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Abstract: Metallic nanoparticle-on-a-mirror (NPoM) cavities enable extreme field confinement
in sub-nm gaps, leading to unrivaled performance for nonlinear processes such as surface-
enhanced Raman scattering (SERS). So far, prevailing experimental approaches based on NPoMs
have been performed by means of free-space light excitation and collection under oblique
incidence, since the fundamental radiatively-coupled NPoM mode does not scatter in the normal
direction. Retaining this working principle, here we numerically show that plasmonic cavity
modes in NPoM configurations can be efficiently excited in an integrated SERS approach through
TM guided modes of silicon nitride (SiN) waveguides. Intensity enhancements beyond 105 can
be achieved for gap spacings around 1 nm. So as to reduce unwanted SiN Raman background,
the output Stokes signals are transferred to transversely placed waveguides, reaching coupling
efficiencies of up to 10%. Geometrical parameters such as the gap thickness as well as the radius
and position of the nanoparticle provide full control over the main spectral features, thereby
enabling us to engineer and drive the optical response of NPoMs for high-performance SERS in
Si-based photonic integrated platforms.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Plasmonic cavities allow for extreme subwavelength confinement of optical fields in nm-scale gaps
between metallic surfaces [1,2]. Such extreme localization enormously boosts nonlinear processes,
including Raman scattering, which is usually termed surface-enhanced Raman scattering (SERS)
when plasmonic modes contribute to enhancing their response [3–7]. Among the different
implementations of plasmonic nanocavities, to date, the so-called nanoparticle-on-a-mirror
(NPoM) approach probably provides the deepest and most robust confinement, which takes place
in the sub-nm gap separating the nanoparticle (NP) from an underlying metallic mirror [8,9].
Indeed, by means of self-assembly fabrication techniques, even picocavities can be dynamically
formed in the gap of a NPoM when exciting the fundamental radiative mode (elsewhere referred
to as (l = 1, m = 0) = (10), in connection with the terminology often used to deal with spherical
harmonics) [10,11], thereby enabling ultra-low mode volumes <1 nm3 [12–15]. Thus, the
realization of SERS in NPoM configurations becomes highly efficient because of the extreme
confinement, facilitating also the direct observation of Raman modes which are not accessible
under other plasmonic approaches [9].

Plasmonic cavities can also be integrated with all-dielectric photonic waveguides, giving rise
to hybrid architectures of plasmonic-photonic integrated circuits [16]. Within this scenario, plas-
monic elements are compactly arranged on a chip to perform different functionalities, exhibiting
low-power consumption and subwavelength footprint. This approach has already evidenced both
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the theoretical and experimental feasibility of on-chip SERS with single plasmonic nanocavities
[17–19], opening up unique prospects for the realization of multiplexed Raman spectroscopy
in Si-based photonic platforms [20,21]. Thus far, though, proposals for integrating plasmonic
cavities into dielectric waveguides have made use of lithographically-defined nanoantennas with
complex shapes (e.g., bowtie gold nanoantennas), so limiting the minimum size of the plasmonic
gap to ∼ 10 nm [22]. This strongly limits the maximum field confinement attainable in the gap,
and, consequently, the efficiency of nonlinear processes such as SERS.

In this work, we show from numerical simulations that the fundamental mode of NPoM
plasmonic cavities can be efficiently excited by transverse magnetic (TM) guided modes of silicon
nitride (SiN) strip waveguides. The in-plane on-chip driving of light bridges the problem of
complex illumination schemes featured with free-space excitation [23,24], since the fundamental
radiative NPoM mode, i.e., the (10)-mode, which dominates for small gap sizes (<5 nm), does not
scatter out along the normal to the mirror plane [11,25]. Furthermore, from the Raman scattering
standpoint, it is also shown that the enhanced Stokes fields generated by a point-like dipolar
source in the sub-nm gap can be straightforwardly collected by dielectric waveguides [26–28]. In
this regard, so as to mitigate the spurious Raman background noise originated from the input
SiN waveguide [29], we use a specific “T-shaped” configuration. For the sake of robustness and
comparison with earlier results, as well as with a realistic experimental setup (on account of
deviations from the nominal values in the fabrication process) [30], we perform a sweep of the
characteristic geometrical parameters such as the gap size, the NP radius and its relative position
over the mirror plane. By varying these parameters one can gain control over the main spectral
features, tuning the peak wavelength and the magnitude of both the intensity enhancement factor
and the coupling strength.

2. Integrated proposal of NPoM-based plasmonic nanocavities for on-chip
SERS

The schematic of the proposed NPoM system for on-chip SERS is depicted in Figure 1. The
design consists of three strip SiN waveguides with rectangular cross-section (w = 650 nm
and t = 220 nm) forming an in-plane “T-shaped” arrangement [25,31,32]: one waveguide
supplies the excitation signal and the other two, symmetrically placed facing to each other,
collect the output Stokes signals. It should be noted that SiN provides a number of practical
advantages, such as long propagation distances beyond the cm-scale, transparency from visible
to telecom wavelengths, cost-efficient and mass-volume production, repeatability, and CMOS
compatibility [33,34]. Yet, for our purposes, the main feature of SiN is the operational bandwidth
for guiding light, spanning the relevant visible and near-infrared (NIR) spectral range at which
the fundamental plasmonic resonance (characterizing the fundamental quasinormal mode) of
the NPoM occurs [9–11]. The enhancing NPoM structure itself is realized in the gap region in
between the three waveguides. Fitted to this crossing region, a metallic gold layer (acting as a
mirror) is placed over a silica (SiO2) substrate, whose thicknesses are fixed to hmirror = 20 nm
and hsubstrate = 55 nm, respectively. Finally, in order to achieve the extreme light confinement
steered by the excitation of the plasmonic cavity modes, we consider a spherical gold NP above
the mirror [8–15,35–38], separated from each other by a self-assembled monolayer (SAM) of
thickness gSAM and refractive index set to nSAM = 1.5. Both the NP radius and the gap thickness
are the parameters to control the spectral behavior of the system, keeping the overall geometry
with the values set above. It is worth noting that, in contrast to most previous approaches for
the realization of on-chip SERS [17–20,39,40], in which all the events (namely, the excitation,
enhancement, and readout of the Raman signal) were mediated by the evanescent tail of the
guided mode surrounding the waveguide core [26,27], this embedded arrangement brings about
a higher performance [21], increasing the overlap between the guided field and the structure
[31], and thus improving further the excitation and readout efficiency [32]. In addition to the
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above beneficial considerations, this proposal is further intended to provide a simplification of the
illumination scheme in comparison with the free-space case [23,24], specifically, by removing the
necessity of using tilted-angle illumination and collection for the fundamental NPoM mode [11].

Fig. 1. (a) Schematic depiction of the model used in the numerical simulations of NPoM
for on-chip SERS. (b) Illustration of the proposed design in a realistic experimental setup.
(c) Zoom-in view of the region where SERS process is to take place.

3. Numerical results and discussion

3.1. Enhanced excitation of the Raman signal: intensity enhancement factor

From an optical viewpoint, SERS can be simply understood as a two-step process [7], involving
the enhanced excitation of the target molecules, and the spontaneous emission of the wavelength-
shifted (anti-)Stokes signal, as a result of the inelastic Raman scattering [41,42]. Based on an
analytical model for on-chip SERS [17], the yield of such events can be characterized in terms
of the Raman enhancement factor (EFRaman), and the coupling strength (β-factor) of the SERS
signal through the output waveguides. Leaving aside any short-range contribution of chemical
nature [4,43], at a given location (i.e., in the hotspot region where the molecules are assumed
to be located, as shown in Figure 1), EFRaman(r, λP, λS) = EF(r, λP)

2 · EF(r, λS)
2, with EF(r, λ)

standing for the local field enhancement at the pump (λP) and Stokes (λS) wavelengths. In turn,
EF(r, λ) ≡ |E(r, λ)| /|E0(r, λ)|, where E and E0 are the local electric field densities in the middle
of the SAM’s gap, with and without NPoM structure, respectively. By assuming the spherical NP
to be perfectly aligned with the optical axis of the three waveguides, i.e., in the central position
over the mirror surface (Figure 1), the intensity enhancement factor, EF(r, λP)

2, for different
radii and gap sizes is shown in Figure 2. In all the cases, the local field profiles are computed
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by means of full 3D numerical simulations, performed with the aid of the commercial solver
CST Microwave Studio. Specifically, using a point-like field monitor just below the NP, we
recorded the electric field components resulting from the excitation of the NPoM nanocavity by
the fundamental TM guided mode (polarized along the y-axis) exiting the input waveguide. Here,
it is important to highlight that, owing to the broadband character of the plasmonic resonances,
λP ≈ λS, in such a manner that the Raman enhancement factor, EFRaman, is generally assumed to
scale approximately with the fourth power of the local field enhancement EF(r, λ) [3,4,41–44].
Even though this is definitely not completely true for the case of NPoM configurations, to a first
approximation, we might obtain EFRaman from the results presented in Figure 2 just by calculating
the square of each of the corresponding spectra.

Fig. 2. Intensity enhancement factor for different NP’s radii and gap sizes, as indicated in
the inset legend. The NPoM is excited by the fundamental TM mode (y-polarized) of the
waveguide.

In view of the results shown in Figure 2 we highlight four major features. First is about the
broadband behavior, with resonant peaks covering a spectral range from 700 nm (1.77 eV) to
800 nm (1.55 eV), which are indeed in good agreement with theoretical predictions [11]. The
second remark refers to the spectral tunability of the enhancement peaks that, for a fixed NP
radius (RNP), are slightly blue-shifted as the gap size (gSAM) increases; while for a given gap
thickness, are strongly red-shifted as the NP radius goes up. The third observation relies on the
overall trend of increasing the enhancement factor as either the NP radius increases or the gap
size gets smaller. Indeed, for a fixed NP radius, it is straightforward to see that the enhancement
factor augmentation is inversely proportional to the gap size. Yet, on the other hand, the direct
proportionality with the NP radius appears to be more intricate. This is essentially due to the
additional dependence of the Q-factor, which, for a given gSAM, may display (and it actually
does) a significant variation with respect to the RNP. At any rate, this behavior can actually be
well described by the following approximate analytical formula [9]:

EF2
peak ≡

|Epeak |
2

|E0 |2
= (16 ln 2)Q · nSAM

[︃
RNP
gSAM

]︃2
. (1)

Importantly, besides matching qualitatively the aforementioned geometrical dependencies,
quantitatively, numerical results also agree remarkably well. This is shown in Figure 3, where we
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compare the field enhancement at the peak maxima obtained both numerically, that is, directly
from curves shown in Figure 2, and semi-analytically, i.e., according to Eq. (1). Notice that, in
this latter case, one has first to compute the corresponding quality factors, Q = f0/∆f , somehow
related with the spectral mode energy density [41], where f0 is the frequency at the peak maximum,
and ∆f is given by the full-width at half-maximum (FWHM) of the intensity enhancement
factor (see inset of Figure 3). As can be appreciated, the best agreement between numerical and
semi-analytical outcomes occurs for RNP = 30 nm, displaying a fairly good matching. Finally,
the last remark concerns the overall magnitude of the intensity enhancement factors attained in
this particular integrated approach based on a self-assembled NPoM configuration, which largely
overcomes, even by orders of magnitude (while easing the fabrication process [30]), to those
previously reported that make use of lithographically-defined nanoantennas with complex shapes
[21].

Fig. 3. Field enhancement at the peak maxima for different values of NP radius and gap size
(color coding as in Figure 2). Circle markers represent numerical results directly obtained
from Figure 2, and dashed lines stand for semi-analytical curves from Eq. (1), substituting
the corresponding Q-factors (see inset barplot). Exact values of wavelength peaks (λ0) are
also indicated.

Obviously, the ideal case in which the NP lies just in the central position over the mirror
surface is quite improbable in a realistic situation, since the metallic spheres will be randomly
distributed (see, e.g., the distribution illustrated in Figure 1). In this vein, in Figure 4 we analyze
the effect of varying the NP position over the mirror plane, considering only the particular case
of RNP = 30 nm and gSAM = 1.6 nm. To do so, the SAM is partitioned in nine different regions
as indicated in the inset (notice that, for symmetry reasons, only six partitions are meaningful).
Then, assuming the NP to be located in the center of each partition, we compute numerically the
local electric field density in the middle of the SAM’s gap with (E) and without (E0) the NPoM
structure, following the same procedure sketched out above. Strikingly, it can be observed that
the largest enhancement is achieved at the central region (i.e., partition 5), then suggesting the
involvement of nontrivial interference effects that may be attributed to the plasmonic character of
the whole NPoM structure. This is therefore a straightforward way in which one may slightly
modulate the enhancement factor peak at a given wavelength, still keeping the same order of
magnitude. Notice that other possible degrees of freedom to take into account would be those in
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which the spherical NP is assumed to be inlaid into the SAM layer, in whose case it could be
modeled as a truncated sphere, thereby leading to faceted NPoM cavities [11,45,46].

Fig. 4. Intensity enhancement factor for different NP positions on the mirror plane, as
indicated in the inset top-view legend. The NPoM excitation is the same as in Figure 2, i.e.,
it is undertaken by the fundamental TM mode of the SiN waveguide.

3.2. Readout of the Raman signal: β-factor

So far, we have only been focused on the first step of the SERS process, dealing with the enhanced
excitation of the NPoM resonance by the fundamental TM mode of the SiN waveguide. On the
other side, as for the Raman signal collection, we have to emulate a radiating source mimicking a
Raman molecule [25]. As a first approximation, this can be simply modeled by considering a
point-like dipolar source placed in the middle of the SAM gap, just below the NP, oscillating along
the y-direction. In this situation, the (anti-)Stokes signals are recorded at the output waveguide
facets. How efficient this coupling process is will be quantified by the β-factor [17–21], which,
for our purposes, is defined as the ratio β = PTM/PRaman, where PTM is the SERS power coupled
into the fundamental TM guided mode at the output waveguides (taking into account the sum of
both contributions exiting the right and left sides), and PRaman is the total power emanating from
the point-like source, i.e., the dipole acting as a sort of Raman center. These ratios are represented
in Figure 5 for different radii and gap sizes. In addition, for the particular case of RNP = 40 nm
and gSAM = 2 nm, we also show the electric field distribution at three distinct wavelength in order
to illustrate different coupling regimes. In the light of these results, it is noteworthy to realize
that, as opposed to the intensity enhancement, due to spectral interference between different gap
modes, the maxima of β-factor appear to be slightly blue-shifted, as recently observed in NPoM
structures driven with free-space light [47]. Furthermore, the overall coupling factor is larger as
the radius goes up. In this respect it should be noted that, since the radiation pattern is to be
identical regardless of the NP size, what actually changes is the nonradiative absorption. Be
that as it may, this fact allows us to surmise the existence of a value of RNP at which there is a
trade-off performance between the enhanced Raman excitation and the collection processes.
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Fig. 5. Coupling strength (β-factor) for different NP’s radii and gap sizes. The NPoM is
excited by a point-like dipolar source placed in the middle of the SAM gap just below the
NP, oscillating along the y-direction. Inset depicts snapshots of the electric field distribution
at different wavelengths, showing the largest collection efficiency in the middle panel. The
color scale used for RNP and gSAM is the same as in Figure 2.

3.3. Accounting for the spurious SiN Raman background signal

Aiming to exploit optimally the proposed arrangement for integrated SERS spectroscopy, the
signal-to-noise ratio at the Stokes wavelengths has to be maximized at the output of the chip.
Therefore, from a practical point of view, it is of paramount importance not only enhancing
the signal excitation and the coupling efficiency, as undertaken so far, but also minimizing the
unwanted SiN Raman background collection. Indeed, it should be noted that such a background
Raman signal, intrinsic to the SiN waveguide structure, can become highly detrimental [19,29],
mainly when long (mm-scale) waveguides need to be included to drive the plasmonic cavity modes
in the NPoM structure. In this sense, for our scheme it is expected that the SiN background follows
the path of the incoming signal, while being highly attenuated towards the lateral directions. To
analyze more in depth this reduction in our system, we consider an extra ancillary waveguide
aligned with that supplying the excitation signal, together with the previous set transversely
arranged (see inset of Figure 6). By simulating this structure, we observe that, independently of
the specific geometrical parameters, after interacting with the NPoM, most of the output signal
exits through the in-front waveguide (see Figure 6), as expected, thereby ensuring that most
of the Raman signal accumulated along the input waveguide would be completely suppressed
through the transversal outputs. These results show that, at the plasmon resonance, about 10% of
the transmitted light from the excitation waveguide is scattered by the NPoM into the collection
waveguides, with a reduction of the SiN Raman background of about 6 dB. Since the signal is
collected in two waveguides simultaneously, the total Raman signal at the output is duplicated,
and hence, the total improvement of the signal-to-noise ratio would be around 10 dB using our
“T-shaped” architecture. As can be seen, this outcome is rather broadband though, so likely is
controlled by the geometrical considerations. Therefore, using waveguides with curved endings,
making a type of facet lens, would be helpful to suppress further the unwanted Raman background
signal, while improving the NPoM coupling efficiency. Although currently beyond the present
work, this might further reduce the noise of this background.
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Fig. 6. Numerically simulated normalized transmission spectra (in dB units) of the
fundamental TM guided modes through the orthogonal (dashed) and the in-front (solid)
output waveguides.

4. Conclusion and outlook

In conclusion, we have carried out a numerical study to assess the viability for realizing SERS in
an integrated platform exploiting the NPoM structure optically-excited through SiN waveguides.
Besides the practical benefits which directly stem from the miniaturized approach, the main
advantages of the proposed arrangement, in contrast with the free-space case, arise both from
the ease and the foreseeable reduction of costs to experimentally implement the enhanced
excitation and collection of plasmonic cavity modes in NPoM configurations. Furthermore, this
integrated approach presents important features for on-chip SERS spectroscopy, such as tunability
(depending on geometrical parameters involving the SAM gap and the NP), or high-performance,
with intensity enhancement factors beyond 105. Noticeably, these quantities exceeds, in up to two
orders of magnitude, with respect to earlier results using lithographically-defined nanoantennas
with complex geometries [21], with the additional benefit of simplifying the fabrication process
[30], as NPoM structures can be readily made by self-assembly techniques. We have also
shown that Raman signals can be straightforwardly collected in transversely placed waveguides,
with coupling efficiencies reaching up to 10%. Nonetheless, this performance, as well as the
signal-to-noise ratio, could likely be improved by engineering further the NPoM interface, for
instance, by varying the remaining geometric parameters of the system (e.g., the height of the
mirror), by investigating other SERS geometries [41], by regarding the presence of roughness
or nanometric crevices on the mirror plane [3,48], or by looking into other materials with
lower absorption losses (e.g., considering silver, copper [49], or even artificially engineered
metamaterials [50]). Moreover, it would also be desirable to look into simpler geometrical
arrangements, e.g., ones based on back-scattering, which, in addition to allowing a considerable
reduction of the whole footprint of the system, would further simplify the implementation of
the excitation and readout of the Raman signal. The proposed architecture could be fabricated
using standard top-down techniques (such as electron-beam lithography, reactive-ion etching,
and lift-off) to define the waveguides, the gap and the gold mirror [21], whilst the SAM and
the gold nanospheres can be deposited following procedures already sketched out elsewhere
(see, e.g., Refs. [51,52]). Therefore, this work constitutes a good starting point to approach the
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optical response of plasmonic cavity modes enabled by NPoMs embedded in Si-based photonic
waveguides. Along with SERS spectroscopy [19], this scheme might also be exploited for other
nonlinear functionalities, such as frequency mixing, all-optical switching, or modulation [53,54],
in hybrid plasmonic-photonic integrated platforms [16,31,32].
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