shows the extinction spectrum
featuring the broad Lorentzian resonance of the NCoM (11) mode.
The SERS response shown in the bottom panel, taken with the NA =
0.7 objective from the air side of the NCoM, follows closely this res-
onance and features enhancement of both gold electronic Raman
and the BPT lines.

Figure 5 (C and D) shows, respectively, cavity transmission and
Raman spectra measured in transmission for the hybrid structure.
For each column of graphs, one cavity mode is tuned to enhance the
pump, while at the same time the FSR is tuned so that a second
mode enhances the 1079, 1281, and 1586 cm™" lines, successively.
Not only is sideband resolution obtained, with sideband resolution
Q,n/Kegr =25 (Where K. is the cavity linewidth broadened by hybrid-
ization), but the relatively good Q of the cavity allows for specific
vibrational line enhancement at will. All measurements are ob-
tained for the same sample by simply varying the cavity opening.

50f 9

$202 ‘70 Afenuer Uo 4O NV Te B10°30Us 195 MMM//:SANY WO | PaPE0 JUMOC]



SCIENCE ADVANCES | RESEARCH ARTICLE

Transmission SERS
A — Mcts/s P . cts/s
5 g
~ 6 1.5 €
o (7]
A = 1 g
T 4 e
- 2
Qo 2 0.5 ©
o o
% 0 0 R
B & T 750 800 850 900
3
g 1 Wavelength (nm)
= E 771 836 912
O A I\ A 20 F '
850 800 750 700 !Pum
Wavelength (nm) | P
< & .0
1] F 10 T T
w5 024 Nanoparticlef| k] |
o I %
< 0.2395 I w 0
=, 1 ! 1 v
N | 10 T T
T
= 15} I |
s |
T | 0
= 125 ! L | ; .
L

0 2 4 6
x-piezo displacement (um)

0 1000
Raman shift (cm™)

2000

Fig. 4. Signature of hybridization and selective LDOS enhancement. (A) Cavity transmission spectra when laterally displacing a nanoparticle from the outside into the
cavity space. (B) Crosscuts comparing the bare cavity transmission (blue) with the hybridized cavity transmission [orange curve, corresponding to the dashed line in (A)].
(€) Variations in FSR and linewidth of the m = 4 cavity resonance [blue box in (A)] as a function of cube position, showing how the nanoparticle induces a dispersive and
dissipative shift of the cavity resonance. (D) Raman spectra of the same hybrid for varying mirror distances. This allows selectively enhancing single Raman peaks of the
BPT molecules. (E) Crosscuts corresponding to the selective enhancement of three main BPT Raman peaks indicated by circles in (D).

The Raman signal also shows enhancement of electronic Raman
background from higher transverse order cavity modes that are
only weakly visible in cavity transmission. They arise from slight
imperfections of the cavity (slightly tilted mirrors, non-Gaussian
curvature) and from the NCoM not being exactly positioned at
the exact center of the cavity.

For both the hybrid resonator and the bare NCoM system, the
same input laser power of 200 pW has been used; it is remarkable
that, essentially, the same SERS count rates at given input power are
obtained for the NCoM and the hybrid resonator, despite the fact
that pumping and collection are now through two partially opaque
metallic films and at a much lower NA (collection NA for the cavity
transmission is 0.28). This eliminates the hypothesis of a cavity
simply acting as a transmission filter for the Raman signal produced
by the NCoM, since in that case, one would obtain at least a 20 times
reduction in signal (5% of cavity transmission measured at reso-
nance) with an additional reduction related to mismatch between
collection NA and NCoM emission pattern. Consistent with the ob-
served similar count rates, a detailed analysis presented in the Sup-
plementary Materials shows that the hybrid resonator allows
reaching SERS enhancements that are equivalent to SERS enhance-
ments obtained with bare NCoMs in optimal experimental settings
but with the important feature of working well beyond the side-
band-resolved regime. The estimated SERS enhancement factor

Shlesinger et al., Sci. Adv. 9, eadj4637 (2023) 20 December 2023

for both structures when considering input and output coupling ef-
ficiencies is above 10”.

DISCUSSION
We presented a novel tunable hybrid resonator consisting of an
NCoM plasmonic antenna placed inside an FP cavity and benefiting
from both the strong electromagnetic enhancement in the gap and
the high-Q tunable resonance of the cavity. The resonance frequen-
cy of the hybrid mode can be tuned by changing the cavity opening,
allowing enhancing specific Raman lines and placing the system
well inside the sideband-resolved regime. The hybridization has
been first rationalized using a rigorous modal analysis and finite
element modeling, which also showed the potential of this structure
to study dissipative optomechanical coupling (39). Experimental
demonstration of in situ tunable sideband-resolved SERS using
gap plasmonic modes has been shown. A quantitative comparison
of the hybrid resonator and the bare nanoantenna resonator perfor-
mance allowed by our bottom-up fabrication approach shows that
the SERS enhancements of the hybrid outperforms the NCoM,
owing to its two cavity modes resonantly enhancing both pump
and Raman emission, as underpinned by the semianalytical
model presented in the Supplementary Materials.

Further optimization by several orders of magnitude is possible
by considering the tuning of the NCoM resonance wavelength. We
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have chosen to work with NCoMs with resonances tuned between
the laser pump and the Raman line wavelengths, not because it is
optimal for the hybrid resonator, but because it is optimal for the
bare nanoantenna system and also because it results in the strongest
white-light transmission signatures of hybridization as shown in
Fig. 4. Thus, this choice allows for a conservative comparison
between the hybrid resonator and the nanoantenna. Nonetheless,
even for large cavity-antenna detunings (on the order of a few
antenna linewidths), the hybridized cavity mode can sustain high
LDOS and field enhancement values on par with the maximum
values obtained for the bare NCoM (20). This unique property
can be used to maintain sideband resolution with the cavity mode
while reducing undesired photon scattering into the broad antenna
mode by working with a far detuned antenna with respect to the
pump and the Raman lines. This can, for example, allow us to
strongly enhance the Stokes process while avoiding most of the
anti-Stokes scattering, leading to phonon buildup and nonlinear
Raman scattering (6). For example, by red-detuning the antenna
by two antenna linewidths (w; — w, = 2y), the total anti-Stokes scat-
tering can be suppressed by a factor of 40 compared to the resonant
antenna case while reaching a similar Stokes scattering rate than the
resonant antenna (see the Supplementary Materials). Inversely, in
the opposite configuration, the hybrid can be used to strongly sup-
press the Stokes process, which is required to reduce the laser-
related noise in mid-infrared (IR) upconversion schemes (12,
13, 45).

Overall, the optomechanical cooperativity of the hybrid resona-
tor is just limited by the performance of the antenna mode that is
used, and by reducing the gap size of the NCoM system down to the
single-digit nanometer scale (which would advantageously red-
detune the antenna mode at the same time), one could tend
toward SERS enhancement factors of order 10" paving the way
for integrated sideband-resolved single-molecule SERS (46, 47),
and for the high optomechanical cooperativity regime necessary
for low-noise upconversion or to observe nonlinear effects (9, 11)
such as phonon lasing. The NCoM-in-FP multimode geometry is
also a perfect candidate for multitone optical driving, which pro-
vides prospects of studying squeezed mechanical states or demon-
strating entanglement of multiple molecular mechanical resonances

Shlesinger et al., Sci. Adv. 9, eadj4637 (2023) 20 December 2023

(48, 49). Collective effects and even stronger coupling are within
reach by inserting multiple cubes coupled through the same
cavity mode.

MATERIALS AND METHODS
Fabrication
For the NCoM, a quartz substrate is pretreated, where a platform
elevated from the rest of the substrate by a few hundred micrometers
is created using a water jet and facilitates the cavity alignment. After
that, electron-beam evaporation is performed using a Polyteknik E-
Flex, depositing 30-nm Au at a deposition rate of 0.5 A/s. A 2-nm
adhesion layer of Cr is used. The thickness of the gold layer is a com-
promise between visibility of the cubes in microscopy and the
quality of the plasmonic cavity. An Al,O3 spacer layer of variable
thickness is grown on top. We dropcast nanocubes (75 nm
nominal, Nanopartz), previously incubated for 12 hours in a 1
mM BPT solution in anhydrous ethanol to form a self-assembled
molecular monolayer, and performed dark-field microscopy to
verify successful assembly of the NCoM system. The typical
single-cube radiation pattern in dark-field microscopy, observed
for a spacer of 2 nm, is shown in Fig. 3C. The donuts are observed
for a high-NA dark-field objective, where the WL impinges the
sample only at high angles. For lower NA, we collect the magnetic
mode 11, which gives filled round shapes. Each structure is imaged
on the SEM to verify that the nanoparticle under study corresponds
to a single nanocube. This step is done after all the SERS measure-
ments have been performed to avoid molecule damage from the
electron beam.

For the curved mirror, we use CO, laser (Synrad 48-1 working at
A = 10.6 pm) ablation to create concave mirrors. We use a home-
built setup in which we focus a pulse of 100 ms and 300 mW to a
tight spot using an IR lens (black diamond, NA = 0.5, Thorlabs). We
tune the exposure dose and focusing to obtain mirrors with a radius
of curvature of around 9 um and a depth of 350 nm. These mirrors
can subtend an NA of 0.25. We verified the mirror topography by
AFM (Veeco Dimension 3100), observing a roughness below
0.5 nm.
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Optical setup

The measurements are performed on a homebuilt confocal Raman
spectroscopy setup shown in Fig. 3. White-light extinction and
transmission spectra are obtained using a supercontinuum laser
(Fianium WL-SC-390-3) and detected with a fiber-coupled spec-
trometer (Andor Shamrock A-SR-303i-B-SIL) equipped with a
cooled silicon CCD camera (Andor iVac A-DR324BFI). The laser
is focused using a Nikon, glass-compensated, 60x objective (NA
= 0.7) and collected by the same objective when working in reflec-
tion or by a long working distance Mitutoyo 10x Plan APO objec-
tive (NA = 0.28) when working in transmission. Excitation for the
Raman spectra is performed with a narrowband tunable diode laser
(Toptica DL-Pro 780), spectrally cleaned with a pair of band-pass
filters (Semrock TBp01-790/12). Before insertion of detected light
into the collection fiber, Rayleigh scattered light is filtered with a set
of two notch filters (Thorlabs NF785-33). Laser power is set to 200
uW, and the spectra are integrated over 1 s. The cavity is aligned
with a set of three-stage piezoelectric translations (Jena Tritor) for
the planar mirror containing the nanocubes, and a linear z-piezo-
electric stage (Nanofaktur PPO) for the curved mirror.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S4

Tables S1 and S2
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