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Abstract

We demonstrate for the first time the generation of Surface Enhanced Raman Spec-

troscopy (SERS) signals from integrated bowtie antennas, excited and collected by the

fundamental TE-mode of a single mode silicon nitride waveguide. Due to the integrated

nature of this particular single mode SERS-probe one can rigorously quantify the com-

plete enhancement process. The Stokes power, generated by a 4-Nitrothiophenol-coated

antenna and collected into the fundamental TE-mode, exhibits an 8 × 106 enhance-

ment compared to the free-space Raman scattering of a 4-Nitrothiophenol molecule.
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Furthermore we present an analytical model which identifies the relevant design pa-

rameters and figure of merit for this new SERS-platform. An excellent correspondence

is obtained between the theoretically predicted and experimentally observed absolute

Raman power. This work paves the way towards a new class of fully integrated lab-

on-a-chip systems where the single mode SERS-probe can be combined with other

photonic, fluidic or biological functionalities.

KEYWORDS: Surface Enhanced Raman Spectroscopy, single mode waveguide, pho-

tonic integrated circuits, bowtie nanoantenna, plasmonic modeling
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Surface Enhanced Raman Spectroscopy (SERS) is a promising technique for enhancing

inherently weak Raman signals by introducing a plasmonic nanostructure in the vicinity

of the analyte under study.1–12 SERS spectra have mainly been generated using simple

plasmonic substrates or colloidal solutions of metallic nanoparticles, whereby the signal is

excited and collected by a conventional microscopy system. Recently, photonic integrated

circuits (PICs) emerged as a promising alternative to standard confocal microscopy to probe

spontaneous Raman spectra.13 The fundamental building block of such circuits is a single

mode waveguide in which the pump and Stokes light is guided in a high-index core material

surrounded by lower-index cladding materials. While researchers also started integrating

nanoplasmonic antennas on top of such waveguides,14–20 PICs have only been used to probe

SERS signals from external, non-integrated, metallic nanoparticles.21–23 Such an approach

however suffers from the same drawbacks of conventional SERS, in the sense that it is poor

in terms of quantitative results owing to the large uncertainty on the Raman enhancement

and coupling between the excitation beam and the metallic nanoparticles. In order to obtain

quantitative SERS spectra a complete control of the plasmonic enhancement and coupling

with the underlying waveguide is necessary.

Here we present a new class of SERS-probes which overcomes these issues. We demon-

strate for the first time the generation of SERS signals from integrated bowtie nanoantennas,

excited and collected by a single mode silicon nitride waveguide. Due to the fully integrated

nature of the developed single mode SERS-probe it is possible to rigorously quantify the

complete enhancement and coupling process. We show that the SERS spectra can be at-

tributed to a genuine plasmon resonance effect and experimentally determine the enhanced

Stokes power, generated by a single nanoantenna, which is coupled into the fundamental

TE-mode. Furthermore an analytical model identifying the relevant design parameters and

figure of merit for waveguide-based SERS is developed as well. The theoretically predicted

absolute Raman power perfectly corresponds with the experimentally observed power cou-

pled into the fundamental TE-mode. Finally we discuss the impact of the shot noise resulting
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from the inherent silicon nitride Raman background and outline the interplay between signal

optimization and noise reduction in order to achieve the optimal absolute detection limit.

A schematic of the device under study is shown in Figure 1(a). The fundamental TE-mode

of a silicon nitride (SiN) rib waveguide excites a periodic array of gold bowtie antennas coated

with a 4-Nitrothiophenol (NTP) monolayer. The pump wavelength for all experiments is set

to λP = 785 nm and NTP Stokes light (at λS) is subsequently collected back into the same

waveguide mode. Fabrication details can be found in the Methods section and a description

of the measurement setup is outlined in the Supporting Information S1. A scanning electron

microscope image of the functionalized waveguide, i.e. a waveguide patterned with plasmonic

nanoantennas, is depicted in Figure 1(b). All waveguides have a cross-sectional area of

220 × 700 nm2. Raman spectra of an uncoated (without NTP) and coated (with NTP)

waveguide functionalized with 40 antennas are shown in Figure 1(c). The spectral regions

where an NTP Stokes peak is expected (1080, 1110, 1340 and 1575 cm−1)24 are highlighted

by the cyan shaded areas. Before coating no NTP peaks can be distinguished from the

inherent SiN background. After coating, four additional peaks appear and coincide with the

expected NTP Stokes peaks. This demonstrates that SERS signals from single monolayer

coated antennas can be efficiently excited and collected by the same fundamental waveguide

mode. The peaks at 1250 and 1518 cm−1 (marked by the black dashed lines) are attributed

to interference effects of the Au array which act on the scattered background light, and they

are also observed on the extinction curves of the functionalized waveguides (see Supporting

Information S2). Hence they do not represent specific Raman lines.

Subsequently the dependence of the SERS signal on the position of the plasmon reso-

nance was investigated to verify that it can be attributed to a resonance effect and not to

coincidental surface roughness. To this end, waveguides functionalized with a fixed number

of antennas but varying bowtie geometries were considered. The relevant bowtie parameters

are its length L, gap ∆ and apex angle α (Figure 2(a)). By changing the length, the antenna

resonance can be tuned (L1 = 90 nm, L2 = 115 nm and L3 = 140 nm for fixed α = 60◦ and

4



(a)

(b)

(c)

Pump

Pump
+

Stokes

x

y

z

SiO2

SiN

1 µm

Before NTP Coating

1010 1360 1710
0

20

40

60

Stokes shift [cm−1]

co
u
n
ts
/s
ec

After NTP Coating

1010 1360 1710
0

10

20

30

Stokes shift [cm−1]

co
u
n
ts
/s
ec

1

Figure 1: Evanescent excitation and collection of SERS spectra. (a)
Schematic of the chip consisting of single mode SiN waveguides (blue) on an
SiO2 undercladding (gray), functionalized with an array of gold bowtie anten-
nas (yellow). All antennas are coated with an NTP monolayer (purple dots),
evanescently excited by the fundamental TE-mode (red). The NTP Stokes sig-
nal (green) is collected by the same mode. (b) Scanning electron microscope
image of a functionalized waveguide. The white arrows indicate antenna posi-
tions. The inset shows a zoom of a typical antenna. (c) Raman spectra of a
waveguide functionalized with 40 antennas. The cyan shaded areas mark the
NTP Stokes peaks while the black dashed lines represent peaks attributed to
interference effects of the plasmonic array. Before coating, the waveguide al-
ready generates a Raman background in itself (top). After coating, NTP peaks
emerge (bottom).
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Figure 1
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∆ = 40 nm). Extinction spectra are plotted in Figure 2(b) while the corresponding Raman

spectra are depicted in Figure 2(c). The Raman spectrum of a reference waveguide without

any Au functionalization is also shown. Even after coating the reference waveguide does not

generate NTP peaks, so any Raman signal indeed originates from the antenna region and

does not contain contributions from spontaneous Raman scattering along the waveguide.13

The L1 resonance is detuned from the relevant pump and Stokes region, resulting in a poor

Raman spectrum. By increasing the length (L2 and L3 bowties) the resonance redshifts and

lines up with the pump and Stokes wavelengths. For these bowties the NTP spectrum starts

to emerge. The reported SERS spectra can hence be attributed to a plasmon resonance

effect such that a stable and reproducible enhancement factor can be associated with them,

in contrast to SERS events originating from random surface defects. The increased overlap

with the plasmon resonance, and hence extinction, also results in a decreased background.
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Figure 2: Signal dependence on the plasmon resonance.(a) Geometrical
parameters of a bowtie antenna: length L, gap ∆ and apex angle α. (b) Single
antenna extinction spectra for 3 different bowtie antennas with fixed apex angle
α = 60◦ and gap ∆ = 40 nm but varying length: L1 = 90 nm (orange),
L2 = 115 nm (green), L3 = 140 nm (blue). The red and cyan shaded lines
correspond to the pump and Stokes wavelengths respectively. (c) Corresponding
Raman spectra of the waveguides functionalized with these 3 bowtie anntenas
(orange,green,blue) and Raman spectrum of the reference waveguide (red).
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Due to the metal induced loss, there will exist an optimum number Nopt of patterned
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antennas such that the SERS signal is maximized. Such an optimum is investigated in

Figure 3 for a fixed bowtie geometry (α = 60◦, L = 100 nm and ∆ = 40 nm) but varying N :

N = 10, 20, 30, 40, 70 and N = 0 which is a reference waveguide. Each waveguide is measured

10 times and the averaged Raman spectra are reported in Figure 3(a). The N = 70 signal is

not shown since it could not be distinguished from the inherent offset signal of the detector.

For a given fixed input power, corresponding to roughly 5 mW guided power, the reference

waveguide generates a considerable background signal in the 1340 cm−1 region, where the

strongest NTP peak is expected. Functionalizing the waveguide with increasing N reduces

this unwanted background due to the attenuation caused by the nanoantennas. In addition

the 1340 cm−1 peak starts to emerge when N increases. The smaller peaks at 1080, 1110 and

1575 cm−1 only appear when the background is sufficiently low. A zoom on the dominant

1340 cm−1 peak (cyan dashed line) is shown in Figure 3(b). For clarity the background

is locally subtracted. As expected, the signal reaches a maximum value for 10 ≤ N ≤ 20

and then decays again with increasing N . Apart from signal optimization it is however

equally important to reduce the SiN background in order to resolve the smallest spectral

features. Therefore an analytical model is developed to outline the interplay between signal

enhancement and background reduction, and to derive the relevant figure of merit for on-chip

SERS.

Figure 4(a) shows a schematic longitudinal cross-section of the chip consisting of N

antennas spaced with period Λ = 10 µm. Each array is centered on the waveguide with

a distance L1 ≈ 0.5 cm to the front and back facet of the chip. The NTP monolayer on

each antenna will generate a forward propagating Stokes power PA(λP , λS) for a given pump

power Ppump. This single antenna conversion efficiency PA(λP , λS) is an antenna dependent

factor incorporating the integrated field enhancement profile near the metal surface and the

molecular density and Raman cross-section. The total transmission loss induced by one

antenna at wavelength λ is given by 1 − e−1
λ , whereby eλ is the linear antenna extinction.

Apart from the intrinsic waveguide losses αwg, the pump and Stokes light will hence also be
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Figure 3: Signal dependence on the number of antennas N . (a) Raman
spectra of a reference waveguide (REF) and waveguides functionalized with
N = 10, 20, 30, 40 antennas. (b) Zoom on the 1340 cm−1 signal peak. The
background is locally subtracted to obtain the pure NTP signal.
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Figure 3

attenuated by eP and eS respectively. In the Supporting Information S3 it is then shown that

the total Stokes power Ptot generated by an array of N coated antennas is approximately

given by

Ptot
Ppump

≈ PA(λP , λS)e−2αwgL1e
(1−N)
S

1−
(
eS
eP

)N
1−

(
eS
eP

)
 = FOM(N, λP , λS)e−2αwgL1 .

The quantity FOM(N, λP , λS) contains all necessary parameters to assess the SERS sig-

nal strength for a given waveguide geometry and is hence considered to be the relevant

figure of merit (FOM) in comparing the performance of integrated antenna arrays. The

optimum antenna number Nopt = log {log (eS) / log (eP )} / log (eS/eP ). For the particular

bowtie antenna studied in Figure 3, the extinction spectrum e(λ) and single antenna conver-

sion efficiency PA(λP , λS) are numerically evaluated using Lumerical FDTD Solutions (see

Methods section). The predicted Nopt for the 1340 cm−1 peak is 10 antennas, using the

simulated extinctions eP = 1.14 (EP = 0.58 dB) and eS = 1.08 (ES = 0.34 dB), while

PA ≈ 2.35× 10−15. For each 1W of pump power the antenna is therefore expected to gener-

ate 2.35 fW of guided Stokes power. The Raman enhancement factor is calculated through
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EFR = β(λP )2β(λS)2 in which β(λ) is the local field enhancement (see Methods section).

In the center of the gap at 5 nm from the tip of the antenna (marked by the black dot in

Figure 2(a)) an EFR ≈ 1.42 × 104 is expected . Apart from the relevant NTP signal, the

SiN itself generates a considerable background while the pump beam is propagating along

the waveguide. This background signal Pbg can be approximated by

Pbg
Ppump

≈ PB(λP , λS)e−2αwgL1
(
e−NP + e−NS

)
L1

in which PB(λP , λS) is a waveguide dependent factor incorporating the specific modal field

profile and the SiN molecular density and cross-section (see Supporting Information S4).

It is clear that the background increases linearly with the total propagation length (∝ L1)

and decays exponentially with the number of antennas. In order to achieve the highest

signal-to-noise ratio (SNR) it is hence important to keep L1 as short as possible.

Our analytical model and the associated numerical calculations will now be benchmarked

against the spectra from Figure 3 to verify whether the theoretically estimated power val-

ues correspond to the experimentally obtained absolute Raman powers. To this end, the

NTP signal strength at 1340 cm−1, obtained from Figure 3(b), is analyzed as a function

of the antenna number N and compared with the theoretical estimations. Furthermore,

the background associated shot noise is also calculated. The results are depicted in Figure

4(b). While the ideal model assumes N identical antennas, the fabricated antennas will

show differences among each other resulting in changes of eP , eS and PA from one antenna

to the other. A generalized model incorporating potential differences in eP , eS and PA is

described in the Supporting Information S5. In order to estimate the uncertainty on these

experimental parameters a randomized fit to the generalized model has been applied. A

set of normally distributed numbers is generated for each of the three parameters and then

plugged into the generalized model to calculate the distribution of signal and shot noise

counts, defining an area within which the probable signal (blue area) and noise (red area)
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Figure 4: On-chip SERS model and fit to the experimental data. (a)
Longitudinal cross-section of the chip. The pump beam, with power Ppump at
wavelength λP , excites a Stokes signal λS of which the total power at the output
facet is Ptot. The plasmonic array consists of N antennas with period Λ and
is separated L1 from both the input and output facet of the chip. Each of the
antennas generates PA guided Stokes power for a given pump power. Apart from
the waveguide losses αwg, the pump and Stokes light is attenuated by the pump
eP and Stokes eS extinction respectively. (b) Signal (blue circles) and shot noise
(red circles) at the 1340 cm−1 peak. The dotted lines represent a constrained fit
to the ideal model while the shaded areas represent a randomized fit to estimate
the uncertainty on the experimental parameters. The white square denotes the
minimum number of antennas Nmin required to generate a detectable signal.
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counts are situated. The mean values of these distributions are extracted from an initial

constrained fit to the ideal model (dotted lines), while its standard deviations are chosen

such that the corresponding signal and shot noise distributions cover all experimental dat-

apoints (red and blue dots). Based on the randomized fit it is possible to estimate the

spread on the experimental parameters: EP ≈ 0.49 ± 0.11 dB, ES ≈ 0.35 ± 0.11 dB and

PA = (2.60±0.77)×10−15 (theoretically EP = 0.58 dB, ES = 0.34 dB and PA = 2.35×10−15

were predicted). The theoretically predicted parameters are all within the error bars of the

experimentally fitted data, which clearly establishes the validity of our model and its ability

to provide quantitative predictions of the absolute Raman power coupled into a single mode

waveguide. Given this excellent correspondence, we expect the fabricated structures to have

a Raman enhancement factor EFR on the order of 1.42 × 104 near the two antenna gap

tips. Decreasing the gap size should boost EFR and PA by another two or three orders of

magnitude. From the fitting values the optimum antenna number is estimated to be 11± 3

(compared to 10 theoretically). The single antenna conversion efficiency PA shows that the

fabricated antennas produce (2.60± 0.77) fW of guided Stokes power for each 1W of guided

pump power. Compared to the free space Raman scattering P0 of a single NTP molecule in

a bulk air environment PA ≈ 3.94 × 106P0. This includes the excitation and emission en-

hancement of all molecules in the monolayer as well as the coupling efficiency to the guided

mode. Since only half of the Stokes light is carried by the forward propagating mode, the

total power coupled into the fundamental TE-mode is therefore ≈ 8× 106P0.

Our observations also reveal that a minimum number of antennas Nmin is required to

generate a detectable signal (marked by the white square in Figure 4(b)). If N < Nmin

then the shot noise still dominates on the signal. It has to be noted however that the

relevant signal is generated in a very small region (N − 1)Λ compared to the overall length

2L1 + (N − 1)Λ ≈ 2L1, while the shot noise is mainly attributed to this non-useful length

2L1 ≈ 10000 µm. Practically the antenna section can be made as short as ≈ 10 µm for

a single antenna. Consequently, designs in which dedicated on-chip splitters are used to
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separate the pump and Stokes light should in principle allow to reduce the background by

a factor of 10000/10 = 1000. These devices are therefore expected to have a
√

1000 ≈ 30

times higher SNR, pushing towards the Nmin = 1 limit such that signals generated by a

single antenna can still be detected. As a result it would become possible to simultaneously

probe large areas of analytes (> λ2) and detecting all SERS events originating from different

locations by monitoring just a single waveguide output, in contrast to microscopy based

systems where one has to serially scan all hotspot locations.

We have fabricated a fully integrated single mode SERS-probe enabling on-chip excitation

and emission enhancement in the 700-1000 nm region and developed an analytical model

to outline the relevant design parameters and figure of merit for this new platform. It is

shown that the SERS spectra can be attributed to a plasmon resonance effect and that the

Stokes power coupled into the fundamental TE-mode perfectly matches with the theoretical

predictions extracted from our analytical model. As a result, the suggested platform enables

a complete quantitative control on the Raman enhancement and subsequent coupling of

the enhanced Stokes light with the underlying waveguide. Furthermore we established,

theoretically and experimentally, the existence of an optimal number of antennas to maximize

the SERS signal and discussed the impact of the SiN background noise on the absolute

detection limit, while providing strategies to simultaneously optimize the signal and mitigate

the noise. Due to the low fluorescence, negligible water absorption and availability of high

quality and low-cost sources and detectors the 700-1000 nm wavelength region is of particular

interest for Raman sensing.25 In combination with other on-chip spectral functionalities, such

as arrayed waveguide gratings,25 the presented SERS-probe is forecasted to allow multiplexed

detection of extremely weak Raman signals on a highly dense integrated platform. We also

envisage that integrated nanoantennas, similar to the ones reported here, could be used as

transducer between quantum dot emitters and the fundamental waveguide mode, potentially

enabling applications in on-chip quantum communication and quantum computation.26,27
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Methods

Fabrication details

The fabrication consists of a 2-step e-beam lithography process. In the first step the nanoplas-

monic antennas are patterned on top of a slab Si/SiO2/SiN wafer using a positive PMMA

e-beam resist. After PMMA exposure, the samples are developed in a 1:1 MIBK:IPA solu-

tion after which a 2 nm Ti adhesion layer and 30 nm Au layer are deposited in a commercial

Pfeiffer Spider sputter system. The samples are then immersed in acetone for lift-off. In

the second step the waveguides are defined. After metal lift-off a negative ma-N 2403 resist

is spun, exposed and developed in ma-D 525. An e-spacer is also spun on top of the ma-N

2403 to avoid charging effects. The developed samples are then etched with an ICP plasma

(C4F8/SF6 mixture) in a commercial Oxford Plasmalab system. After resist strip and clean-

ing, the samples are immersed overnight in a 1 mM NTP:EtOH solution and subsequently

rinsed with pure ethanol to remove the residual NTP. A self-assembled monolayer of NTP

is assumed to form on the Au surface through a Au-S bond.24

Numerical Simulations

Numerical simulations were performed with Lumerical FDTD Solutions. We used a refractive

index of nrib = 1.9 for the SiN rib (with width wrib = 700 nm and height hrib = 220 nm),

nuclad = 1.45 for the SiO2 undercladding and ntclad = 1 for the top cladding (air). The Si

substrate was not taken into account since the real oxide cladding is thick enough to avoid

substantial power leakage to the Si such that the numerical results faithfully represent the

actual experimental conditions. A thin native oxide layer (tnox = 2 nm) between the SiN

and the Ti has also been incorporated.17 The metal stack thicknesses are fixed to tT i = 2

nm and tAu = 30 nm and a built-in refractive index model for Au (Johnson and Christy28)

and Ti (CRC29) is used. An additional surface layer with thickness tNTP = 1 nm and

index nNTP = 3 is used to model the NTP monolayer. The antenna region (including the Ti
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adhesion layer and the NTP monolayer) is meshed with a uniform mesh of 0.5 nm in the plane

of the antenna (yz-plane) and 2 nm in the x-direction. A mesh refinement to 1 nm is applied

in regions where the thicknesses in the x-direction are ≤ 2 nm. The estimated surface area of

an NTP molecule is 0.18 nm2, so the surface density is then ρs = 5.56×1018 molecules/m2.24

The Raman cross section is σ ≈ 0.358× 10−30 cm2/sr, which was obtained by applying the

λ−4
S scaling to the original data of the 1340 cm−1 line.30 Single antenna extinction spectra

E(λ) (in dB) are calculated through E(λ) = Tref (λ)− Tant(λ) in which Tref (λ) is the power

transmission (in dB) through the reference waveguide and Tant(λ) the power transmission

(in dB) of a waveguide functionalized with one antenna. Linear extinction spectra e(λ)
∆
= eλ

are then given by e(λ) = 10E(λ)/10. A field and index profile monitor are used to extract

the local field |E(r, λ)| and index n(r) around the antenna. The single antenna conversion

efficiency

PA(λP , λS) =
ρsσ

2tNTP

∫ ∫ ∫
Vm
ng(λP )ng(λS)λ2

S |E(r, λP )|2 |E(r, λS)|2 dr(∫ ∫
n(r)2 |Em(r, λP )|2 dr

) (∫ ∫
n(r)2 |Em(r, λS)|2 dr

)
is calculated by integrating the local fields over the effective monolayer volume Vm in which

the index satisfies n(r) |r∈Vm = nNTP (see Supporting Information S3). The group index of

the waveguide mode is ng(λ). The denominator is calculated using the modal fields Em(r, λ)

of a non-functionalized reference waveguide and the local field enhancement is given by

the ratio of the local and modal electric fields: β(r, λ) = |E(r,λ)|
|Em(r,λ)| . At a certain position,

the Raman enhancement factor EFR is calculated as EFR = β(λP )2β(λS)2. Numerically

calculated values are mentioned in the main text.

Additional information

Supporting Information is available.
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