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Surface-Enhanced Raman Spectroscopy Based on
Plasmonic Slot Waveguides With Free-Space

Oblique Illumination
Yang Li , Haolan Zhao , Ali Raza , Stéphane Clemmen , and Roel Baets , Fellow, IEEE

Abstract— We report a novel on-chip approach for surface-
enhanced Raman spectroscopy (SERS) using a plasmonic slot
waveguide. The Raman signal is excited via free-space excitation
and is collected by the waveguide. A significant improvement
of the signal-to-background-ratio (SBR), as compared to the
case of back-scattered Raman spectroscopy with waveguide-mode
excitation, is demonstrated using a silicon nitride plasmonic
slot waveguide with a 7-mm access waveguide. The flexible
adjustment of the incident angle in free space and modification
of waveguide geometry enables the further optimization of the
pump-to-Stokes conversion efficiency. The combination of high
SBR and long access waveguide allows the integration with
additional photonics devices (sources, filters, spectrometers) on
the same chip.

Index Terms— Free-space excitation, integrated optics, on-
chip sensors, plasmonic slot waveguide, surface-enhanced Raman
spectroscopy.

I. INTRODUCTION

RAMAN spectroscopy has the capability of identifying
molecular fingerprints [1]–[3]. It has been widely used

as a powerful spectroscopic technique in various fields ranging
from biology, chemistry to material science [4], [5]. However,
most materials have a very small Raman cross-section, leading
to extremely weak signals. The inherent weakness of Raman
signals has precluded Raman spectroscopy from ultra-sensitive
applications. This problem has been greatly alleviated by
the discovery of surface-enhanced Raman scattering (SERS),
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which relies on a strong local-field enhancement capable of
intensifying the electric field by many orders of magnitudes.
The conventional SERS substrates such as metal nanoparticles
[6], [7], gold nanowire [8] and other nano-patterned structure
[9]–[11] are typically relying on an off-chip confocal Raman
microscope that is bulky and costly. As a result, applications
of SERS are mainly confined to laboratory settings.

More recently, nanophotonic waveguides have emerged as
effective means to enhance spontaneous Raman signals. In this
case, the evanescent tail of a guided mode is used to efficiently
excite and collect a Raman signal. Since the optical excitation
is tightly confined by the waveguide, the interaction length
is significantly increased, resulting in a vast enhancement of
the Raman signal. Spontaneous Raman spectroscopy on silicon
nitride waveguides has been demonstrated to detect bulk liquid
of isopropyl alcohol [12] and biological monolayers [13].

To further enhance the Raman signal intensity, the hybrid
integration of nanophotonic waveguides with plasmonic struc-
tures has been proposed to leverage both the waveguide
enhancement and the strong field enhancement [14]–[17].
This idea has been explored by introducing nanoplasmonic
antennas and microspheres onto the top surface of dielectric
waveguides. In those structures however, the optical field are
mostly confined within the Si3N4 waveguide core and this
gives rise to a strong spurious Raman background. The spec-
trum of this background being itself a function of the mode
shape, it depends slightly on the optical cladding (analyte) and
therefore cannot be known perfectly for an unknown analyte.
Moreover, the shot-noise associated with this background
cannot be subtracted and constitute the greatest limiting factor
to the signal-to-noise ratio [18]. The impact of this back-
ground is therefore detrimental [18]–[20], and its reduction
has a high impact on the future prospects of on-chip Raman
sensing.

To suppress the Raman background, a later study made
use of an ALD-assisted metallic slot waveguide, where the
optical field is confined tightly in the analyte, instead of
the waveguide core [21]–[24]. The remaining bottleneck of
that demonstration concerns its integration with spectrometer
and on-chip detectors. It has been shown that 100-μm-short
access waveguide preceding the metallic slot waveguides had
a significant impact on the signal-to-background ratio, leaving
little room to integrate other photonic components, such as
pump filters and input tapers.

Here, we report a new experimental configuration of plas-
monic slot waveguides for monolayer sensing, where the
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Fig. 1. The schematic of plasmonic slot waveguide with oblique illumination
in free space. The red dashed line is perpendicular to the top surface of the
waveguide. The green and the red arrows indicate the propagation directions
of the pump beam and Stokes beam respectively.

plasmonic structure is excited from the top in free-space and
the Raman signal is collected by the waveguide. Unlike the
traditional SERS substrates that operate in free-space excita-
tion and collection, our configuration allows the integration
with many photonic components (i.e. filters, spectrometers)
on a small chip. This will reduce the size and cost of the
SERS device. Our approach provides a considerable improve-
ment in the signal-to-background ratio (SBR) for plasmonic
slot waveguides having a 7-mm long access waveguide. In
addition, there is a negligible coupling of the pump beam
from free-space to the waveguide mode. It not only ensures
negligible Raman background, but it also provides a 50 dB
pump rejection in effect. The latter alleviates the burden
of integrated pump rejection filter, allowing an all-on-a-chip
integration.

II. PHYSICAL THEORY

Fig. 1 shows the geometric scheme of our demonstration.
A pump beam with an x-polarized electric field (we also call
it TE-polarized) is obliquely incident from free space to the
top surface of the gold-coated slot waveguide via an objective.
The focal spot is located at the center of the plasmonic slot
waveguide. The pump wavelength is set to λp = 785 nm. The
sample is functionalized with 4-nitrothiophenol (NTP) ethanol
solution. The gold is coated with an NTP monolayer. The
NTP molecules are excited and radiate Stokes light (at λs),
which is coupled to the fundamental plasmonic mode of the
gold-coated slot waveguide. Both the Stokes light and a small
fraction of the pump light are subsequently collected into the
dielectric slot waveguide mode, thanks to the overlap between
the plasmonic mode and the dielectric waveguide mode. The
excitation and the collection processes are introduced below.

A. Free-Space Excitation

Fig. 2(a) shows the cross-section of the plasmonic slot
waveguide illuminated from free-space and Fig. 2(b) shows a
zoom-in view of the gold-air-gold structure which is marked
by the dashed rectangle in Fig. 2(a). The gold-air-gold con-
figuration can be modeled as a metal-dielectric-metal (MDM)
structure, which has been well studied in plasmonics. As pre-
dicted by Maxwell’s equations, the incident pump excites a

Fig. 2. (a) Cross-section of the plasmonic slot waveguide under the
illumination of TE-polarized pump beam from top. The enhanced excitation
field is generated in the gap, which is highlighted by the red dashed rectangle.
(b) A zoom-in view of the red dashed area in Fig. 2(a). The SPP is in resonance
within the gap with an antinode on the gold end and a node on the open end.

symmetric surface plasmon-polariton (SPP) mode within the
gap. After reaching the bottom gold layer, the SPP reflects.
The characteristic propagation length of SPP is in the range
of 1-10 μm, which is much longer than the depth of the gap.
As a result, the reflected SPP has a similar strength as the
incident SPP mode, and the gold-air-gold structure can be
regarded as a cavity terminated by air on the top and gold end
on the bottom. If the SPP resonates in the cavity, the electric
field within the gap is significantly amplified, leading to an
enhanced Raman signal. The resonance condition is given by

hkspp(λp, g) = π

(
m + 1

2

)
. (1)

Here, m is the order of resonance, h is the height of the air
gap, and kspp( λp) is the wave-vector of the SPP, which is
determined by the width g and the pump wavelength λp. Since
the local field enhancement is maximized for the lowest order
resonant mode, the target is to find a configuration that satisfies
(1) with m = 1.

The pump wavelength in our demonstrations is fixed to
785 nm. To satisfy the resonance condition, we can only adjust
the geometry of the waveguide. Since the width of the gap g
is closely related to the obtainable field enhancement factor,
in practice we keep g below 80 nm for sufficient electric field
enhancement.

However, our study shows that the resonance condition
requires the slot height h to be lower than 100 nm, which is
not compatible with the dielectric slot waveguide to which the
plasmonic slot is coupled. Fortunately, the resonance condition
is only relevant to the wave-vector along the y-direction.
It suggests we can satisfy the resonance condition by oblique
incidence as shown in Fig. 1. The pump beam is injected into
the gold-air-gold structure with an angle of θ relative to the y
axis. The new resonance condition is given by

hkspp
(
λp, g

)
cosθ = π

(
m + 1

2

)
. (2)

B. Waveguide-Mode Collection

Once the SPP pump field is excited, the confined pump field
excites the vibrational modes of the NTP molecules, which can
be viewed as radiating dipoles. The NTP molecules are coated
as a uniform monolayer on the gold surface. These excited
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Fig. 3. (a) The cross section of the simulation model. The green dashed line is a 1D monitor for electric field and power. The red dashed box is a 2D
monitor for electric field and power. (b) The strength distribution of the fundamental TE mode of the plasmonic slot waveguide at 877 nm. (c) The resonant
wavelengths from the simulations with different incident angles and other dimensions fixed (w = 1200 nm, g = 65 nm, h = 150 nm). (d) The Electric field
strength distributions of for excitation at incident angles of 45◦ (1), 60◦ (2), and 75◦ (3) assuming a pump wavelength of 785 nm. (e) The Electric field
strength distributions for an excitation at a pump wavelengths of 760 nm (1), 785 nm (2), 800 nm (3) assuming an incident angle of 75◦. Note that (d) 3 and
(e) 2 are the same plot.

dipoles emit a Stokes signal, and the major part of it couples
to the propagation mode of the gold-coated slot waveguide,
which propagates along the z-direction, as shown in Fig. 1.

The plasmonic slot waveguide mode then is coupled into
the fundamental mode of the dielectric slot waveguide which
is later converted to dielectric strip waveguides with dedi-
cated couplers. At the end of the dielectric strip waveguide,
the Stokes signal is collected by an objective and sent to
a spectrometer for analysis. It is worth noting that the SPP
pump beam can also couple to the guided mode. However, the
coupling efficiency is as low as −50 dB so that we can safely
ignore the Raman background generated at the exit waveguide.

III. SIMULATION

To verify the analytical formula depicted in (2), we simulate
the structure with Lumerical FDTD solver. Based on the
simulation results, the overall conversion efficiency [24], [25]
is calculated.

A. Configurations of the Simulation

We consider a Si3N4 slot waveguide coated with a gold
layer. The refractive indices of the Si3N4 and the gold are
estimated from respectively Philip model and Johnson and
Christy model in the material library of Lumerical. The cross-
section of the plasmonic slot waveguide is shown in Fig. 3(a).
The input field is approximated as a plane wave with an
electric field of 1 V/m. The plane wave is TE-polarized and

is incident on the plasmonic slot waveguide with an angle θ ,
which is not marked in Fig. 3(a). The width of the waveguide
w is 1200 nm and the height h is 150 nm. The thickness of the
gold along the sidewall in the gap tAu(marked in Fig. 2(b)) is
15 nm. We swept the gap width g and the source wavelength
from 500 nm to 1500 nm under different incident angles (45◦,
60◦,75◦). We place a line monitor (the green dashed line
in Fig. 3(a)) in the center of the gap to get the electric field
distribution along the central line. We know from previous
section that the Raman signal (λs) produced in the resonant
electric field must couple to the fundamental mode of the
plasmonic slot waveguide, the strength distribution of which
is showed in Fig. 3(b). The Electric field strength distribution
is simulated via Lumerical Mode Solution. The wavelength
in Fig. 3(b) is set to 877 nm, which is the main Raman peak
wavelength of the analyte in our demonstration. Then the
Raman signal propagates along the plasmonic waveguide as
well as the Si3N4 waveguides to the output port of the sample.
For specified gap width and incident angle, the strength of
the electric field is maximized when the pump beam is
in resonance with the cavity. Fig. 3(c) shows the resonant
wavelength for various incident angles with a gap width of
g = 65 nm. The resonant wavelength is blue-shifted as the
angle increases, which is consistent with (2).

To further investigate the enhancement effect due to the
resonance, a 2D monitor (the red dotted box in Fig. 3(a)) is
placed to get the electric field distribution. We simulate the
excitation electric field distribution at various incident angles
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(θ = 45◦, 60◦, 75◦) when the gap width is 65 nm and the pump
wavelength is 785 nm. This wavelength is in resonance with
the cavity at 75◦ incidence. The results are shown in Fig. 3(d).
The strength enhancement of the excitation Electric field
with 75-degree illumination is stronger than those with
45-degree and 60-degree incident angles. In our simulation, we
approximate the input pump beam as a plane wave. The pump
intensity on the top surface of the plasmonic waveguide varies
as a cosine of the incidence angle. This means the excitation
field generated by a 75-degree incidence has the maximum
Electric field strength enhancement despite the pump intensity
at 75 degrees being less than 60 degrees and 45 degrees.

The incident angle and the gap width of the plasmonic
structure are optimized to make the pump light at λp = 785nm
resonate in the slot. If we change this wavelength by more
than 10 nm, we can see (Fig. 3(e)) the field enhancement is
significantly reduced and is even more reduced at the Raman
wavelength λs = 877nm.

B. Evaluation of the Total Raman Conversion Efficiency

To compare the performance of both waveguide excita-
tion and free space excitation, it is critical to estimate the
conversion efficiency of both methods based on the same
waveguide dimensions. Here we define the Raman conversion
efficiency as the ratio of the Stokes power coupled into the
waveguide mode over the input pump power. For waveguide
excitation, the conversion efficiency for the NTP Stokes peak
of 1340 cm−1 is 10−10 [25] when the pump wavelength λp is
785 nm and the Stokes wavelength λs is 877 nm.

To estimate the conversion efficiency, we proceed as follow.
First, we approximate the Raman emitter (NTP) as a dipole
source oscillating at the Stokes frequency. The power radiated
by a dipole in a homogeneous medium with index n is given
by

P0 = 4π3cn |d|2
3�0λ4

s
(3)

here c is light velocity in vacuum, λs is the Stokes wavelength
and d is the dipole moment which is given by the formulas:

|d|2 = α2
∣∣Eex(re,λp)

∣∣2 (4)

α2 = σ�2
0λ4

s

π2 (5)

here α is the Raman transition polarizability which is asso-
ciated to the Raman scattering cross section σ by (5). Eex is
the excitation electric field generated by the pump field at the
wavelength of λp and re is the position of the dipole.

The Raman cross section σ for NTP is 1.8×10−29cm2/sr.
Fig. 3d (3) presents the amplitude of the Electric field at λp
assuming an oblique plane wave excitation at 75◦ with an
electric field of 1 V/m. From this distribution, we can calculate
the Raman power P0 radiated by an emitter located at re in
a homogenous medium with the index n. A fraction of this
power (Pwg) will be coupled to the forward propagating mode
of the waveguide. The coupling efficiency between Pwg and

P0 is given by [12]:

Pwg(re)

P0
= 3

8π

ng(λs)

n
(
λs

n
)
2 ε(re) |d0·E(re,λs)|2∫∫

ε0ε(r) |E(r,λs)|2 dr
. (6)

here ng is the group index of the plasmonic fundamental mode.
n is the refractive index of the medium where the molecule is
located. ε(r) is the relative permittivity. d0 is the unit dipole
moment and E(r, λs) is the electric field distribution of the
fundamental mode of the plasmonic slot waveguide which can
be calculated through Lumerical Mode Solution setting the
source wavelength to λs. Fig. 3(b) shows the field strength
distribution of the propagating mode at λs. The integration
in the denominator of (6) runs over the complete plasmonic
waveguide cross section (including the optical cladding).

In the present case, the cladding is a 1nm-thick layer
of NTP that selectively binds to gold. We assume that the
NTP molecules are uniformly bond to gold with a molecular
density of 4.4 × 106 molecules/μm2 [24]. The total Raman
conversion efficiency of free-space excitation is estimated to
be 5.5×10−11, which is one order of magnitude lower than
that of waveguide excitation. However, it is worthwhile to
point out that this conversion efficiency is calculated based on
available samples in our lab whose height is fixed to 150 nm.
The efficiency can be greatly improved by adjusting the gap
height and width of the plasmonic slot waveguide but requires
dedicated Si3N4 waveguides with the proper thickness. For
instance, the conversion efficiency can be ten times higher
than the current value when the height of the gap is 110 nm,
the gap width is 35 nm and the incident angle is 60◦.

IV. FABRICATION

The plasmonic slot waveguide is fabricated on a 150-nm-
thick plasma-enhanced chemical vapor deposition (PECVD)
Si3N4 wafer. The silicon nitride is deposited on top of a
3-μm-thick layer of PECVD silicon dioxide.

Firstly, we spin-coat a layer of electron beam (E-beam)
lithography photoresist (ARP 09) on the wafer and transfer
the structure pattern to the sample by E-beam exposure. The
sample is soaked in developer (n-Amy acetate) for 1 minute
and is later rinsed with isopropanol. The development is
followed by 10-second oxygen plasma to strip the residual
resist. Then we etch the sample with reactive ion etching
(RIE). On average, the dielectric waveguide is about 1.2 μm
wide with a 80-100 nm slot. The etching depth is in the
range of 150-160 nm. After the fabrication of the Si3N4
slot waveguide, we spin coat a layer of photolithography
photoresist (AZ 5214) on the sample to transfer the pattern of
the plasmonic structure via contact photolithography. Before
the metallic depositions, the sample is treated with oxygen
plasma for 30 s to remove possible remaining resist. Then
a 1-2 nm thick Ti adhesion layer and a 15-20 nm thick
Au layer are deposited on the sample consecutively with a
sputtering machine. In the step of gold deposition, we ensure
the thickness of gold at side wall of the waveguide is within
15-20 nm.

The fabrication of our plasmonic slot waveguide is fin-
ished after a gold lift-off. The whole process is summarized
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Fig. 4. (a) Flow diagram of the sample fabrication. (b) SEM image of the silicon nitride slot waveguide. (c) SEM image of the gold-coated plasmonic slot
waveguide.

in Fig. 4 The plasmonic slot waveguide is then functionalized
with a monolayer of 4-nitrothiophenol (NTP) for characteri-
zation. We clean the sample with oxygen plasma after rinsing
it with acetone, isopropanol and deionized water. Then the
sample is immersed in NTP ethanol solution for at least
3 hours so that the NTP molecules bind to the gold surface of
the plasmonic slot waveguide.

V. EXPERIMENTAL SETUP AND RESULTS

A. Measurement Setup

The free-space oblique excitation measurement setup
is illustrated in Fig. 5(a). A Ti:Sapphire laser (Solstis,
M-Squared) emitting at λp = 785 nm is used as the pump
source (red). The pump laser is collimated in the free-space
through a fiber collimator. A polarizer is installed to ensure the
TE polarization of the pump, and a laser line filter is employed
to clean the spectrum of pump beam. Then the pump beam
is focused onto the plasmonic waveguide with an objective
(Nikon, 50X, NA=0.6). The fiber collimator, polarizer, line fil-
ter and objective are mounted on a plate with adjustable angle.

The Stokes beam (green) is collected with another objective
(50×, NA=0.65). Then it passes through a dichroic mirror
which reflects the light at a wavelength below 800 nm while
transmitting the light above 800 nm therefore removing the
remaining pump beam. The Stokes beam is then collected via
a multimode fiber (MMF) with a parabolic mirror collimator
(PMC). The multimode fiber is connected to a commercial
spectrometer (Shamrock 303i spectrometer and Andor iDus
416 deep-cooled CCD camera).

An important advantage of this new Raman sensor against
previous ones is the large extinction of the pump beam. Indeed,
a lower pump beam implies a strongly reduced background
due to Si3N4.

To illustrate the significant reduction of the Si3N4 back-
ground, we can compare the performances of the Raman
sensor when excited via the waveguide versus an excitation via
the angled free-space illumination configuration. In Fig. 5(b),
we show the measurement set up used to excite the Raman
signal via the waveguide rather than from top. The pump
light (λp) from the Ti:Sapphire laser is brought to the setup
via a fiber collimator and goes through the same laser line
filter and polarizer as in the free-space excitation setup. The
TE-polarized pump reaches a dichroic mirror through three
reflectors (R). We use the same objective to inject the pump
light into the sample and to collect the output Raman spectrum
from it. The Raman signal is separated from the residual
monochromatic pump by the dichroic mirror. All the optics
between the dichroic mirror and the spectrometer are identical
in both the free-space excitation set up and the waveguide
excited one.

To understand better the details of both configurations,
a closer look at the structure can be taken by looking at
Fig. 5(c). The structure in blue is the Si3N4 waveguide.
It is composed of five sections: a slot waveguide, a taper
between slot waveguide to strip waveguide, a strip waveguide,
a taper from strip waveguide to edge coupler, and an edge
coupler. Gold is deposited on the slot waveguide section
(yellow rectangle) to make it a plasmonic slot waveguide.
In the free-space excitation, the pump is injected into the
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Fig. 5. (a) The schematic diagram of the free-space excitation experimental
setup. Ti:saph: tunable Ti:sapphire laser, SMF: single mode fiber, FC: fiber
collimator, P: polarizer, LF: line filter to clean the pump beam, OBJex:
objective (50×, NA=0.6) for free-space excitation, AAP: adjustable angle
plate, OBJco: objective (50×, NA=0.65) for signal collection, DM: dichroic
mirror, PMC: parabolic mirror collimator, MMF: multimode fiber. (b) The
schematic diagram of the waveguide-mode excitation measurement set up. R:
reflector. (c) Our Raman plasmonic sensor (yellow) complemented by a Si3N4
mode converter between slot and strip waveguides, a strip waveguide and a
taper for in/out coupling to free space.

sample from Input1. In the waveguide-mode excitation, pump
beam is injected from Input2. For waveguide-mode excitation,
the whole waveguide from input facet to the plasmonic slot
waveguide is defined as the access waveguide. We measure
the same sample with the two excitation methods and detail
the results hereafter.

B. Experiments With Free-Space Excitation

The waveguides in our samples have a nominal cross-section
of 150 × 1250 nm2 with a gap of 150 × 65 nm2. The
gold surface of the waveguide is coated with a monolayer
NTP. Illuminating the waveguide with a 75-degree incident
pump beam, we can clearly observe the emergence of three
NTP peaks (1108 cm−1,1340 cm−1, 1560 cm−1) as shown
in Fig. 6(a).

To gain a deeper understanding of the plasmonic reso-
nance, we investigate the dependence of the Raman signal on
the incident angle. We gradually reduce the incidence angle
to 60◦, 45◦. The Raman spectra of the NTP functionalized
waveguide at varying incident angles are shown in Fig. 6(a).
For different incident angle, the input power before the objec-
tive is fixed at 1 mW. Moreover, the spectra in Fig. 6(a) are
normalized by the cosine of the incident angle. The expected
NTP peaks are highlighted with the blue shaded areas. It is

clear that the Raman signal gets smaller with reduced incident
angle in the case of the same pump intensity.

To understand the difference between the electric field
enhancement caused by varying incident angles, it is critical
to estimate the signal conversion efficiency of each angle.
Taking into account the coupling loss from the chip facet to
the detector (12-14 dB) and the efficiency of the spectrometer,
we estimate the Raman conversion efficiency of the Stokes
Raman resonance at 1340 cm−1 at each incidence angle and
compared them in Fig. 6(b). The overall Raman conversion
efficiency reduces with incident angle, which is consistent with
the theory. It indicates that the dimensions of the plasmonic
slot waveguide satisfy the resonance condition and we obtain
the maximum local field enhancement at 75◦ incidence.

The Raman signal intensity in Fig. 6(a) and the Raman con-
version efficiency in Fig. 6(b) both reveal that the performance
of the Raman sensor with 75◦ illumination is more efficient
than those with other incident angles. This is also indicated in
the simulation results of Fig. 3(c), which shows that the pump
wavelength 785 nm can resonate in the slot of the plasmonic
waveguide at 75◦ incident angle based on the experimental
waveguide dimensions. Besides, the simulated Electric field
strength at different incident angles in Fig. 3(d) presents an
enhancement decreasing with the angle in the same way as the
Raman signal intensity in Fig. 6(a) and the Raman conversion
efficiency in Fig. 6(b). It shows the important role of the angle
of incidence on the resonant enhancement provided by the
plasmonic structure.

In our experiments, we find that the Raman signal intensity
is sensitive to the alignment in the z-direction (refer to the
coordinate system in Fig. 1). We measure a Raman spectrum
every ∼100 nm along the z-direction starting from the position
where the NTP Stokes peaks emerge. This is done for 75◦
incidence angle and we consider the 1340 nm−1 Raman peak.
The result plotted in Fig. 6(c) shows that the signal strength
first rises as the overlap between the beam spot and the
plasmonic slot waveguide increases. Then it falls due to the
propagation loss of the plasmonic waveguide mode.

C. Comparison Between Free-Space Excitation and
Waveguide-Mode Excitation

One major benefit of replacing waveguide-excitation with
free-space excitation is the resulting background suppression.
Because there is no access waveguide in this free-space exci-
tation, the Raman background generated by the silicon nitride
waveguide core is expected to be negligible. To demonstrate
the background suppression, we record the Raman signal
excited by the guided mode using the same waveguides, and
the result is shown in Fig. 6(d). The input power of both
excitation methods is normalized to 1 mW. First, it appears
that the Raman peak is slightly stronger in the case of a
waveguide excitation. It is worth reminding that the current
waveguide design is far from optimal. As we mentioned in the
previous section, we can enhance the strength of the resonant
Electric field by optimizing the height and the width of the gap.
The higher Raman conversion efficiency is achievable with
smaller gap size. More importantly, the fig. 6(d) shows that the



LI et al.: SERS BASED ON PLASMONIC SLOT WAVEGUIDES WITH FREE-SPACE OBLIQUE ILLUMINATION 7200108

Fig. 6. (a) The measured Stokes signals of a NTP functionalized plasmonic slot waveguide with free-space oblique illumination. The incident angles are 45◦
(red), 60◦ (green), 75◦ (blue), respectively. The shaded areas mark the NTP Stokes peaks while the blue dashed line highlights the peak with highest conversion
efficiency. (b) The Raman conversion efficiencies of the Stokes peak at 1340 cm-1 with different incident angles. (c) The Raman conversion efficiencies at
1340 nm−1 for each measurement along z-direction with 75◦ illumination. (d) The dashed curve is the measured back-scattered Raman spectrum with the
waveguide mode excitation. The solid curve is the spectrum obtained foe an oblique free-space excitation at an angle of 75◦. The NTP Stokes peaks are
highlighted by yellow shaded areas.

Raman background response associated to the silicon nitride
is significantly reduced in the case of the free-space excitation.

VI. CONCLUSION

We report a novel on-chip approach for surface-enhanced
Raman spectroscopy using a plasmonic slot waveguide. The
molecules are excited by free-space oblique illumination in
a nanoplasmonic structure designed to generate a resonant
Electric field with a substantial enhancement. First, we have
reported the field distributions of the excitation field at differ-
ent incident angles. Then, we have experimentally confirmed
our simulations by obtaining a high and reproducible Raman
conversion efficiency (≈1×10−11) when the waveguide is
illuminated at 75◦ incidence. We also show this conversion
could be improved further using optimized geometry lowering
the height of the gap and shrinking its width [26], [27].

Our plasmonic structure is such that the excitation field
overlaps poorly with the Si3N4 core therefore suppressing the
spurious Raman contribution originating from it. As a result,
the Raman background in the free-space case is up to an order
of magnitude lower than that with waveguide-mode excitation.
This has been verified experimentally via a comparison of

waveguide excitation and oblique free space excitation. The
result shows clearly the added value of the top illumination.

The excitation being from the top of the plasmonic structure
and the collection being in the waveguide, a substantial result-
ing advantage is that the excitation beam couples eventually
to the output port only very weakly (−50dB). As a direct
consequence of this, the purity (side mode suppression) of
the pumping laser source is of less importance than for any
other Raman sensor. In the future, it will allow using cheaper
laser diode sources and to bring the light to the sensor with a
conventional optical fiber without worrying about the Raman
scattering occurring in it. The improvement of signal-to-
background ratio also greatly lifts the restrictions on the length
of the waveguide between the edge and the Raman sensor,
which will promote the integration of the Raman sensor with
other components, such as spectral filters and spectrometers
and pave the way for an on-chip Raman detection platform.
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