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In analogy to cavity optomechanics, enhancing specific sidebands of a Raman process with narrowband
optical resonators would allow for parametric amplification, entanglement of light and molecular
vibrations, and reduced transduction noise. We report on the demonstration of waveguide-addressable
sideband-resolved surface-enhanced Raman scattering (SERS). We realized a hybrid plasmonic-photonic
resonator consisting of a 1D photonic crystal cavity decorated with a sub-20 nm gap dimer nanoantenna.
Hybrid resonances in the near-IR provide designer Q factors of 1000, and Q=V ¼ ðλ3=106Þ−1, with SERS
signal strength on par with levels found in state-of-the-art purely plasmonic systems. We evidence Fano line
shapes in the SERS enhancement of organic molecules, and quantitatively separate out the pump
enhancement and optical reservoir contributions.
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Molecules can exchange energy with incident light
through the vibrations of their atomic bonds [1], giving rise
to inelastic light scattering, called Raman scattering.
Surface-enhancedRaman scattering (SERS) uses plasmonic
nanoparticles featuring intense field hot spots to enhance the
intrinsically weak Raman scattering of molecules by orders
of magnitude, and is among the most popular single-
molecule sensitive spectroscopy tools [2–5]. Recently,
theoretical efforts have sought to exploit formal analogies
between SERS and cavity optomechanics [6–10], which is
the field of precisely controlling and sensing the mechanical
motion of nano- and microresonators with light. The
molecular optomechanics viewpoint promises to bring the
exciting effects that were obtained in nanoengineered
MHz=GHz acoustic resonators, such as strong optomechan-
ical coupling, production of nonclassical mechanical states,
parametric amplification, and coherent wavelength conver-
sion [11,12], to THz and mid-IR molecular vibrations. The
two latter have recently been demonstrated with mole-
cules [9,13,14], and collective effects in Raman scattering
have also been observed [15,16].
A central tenet of cavity optomechanics is that so-called

sideband-resolved operation is crucial, which is attained
when the optical cavity has a linewidth smaller than the
mechanical resonance frequency [11,12]. It eliminates
detrimental backaction, thus allowing ground-state cooling,
pure light-mechanical entanglement, and frequency con-
version without added noise. High-quality factor (Q)
dielectric cavities can provide the narrow band spectral
structure required for sideband-resolved SERS, but are
limited to low electric field confinement, resulting in small
optomechanical coupling strengths and very low Raman
enhancement compared to plasmonic systems. Conversely,

the optical linewidth (Q ¼ 10–30) for typical plasmon
antennas [17]) exceeds the vibrational frequencies, so that
established SERS geometries are not sideband resolved. A
major challenge lies in reaching sideband resolution while
maintaining the uniquely strong field enhancement of metal
junctions. Furthermore, a significant open question for
both traditional SERS and prospective molecular side-
band-resolved optomechanics is how to achieve waveguide
addressability. All SERS demonstrations with few mole-
cules have been limited to free-space configurations,
since integrated geometries are rapidly confronted by
high background noise emanating from the guiding
material [18,19].
In this Letter, we report on the realization of a proposed

new generation of hybrid light resonators [20–22] that
combine a plasmonic antenna interacting with a dielectric
cavity and features narrow and intense resonances [23–25].
We show how it allows for few-molecules sideband-
resolved SERS with selective enhancement of single
Raman lines and with waveguide excitation and collection
capabilities (Fig. 1). The system combines photonic crystal
nanobeam cavities [26] with single gold dimer antennas
[27], aligned within a few nanometers by two-step lithog-
raphy. The hybridization of a broad plasmonic resonance
with the sharp cavity peak results in sharp Fano features in
the optical reservoir [28,29], i.e., in the local density of
optical states (LDOS) landscape felt by the Raman species
with which we functionalized the gold antennas. We
present a study using a confocal Raman spectroscopy setup
[see Supplemental Material (SM) [30] ] with a tunable
laser, disentangling the role of pump enhancements and the
LDOS landscape, and evidencing waveguide-addressed
sideband-resolved SERS.
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SEM micrographs in Figs. 2(a) and 2(b) show a
representative example of a hybrid composed of a gold
dimer antenna with a 20 nm gap placed on top and in the
center of a Si3N4 photonic crystal lying on a SiO2 layer (see
SM for design and fabrication details [30]). Two gratings
on each side of the nanobeam allow coupling light from

free space to the waveguide. While the aligned multistep
electron-beam lithography required to realize these samples
is challenging, the robustness of our fabrication protocol is
evident from the fact that our study is based on optical
measurements on over 280 of such hybrid resonators.
Design quality factors predict Qc ≃ 2500 and mode vol-
umes Vc ∼ 3λ3 for the nanobeam and Va ¼ 10−4λ3 for the
dimers, resulting in Q ∼ 103 and V ∼ 2 × 10−3λ3 for
hybrids [21]. The resulting Q=V ratio of 106 in units of
1=λ3 is on par with state-of-the-art plasmonic resonators
[38] and photonic crystal cavities [26], but with the unique
asset that Q can be chosen at will from 102 to 103.
The first experimental signatures of hybridization are

readily observed in the spatial scattering of the cavity
presented in Figs. 2(c) and 2(d). In panels (d) and (e), a
tunable diode laser, resonant with the cavity (ca. 780 nm), is
aimed at the left incoupling grating, just outside the field of
view. For the hybrid system, there is bright scattering from
the antenna [bright dot in (d); the antenna appears as a dark
spot in bright-field microscopy (c)]. On the contrary, in
absence of an antenna, the light is mainly outcoupled from
the second grating [Fig. 2(e)]. This shows that it is possible
to drive the gold dimer antenna through the nanobeam
structure, implying optical coupling between the cavity and
the plasmon resonances. This coupling provides frequency
structure in hybrid LDOS enhancement and waveguide
addressability of the plasmonic hot spot.
Figures 3(a) and 3(b) report on the measured optical

resonance properties of the individual constituents, that is,
antenna and cavity, and of the hybrids. Bare antenna
darkfield (DF) spectra confirm that the dimer antennas
feature a dipolar resonance with Q ∼ 10 and polarized

(a)

(b)

(c)

(d)

(e)

FIG. 2. (a) SEM micrograph of a nanobeam cavity with grating
couplers on each side. (b) Aligned dimer antenna placed on top
and in the center of the cavity. (c) Bright-field white-light (WL)
microscopy image showing the cavity (left-hand part of figure)
and grating outcoupler (right-hand side). The antenna appears as
a black dot. (d) Laser scattering of the same device and (e) a
device with no antenna. The system is driven by a laser resonant
with the cavity, and focused on the left incoupling grating (not
visible here). Bright scattering by the antenna demonstrates
antenna-cavity coupling.

FIG. 1. A gold dimer antenna, decorated with BPT molecules,
hybridizing with a Si3N4 photonic crystal nanobeam. Depending
on the cavity resonance wavelength, either the pump (left) or a
single BPT Raman peak (right) is enhanced by the hybrid
resonance. The enhancement line shape will depend on the
addressed optical port, featuring a Fano line shape for the antenna
or a Lorentzianlike shape for the cavity.

(a) (c)

(b) (d)

FIG. 3. (a) DF spectra of bare gold dimers. Resonances redshift
with antenna size. Q’s are extracted from squared Lorentzian fits
(dashed lines). (b) Transmission of the bare nanobeam cavities,
nine different designs were made with four devices studied per
design. Increasing the in-plane photonic crystal hole radius and
period (scaling parameter on x axis) tunes the cavity resonance
(c). In the presence of the antenna, the hybridized cavity mode is
redshifted and broadened (open circular markers) (c) and (d).
Error bars are standard deviations from four different but
nominally identical beams or hybrids.
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along their long axis. Figure 3(b) shows transmission
spectra of antenna-free nanobeam cavities. The resonance
wavelength can be tuned from 772 to 800 nm by changing
the position and width of the holes by 4% size difference
[Fig. 3(c), full dots]. As shown in Fig. 3(d) in closed
symbols, the bare cavity modes have measured Q ∼ 600
with strong variability due to fabrication imperfections, and
with the highest values obtained equal to Q ≃ 1000. The
parameters of the hybridized cavity with the antennas are
shown with circled markers. Although the spread in the
nanobeam cavity resonance wavelength λc and Q due to
fabrication fluctuations makes it difficult to directly mea-
sure cavity perturbation effects by comparing different
devices, we find that hybridized resonances appear sys-
tematically redshifted and broadened compared to bare
cavities, as expected from cavity perturbation theory [39],
with a reduction inQ towards the 200–300 range. TheseQ,
corresponding to ca. 65 cm−1 linewidths, are ideally suited
for sideband-resolved SERS: sufficiently narrow to select
single low frequency vibrational lines, yet wide enough to
encompass typical Raman linewidths in full [1].
To this end, we functionalize the antennas with biphenyl-

4-thiol (BPT) molecules which form self-assembled mono-
layers on gold, and exhibit distinct Raman scattering
[30,40]. Figure 4(a) shows a set of Raman spectra recorded

on a hybrid as a function of both detection wavelength and
pump wavelength. Here, excitation and collection are done
through the antenna port and the laser is polarized parallel
to the dimer long axis. As the pump laser is swept from 766
to 780 nm (residual transmitted pump light through the
notch filter visible), the BPT Raman lines (lines of interest
highlighted in dashed boxes) maintain a constant shift from
the laser frequency. In Fig. 4(a) the cavity resonance lies at
772 nm. While scanning the laser through that wavelength,
the hybrid Fano response of the antenna at the cavity
frequency results in a Fano shaped pump enhancement,
reducing the pump field enhancement at the Fano dip
around 771 nm and increasing it at the Fano peak around
774 nm. The intensity of the electronic Raman scattering
[41] (broad Raman background) and the narrow BPT
Raman peaks show this trend in the pump enhancement,
most noticeably as the dark region around 771 nm. Instead,
the silicon peak (bright line at 520 cm−1) emitted by the
underlying substrate has a constant intensity, evidencing
that the signal modulation is actually due to the hybrid
resonance and not to an overall change in pump laser
intensity. To confirm that the SERS signal comes strictly
from BPT molecules at the antenna, we plot in Fig. 4(b) a
cross-cut of the Raman spectrum recorded at λlaser ¼
774 nm (purple line) and a reference case with pump
polarization orthogonal to the antenna long axis (black
line). A SERS signal is observed only for the parallel case.
In the orthogonal configuration no BPT Raman peaks
appear and only the Raman line from the silicon substrate is
observed. The intermediate glass and PMMA cladding do
not contribute to the Raman signal. Considering that the
BPT counts in the reference case are below noise levels of
1 count=s, we deduce a lower bound on Raman enhance-
ment of 1.1 × 104, limited by our 20 min integration time.
The actual enhancement is estimated to be 2–3 orders of
magnitude larger using a semianalytical model presented in
the SM [30].
To highlight the effect of hybrid LDOS, Fig. 4(c) shows a

Raman spectrum from a different hybrid with λc ¼ 800 nm
that now lies in the Stokes sideband. The top diagram
shows the relevant antenna DF spectrum and cavity trans-
mission. Interference of the narrow-cavity resonance and
the broad dimer response results in a structured LDOS with
a Fano line shape. This Fano resonance is imprinted on the
broad electronic Raman scattering background of the gold,
around 800 nm wavelength (bottom panel), and the Fano
peak is tuned to enhance the BPT line at 473 cm−1.
Combined, Figs. 4(a)–4(c) qualitatively show that it is
possible to superimpose the hybrid resonance selectively
with either the pump wavelength or with specific Raman
lines.
In Fig. 5, we quantitatively explore the SERS enhance-

ment engineering achieved with the hybrid resonance,
allowing integrated sideband-resolved SERS. First, we
discuss the SERS response of hybrids resonant with the

FIG. 4. (a) SERS on a hybrid for pump wavelengths scanned
from 766 to 780 nm. The Fano response of the hybridized antenna
can be seen as a lowering and raising of SERS intensity when
passing through the cavity resonance frequency (pump enhance-
ment effect, near 772 nm). (b) Cross-cut of (a) for λpump ¼
774 nm (purple line). Raman scattering from the BPT is only
detected when the laser is polarized parallel to the dimer. For
orthogonal polarization, only the Si signal from the substrate is
seen (black curve). (c) DF and transmission spectrum of a hybrid
where the cavity resonance at 800 nm lies in the Stokes sideband
(LDOS enhancement). Bottom: SERS spectrum featuring a clear
Fano resonance at the hybrid resonance (silicon background
subtracted).
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pump (panels a1–c1) with a hybrid resonance at
λc ¼ 772 nm [same structure as in Figs. 4(a) and 4(b)].
Panels b1 and c1 are excitation spectra reporting integrated
counts of the Raman peaks at 473, 1073, and 1576 cm−1

(blue, green, and red curves) as a function of pump
wavelength (swept from 765–780 nm at 400 μW power,
20 s integration time per data point). Figure 5(b1) is for
free-space excitation and collection on the antenna. A clear
Fano line shape is observed for the integrated counts of
each peak as the laser is tuned over the hybrid resonance,
consistent with the expectation that the SERS enhancement
is the product of a pump-field enhancement factor (reso-
nator property at the pump frequency) and LDOS enhance-
ment at the Stokes-shifted frequency [42]. Here, the pump
enhancement that is common to all three lines shows the
hybrid Fano line shape, while the LDOS at the Stokes-
shifted frequencies is unstructured, and is essentially in the
featureless wing of the broad Lorentzian antenna resonance
(as sketched in Fig. 1). The Fano line shape in the pump
enhancement occurs because free-space pumping directly
drives the broad antenna resonance, and its coupling to the
narrow resonance appears as a transparency line [35,43].
Panel (c1) shows results on the same hybrid, but now
driving directly the cavity through the waveguide, by
aligning the pump to one of the gratings, but still collecting
from the antenna. When we sweep the laser frequency, all
three Raman lines again follow a very similar behavior, due
to a strong spectral modification of the pump enhancement,
yet an unstructured LDOS at the vibrational lines. Instead

of a Fano line shape, the SERS enhancement now traces an
almost Lorentzian resonance which reports the transfer
function for the pump light from the grating coupler, via the
cavity, to the antenna [see Fig. S5(b) in the SM [30] ]. We
now turn to the second scenario, wherein the hybrid
provides selective LDOS enhancement, instead of pump
enhancement (right column of Fig. 5). To this end, we
select a different cavity with a longer λc ¼ 800 nm. In
contrast to the previous scenario, now the pump is not tuned
through the hybrid resonance but through a wavelength
interval blue-detuned by about 25 nm, exactly such that
only the 473 cm−1 BPT Raman line is scanned across the
hybrid resonance [same structure as in Fig. 4(c)]. The
system is again first interrogated by free-space pumping
and collection. In stark contrast to the earlier results, now
only one Raman line shows a Fano line shape, while the
other Raman lines follow a broad shoulder. Indeed, the
pump field now enjoys the broadband enhancement of
the antenna, without modification by the cavity mode, but
the hybrid LDOS now shows a Fano line that acts only
on the vibration that it is resonant with (see Fig. 1). The
shoulder in the other lines is due to the typical SERS
enhancement of the bare antenna, decreasing as one tunes
away from resonance [44].
Finally, Fig. 5(c2) shows waveguide addressed SERS.

As the photonic crystal cavity prohibits optical transport
between the grating coupler and antenna except on cavity
resonance, the pump is now provided from free space,
while the Raman signal is collected from the outcoupling
grating. When the 473 cm−1 peak is tuned over the hybrid
resonance it shows a strong Lorentzian response whereas
the 1073 and 1576 cm−1 lines barely pass through the
waveguide. Here, the pump enhancement still originates
from the broad antenna resonance, while the hybrid
resonance provides both the LDOS and the collection
efficiency into the waveguide required to enhance and
efficiently collect only a single Raman line. Significant
SERS enhancement into the cavity port concurs with the
Fano dip in the free-space signal due to suppressed
radiative loss. Importantly, the detected SERS counts from
integrated operation are as good as for free space address-
ing which translates into an estimated sevenfold stronger
integrated SERS enhancement than obtained for free-space
addressing when taking into account the poor grating
coupling efficiencies (see SM [30] for further analysis of
signal levels). Comparison with a semianalytical model
detailed in the SM [30], predicts a hybrid cooperativity
(comparing the cavity-antenna coupling rate with the
optical losses) of order 1, ensuring a good trade-off
between hybrid enhancement and collection rates [21,35].
To conclude, we reported on the realization of a new

generation of hybrid plasmonic-dielectric cavity resonators,
with a lithographically designed gap antenna accurately
coupled to a narrow linewidth photonic crystal cavity. The
hybrid resonances allow one to selectively enhance and

FIG. 5. Pump (left column) or LDOS (right column) hybrid
enhancement. The pump (left) or the 473 cm−1 peak (right) are,
respectively, swept through the hybrid cavity resonance. (a) WL
transmission spectrum of the hybridized cavity resonance. (b),(c)
Integrated counts of three selected BPT Raman peak intensities
for laser wavelengths from 765 to 780 nm. In (b) pump and
collection is through the antenna and normalized by the Si line,
taken as reference. (c1) Coupling through one grating and
collecting at the antenna and (c2) is the inversed configuration.
Dashed curves are from a semianalytical theoretical model [30].
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collect single Raman lines in a guided mode, paving the
way for on-chip applications of spectrometer-free, specific
Raman species detection. The intense resonances obtained
with the 20 nm gap modes, and the narrow linewidth
obtained through hybridization with the high-Q cavity
mode are particularly interesting for optomechanical strong
coupling [24] and sideband-resolved molecular optome-
chanics. For instance, sideband resolution is highly relevant
to observe parametric instabilities in the few molecule
regime [9]. Achieving this regime would require further
optimization of cavity fabrication to reach higher quality
factors as expected for photonic crystal geometries [45].
Indeed, we estimate the optomechanical cooperativity Cm,
which determines the degree of coherence of the light-
vibration interaction, to be on the order of 10−3 for our
system (see SM for details [30]). Cooperativities Cm ≳ 1
are expected for challenging but realistically achievable
parameters Qc ≃ 5000 and 4 nm dimer gaps.
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