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ABSTRACT: Molecular optomechanics describes surface-en-
hanced Raman scattering using the formalism of cavity
optomechanics as a parametric coupling of the molecule’s
vibrational modes to the plasmonic resonance. Most of the
predicted applications require intense electric field hotspots but
spectrally narrow resonances, out of reach of standard plasmonic
resonances. The Fano lineshapes resulting from the hybridization
of dielectric—plasmonic resonators with a broad-band plasmon and
narrow-band cavity mode allow reaching strong Raman enhance-
ment with high-Q resonances, paving the way for sideband resolved
molecular optomechanics. We extend the molecular optome-
chanics formalism to describe hybrid dielectric—plasmonic
resonators with multiple optical resonances and with both free-
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space and waveguide addressing. We demonstrate how the Raman enhancement depends on the complex response functions of the
hybrid system, and we retrieve the expression of Raman enhancement as a product of pump enhancement and the local density of
states. The model allows prediction of the Raman emission ratio into different output ports and enables demonstrating a fully
integrated high-Q Raman resonator exploiting multiple cavity modes coupled to the same waveguide.

KEYWORDS: SERS, nanophotonics, plasmonics, optomechanics, integrated photonics

B INTRODUCTION

It is well understood that the electromagnetic enhancement in
surface-enhanced Raman spectroscopy (SERS)'™ benefits
both from the electromagnetic field enhancement of the
pump field driving the Raman process and from the
plasmonically generated local density of optical states
(LDOS) enhancement for the emission at the Stokes and
anti-Stokes sidebands.”™® It stems from a second-order
perturbation description of the two-step Raman process.”’
The enhancement will thus depend on the exact response
function of the plasmonic system at those frequencies and can
be computed using the Green tensor and numerical solvers for
nontrivial geomet1‘ies.6’w’11 Recently, the new formalism of
molecular optomechanics was introduced, showing the analogy
of SERS with cavity optomechanics.'” It describes the Raman
process as an optomechanical interaction between a localized
plasmonic resonance and a molecule’s nuclear motion. The
coupling of light and motion stems from a dispersive shift of
the plasmonic resonance upon the molecule’s vibrational
displacement.'”'*™'* The cavity optomechanics viewpoint
allows a consistent description of optical forces on the
molecule’s vibration inducing quantum and dynamical back-
action,'* which were previously described phenomenologically
as vibrational pumping and as plasmonic asymmetry factor."
Furthermore, with the correct description of coherence in the
© 2021 The Authors. Published by
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optomechanical interaction, new phenomena such as collective
effects have been predicted,16 and within state of the art in
plasmonic nano- and picocavities,” one could envision
promising applications such as coherent quantum state
transfer'® and entanglement between photons and pho-
nons™” %! at high frequencies (1—100 THz), where no cooling
is required. Very recent experimental works have already
demonstrated mid-IR-to-visible transduction using this
scheme.”*?*?

Cavity optomechanics often operates in the so-called
“resolved sideband regime”, wherein the mechanical frequency
exceeds the optical linewidth.** This, for instance, is deemed
crucial for cooling of macroscopic motion through selectively
enhancing anti-Stokes scattering” and to reach coherent
conversion from photons to phonons and back.'”™*" The
molecular optomechanics equivalence would be to have access
to optical resonators with linewidths narrower than the
vibrational frequency of the molecular species at hand, yet
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nonetheless exceptionally good confinement of the electric
field for large coupling to the Raman dipole. This regime is not
easily reached with plasmonics, as resonators typically have
quality factors Q ~ 20, meaning linewidths larger than or
comparable to vibrational frequencies (500—1500 cm™').
Conversely, conventional higher-Q dielectric resonators
typically have poor mode confinement and hence poor SERS
enhancement.”® This can in principle be compensated by
increasing the quality factor of the cavities to reach SERS
enhancements above 10* with, for example, whispering gallery
modes (WGMs) of Q =~ 10%>” Nonetheless, these narrow
optical resonances have linewidths below 1 GHz, 2 orders of
magnitudes smaller than usual Raman linewidths, and thus
only enhance a small fraction of the vibrational resonance. In
the last few years, hybrid photonic—plasmonic resonators have
emerged, in which hybrid resonances of dielectric microcavities
coupled to plasmonic antennas are used.”* ** Theoretical and
experimental evidence points at plasmonic confinement (<A*/
10°) with microcavity quality factors (Q > 10°).**3°

In this work, we report on a semiclassical molecular
optomechanics model for waveguide (WG)-addressable multi-
resonant hybrid photonic—plasmonic resonators coupled to
molecular mechanical oscillators. This work has several
important novelties. First, in evaluating the SERS enhance-
ment, previous work on hybrid resonators has generally
approximated the optical system as a single Lorentzian
resonance.”’ In contrast, even the simplest hybrid resonators
show Fano lineshapes in their response function,’ responsible
for the SERS enhancement factors. Thus, we expect SERS in
hybrids to be controlled by a spectrally complex structure in
LDOS, encompassing high-Q Fano lines and a low-Q plasmon-
antenna-like contribution. Our semianalytical model correctly
describes these intricate response functions over the entire
frequency range, requiring only parameters from the bare
resonators extracted from full-wave numerical modeling. Other
approaches based on the Green tensor also allow us to derive
Raman enhancements for coméplex photonic systems but rely
on fully numerical calculations”'" or on a quasi-normal mode
formalism.'® Second, we extend this work from simple hybrid
dielectric—photonic resonators to hybrids in which a single
antenna hybridizes with multiple microcavity modes. This
allows further control of SERS, through the accurate
engineering of the structured photonic reservoir for Stokes,
pump, and anti-Stokes frequencies independently. This
scenario could be achieved with any whispering gallery mode
(WGM) cavity system, with free spectral ranges that match
vibrational frequencies.””*’ Finally, a main generalization of
our work over earlier works is that we include input—output
channels. Indeed, in prospective molecular optomechanics
experiments with hybrid dielectric photonic resonators, a
waveguide can be specifically and efficiently interfaced with the
cavity, to address hybrid resonances.”’ Using different input
and output channels opens up new scenarios for detection
schemes, like, for instance, pumping from free-space and
collecting the Raman scattered power distributed over one or
different output waveguide ports. This means that it is
important to determine the ideal pumping and collection
scheme. Our semianalytical model illustrates the potential and
trade-offs for waveguide-addressable hybrid photonic—plas-
monic resonators for physically relevant parameters for cavities
and plasmon antennas taken from full-wave numerical
modeling.*” We derive realistic and quantitative predictions
for SERS enhancements that can be compared with those
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obtained with the usual bare plasmon nanoparticle antennas.
We finally show how the hybrid resonators will be a key
platform to reach lower noise THz to visible transduction
using molecular optomechanics and how the transduced signal
is shared between the different output ports.

B HYBRID MOLECULAR OPTOMECHANICS
FORMALISM
We first consider a single-mode hybrid resonator composed of

a plasmonic antenna coupled to a high-Q dielectric cavity
(Figure 1). The model is based on semiclassical Langevin

optomechanical
coupling

Raman Intensity

Frequency

Figure 1. Raman scattering enhanced by a hybrid dielectric—
plasmonic resonator. Top: sketch of a typical system: the spectrally
narrow modes of a dielectric cavity hybridize with a plasmonic
antenna resulting in high-Q small-mode-volume resonances, ideal for
sideband resolved molecular optomechanics. Light can couple in and
out through different ports such as the free-space or waveguides.
Bottom: the hybrid system can be used to enhance both the laser
pump and Raman sidebands, even in the sideband resolved regime,
where the linewidth of the optical resonances are narrower than the
mechanical frequency €.

L 12,14 . :
equations "~ where a plasmonic antenna, described as a

polarizable electrodynamic dipole scatterer, is coupled to a
microcavity mode, quantified by a resonance frequency, mode
volume, and intrinsic damping rate. In short, this model can be
reduced to a description in terms of coupled equations of
motion for two harmonic oscillators.”” The single-cavity mode
is described by the field amplitude c(w) such that lc(w)I? is the
normalized energy contained in the mode, with a resonance
frequency @, and a damping rate k. The excitation of the
antenna is quantified by its induced dipole moment p, which
derives from its polarizable nature. We assume a polarizability
with resonance frequency w,, oscillator strength f, and a total
damping rate y,(®) =7, + ¥,.a(®), taking into account intrinsic
ohmic losses and frequency-dependent radiation losses

2
ql@) = %.43 The dynamic antenna
0

s

polarizability is then given by a,(w) = p— Similarly

assumed in vacuum Y,

to the cavity mode, the antenna field will be described by the

field amplitude a(®) = \/(12)—ﬂ p. We consider each of the two

optical resonators to be coupled to a unique port: a waveguide
for the cavity mode and free space for the antenna. A vibrating
molecule is placed in the hotspot of the antenna ry, and its
vibration, corresponding to the stretching or compression of a
specific molecular bond, is also described as a harmonic
oscillator with a mechanical coordinate x,, a resonance
frequency Q,, and a decay rate I',. The parametric Raman

https://doi.org/10.1021/acsphotonics.1c00808
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process is described as an optomechanical interaction between
the molecule’s vibration and the optical fields at its
position.'”'* The Langevin equations for the three harmonic
oscillators (antenna, cavity, and mechanical modes) are written
in the rotating frame of a laser pump of frequency @y, (see the
Supporting Information)

i+ (mi@y — @) +1/2)a — ix(Ga + Guout) = iJc = il i Sina

¢+ (o, — @) + k/2)c—ix,(Gc + Gooit) — iJa = M K S

h *
&+ Qa1 & — ;(Galal2 + Gl® + G (a¥c + ac™) = E/m

(1)
In these equations, the cavity and antenna are linearly coupled
through a hybridization strength [Jl. This term describes the
purely electromagnetic coupling between the two resonators:
the antenna driving the cavity mode or the cavity polarizing the
antenna. The magnitude of ] depends on the confinement of
the cavity field at the antenna position parametrized by the
mode volume V,, the oscillator strength of the antenna f, as
well as the orientation of the antenna with respect to the cavity

- o 1 .
field polarization. It is written as |Jl = - /iv , where V_is the
€oVe
2

effective cavity mode volume felt by the antenna V. = T
0'Fc\To

with E.(r,) = ep'fic(ro) the normalized mode profile of the
cavity field along the antenna polarization axis e, at the
position of the antenna, and simply written as E_ in the
following. The hybrid coupling then appears as a dipolar
coupling rate between the antenna dipole and the cavity field.
The optomechanical coupling arises from a modification of
the antenna and the cavity resonance frequencies due to the
vibration of the molecule and is described by the
optomechanical coupling strengths G, and G, between the
molecule with either the antenna or cavity mode, and can be
evaluated using first-order perturbation theory yielding'”

Jda,

m_

Bl 2€4€V, . Ox,, 4

,

a,c a)a,c

a,c

- oa
E, (r)P—=
a,c( 0) ().X?

m

@)
where, similarly to the cavity mode, we have introduced an
2 ith E,(r,) the

eoslﬁa’c(ro)lz’ wi
normalized mode profile of the antenna, evaluated at the
position of the molecule, and simply written E, in the
following. The overlapping optical fields of the antenna and the
cavity at the position of the vibrating molecule result in a

crossed optomechanical coupling whose coupling strength can
G = +/G,G. (see the Supporting

Cross
Information). Two different inputs are considered for the
laser pump, either a free-space input where a far-field pump
directly polarizes the antenna, or, waveguide input selectively
exciting the cavity modes, with input amplitude and coupling
efficiencies s;,, and 7,;, for the antenna, and s,, . and 7, for
the cavity mode. The input amplitudes are normalized such
that s, |* is the optical power entering at a given port. F,
describes the input mechanical fields, which is here considered
to be only thermal fluctuations. We thus arrive to the same
coupled equations as derived by Roelli et al,'” however
extended to take into account multiple optical modes and by
adding the framework of input—output theory to the equations
of motion, that can model different input and output channels.
We note that while the equations and phenomena considered

here are classical, they could readily be extended to include

antenna effective mode volume V, =

be approximated as
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quantum fluctuations by introducing noise terms with
appropriate correlators.

In the present work, we are only interested in the low-
cooperativity regime, which is the most experimentally
relevant,'> and we can thus neglect the back-action of the
optical fields on the mechanical resonance, i.e., consider only
thermal—mechanical fluctuations x,, due to F.,. The optical
resonator amplitudes in the third equation of eq 1 will then be
neglected, which discards the laser quantum back-action as
well as dynamical back-action on the mechanical mode. The
noise spectral density of the molecule’s vibration is then given
by the quantum Nyquist formula**

fih

Q-9+ (I,/2)°

+ g, + 1
@+ Q) + (1,/2)

Sxx(Q) = xzpfrml

()

_ 1)‘1]

for a bath at temperature T and the zero point amplitude x,
These mechanical fluctuations will translate into optical Raman
signal through the optomechanical coupling with the antenna
and cavity modes as described by the two remaining Langevin
equations for the optical fields. These can be linearized by
decomposing the fields in a steady state plus a fluctuating part,
a—a,+a, c— 0.+ and x,, = %, + x,,. Finally, the small
frequency shift due to the steady-state mechanical displace-
ment X, ~ 0 is absorbed in the definition of @, and w_. The
steady-state solutions were found by setting a = ¢ = 0, and we
get

"o,
kT

with the mean phonon occupation n, = (exp(

aa = }(a/( Winland Sin,a + i]*)(c1/”in,cK sin,c)
ac = )(c/(wlrlin,cK sin,c + i])(u ”in,ayrad Sin,a) (4)

They correspond to the solution of a Rayleigh scattering

process. The susceptibilities of the bare cavity mode y, and
antenna mode y, are
i

x(w) = ———

o — a)a+1;“

2
= —i—wao(a})

i

K (o) = — o

= o + i s)

The antenna and cavity response are modified by the hybrid

coupling J, which yields new hybridized susceptibilities . and
X, for the two optical modes

, Z,
1, (@)

a,c

- 1+ IJIZ;(a)(C (6)

They can be seen as the bare constituents susceptibilities,
dressed by an infinite series of antenna—cavity scattering
events. The antenna having a very broad response compared to
the cavity, the hybridized susceptibility y,, will display a Fano
resonance at the frequency of the cavity.”™

The fluctuating part of the field (© # 0), responsible for the
Raman scattering, is expressed in the frequency domain, and
we keep only terms that are first order in the fluctuations (i.e.,
X, Xn¢ = 0)
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Gcrossac)

Y.
[a)L +Q—-w + i;a)a + Joe = —x,(Ga@, +

GCI’OSS(YG)

K
(a)L +Q -+ iz)c + Ja = —x,(Ga. +

(7)

Note that the fluctuations are evaluated at the frequency w; +
Q. To evaluate the Stokes or anti-Stokes sidebands, we will
later set Q = FQ, . The right-hand side of the equations shows
that the source terms for the optical fluctuations arise from a
sum of direct and crossed optomechanical coupling with the
mechanical vibration. The first is given with a rate G, or G,
and the second through crossed optomechanical coupling
Gaoss; they are directly proportional to the steady-state
solutions obtained previously. Both of these processes are
described by an effective optomechanical coupling G:fé =
G, 0, + Geosl,, taking both the coupling rate and the steady-
state solutions into account. We finally obtain the solutions for
the fluctuations

a(op + Q) = i, (G + 7Gx, (Q)

o, + Q) = iz, (G + 74,6 (@) ©
with all of the susceptibilities evaluated at the emission
frequency o + Q. The antenna and cavity fluctuations a and ¢
appear as a transduction of mechanical fluctuations x,, with a
modified response due to the hybrid coupling characterized by
J. The case with only a bare antenna corresponding to the
usual SERS experiments is retrieved by setting | = G, = 0,
yielding

abare(wL + Q) = ixm(g)){a (wL)Gac_!a (9)
Following the optomechanical formalism put forward in ref 12,
with no back-action on the mechanical mode, we have arrived
at a set of coupled classical equations where the optical
fluctuations of the modes (inelastic process @ # @, ) are driven
by mechanical vibrations of the molecule.

Raman spectra scattered by the antenna to the far-field S
and the cavity to the waveguide S
expressed as

ant

v can be immediately

Sant(wD = + Q) = na’out}/mdla(wD)lz
2
Scav(wD =y + Q) = ﬂc‘outldC(G)D)l (10)

where @y, is the frequency of detection.

To obtain Raman enhancements factors, the spectra are
normalized by the emission of the molecule in the
homogeneous medium, in the absence of a resonator, given
for the same excitation and collection conditions. This
reference situation is modeled as the scattering of the Raman
dipole of the molecule,’ in which

oo
pR (a)D = Wy + Q) = axm(Q)Einc(wL)

m

(11)
where E, is the incident field at the position of the molecule
(see the Supporting Information). Using Larmor’s formula,*®
one obtains the reference Raman scattered spectrum for the

molecule in a homogeneous medium of index n = 1
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2
4
@p

da
ox

m

Sref(wa a)L) = sacx(sz)lEinc(a)L)l2

127[60c3 (12)
where we have replaced lx,,|> — S,..

By replacing a and ¢ by their expression of eq 8 and using eq
2, one can write the Raman spectrum of the antenna and the
cavity as the product of three terms

S = pump enh. X LDOSC

ant,cav

X Sref (13)

ie., the reference spectrum S, enhanced both by a pump
enhancement term and a collected LDOS (LDOSC) in either
output port. The pump enhancement is given by

ant,cav

aE, + ak, ’
pump enh. = | ————

Einc ( 14)
and corresponds to the field enhancement due to the optical
hotspots compared to the incident field. The total field at the
molecule’s position (neglecting the incident field direct
contribution) shows a coherent mixing of cavity and antenna
contributions. The Raman emission is also enhanced by the
collected LDOS, which, depending on the assumed collection
channel, ie, through the free-space or the waveguide port,
reads

2

3re,c’
LDOSC, (@) = 1], g o

, sk ok
i X [ @)ES + % @E)

2

3meyc’
LDOSC_.(w) =1 P

cav c,out sz X

% (@) (ES + 7, ()E)
(13)
The total LDOS obtained by summing these two expressions

can be cast as

3
3ﬂ;gc Im Z i;(j"l::jr - ZJZa'XCEaEc*

j=ac

LDOS,,,

(16)

given by the sum of the LDOS of the hybridized antenna and
cavity modes, along with a term arising from coherent
interaction between the two resonators. The equality between
the two equations is obtained only if ., = 1, otherwise the
intrinsic losses need to be added.

Both LDOSC expressions of eq 15 show a coherent coupling
between antenna and cavity characterized by the effective
susceptibilities

;{:if = (E:C + i]*)(c,aE:a)Za,c/ (17)
that describe the hybrid response of each resonator in the
presence of two coherently summed driving terms. They
contain all of the spectral information governing the Raman
spectra. Indeed, it can be shown that the pump enhancement
of eq 14 can also be written as a function of the effective
susceptibilities when pumping only through one port (free
space or waveguide). The final Raman spectrum will then be a
product of the effective susceptibility squared magnitudes
evaluated at the pump and Raman-shifted frequencies

Sant,cav & U(:;if (a)L)l2 b{aif (a)D)l2

(18)

Using the molecular optomechanics formalism, we retrieve the
second-order perturbation theory result relating the surface-
enhanced Raman enhancement to the product of enhancement
factor at the pump and emission frequencies." ® A fine tuning

https://doi.org/10.1021/acsphotonics.1c00808
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Figure 2. Raman spectrum enhanced by an antenna (a) as a function of the laser frequency, normalized by the Stokes emission peak of the
molecules in air S3*(o; ). The cross-cuts at the dashed blue and green lines correspond to (b) and (c). (b) Raman spectrum at the maximum
enhancement and (c) antenna enhancement at the Stokes sideband as a function of the laser frequency. (d) Raman spectrum of the bare antenna
Sbe normalized by the Raman emission of the molecules in air S,.; showing the antenna SERS enhancement as a function of the laser and detected
frequencies. It is equal to the product of a pump enhancement term (e) and of a collected LDOS enhancement term (f). The case of a hybrid
antenna—cavity resonator is given in (g)—(1), exhibiting narrow Fano resonances both in the Raman spectrum and in the pump and LDOS

enhancements. See text for parameters.

of the antenna—cavity detuning is then essential to maximize scattering cross section (see the Supporting Information). The
the Raman enhancement of the hybrid. We have verified that molecular vibration frequency in this example is chosen as Q,,/
the predictions of the model precisely match full-wave (27) = 30 THz, corresponding to typical Raman shifts of 1000
numerical simulation results, as shown in the Supporting em™L® with quality factor Q,, = 200.

Information. The antenna-enhanced Raman spectrum shows two side-

bands appearing as diagonals at wp = o F Q,, ie., the anti-

B RESULTS Stokes and Stokes sidebands observed at the laser frequency
Hybrid SERS Spectra. In Figure 2a, we plot the free-space shifted by the mechanical vibration resonance frequency. A
Raman spectrum of an assumed Raman active species at a bare vertical cut at the maximum intensity (blue dashed line) is
antenna S*°(@w;, ®p), normalized by the Stokes peak shown in Figure 2b, representing a Raman spectrum at laser
amplitude of the same analyte in a vacuum environment as frequency fixed to the value at which the Stokes signal is most
reference S3% = § (w, = w;, — Q). The antenna enhanced. The detected Stokes signal when scanning the laser
parameters are ®,/(27) = 460 THz, y,/(27) = 20 THz, f§ = frequency (green diagonal dashed line, detection frequency
012 C* kg™ and an effective mode volume V, = 3<1/L )3 shifting ’in concert with the laeer freqéuency) is ehown in Figure
2c. As in usual SERS experiments,” the maximum enhance-

corresponding to the values of a dipole placed at 10 nm away
from a 50 nm radius gold sphere. Free-space input and
collection are assumed to occur via a NA = 1 objective in

ment is achieved when the pump frequency is set at

W, =, + & ™, resulting in the best trade-off between pump

vacuum, i.e., collection of the radiation in the upper half-space. enhancement taking place at w; = o, and emission
This results in #,,, = 1/2 and excitation 77, = 1/10 due to finite enhancement occurring at wp = @, With the antenna and
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molecule position considered here, we obtain Raman enhance-
ments on the order of 10% limited only by the effective mode
volume of the antenna. We point out that this moderate
Raman enhancement is only a consequence of the modest
antenna parameters chosen in this work and that Raman
enhancements up to 10'" are expected with state-of-the-art
plasmonic antennas exhibiting nanometer-scale gap modes.”>*’
Indeed, for plasmonic antennas, and for the hybrids, the
Raman enhancement will scale inversely as the mode volume
of the antenna as it is shown in the Supporting Information.
The effect of the photonic system is better visualized in Figure
2d, where we plot again the antenna-enhanced Raman
spectrum St but now normalized to the reference Raman
spectrum S,.{@wp, @), to remove the dependence on the
chosen mechanical vibration. We thus obtain the antenna
enhancement compared to the homogeneous medium case for
any pump and detection frequency. As it was derived for the
hybrid case, the bare antenna Raman enhancement can be cast
as a product of the pump enhancement I|E,/E; [* and the
collected LDOS, shown respectively in Figure 2e,f. Pump and
LDOS enhancements for the bare antenna are obtained from
eqs 14 and 15 by setting | = G, = 0. The pump enhancement
depends on the laser frequency and the LDOSC on the
detected frequency. High enhancements of the Raman process
are obtained by enhancing both the pump at @, and the LDOS
at oy, + &, and are thus usually achieved with broad antenna
resonances such that y, > ©_, placing them by default on the
sideband nonresolved system.

By a careful choice of parameters, the hybrid resonator
allows to go beyond the limitation of sideband nonresolved
optomechanics, yet obtain large SERS enhancement factors.
The same figures of Raman scattering spectra in the case of a
hybrid antenna-dielectric resonator are shown in Figure 2g—],
with a cavity red-detuned from the antenna by the mechanical
vibration frequency w./(27) = (0, — Q,)/(2x) = 430 THz
corresponding to the Stokes sideband of the antenna, and a
mode volume V, = 104* and quality factor Q. = 10°. The main
new feature is the appearance of a Fano resonance close to the
cavity frequency, due to the interference of the coupled broad
antenna resonance and the fine cavity resonance. This Fano
feature is inherited both by the Raman spectrum, Figure 2h,
and in the Stokes enhancement, Figure 2i, which show the
capability of the hybrid system to obtain high enhancement
with a high-Q resonance. Interestingly, the maximum Stokes
enhancement is obtained for a laser tuned at w; = ®,, the
hybrid resonator allowing to enhance the pump with the
antenna resonance, and the emission with the cavity resonance.
Better insight follows from the Raman enhancement of the
hybrid compared to homogeneous medium and shown in
Figure 2j, which again is the product of a pump enhancement
(Figure 2k) at the laser frequency and a collected LDOS
enhancement (Figure 21) at the detected frequency. Both
quantities display a broad antenna-like resonance and a narrow
Fano resonance arising from mixing with the cavity-like mode.

Choice of Optimum Read Out Scheme. In the rest of
the article, we will focus on the Stokes (or anti-Stokes)
enhancement curves, as the ones shown in Figure 2¢,j, i.e., the
detected frequency will be fixed at wp = @ F Q,, as the laser
frequency is scanned. In the case of the hybrid, the two
different input and two different output ports result in four
different Raman spectroscopy scenarios depending on whether
the pump and collection are performed through the waveguide
or in free space. The Stokes enhancement factors for the four
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different cases are presented in Figure 3, with the bare antenna
response plotted in the dashed curve in panel a. The
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Figure 3. Stokes enhancement for the four different combinations of
input—output as depicted on the sketches. Each Stokes enhancement
(iii) is obtained as the product of the pump enhancement at w; (i)
and the collected LDOS at @ = o, — Q,, (ii) for the given input and
output, respectively. The bare antenna response is plotted in the
dashed curve in panel (a). The parameters are the same as in Figure 2.

parameters are the same as in Figure 2, with again a cavity
red-detuned from the antenna by the molecule’s vibration
frequency, o, = w, — Q,,. The following observations can be
made. First, the simultaneous excitation and read-out through
the waveguide acts as a strong spectral filter at the cavity
resonance. Since pump and Raman signal are at shifted
frequencies, this filtering action intrinsically results in low
overall SERS enhancements, 3 orders of magnitude below that
offered by just an antenna in free space. Conversely, excitation
and collection from free space result in a large SERS
enhancement, roughly on the same scale as the SERS
enhancement that the bare antenna provides, but still with
improved numbers due to the simultaneous matching of pump
and emission frequencies with one of the two resonators.
However, the cavity mode elicits strong Fano features both
when the pump and when the Stokes frequency go through
cavity resonance. Finally, we consider the “mixed port” cases
where either the pump goes via the waveguide and collection is
via free space, or vice versa. Remarkably, the strongest pump
field enhancement is reached when pumping through the
waveguide and at cavity resonance @; ® @, For the chosen
strongly blue-detuned cavity, the enhancement at the Stokes-
shifted frequency for scattering in free space is modest due to
the large detuning from antenna resonance, but nonetheless,
the joint effect is a strong SERS peak. Conversely, detection
through the waveguide requires tuning w; = @, + . The
pump field is resonantly enhanced by the antenna, while the
Raman signal collection into the waveguide is enhanced over a
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narrow band around @wp = @. The overall enhancement is
similar to that in the reversed port choice to within a factor 2.
This result can appear surprising since only one of the two
configurations is doubly resonant and one would expect better
enhancement factors in this case. However, the loss of
enhancement due to a detuned antenna is compensated by
the better output coupling efficiency for the antenna compared
to the input coupling, 7, = (1/5)7.. (see the Supporting
Information). The waveguide allows better incoupling
efficiencies than the antenna, but the collection efficiency can
be, potentially, as good for the two.

To summarize, the hybrid system allows reaching Stokes
enhancements of the same order of magnitude as the bare
antenna case, but with much larger quality factors. Of
particular interest for sideband resolved read out of vibrations
is the case with collection through the waveguide where the
Raman scattering is filtered by the narrow cavity resonance
with enhancement factors similar to the case of free-space
input and output. This allows us to explore the sideband
resolved regime with high Raman enhancement.

Detuning Dependence. While coarsely speaking, the
antenna and cavity frequencies need to be detuned by the
mechanical vibration frequency w, — w. = +Q,, to obtain the
best enhancement factors, the fact that the enhancement is due
to the product of Fano lineshapes imposes a finer analysis of
the optimal detunings that are needed, and it is presented in
the following. We focus here on the case where the cavity is
red-detuned with respect to the antenna, and thus enhancing
the Stokes sideband. Anti-stokes enhancement, requiring an
inversed antenna—cavity detuning will be analyzed next.

Figure 4 presents the Stokes enhancement factor for the two
different collection ports, when pumping through free space.
The cavity—antenna detuning A, = w. — w, is changed by
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Figure 4. Influence of the cavity—antenna detuning A, on the Stokes
enhancement for free-space input/output (a) and free-space input and
waveguide output (c). The antenna frequency is fixed at w,/(2x) =
460 THz, and the cavity frequency is scanned around w, — ,, in
steps of 16x. The maximum Stokes enhancement for each detuning is
shown in (b) and (d) for the two collection cases, with the colored
crosses corresponding to the respective colored plots in (a) and (c).
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scanning the cavity frequency around w, — €, corresponding
to the case considered in Figure 2. The cavity frequency is
scanned by steps of 16k, with, for each frequency, the Stokes
enhancement shown as the product of the pump enhancement
and LDOSC. Panels b and d show the maxima of the Stokes
enhancement as a function of detuning, with each cross
corresponding to the maximum Stokes enhancement of the
same color in panels a and ¢, respectively. For both collection
through free space or in the waveguide, the maximum
achievable Stokes enhancement is obtained close to the
intuitive detuning @, = @, — Q,, but with some shift due to
the Fano lineshapes. In the case of the waveguide output, an
important contributor to the shift comes from an intrinsic
asymmetry in antennas, namely, the fact that radiative losses
into free space decrease at low frequencies, which facilitates a
higher overall coupling into the waveguide. Concerning the
tuning sensitivity, since one of the two resonances in play is
still the broad antenna resonance, the needed precision in the
antenna—cavity detuning remains on the order of the antenna
linewidth.

Choice of Cavity Parameters. An important question is
how to choose the most appropriate cavity quality factor to
reach the highest Raman enhancements. Aside from matching
to the vibrational Q, the cavity Q will modify the in- and
outcoupling ratio into the waveguide compared to free space.
This is analyzed in Figure S, where we plot the maximum
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Figure §. Maximum achievable pump enhancement (a, b) and
LDOSC (c, d) as a function of the cavity quality factor Q. for both
input and output configurations; (a) and (c) are given for a fixed-
mode volume V, = 1043, whereas (b) and (d) are given for a constant-
cavity Purcell factor Q./V,. The antenna frequency is ,/(27) = 460
THz, and the cavity frequency is fixed at . = o, — Q. The
horizontal dotted line corresponds to the free-space case with only the
bare antenna.

pump enhancement and collected LDOS of eqs 14 and 15 as a
function of the cavity quality factor Q.. The antenna and cavity
frequencies are w,/(27) = 460 THz, and w. = ®, — @,
corresponding to the double resonant case for simultaneous
pump and collection enhancement. Panels a and ¢ first show
the case of a fixed-mode volume V, = 104* (as used throughout
this work). It can be seen that for free-space input and output,
the enhancement factors are increased for higher Q. values
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since the Fano resonances sharpen to higher maximum values.
Instead, for the case of waveguide input and output, there is an
optimum at Q. ~ 1000 both for the pump enhancement and
LDOSC. This is due to a trade-off with the cavity coupling
efficiency that deterioriates for high Q. while for too small Q,,
the LDOS enhancement will be small. The exact value of the
best Q. depends on the cavity mode volume V, which
determines the hybrid coupling efficiency through IJI* o 1/V..
For reference, we also show the case of constant Purcell factor
Q./V, cavity in Figure Sb,d. It is seen that the LDOS and
pump enhancement are mostly constant for the whole range of
Purcell factors, showing that the LDOS of the hybrid
resonances only depend on the ratio Q./V.** This ratio is
also proportional to IJI*/k, which appears in the denominator
of eq 6 with y.(w.) « Q. This term dictates the hybrid
interaction rate, and for constant Q_/V,, the interaction rate
remains unchanged.

Anti-Stokes Detection. Enhancement of the anti-Stokes
sideband can also be achieved with the hybrid resonator. To
achieve the best collection in the waveguide, the cavity now
needs to be blue-detuned with respect to the antenna mode. As
shown in Figure 6, the enhancement is in this case slightly
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Figure 6. Anti-Stokes enhancement for different cavity—antenna
detunings. The antenna is now red-detuned (@, = 400 THz) to
enhance the pump, and the cavity frequency is scanned around the
anti-Stokes sideband (@, + Q,,) in steps of 16x. The input is in free
space, and the collection is either in free space (a) or in the waveguide

(b).

smaller than for the Stokes enhancement case. This is due to
the increased radiative losses y,,q4 of the antenna at the (blue-
shifted) collection frequency and a stronger emission from the
reference dipole scaling as wf, as seen in eq 12. This has an
impact for both collection paths, which still results in a
comparable enhancement factor for the waveguide collection
case compared to the free-space collection.

B MULTIMODE CAVITIES

We have shown that the hybrid with a single dielectric mode is
able to provide integrated collection of the Raman signal with
good enhancement factors for both Stokes and anti-Stokes.
Nevertheless, a fully integrated operation is prevented by the
sideband resolution of the cavity that prevents from enhancing
both the pump and the collection simultaneously through the
waveguide. This issue can be resolved by working with
multiple high-Q cavity modes, which allow both pump and

collection enhancement. For instance, whispering gallery mode
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cavities provide multiple cavity modes addressable through the
same waveguide. In this way, one could envision using two
different cavity resonances to simultaneously enhance the
pump and collection, by tuning the mode spacing to match the
mechanical resonance frequency. The resulting Stokes
enhancement factors are shown in Figure 7 for a hybrid with
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Figure 7. Stokes enhancement with a two-mode cavity and an
antenna hybrid. The antenna is blue-detuned w,/(27) = 460 THz
with respect to both cavity modes. The first cavity mode serves as
pump enhancement at @p/(27) = 415 THz, and the Stokes sideband
emission is enhanced by the second cavity mode, which is scanned
around wp — Q.. We compare the cases with free-space-only (a) or
waveguide-only (b) input and output. The Stokes enhancement is
again the product of a pump enhancement factor and the collected
LDOS. The inset in (b) shows a close-up of the best Raman
enhancements close to @y = wp.

two cavity modes coupled to the same waveguide and an
antenna coupled to free space. It can be shown that for
multiple-resonant systems, the Raman enhancement can still
be written as a product of the pump field enhancement by the
hybrid and the collection LDOS in a given port, similarly to eq
13. We compare the cases of only free space addressing (a)
with the fully integrated case (b). The first cavity mode is red-
detuned, to enhance the collection, and is labeled C. The
second cavity will serve to enhance the pump and is labeled P.
Both cavity modes are then red-detuned compared to the
antenna so as to work in the optimal regime where the
radiative losses of the antenna are reduced. We have then from
blue to red: w,/(2x) = 460 THz, wp/(27) = 415 THz, and the
frequency of the cavity mode use for collection scanned around
the Stokes sideband of the former w¢ >~ wp — Q,, in steps of
1.1x. We can see that the use of two cavity modes allows
simultaneously a pump enhancement and an LDOS enhance-
ment as shown in Figure 7b. This allows fully integrated Stokes
enhancement factors that reach values equivalent to the Stokes
enhancements of the bare antenna free-space configuration (in
the order of 10* as seen in Figure 3a). This is furthermore
obtained with high-Q resonances deep in the sideband resolved
regime. Although the final enhancement—product of two
hybridized cavity susceptibilities—necessitates fine frequency
tuning on the order of k; it allows for fully integrated Raman
scattering with unspoiled enhancements.

H OUTLOOK

The analogies with cavity optomechanics have resulted in
exciting predictions of new phenomena in the field of SERS.
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Figure 8. (a) Low-noise, integrated, IR-to-visible transduction using reservoir engineering. Using multiple cavity modes, one can selectively
enhance the up-converted anti-Stokes while suppressing unwanted back-action noise. (b) Anti-Stokes enhancement with a two-mode cavity and an
antenna hybrid. Parameters are the same as in Figure 7, with the laser now pumping the redder cavity. The red solid line corresponds to collection
through the waveguide (fully integrated system), while the dashed blue line is for a collection through free space. (c) Integrated behavior: fraction
of collected light into the waveguide (WG), reaching values up to 80% due to the Fano dip in the response function of the hybridized antenna.

Most of these new applications, such as dynamical back-
action'” and low-noise THz to optical transduction,'® benefit
from both a good optomechanical coupling, and sideband
resolution, i.e., an optical linewidth smaller than the Raman
shift. This implies having a resonator that has both small mode
volumes and high-Q resonance. Hybrid dielectric and
plasmonic resonances can achieve simultaneously these two
requirements, exploiting both the small volume of a plasmonic
antenna and the spectral confinement of dielectric cavities,
with tunable parameters as a function of the detuning between
the two resonators.”

We have developed a new formalism based on molecular
optomechanics that allows us to calculate absolute Raman
enhancement factor of a multimode hybrid system from simple
parameters of the bare constituents. This represents in practice
a substantial saving in computation time. Indeed, on the basis
of a library of properties of N cavities, and M antennas, which
will require N + M simulations, we can predict the
performance for all N X M combinations, and at any relative
placement without further simulation. We intend this to be
contrasted to full-wave-only approaches that will require each
geometry to be simulated (N X M calculations, times the
number of relative positions). The expressions obtained in this
model explicitly show the interplay of pump and LDOS
enhancement factors. We have then demonstrated that using
experimentally available’® hybrid systems, one can reach
Raman enhancement factors equivalent to the bare plasmonic
case, but in the sideband resolved regime, with optical
linewidths orders of magnitudes smaller than the mechanical
frequency. Additionally, our formalism correctly describes the
coupling to different input and output ports, and we show that
although optimal excitation and collection is reached through
the antenna port, Raman enhancement for collection in the
waveguide remains on the same order of magnitude. We have
discussed the best choice of cavity parameters to optimize the
Raman enhancement from the hybridized resonance. We
showed that, for a given cavity mode volume, there is an
optimal quality factor Q. resulting from the trade-off of good
incoupling and outcoupling rates and the strength of the cavity
response function. More precisely, for realistic mode volumes
of V. = 1043 best integrated results are obtained for Q. ~
1000, easily accessible for any dielectric cavity.***® Our model
is readily applicable to experimental implementation using
hybrid systems with dipolar plasmonic resonances. Best
performances are predicted for antennas positioned near the
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cavity antinodes, increasing the hybrid coupling J, and for
molecules as close as possible to the antenna hotspots, using,
for example, self-assembled monolayers.*” Finally, an efficient
and fully integrated platform is proposed using simultaneously
two different cavity modes, hybridized with a plasmonic
antenna and coupled to same waveguide, each enhancing the
pump and the collection respectively. Although we have here
focused on the peak enhancement factors, the opportunities for
Fano lineshapes are particularly exciting in quantum
optomechanical applications employing reservoir engineer-
ing.”’ Recently, Roelli et al.'® proposed molecular optome-
chanics for transduction of IR and THz radiation to visible
light, with two very recent works showing experimental
evidence for this.””** By making use of Fano dips, it becomes
possible to inhibit noise processes such as laser back-action-
induced noise, i.e., vibrational pumping, greatly enhancing the
signal-to-noise ratio for mechanical to visible transduction, as
sketched in Figure 8a. This would allow us to push recent
efforts in IR/THz to visible transduction””*’ toward the
quantum regime. With careful frequency tailoring, fully
integrated quantum transduction could be obtained using
multiple cavity modes, one inhibiting the Stokes and two
enhancing the pump and the up-converted anti-Stokes photon.
This will be the topic of future studies. In Figure 8b,c, we show
an example of anti-Stokes enhancement, when pumping the
system through the waveguide. The fraction of anti-Stokes
photons emitted into the WG (fully integrated case) reaches
values above 80%, with high Raman enhancement values above
10°. Emission fractions into the WG above 95% can be easily
obtained by increasing the Q_/V. ratio of the cavity by a factor
4 compared to our parameters, e.g., using a cavity with Q_ =
4000. In addition, we note that the similarities of our three-
mode optomechanical model in this work with the model of
photonic-molecule optomechanics®"** can lead to immediate
applications, already demonstrated in more traditional
optomechanical systems, such as phonon lasers’>™>° and
unconventional single-photon devices.””~** Our semianalytical
classical model is formulated such that it is easily translated
into quantum mechanical equations of motion, solvable with,

e.g., the Python toolbox QuTip.
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