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ABSTRACT

In this work, we demonstrate experimentally surface enhanced Raman spectroscopy (SERS) via bowtie
metallic nanoantennas integrated in silicon nitride waveguides. Two different configurations are considered:
nanoantenna on top of the waveguide and nanoantenna inside a gap created in the waveguide. Even though both
configurations allow for observing the Raman peaks of 4-nitrothiophenol (NTP), the latter shows higher peaks as
a result of a better coupling from the Raman active centres to the fundamental TE waveguide mode. Our results
pave the way towards the realization of massive SERS detectors on silicon-compatible photonic chips.
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1. INTRODUCTION

Recently, there has been a growing interest on the integration of plasmonic nanostructures in silicon
waveguides. The main reason is that this hybrid plasmonic-photonic approach [1] reunites the best of two worlds:
on one side, the extreme optical properties of plasmonic nanostructures enabling optical functionalities (sensing,
modulation, non-linear processing) at low power and in sub-micron foot-prints; on the other side, the possibility
of massive fabrication of photonic integrated circuits (PICs) using silicon-compatible technologies.

One of the possible plasmonic structures to be integrated in silicon-based PICs is a metallic nanoantenna
supporting a localized surface plasmon resonance (LSPR) either in the near-infrared [2] or in the visible [3]. Silicon
and silicon nitride waveguides are chosen respectively for each wavelength regime. In the simples approach,
plasmonic nanoantennas are built on top of the dielectric waveguides so that they are excited via coupling between
the evanescent part of the waveguide mode (typically, the fundamental TE-like mode) and the nanoantenna LSPR.
Although this approach has enabled different interesting experimental results, the weak coupling (~10%) between
the waveguide mode and the LSPR makes typically necessary to include a set of nanoantennas for an efficient
detection (for instance, in the demonstration of on-chip surface-enhanced Raman scattering (SERS) [4]). Stronger
coupling (and as a result, larger amplitude contrast at the waveguide output) can be obtained if the nanoantenna is
placed in a subwavelength gap created in the silicon waveguide, so that the nanoantenna is perfectly aligned with
the waveguide optical axis [5]. In both cases, the nanoantenna — supporting strongly localized fields in its
surroundings - would act as an efficient transducer between the Raman-active centres of a certain substance and
the waveguide modes, thus ultimately enabling massive SERS detectors in a silicon-compatible PIC.

In this work, we demonstrate SERS via isolated bow-tie Au nanoantennas integrated in silicon nitride
waveguides using the previous approaches and establish a comparison between them from numerical and
experimental results.

2. NUMERICAL SIMULATIONS

Figure 1 shows a sketch of the two different configurations to be considered in this work: bow-tie Au
nanoantenna on top of a silicon nitride waveguide (CONF1) and inside a subwavelength gap etched in a silicon
nitride waveguide (CONF2). Notice that CONF2 requires first etching the waveguides (and the gap), then
depositing SiO- so that the nanoantenna can be aligned with the waveguide axis and then building the nanoantenna
inside the gap [5]. Full 3D numerical simulations using the software CST Microwave Studio were used to analyse
the performance both devices. Two parameters have been considered in the simulations in order to know about the
performance of the system: the g-factor, which is determined by the ratio of the Stokes power coupled into the
fundamental TE-like mode of the waveguide; and the intensity enhancement, which is obtained by monitoring the
local electric field enhancement in the middle of the nanoantenna gap when the waveguide is fed by the
fundamental TE-like waveguide mode.
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Figure 1. Sketches of the two devices under study in this work: nanoantenna on top of the waveguide (left-hand side) and nanoantenna in a
gap created in the waveguide (right-hand side).

We started by simulating CONF1 using the nominal parameters of the system that was used in Ref. [4] to
measure SERS in a chain of nanoantennas. These parameters are: =60°, L=100 nm, A=50 nm, w=700 nm, h=220
nm, and t = 30 nm (plus 3 nm of Ti for adhesion). Figure 2 shows on the left the B-factor and intensity enhancement
as a function of the wavelength for this structure. Notice that we have observed that the LSPR of the nanoantenna
is redshifted with respect to the laser wavelength to be used in the experimental system (4=785 nm) as well as with
respect to the expected Stokes peaks. Then, we simulated CONF2 and optimized the parameters in order to
maximize both the pB-factor and intensity enhancement. The results are shown in Fig. 2 (right column) for an
optimized device with a=64°, L=120 nm, A=20 nm, w=700 nm, h=220 nm, g= 250 nm and t = 30 nm (again plus
3 nm of Ti for adhesion). In Fig. 2 we have also included the results for the fabricated structures after extracting
the dimensions from scanning electron microscope images (see Fig. 3). Notice that, in general, CONF2 can lead
to one order of magnitude larger values of the S-factor and the intensity enhancement as a result of the improved
interaction between the waveguide mode and the nanoantenna. However, we want to highlight here that CONF1
could be further optimized to improve its response.
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Figure 2. Numerical results obtained with CST Microwave Studio: B-factor (top) and intensity enhancement (bottom) for CONF1 (left) and
CONF2 (right). Solid (dashed) lines show the results for the nominal (fabricated) parameters of the devices.



3. EXPERIMENTAL RESULTS

Samples with devices for both CONF and CONF2 were fabricated and teste in the lab. Details about the
fabrication methods can be found in Ref.[4] (For CONF1 devices) and in Ref. [5] (for CONF2 devices). Both chips
were coated with gold binding layer of 4-nitrothiophenol (NTP) using full night immersion in 1.55 g/L solution of
NTP in ethanol. We recorded the Raman spectra in a back reflection configuration using a confocal Raman
microscope (WITEC Alpha 300 R+, equipped with 40x 0.6 NA objective, 785 nm wavelength and -70°C cooled
ANDOR IDUS CCD camera). Both spectra shown in Fig 3 are recorded using 1mW power and 1 Sec integration
time. Raman peaks are detected in both approaches, which shows the potential of the hybrid approach for on-chip
SERS. Moreover, the Raman peaks — especially the one at 1,340 cm™ - can be more clearly distinguished in
CONF2, in good agreement with the numerical simulations. We believe that larger signal-to-noise ratio in the
Raman spectrum can be achieved by further design of the systems.
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Figure 3. Background subtracted NTP Raman spectrum measured using CONF 1 (red) and CONF2 (blue) Green dotted lines corresponds
to the position of three Raman modes of NTP. Scanning electron microscope images of the fabricated samples for both configurations are
shown on the left.

Counts

-1

4. CONCLUSIONS

We have demonstrated experimentally on-chip SERS in the 700—1000 nm region using isolated bow-tie
nanoantennas integrated either on top or inside a gap of a silicon nitride waveguide. Remarkably, the active area
of the sensing region is much less than 1 um?, which should prospects for miniaturization well beyond what can
be achieved using dielectric photonics. This finding shows that integration of plasmonic elements into silicon-
based waveguides can pave the way towards hybrid PICs to be used in multiple applications in the classical and
guantum domains.
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