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Abstract—Plasmonic resonances in metallic nanostructures 

provide a way for broadband enhanced light-matter interaction in 

subwavelength regions, which can be used to boost a variety of 

physical phenomena, notably including Raman scattering. Such 

nanostructures can be integrated on silicon chips and driven via 

dielectric waveguides, which may improve the performance of 

photonic integrated circuits in terms of foot-print, efficiency, 

sensitivity or power consumption, amongst other figures of merit. 

Here, we show that an isolated plasmonic nanoantenna can be 

efficiently integrated into a silicon nitride waveguide to detect 

surface-enhanced Raman scattering (SERS) spectra from 

molecular monolayers. We study numerically and experimentally 

two different configurations, both enabling the recording of 

Raman spectra at the output: nanoantenna on top of the 

waveguide and nanoantenna inserted in a subwavelength gap 

built in the waveguide. We also compare both configurations, 

which may pave the way towards massive integration of SERS 

devices for lab-on-a-chip applications.  

 
Index Terms— Nanophotonics, Plasmons, Raman Scattering, 

Silicon photonics.  

 

I. INTRODUCTION 

NTEGRATION of subwavelength-sized plasmonic 

nanostructures in silicon waveguides has received a 

considerable interest in the past few years. 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 a variety 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 
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circuits (PICs) using silicon-compatible technologies. A 

paradigmatic example of such a hybrid approach is the recent 

demonstration of a plasmonic electro-optic modulator 

integrated on a silicon waveguide which beats its dielectric 

counterparts in terms of speed, power consumption and foot-

print [2].   

One of the possible plasmonic structures to be integrated in 

silicon-based PICs is a metallic nanoantenna [3] supporting a 

localized surface plasmon resonance (LSPR) either in the near-

infrared [4] or in the visible regime [5]. Either silicon or 

silicon nitride (Si3N4) waveguides are respectively chosen for 

each wavelength regime to ensure strong confinement in the 

waveguide core together with low propagation losses. In the 

simplest approach, plasmonic nanoantennas can be placed on 

top of the dielectric waveguides so that their excitation arises 

from the coupling between the evanescent part of the 

waveguide mode (usually, the fundamental TE-like mode) and 

the nanoantenna LSPR. This approach, which allows for both 

exciting the nanoantenna via the guided field and collecting 

the radiation that it scatters back to the coupled waveguide, 

has led to different interesting experimental results [4]-[11]. 

However, the weak coupling (~10% at most) between the 

waveguide mode and the LSPR makes typically necessary to 

include a set of nanoantennas in order to observe a large 

contrast ratio at the waveguide output [5],[7]. The requirement 

for several antenna is a limiting factor obviously when probing 

single particles but also because it increases the propagation 

length into the Si3N4 core resulting in a much higher photon 

background radiation [10]. 

Plasmonic nanostructures play a key role in surface-

enhanced Raman scattering (SERS), since the strong field 

localization in subwavelength volumes boost the efficiency of 

the Raman process by orders of magnitude [12]-[14]. 

Recently, the collection of SERS spectra from nanoantennas 

integrated on top of Si3N4 waveguides has been demonstrated, 

first by means of an array of nanoantennas to increase the 

amount of Raman scattering collected by the waveguides [15] 

and afterwards by means of a single nanoantenna by reducing 

the background noise in a backscattering detection scheme 

with short waveguide lengths [16].  

Still, there is room for improvement, mainly in terms of 

excitation and collection efficiency, in the way towards single-

molecule on-chip SERS. A possible way to increase the 

coupling efficiency between the nanoantenna and the guided 

SERS detection via individual bow-tie 

nanoantennas integrated in Si3N4 waveguides 
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mode results from placing the nanoantenna in a subwavelength 

gap created in the waveguide, so that the nanoantenna is 

perfectly aligned with the waveguide optical axis [17]. In this 

approach, it can be considered that the nanoantenna is 

illuminated by a near-field probe (the waveguide facet) so the 

optical power delivered to the nanoantenna should be higher 

than in the on-top nanoantenna approach, thus enhancing the 

efficiency of the Raman process. However, this waveguide-gap 

approach has not been employed so far in SERS. 

In this work, we demonstrate SERS via isolated bow-tie Au 

nanoantennas integrated in Si3N4 waveguides using the two 

previous approaches: antenna on top and antenna in the gap. 

We show that both approaches enable to record SERS spectra 

but the gap approach performs better, which is supported by 

numerical results.  

II. NUMERICAL STUDY 

Figure 1 shows a sketch of the two configurations under 

study: nanoantenna on top of the waveguide (Fig. 1(a)) and 

nanoantenna inserted in a subwavelength gap in the waveguide 

(Fig. 1(b)). For simplicity, we term these configurations C1 

and C2, respectively. In both cases, we consider Si3N4 

waveguides with a rectangular cross-section (w=700 nm and 

t=220 nm) on a silica substrate and bow-tie nanoantennas 

made of gold (Au).  

There are two key parameters to model the performance of 

the structures in SERS [15]: the Raman enhancement factor 

and the -factor. The Raman enhancement factor EFR 

characterizes the excitation efficiency of the Raman centers. At 

a certain position, it can be obtained as EFR = I(λP)I(λS), where 

I stands for the optical intensity (or square of the electric field 

modulus |E|2 in that position) and P and S are respectively the 

pump and Stokes wavelengths. Since plasmonic resonances are 

generally broad (optical Q factor ≈ 10 or bandwidths ≈ 100 nm 

at near infrared wavelengths), the intensity enhancement I at 

the pump and Stokes wavelengths are quite similar so EFR is 

typically considered to be proportional to |E|4 (the so-called ‘E4 

law’ [13],[14]). In Ref. [15] the field normalization was 

carried out by comparing the field at the nanoantenna position 

(evanescent field region over the top waveguide boundary) 

with and without nanoantenna. Since the nanoantennas are 

placed in different positions for each configuration, we will 

use the electric field at the center of the waveguide for 

normalization to ensure a fair comparison between both 

approaches. On the other hand, the -factor models the amount 

of the Raman radiation that is coupled to the guided mode, and 

can be obtained as =PTE/Prad, where Prad is the total power 

radiated by a Raman center and PTE is the power of the output 

guided mode. Noticeably, the analytical model developed in 

Ref. [15] for both parameters cannot be applied to C2, so here 

we use numerical simulations to compare the performance of 

both approaches.  

We performed full-vectorial electromagnetic simulations 

using the software CST Microwave Studio. For both 

configurations we followed the same procedure: We used a 

non-dispersive refractive index of nSiN = 1.99 for the 

waveguide core, nSiO2 = 1.45 for the silica (SiO2) 

undercladding and nair = 1 for the air top cladding. We 

considered a thin layer of titanium as an adhesion layer 

between SiO2 and Au. The metal stack thicknesses were fixed 

to tTi = 2 nm and tAu = 30 nm, so t = 32 nm. An additional 

surface layer with thickness tMM = 1 nm and index nMM = 3 was 

used to model the molecular monolayer placed on top of the 

sample. The nanoantenna region (including the titanium 

adhesion layer and the monolayer) was meshed with a uniform 

mesh of 0.5 nm in the plane of the nanoantenna (yz-plane) and 

1 nm in the x-direction. A mesh refinement to 0.5 nm is 

applied in regions where the thickness in the x-direction was ≤ 

1 nm.  

To calculate the intensity enhancement I, we placed an 

electric field monitor in the middle of the gap formed by the 

two bow-tie arms at a height of 15 nm. For the -factor 

calculations, we considered a fixed dipole emitter source 

positioned near the antenna surface, centered in the bow-tie 

gap and at a height of 15 nm over the surface (this means, 45 

nm over the substrate layer). Prad can then be calculated using 

a 3D power monitor whose boundaries are in the far field of 

the dipole source. PTE can be simultaneously determined using 

a monitor that extracts the power carried by the TE mode. 

The nominal parameters of the C1 design were directly 

extracted from Ref. [15]: = 60.51º, = 20 nm, t = 30 nm and 

L=120 nm. C2 was designed to get the highest value of EF(λP)2 

in the wavelength region used in the experiments (around 780 

nm). After the optimization step, the dimensions of the C2 

nanoantenna are = 64º,  = 35 nm, t= 30 nm and L=120 nm, 

for a waveguide gap of g = 200 nm.  

Figure 2 depicts a comparison between both nominal 

designs, in terms of both I(λP) (a) and the -factor (b). It can 

be clearly seen that C2 performs better than C1 since both the 

Raman centers are excited more efficiently and the Raman 

excitation is more efficiently captured by the output 

waveguide. Especially, C2 provides a much higher field 

enhancement at the bowtie gap, as also shown in the electric 

field snapshots shown in Fig. 3. This can be attributed to two 
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Fig. 1.  Sketch of the two configurations under study: (a) The nanoantenna is 

placed on top of the waveguide so that its excitation is mediated by 

evanescent field coupling (C1); (b) The nanoantenna is placed in a gap 

created in the waveguide and aligned with the optical axis (C2). 
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main reasons: first, because the plasmonic resonance seems to 

be red-shifted in C1; and second because the interaction 

between the guided fields is higher in C2 than in C1. As a 

result of the inaccuracies in the fabrication process, the 

dimensions of the real samples were different from the 

nominal designs (see Section III and, particularly, Fig. 4). Still, 

C2 is expected to be more efficient than C1, even though the 

performance of C1 could be certainly improved by designing 

the antenna to resonate closer to the pump wavelength.  

 

 

III. FABRICATION 

The samples for both C1 and C2 configurations were 

fabricated using standard silicon technology. As a starting 

material, a 200 mm Si wafer containing a stack of 2.3 ± 0.1 m 

thick high-density plasma chemical vapor deposition SiO2 and 

220 nm thick plasma enhanced chemical vapor deposition 

(PECVD) Si3N4 is used [18]. First, the Si3N4 waveguides (with 

the gap for C2 samples) were fabricated. The fabrication 

process was based on an electron-beam direct-writing process 

performed on a 100-nm-thick poly(meth)acrylates (PMMA 

905 K) resist film. The mentioned electron-beam exposure, 

performed with a Raith150 tool, was optimized in order to 

reach the required dimensions employing an acceleration 

voltage of 10 KeV and an aperture size of 30 m. After 

developing the PMMA resist using a mixture of IPA+MIBK, 

and in order to have an etching metal mask, a 20 nm chromium 

layer was evaporated prior to a lift-off process. Then, the 

waveguide patterns were transferred into the Si3N4 samples 

employing an optimized Inductively Coupled Plasma-Reactive 

Ion Etching process with fluoride gases. Finally, the remaining 

chromium layer was removed by using chromium etchant 

dissolution. For the C2 samples, an extra PECVD step for 

silica deposition (around 100nm) was required in order to 

ensure the right height alignment between the antenna and the 

waveguide axis (see Fig. 1(b)). 

Once the waveguides were fabricated, the Au bow-tie 

structures were placed on the waveguides as well as in the 

middle of the waveguide gaps by means of a second e-beam 

lithography process performed with the Raith150 tool prior to 

a new metal evaporation (30 nm of gold plus 3 nm of titanium 

for adhesion enhancement) and lift-off process. To ensure the 

right placement of the bowties, alignment marks, created in the 

previous Si3N4 etching level, and an iterative exposure process 

were used. Four samples were fabricated (one for C1 and three 

for C2) all of them containing a waveguide without 

nanoantenna for calibration purposes and seven waveguides 

with nanoantenna. Figure 4 shows SEM images of some of the 

fabricated samples. As mentioned in section II, the shape of 

 

 
Fig. 2. Intensity enhancement factor I(λ) (a) and -factor (b) for both 

designs, C1 (red) and C2 (blue). Solid lines describe the response for ideally 

designed systems, whilst dahsed lines show the response for the final 

fabricated systems (taking into account fabrication deviations).  

 
 

Fig. 3. Snapshots of the electric field at =876 nm (roughly corresponding 

to the main Raman peak of the substance used in the experiments) around 

the nanoantenna region for both the C1 (top) and C2 (bottom) 

configurations. In both cases, the guided power is the same. The colorbar 

applies to both parts of the figure.  
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the fabricated bow-ties was a little bit different from the 

nominal bow-tie geometry because of fabrication inaccuracies. 

Indeed many of the bow-ties were not well formed (so they 

were not useful for characterization) and their bow-tie aperture 

was different from the nominal one as shown in Fig. 3(a) and 

(b). Moreover, in some of the samples the bow-tie gap was 

completely closed (Fig. 3(c)). The dimensions for fabricated 

antennas used in measurements were: = 56.15º, = 44 nm, 

t= 30 nm and L=131.5 nm , (C1, Fig. 4(a)), and = 59.71º, = 

35 nm, t = 30 nm and L=135 nm (C2, Fig. 4(b)). In addition, 

there is a certain misalignment with respect to the optical axis, 

which also was accounted for in the simulations. Still, we were 

able to excite the nanoantenna resonances as shown in Section 

IV.  

       For SERS measurements, the fabricated chips were first 

cleaned using acetone + IPA + DI-water followed by O2 

plasma. Then 4-nitrophenol (pNTP) molecules in the form of a 

monolayer were bound to the plasmonic nanoantenna by 

immersing the chip in a 1mM solution of pNTP in ethanol. 

After an overnight immersion, chips were thoroughly washed 

with ethanol and DI-water to remove the unbind pNTP 

molecules. 

IV. EXPERIMENTAL RESULTS 

We performed the SERS measurements using a commercial 

confocal Raman microscope (WITEC Alpha300R+). The 

schematic of the experimental setup is presented in Fig. 5. The 

inset shows the input laser spot and the scattering from the 

single antenna. A P = 785 nm excitation diode laser (Toptica 

XTRA II) is used as a pump source. The chip was placed 

underneath the objective (40 ×, 0.63 NA) i.e. TE mode of 

Si3N4 waveguide is excited via end-fire coupling. A low pump 

power of 1 mW (before objective) is used to avoid any 

material damage and subsequent photoreduction of pNTP. The 

coupling into the waveguide was optimized by looking 

simultaneously at the waveguide scattering using the top 

camera as well as at the expected 1339 cm-1 pNTP peak. All 

the Raman spectra were recorded with 1 sec integration time. 

The loss of the Si3N4 waveguide measured using cut back 

method is 3.2 ± 0.9 dB/cm. The coupling loss measured from 

the chip containing C1 and C2 configuration is 3.2 ± 0.5 and 

5.0 ± 0.4 dB/facet. Further details about the experimental 

setup can be read from [16].   

 
The measurement results are presented in Fig 6. Each 

spectrum is normalized by the coupling efficiencies to assure 

same pump power for both configurations. No NTP peak can 

be seen in the Raman spectrum measured from a reference 

waveguide (black). However, a strong NTP spectrum is 

present in the signal recorded from the waveguide 

functionalized with a single antenna (red). Apart from the 

expected pNTP Raman modes, a spurious Raman like 

background generated from the Si3N4 waveguide [10] is 

observed in all spectra. In the first set of measurements, the 

chip containing a set of waveguides with the bow-tie on top 

(C1) is measured. For the best waveguide-antenna system (Fig. 

 
Fig. 5.  The schematic of the setup used for SERS measurements from 

nanoantennas integrated Si3N4 waveguides. The inset shows the input spot 

and the scattering from the single nanoantenna.  
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Fig. 4.  Scanning Electron Images of some of the fabricated samples: C1 in 

(a), with =44 nm; C2 in (b) with =35 nm and (c) with =0 nm (the 

bow-tie gap was not opened). The yellow line stands for 200 nm.   
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3(a)) the Raman peak of the 1339 cm-1 mode (𝝂s (NO2)) is 

visible in Fig 6(a). However, due to the low excitation and 

collection efficiency (-factor), no other Raman modes are 

present. In the second set of the measurements, the set of 

samples with antennas in the gap (C2) was explored. The same 

pump power, integration time and CCD setting were used. As 

shown in Fig 6(b), aside from 1339 cm-1 Raman modes, two 

more peaks at 1076 cm-1 and 1580 cm-1 (benzene ring 

vibrations) also appear in the Raman spectra. The higher noise 

in Fig 6(b) is attributed to higher coupling loss. In Fig 6(c), we 

compare the Raman signal strength measured from both 

antenna configurations. For the same pump power and 

integration time, the Raman signal recorded for C2 is at least 

three times stronger than in C1, where both antennas 

geometries were optimized for highest signal strength.  

These experimental results are supported by the numerical 

predictions: being the intensity enhancement and the -factor 

about two and one orders of magnitude higher in C2 than in 

C1, we could expect a much better resolved Raman spectrum 

in C2. In this sense, it is worth mentioning that C1 is far from 

being optimized and the bowtie plasmonic resonance is 

redshifted beyond 1 m, so in an optimum configuration with 

the resonance close to the pump laser the C1 structure would 

enable to record also all the Raman peaks, as shown in [16].  

V. CONCLUSION 

In this work, we have demonstrated that the marriage 

between silicon photonics and plasmonics may give rise to 

new devices for advanced spectroscopy. In particular, single 

plasmonic nanoantennas with a sub-micron square foot-print, 

well below what can be achieved using dielectric structures, 

can enormously concentrate incoming guided fields to excite 

Raman centers whose emitted radiation is also efficiently 

collected by output waveguides.  

Next steps should include the increase of the field 

localization (higher values of I) via narrower gaps (< 10 nm) 

in the nanoantenna, which should lead to single-molecule 

spectroscopy [19] on silicon chips. Such narrowing could be 

performed by alternative methods in which the gap is not 

defined lithographically but by self-assembly, as recently 

demonstrated in plasmonics picocavities following a 

nanoparticle-on-mirror structure [20]. Ways for enhancing the 

collection of the Raman radiation by the output waveguide are 

to be addressed, especially for the C2 configuration where the 

distance from the nanoantenna to the output waveguide facet 

should be as small as possible in order to capture the 

maximum amount of emitted radiation.  

In the way towards commercialization, CMOS compatibility 

should also be considered. In this case, the replacement of Au 

(not CMOS compatible) by CMOS-compatible plasmonic 

materials [21] such as titanium nitride [22] or copper [23] 

would be mandatory. By additionally using multiple 

waveguides with integrated antennas, which could be 

simultaneously excited by a single laser, it would be feasible to 

perform Raman spectroscopy of multiple substances in ultra-

compact and low-cost SERS chips.  
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Fig. 6.  The Raman spectrum measured from the waveguides functionalized 

with single antenna for C1 (a) and C2 (b). The green dotted line represents 

the NTP Raman modes i.e. 1080, 1339 and 1575 cm-1. (c) The CCD counts 

corresponding to 1339 cm-1 Raman mode of NTP. 
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