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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 � p = 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 � s),
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(� p, g) = �
�

m + 1

2

�
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Here, m is the order of resonance, h is the height of the air
gap, and kspp( � p) is the wave-vector of the SPP, which is
determined by the width g and the pump wavelength � p. 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 � relative to the y
axis. The new resonance condition is given by
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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. 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




