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Abstract— We introduce a hybrid nanophotonic-plasmonic platform capable of gencrating
Surface Enhanced Raman Spectroscopy signals from integrated bowtic antennas, excited and
collected by a single mode silicon nitride waveguide. Morcover we discuss the relevant figure of
merit, which represents the total Stokes power coupled into the fundamental waveguide mode for
a given pump power, and outline strategies to optimize the Signal-to-Noise Ratio.

1. INTRODUCTION

Surface Enhanced Raman Spectroscopy (SERS) is a well-known technique to enhance Raman spec-
tra by placing a resonant metallic nanostructure ncar the analyte under study. [1, 2] SERS signals
arc however mainly generated and collected by bulky and expensive microscopy systems. The de-
velopment of photonic integrated circuits functionalized with dedicated nanoplasmonic structures
would hence present a major step towards the realization of dense SERS probes, allowing multi-
plexed detection of extremely weak Raman signals. We have demonstrated for the first time such
a hybrid platform where the SERS signal from integrated bowtie antennas, coated with a self-
asscmbled monolayer of 4-nitrothiophenol (NTP), is excited and collected by a single mode silicon
nitride waveguide (Fig. 1(a)). Duc to the fully integrated nature of this single mode SERS-probe,
onc can rigorously quantify the complete enhancement and coupling process. [3] Below we will dis-
cuss the relevant figure of merit (FOM) of this new on-chip SERS platform and outline strategies
to optimize the Signal-to-Noisc Ratio (SNR).
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Figure 1: (a) Silicon nitride (SiN) waveguide functionalized with an array of N bowtie antennas. The bottom inset shows
a SEM image of an integrated bowtie antenna. [3] (b) SERS spectra of waveguides functionalized with a varying number of
N (N =0,10,20, 30, 40) bowtie antennas with a =~ 60°, L ~ 106 + 8 nm and A =~ 48 + 13 nm. [3] (c) Signal (blue) and shot
noise (red) strength of the 1340 cm~?! peak as a function of N. The solid curve represents a fit of the experimental data to
a theoretical model describing the on-chip SERS effects, developed in [3], while the shaded areas incorporate the theoretical
impact of disorder in the system [3].

2. SIGNAL ENHANCEMENT AND NOISE REDUCTION

Figurc 1(b) shows thc Raman spcctra obtained from waveguides functionalized with a different
number of antennas N. The cyan shaded areas mark the spectral positions where an NTP Stokes
peak is cxpected. The peaks denoted by the black dashed lines result from interference effects
gencrated by the Au array. [3] While the non-functionalized (N = 0) reference waveguide does
not generate any NTP SERS signal, it does have a large Raman background originating from the
SiN corc. The shot noise associated to this background will limit the detection of the smallest
NTP featurcs, but can be reduced by the attenuation caused by the nanoantennas if the waveg-
uides arc functionalized with a sufficiently large N (secc Fig. 1(b)). While the dominant 1340



em™! peak is visible in all cases, the smallest 1110 ¢cm™! peak only appears for a sufficiently low
background. In that respect the N = 40 waveguide exhibits a better performance as compared
to the N = 10 casc. Howcver, the absolute signal strength of all the N = 40 pecaks is lower
than the N = 10 pcaks as cxemplified in Fig. 1(c) for the 1340 cm™! peak. [3] Hence, there is
a tradc-off between signal enhancement and noise reduction, which in turn affects the SNR. In
order to investigate this tradc-off we developed an on-chip SERS model. Each antenna generates
14 Ppump guided Stokes power, in both forward and backward direction, for a given pump power
Ppump. The single antenna conversion cfficiency 74 is an antenna dependent factor incorporat-
ing the integrated ficld enhancement profile ncar the metal surface. The total forward propagat-
ing Stokes power gencrated by an array of N coated antennas was shown to be proportional to

FOMp = T;Ae(sl_N) (1 - (es/ep)N> (1 —es/ep)™". The additional array factor results from the
combined cxtinction of pump (ep) and Stokes (eg) light duc to all the antennas. The background
on the other hand is proportional to FOMy, = myg L1 (e;N + egN ) in which 7y, is a waveguide

dependent factor incorporating the specific modal field profile and 2L, is the total length of the
waveguide. Finally, the SN R is then proportional to SNR < FOMEg/\/FOMp + FOMy,. [3]
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Figure 2: (a) Signal and SNR as a function of N for the 1340 cm™! peak of Fig. 1(c). (b) Comparison between Forward
and Backward on-chip SERS scattering for ep = 1.16 and eg = 1.10.

The experimental signal strength and corresponding SNR of the 1340 cm™! peak arc shown
in Fig. 2(a). Onc can scc that if N < Np;n, detection is not possible because SNR < 1. The
signal is maximal for N = Ny, while the SNR is maximal for prjtv RS Nopt. This exemplifies
the trade-off between signal enhancement and noise reduction. It should be noted however that
the SERS signal originates from a relatively short section (which can be made as short as = 10
um for a single antenna) as compared to the total length 2L, (= 10000 pm in our experiment)
which is responsible for the large background. By sufficiently reducing L; (L; — 0), the trade-off
relaxes because one maintains the possibility to select an antenna number which maximizes FOMp
while achicving the maximum SNR at the same time (i.c. N,,Sp]tv R — Nopt). Furthermore, one can
gain in absolute signal strength by collecting the backward propagating SERS light because the
backscattered signal from the first antenna, which is the strongest, is still fully available at the
output. The signal from subscquent antennas then experiences an ever increasing attcnuation by
the previous antennas, such that the signal eventually saturates for a sufficiently large number of
antennas (sce Fig. 2(b)). By applying similar reasonings as in [3], one can show that the backward

-1
propagating SERS signal is proportional to FOMp = n4 (1 — (epes)_N) (1 - (epeg)_l) . The

highest SERS signal Sp,,, that can be collected from this hybrid platform is hence given by Spez =

na (1 —1/ (epes))”" for a given antenna geometry. When one cventually is limited to the shot
noisc of the SERS signal (i.c. FOMp >> FOMy,), the highest possible SNR is proportional

to SNRyaz o \/ na(l—1/ (epes))'l. Currently we are working on dedicated on-chip Y-splitters

which decouple the pump beam from the waveguide carrying the SERS signal in order to reduce the
background signal. Morcover, the backscattered light is collected in such a Y-splitter configuration
to improve on the absolute signal strength. Initial experiments show that the background can be
reduced by a factor 100 (shot noisc reduction by 10) compared to the background of simple straight
waveguides (for the same pump power). So the SN R is expected to increase by at least 10.
Improved chip designs are expected to push towards the Ny, = 1 limit, such that signals from a

single antenna can be detected. and could ultimately enable quantitative and multiplexed detection
of several biological and chemical substances, such as viruses or DNA, on a fully integrated platform.
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