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Interference of surface plasmons has been widely utilized in optical metrology for applications such as high-
precision sensing. In this paper, we introduce a surface plasmon interferometer with the potential to be
arranged in arrays for parallel multiplexing applications. The interferometer features two grating couplers
that excite surface plasmon polariton (SPP) waves traveling along a gold—air interface before converging
at a gold nanoslit where they interfere. A key innovation lies in the ability to tune the interference pattern
by altering the geometrical properties of the gold nanoslit such that one, two or more resonance modes
are supported in the nanoslit. Our experimental results validate the approach of our design and
modelling process, demonstrating the potential to fine-tune geometrical parameters such as grating
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Accepted 6th January 2025 coupler pitch, depth, duty cycle, and nanoslit dimensions to alter the transmitted radiation pattern and
the transmittance. We demonstrate the ability of a grating coupler to induce focusing of SPP waves to an
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1 Introduction

Surface plasmon polariton (SPP) waves are electromagnetic
waves that travel along the interface between a metal and
a dielectric.”* These waves arise from the coupling of the elec-
tromagnetic field with the collective oscillations of the metal's
conduction electrons, resulting in a highly confined wave that
propagates with enhanced fields and high sensitivity to changes
in the local refractive index of the dielectric.>” Similar to light
waves, coherent SPP waves can interfere to produce an inter-
ference pattern.>® A common configuration for harnessing the
interference  of SPP waves is the Mach-Zehnder
interferometer.’"® This configuration splits the SPP wave into
two paths, typically a reference arm and a sensing arm, before
recombining them to generate interference. The Mach-Zehnder
interferometer is widely used because it allows for precise
control of the optical phase difference between the two arms,
enabling sensitive phase-based detection of changes in the
refractive index, which is crucial for applications such as bio-
sensing and environmental monitoring.
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far-field interference patterns linked to the multimodal operation of the nanoslit.

Several Mach-Zehnder SPP interferometers have been
proposed; however, individual interferometers are generally
challenging to arrange closely together in compact configura-
tions. This limitation is particularly troublesome for multi-
plexing applications, as in biosensors where the detection of
multiple biomarkers simultaneously is desirable.**** To
address this, we propose an interferometer structure that allows
for perpendicular interrogation by utilizing two gold grating
couplers, a gold propagation surface acting as interferometer
arms, and a nanoslit acting as a combiner. This simple yet
effective configuration enables the system to be arranged both
vertically and horizontally, making it possible to array multiple
interferometers close together for multiplexing capabilities.

A key component of our device is the grating coupler, which
is used to efficiently excite SPP waves on the metal-dielectric
interface. Grating couplers are structures with periodic varia-
tions that match the momentum of incident light to that of the
SPP waves, allowing the light to couple into the plasmonic
mode.**** This method is widely recognized as one of the most
effective ways to excite SPPs due to its ability to achieve high
coupling efficiency and its compatibility with various optical
setups. Numerous devices in the literature utilize grating
couplers for SPP excitation. The design mechanism of the
grating couplers in our proposed configuration is similar to
those established methods.

The second key element of our device is the gold nanoslit,
which serves as the interferometric combiner for SPP waves.
Gold nanoslits have been primarily used to filter spectral
components of light and support extraordinary optical
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transmission.***® The gold nanoslit in our case consists of
a narrow gap milled into the gold film, capable of supporting
one, two or more resonance modes depending on its width. This
allows the radiation pattern to be altered and optimized
depending on the detection technique used. As predicted in
a previous work, optimizing the interference pattern through
such adjustments, makes it possible to enhance the sensitivity
and operational range of a biosensing device.’”**

In this paper we report theoretical and experimental results on
interferometer and the elements comprising its structure. Section
2 provides conceptual details on the nanoslit interferometer and
its main components. Section 3 describes the optical test set up
used to characterize the fabricated test structures and the inter-
ferometer. Section 4 reports experiments used to optimize
different geometrical parameters of the device, such as grating
coupler properties (pitch, depth, duty cycle, and number of
periods), nanoslit size, and the length of each arm of the inter-
ferometer. Section 5 demonstrates the multimodal operation of
the nanoslit and the interference of two SPP waves incident on
such a slit, while illustrating the effects of varying the slit size and
the phase difference between the interfering SPP waves. Section 6
gives concluding remarks. Main text of the article should appear
here with headings as appropriate.

2 Proposed device, modelling and
fabrication

A schematic of the transversal cut of the proposed nanoslit
interferometer is shown in Fig. 1a. The interferometer is
designed to operate with surface plasmon polaritons (SPPs)
propagating along a single interface, specifically the gold-air
interface. This single-interface SPP is characterized by strong
localization of the electromagnetic field at the metal-dielectric
boundary. The designed interferometer consists of two grating
couplers fabricated on top of a gold layer deposited on a fused
silica substrate, with a nanoslit milled in the gold layer. In order
to support only a single-interface SPP propagating along its top
surface,* and to support resonance modes in the nanoslit, the
optimal thickness of the Au layer was theoretically estimated to
be, ta, = 300 nm. Experimentally, the thickness of the Au layer
in our fabricated device was ¢, = 311 nm. The grating couplers
are separated from each other by a distance of 2L, + wg, where
Lam is the length of each interferometer arm and wg is the
nanoslit width. Each grating coupler excites SPP waves propa-
gating in opposite directions along the arms. The SPP waves
interfere at the nanoslit and the mode(s) excited therein
produce a radiated field pattern on the substrate side, which
can be detected and related to the phase difference A¢ between
the SPP waves propagating along the arms. A top view of
a typical fabricated interferometer device consisting of a central
nanoslit flanked by two grating couplers is shown in the SEM
micrograph in Fig. 1b. This device features grating couplers
with 12 periods, a pitch, /1 = 786 nm, a duty cycle of d. = 0.68,
and grating ridges of height of # = 54 nm. The arm length of the
interferometer is L., = 40 um, and the nanoslit width, wy =
610 nm.
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Fig.1 Nanoslit interferometer. (a) Schematic of the transversal section
of the device showing its main components: two grating couplers
deposited on top of a thick gold layer and equally distanced from
a nanoslit milled into the gold layer, two grating couplers on a thick
gold layer on a glass substrate equally distanced from a nanoslit milled
into the thick gold layer. The grating couplers are excited by a pair of
Gaussian beams, generating two SPP waves propagating in opposite
directions along the air—gold interface. These plasmons interfere at
the nanoslit, which is designed and optimized to support one or more
resonance modes, selectively excited depending on the relative phase
difference between the interfering SPP waves. (b) SEM image of
a typical fabricated device. The two grating couplers and the central
nanoslit are indicated with arrows for clarity. (c) Normalized electric
field distributions (Re{E,/Eq}) near the nanoslit for three slit widths (wg
=200 nm, 600 nm and 1000 nm) and two phase differences between
the SPP waves (A¢ = 0 in the top row and A¢ = 7 in the bottom row).
For A¢ = 0, resonant modes with an odd number of lobes along the
width are excited in the nanoslit, e.g., dipole and hexapole. In contrast,
for A¢ = m modes with an even number of lobes along the width
emerge, such as the quadrupolar modes. At wg = 200 nm, no mode is
observed for A¢ = .

The electromagnetic modeling of the proposed interferom-
eter was conducted using a two-dimensional (2D) finite element
method (COMSOL 5.6, Electromagnetic Waves Frequency
Domain module), following a similar approach to that detailed
in our previous work.*”*® The calculations were specifically
performed at an operating wavelength of A, = 850 nm. This
wavelength was chosen because there are commercially avail-
able laser sources at 850 nm that offer high coherence, which is
essential for interferometric applications. Additionally, light at
this wavelength can be detected using Si CCD cameras, making
it practical for experimental validation and measurement. The
interferometer is perpendicularly excited by a pair of transverse
magnetic (TM) polarized Gaussian beams of waist radius wo = 5
um, which illuminate the grating couplers on the device. The
Gaussian beams were modeled as electromagnetic ports. The
relative permittivity of the materials (gold, fused silica) were
taken from established experimental tables: the relative
permittivity of air, ¢q = 1,* fused silica, &5, = 2.25,*" and that of
gold at our operating wavelength was taken as ex, = —28.2691 +
1.74561.*> Using these values, the effective index of refraction,
nesr, Of the SPP waves propagating along the gold-air interface is
calculated as:*

Mar = |—25 10181 + 0.0011i (1)
€au T &
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and the effective wavelength A.¢ of the SPP waves as:

Ao = 835 nm (2)

Aeff = Re{neff}

The components of the interferometer were designed based
on these values. For the grating coupler the pitch for maximum
coupling efficiency was initially estimated as, A = Aeg."
Subsequently, the optimized pitch was obtained via iterative
modelling until the maximum coupling efficiency was achieved
(see Section 4.2). The arm length, L., was selected considering
that the propagating SPP waves excited by the grating couplers
have a finite propagation length, due to attenuation along the
gold surface captured by the imaginary part of the effective
index Im{n.s} (see Section 4.3). Finally, the optimization of the
nanoslit width, wg, was also related to A.s (see Section 4.4).
Optimization of the components were performed by calculating
the transmittance T of the device. To achieve this, the scattered
fields emerging from the nanoslit were captured, and the
Poynting vector integrated to obtain the output power of the
device, which was then normalized to the incident power of the
Gaussian beams.

The normalized electric field distribution (Re{E,/E,}) near
a nanoslit of varying width, wy = 200, 600 and 1000 nm, is
illustrated in Fig. 1c. The top and bottom rows of the figure
correspond to phase differences between the two SPP waves of
A¢ = 0 and A¢ = m, respectively. Each column represents
a different slit width: ws = 200 nm (left), ws = 600 nm (center),
and ws = 1000 nm (right).

For A¢ = 0 (top row) and for slit widths of wg = 200 and
600 nm, a dipolar mode, characterized by two distinct lobes in
the electric field distribution, is observed, while for wy =
1000 nm, a hexapolar mode, exhibiting six lobes, is excited. This
suggests a clear trend where modes having an odd number of
lobes along the nanoslit width (e.g., dipolar, hexapolar, and
potentially higher order modes) are excited. In these cases, each
resonant mode exhibits a symmetric electric field distribution
about the slit's vertical bisector and thus are excited by inter-
ference of the incoming SPP waves with A¢ = 0.

In contrast, for A¢ = 7 (bottom row), modes with an even
number of lobes along the nanoslit width are excited. For wg =
200 nm, no mode is excited, leading to the absence of radiation
through the nanoslit, whereas for wy, = 600 nm, and wy, =
1000 nm, a quadrupolar mode characterized by four lobes, is
excited, suggesting a similar trend, with potentially higher order
modes, e.g., octopolar emerging for larger slit widths. In these
cases, each resonant mode exhibits an antisymmetric electric
field distribution about the slit's vertical bisector and thus are
excited by interference of the incoming SPP waves with A¢ = .
This phase difference (A¢ = ) was achieved in the simulations
by adjusting the length of one of the arms (Lay), by Aeg/2.

To validate the optimization of the interferometer and its
components and to observe interference patterns correspond-
ing to the multimodal excitation of the nanoslit, we fabricated
structures and characterized them experimentally. To achieve
precise fabrication, we employed nanofabrication techniques.
The gold layer deposition was performed using physical vapor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deposition (PVD) for thicker Au films and a thermal evaporator
for Au gratings. Grating couplers were patterned through e-
beam lithography (EBL), followed by gold deposition and lift-
off processes. Nanoslits were trenched into the gold film
using focused ion beam (FIB) milling. An example of a fabri-
cated device is shown in Fig. 1b.

3 Optical test set-up

After fabrication an optical setup is used to illuminate the
plasmonic interferometer with two Gaussian beams of radius w
=~ 5 pm aligned to the grating couplers. Additionally, the setup
must be capable of capturing and detecting the output signal
from the interferometer slit. The optical setup used is illus-
trated in Fig. 2a. To generate a coherent Gaussian beam of
wavelength 1, =850 nm, a single mode fiber coupled laser diode
(QPhotonics, QFLD-850-100S-PM, 100 mW) was used. The fiber
tip is placed in a x — y — z positioner to align the beam to the
optical axis of the set-up and is positioned at the focal plane of
a microscope objective used as a beam expander (Newport N-
20%, NA = 0.4). The z-position of the microscope objective can
be changed with a positioner to control the size of the Gaussian
beam, which is perfectly collimated only when the fiber tip is
exactly at the focal plane of the microscope objective. In this
case, the radius of the Gaussian beam at the output of the
microscope objective is w = 1 mm. The beam is then TM
polarized with respect to the grating couplers using a linear
polarizer (Thorlabs LPVIS050-MP2) and a /2 waveplate (Thor-
labs Achromatic 690-1200 nm). The power of the beam is
controlled with a neutral density (ND) filters (Thorlabs
NDUV04A) and the A/2 waveplate controls the polarization axis
of the beam allowing positioning the sample in an arbitrary
angle with respect to the optical axis. The beam is then divided
into two equal beams to excite both grating couplers simulta-
neously. This is achieved using beam splitter (BS 1) (Thorlabs
50:50 Non-Polarizing 700-1100 nm). The pair of emerging
beams travel along different optical paths, with one of them
redirected to BS 2, using Mirrors 3 and 4 mounted on a posi-
tioner (Thorlabs Nanomax 300 stage) to precisely control its
optical path length. The parameter AL represents the change in
optical path length applied to one of the beams to produce
a phase difference between them. For instance, to achieve
a phase difference of A¢ = m, AL must be equal to 1,/2. Since
both mirrors are mounted on the same stage, the stage only
needs to move by AL/2, as the configuration doubles the change
in optical path length. Although this setup is reminiscent of
a Mach-Zehnder interferometer, the two beams do not overlap
at BS 2. Instead, they are directed to a 10x microscope objective
(Nikon Plan NA = 0.25) which reduces their radius to w, = 5
um. The size of these beams can be controlled with the beam
expander, while the separation between them is adjusted by
tilting mirror 3. The two Gaussian beams need to be sized to fill
the aperture of the microscope objective to achieve the small
beam size required in the focal plane where the gratings are
located. This can be done by changing the z position of the
beam expander. However, because the beam is not perfectly
collimated, the two beams that travel different optical paths will
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Fig.2 (a) Optical set-up implemented to test the nanoslit interferometer. A TM polarized Gaussian beam (1o = 850 nm) is expanded and divided
using BS 1. The emerging beams are redirected to a 10 x microscope objective, and size-reduced to match the grating couplers. The beam waist
and separation can be controlled with the beam expander and mirrors 2, 3, and 4. The illuminator and BS allows collecting the reflected image by
CCD camera 2. In transmission, the interferometer’s radiated far-field is observed (distance of detection is 4 pm) from the nanoslit using a 40x
microscope objective which images the radiated pattern on CCD Camera 1. The power associated with the transmitted light can be simulta-
neously measured using BS 4 and a power meter. (b) Schematic of the excitation and detection setup for the two grating couplers on the
plasmonic interferometer device. Two Gaussian beams (w = 5 um) are focused onto the grating couplers using a 10x microscope objective to
excite SPP1 and SPP2 traveling in opposite directions. These SPPs interfere at the nanoslit radiating a signal through the substrate and air. The
transmitted signal is collected with a 40x microscope objective placed near the slit's focal point to record the interference patterns.

10x Microscope
Objective

Objective moved closer

10x Microscope
Objective

Fig.3 Observation of a SPP wave excited with an optimized grating coupler, traveling certain distance, and outcoupled by the second grating. (a)
Left panel — microscope objective placed at a separation from the grating equal to its working distance(d = WD) such that the Gaussian beam
waist wy is located at the grating coupler. Right panel — SPP waves excited by the grating diverge in the plane of propagation, as observed from
the spot uncoupled by the second grating which is wider than the incident spot (2wg spp > 2Wp). (b) Left panel — microscope objective placed
a few micrometers closer to the sample (d < WD) such that the Gaussian beam is converging at the location of the grating coupler. Right panel —
the convergence of the Gaussian beam induces focusing of the SPP wave in the plane of propagation, as observed from the spot uncoupled by
the second grating which is narrower than the incident spot (2wg spp < 2wWo).
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have a slightly different size after focusing. This difference in
size can be reduced by decreasing the optical path length of the
beams.

Fig. 2b provides a close-up sketch of the device under test,
illustrating excitation of the two grating couplers. This excita-
tion generates SPP waves propagating in opposite directions,
which then converge on the gold nanoslit of width wg. The
modes excited in the nanoslit radiate through the substrate of
thickness of ¢, = 500 um and then trough air, before reaching
a 40x microscope objective (Nikon Plan, NA = 0.65). The focal
plane of the microscope objective is positioned close to the
gold-substrate interface (dgqec = 0), to avoid unwanted interfer-
ence of the detected signal caused by reflections at the
substrate-air interface. The magnified radiated intensity is then
attenuated with a ND Filter (Thorlabs NDUV05A) and captured
with CCD Camera 1 (Thorlabs DCC1645C). Before reaching the
camera, the signal is redirected with mirror 6 and split by BS 4.
The second beam is directed to a power meter, which is used to
determineT. This is defined as the ratio between the power (P, =
51.15 um) of the incident Gaussian beam on the grating coupler
and the power measured by the power meter (Py,), i.e.

1 Py
T= T X P, (3)

T, accounts for the transmission losses in the receiver
components (as shown in Fig. 3a), which include the 40x
microscope objective, mirror 6 and BS 4. The power P, was
measured immediately after the 10x microscope objective,
representing the power incident on the sample with a single
Gaussian beam. To determineT;, the incident power P, was
compared with the measured power P,, without the sample in
place, yielding T, = 0.25. This indicates that only about 25% of
the signal radiated from the device reaches the power meter
after passing through the microscope objective, reflecting off
the mirror, and being split by the 50: 50 BS.

The sample must also be illuminated with visible light to
locate each device under test and precisely position both
Gaussian beams at the center of each grating coupler. This is
achieved by introducing broadband light from a fiber illumi-
nator (Thorlabs OSL2IR) via BS 3. The unwanted beams
emerging from BS 3 are captured by the beam dump. The illu-
mination beam incident on the microscope objective is focused
on and reflected by the sample. The reflected light then travels
back through the microscope objective, the two BS and a ND
filter (Thorlabs NDUV03A) to CCD Camera 2 (Thorlabs
DCC1645C). The imaged devices, including the incident
Gaussian beams, are displayed on a screen connected to the
camera. Additional mirrors (mirror 1, 2, 6 and 7) are placed at
different locations in the set-up to redirect the light beams as
required. The 850 nm laser source can be replaced with
a broadband illuminator (NKT Photonics, Super K Extreme) to
find the transmission spectra of the devices, as discussed in
Section 3.1. For this purpose, the power meter is replaced with
an optical spectrometer (Newport OSM2-400VIS/NIR). All
images obtained from CCD1 and CCD2 are presented as
captured with no false colouring applied.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4 Break-out elements

Modifying the properties of the grating couplers, arm length
and slit width influences T of the device and enables the tuning
of the interference pattern observed on the substrate side of the
nanoslit.*”** Consequently, it is essential to experimentally
investigate how variations in the parameters of these individual
elements (break-out elements) affect the system. Since the
interference of SPPs is not required for analysing these
elements, we illuminated one grating coupler only, which
excites a single SPP. This approach allows us to isolate and
study the contributions of each element independently.

4.1 Grating couplers - focusing of SPPs

We initially investigated the ability of a grating coupler to excite
focused SPPs by exciting a grating coupler with a converging
Gaussian beam of wavelength 4, = 850 nm and radius w = 5 um.
For these experiments, a pair of grating couplers with optimized
parameters (height 72 = 54 nm, pitch /4 = 786 nm, duty cycle d. =
0.68 and 12 periods), were defined and separated by a distance of
Larm = 40 pm, as sketched in Fig. 1a. One of the gratings was used
to in-couple SPP waves at the air-gold interface, and the second
one to out-couple them. By changing the distance d of the sample
from the 10x microscope objective (¢f Fig. 2a), the size of the
Gaussian beam exciting the grating coupler can be modified; this
is illustrated in Fig. 3. When the objective is placed at its working
distance from the sample (d = WD), the Gaussian beam illumi-
nates the grating having its waist at the grating plane (2w, in
diameter). In this case, the SPP wave diverges along the air-gold
interface in the plane of propagation, and once it reaches the
second grating, it is out-coupled with a larger width than the
incident beam (2w, gpp > 2W,), as shown in Fig. 3a. Alternatively, if
the sample is placed closer to the objective (d < WD), as shown in
Fig. 3b, the Gaussian beam impinges onto the grating while it is
still converging, resulting in a SPP wave that focuses as it propa-
gates along the air-gold interface. In this case, the second grating
out-couples the SPP wave with a smaller width than the exciting
beam (2w spp < 2Wo). In this manner the SPP beam waist w, spp
(SPP focus) can be placed on the out-coupling grating, as shown in
Fig. 3b, or on any other feature on the chip. This method of tuning
the SPP beam diameter is useful for controlling the size of the
plasmonic waves that excite the resonant modes of the nanoslit
and improves the visibility on the detection camera in the inter-
ferometric experiments discussed in Section 5. These experiments
provide a qualitative demonstration of the (out-) coupling and
existence of SPP waves by observing the reflection in CCD Camera
2 (cf. Fig. 2a). Henceforth, experiments are conducted to observe
and measure the fields radiated from the nanoslit on the substrate
side of the device with the transmission recorded by CCD Camera
1 and the optical power meter or spectrometer (¢f. Fig. 2a).

4.2 Grating couplers - spectral response, pitch and number
of periods

The design process to optimize the grating couplers is similar to
that applied in previous work.*”*® The parameters to optimize
are the ridge height A, pitch 4, duty cycle d., and number of
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ridges (Fig. 1a). The height of the ridges is defined by thermal
evaporation after e-beam lithography exposure. The ridge
height achieved for all devices is 2 = 54 nm which is close to the
value of & = 60 nm ideally needed for maximum coupling effi-
ciency. During the designing process, the duty cycle was fixed to
d. = 0.5, and the duty cycle achieved in all devices after fabri-
cation is d. = 0.68, as can be observed in Fig. 4a, where a grating
coupler of pitch /1 = 796 nm is shown - the ridges are slightly
wider than the trenches.

This section explores the effects on the transmitted light on
devices composed of one grating separated from a nanoslit by
Larm = 40 pm, when the grating pitch /4 and number of ridges
are varied. The gratings were designed for a normally-incident
TM polarized Gaussian beam of wavelength A, = 850 nm and
beam waist radius of w, = 5 pm. The maximum coupling effi-
ciency of the designed grating occurs for a pitch of 4 = 800 nm,
composed of 12 periods. Under these conditions, the size of the
grating coupler is very close to the diameter of the incident
Gaussian beam. The designs were comprised of a range of
pitches from 4 =736 nm to /1 = 836 nm in steps of A4 =10 nm.
Fig. 4b shows the device used for the pitch experiments. It
comprises of a linear arrangement of grating couplers on a gold

View Article Online
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film of thickness t,, = 311 nm, positioned a distance of L,y =
40 um from a nanoslit of width ws = 610 nm milled into the gold
film.

The grating couplers were initially excited with a Gaussian
beam, as previously described, generated from a broadband
source. To obtain the spectrum of the transmitted power Py for
each grating coupler and nanoslit combination, the output
signal radiated by the nanoslit was measured using a spec-
trometer. This is illustrated in Fig. 4c. Although the grating
pitch varies in increments of A/ = 10 nm, we present the results
every A/ = 20 nm to maintain clarity and prevent graph satu-
ration. Due to the high power of the incident broadband source,
the spectrometer became saturated, requiring the use of ND
filters to accurately capture the source spectrum. Py was calcu-
lated by comparing the source spectrum with the measured
spectrum radiated by the nanoslit for different grating pitches,
which did not require attenuation. Since the accurate power
measurements for the incident broadband source were not
obtained, Py is presented in arbitrary units. Despite this, as
shown in Fig. 4c, the spectra exhibit a full width at half
maximum (FWHM) of approximately, AA = 100 nm for all
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Fig.4 Grating spectral response and pitch variation. (a) SEM image of a grating coupler (4 =796 nm and d. = 0.68). (b) Reflected image showing
a device under test, captured in situ using CCD Camera 2. This set of grating couplers is arranged along the length of the nanoslit of width wg =
610 nm. The grating pitches vary from 4 =736 nm to 4 = 836 nm, and the duty cycle is set to d. = 0.68. The bottom right grating is excited with
a Gaussian beam of radius w = 5 pm centered on the grating. (c) Wavelength response of the transmitted power Py of the gratings and nanoslit
combination, excited with broadband light and measured using a spectrometer. Note that Pt is presented in arbitrary units, as it was not possible
to accurately determine the power of the input beam during the measurements. When the pitch of the grating increases, the wavelength of
maximum transmittance increases proportionally. (d) T, of gratings excited with a laser centered at g = 850 nm, for gratings of various pitch, 4.
The top panel shows the calculated results of the designed (blue curve) and as-fabricated (red curve) gratings. The bottom panel shows the
experimental results for two samples each bearing several gratings, demonstrating a similar trend with pitch compared to the calculations.
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demonstrating very similar trends to the calculated case. Sample 5 was

tested by aligning the center of the Gaussian beam along the edge of

a grating, rather than along its center, thereby maximizing the coupling efficiency of SPPs propagating in the direction of the nanoslit. With this
alignment along the edge, T remains constant as the number of periods increases beyond 8.

grating pitches, and the peak transmittance shifts linearly with
increasing grating pitch, as expected.

Replacing the broadband illuminator with at laser source at
Ao = 850 nm, the incident power of the Gaussian beam (P, = 224
uW) can be compared to the transmitted power to obtain T for
each pitch 4, The top panel of Fig. 4d shows the calculated T for
the designed and fabricated cases, calculated using:

1 100 pm
T J Re{S}dx ,

=l @

where, P, = 1 W m™ " is the 2D power of the Gaussian beam
exciting the grating coupler.S represents the Poynting vector
that characterizes the intensity distribution at a distance dger =
4 pm below the gold-substrate interface. The -calculated
maximum 7 of the fabricated device decreases by 49% with
respect to the design because the grating ridges are thinner
than expected (A = 54 nm, instead of the desired # = 60 nm),
and the duty cycle is larger than expected (d. = 0.68instead of d.
=0.5). The maximum T occurs at a pitch of 4 =800 nm = Ae=
835 nm (eqn. (2)) for the designed case, and 4 = 786 nm for the
fabricated case.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The bottom panel of Fig. 4d shows the experimental T ob-
tained using eqn (3) for two samples bearing devices. The
maximum T of the tested devices occurs for /1 = 786 nm, which
is very close to theoretical expectations (1.75%). However, the
experimental T'is ~10% of the calculated values because of non-
idealities in the experimental case, which include: (i) roughness
of the gold layer (R; = 5.24 nm) and grating ridges (Rq = 5.58
nm) characterized by the root mean square value R, of the
height variations on the surfaces, (ii) reflections occurring at the
glass-air interface along the bottom of the substrate (unac-
counted for theoretically), which cause additional losses; (iii)
deviations in the grating coupler thickness due to fabrication
limitations, which reduce coupling efficiency; (iv) variations in
the pitch and duty cycle of the gratings caused by defocusing
effects during E-beam lithography, leading to non-ideal grating
structures; and (v) 2D calculations using a 1D Gaussian beam,
which approximates the 3D nature of the system and over-
estimates slightly the power coupled by the gratings. These
factors collectively explain the differences in transmittance
observed across all measurements, such that the experimental T
is ~10% of the calculated values for all tested structures.
Despite the reduced experimental T relative to design, the

Nanoscale Adv., 2025, 7, 1305-1317 | 1311
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output from the device is readily detected using a standard CCD
camera, power meter, and spectrometer.

Aligning the center of the Gaussian beam to the center of the
grating coupler is essential if meaningful comparisons are to be
made with the computations. With centered alignment, the
power of the excited SPP waves is equal in both directions of
propagation (left and right), whereas if the beam is aligned off-
center close to the edge of a grating coupler, one SPP wave is
preferentially excited along one direction. For this set of grating
coupler experiments, it is particularly important to achieve
centered alignment because it was observed that the wavelength
of maximum transmission of the grating varies with the posi-
tion of the Gaussian beam relative to the grating. Centered
alignment was achieved by visualizing the reflected beam with
CCD Camera 1 and optimizing the alignment. Fig. 4b illustrates
a case where the Gaussian beam is placed at the center of the
grating coupler, whereas Fig. 5b shows a case where the beam is
aligned near the left edge of the grating.

In addition to the grating pitch /1 variation, another important
design parameter of the grating couplers is the number of periods
n,. Fig. 5a shows a SEM image of a section of the experiment where
the number of ridges in a grating increase from 2 to 4. Five
identical samples were fabricated, each of them consisting of
a series of 3 gratings that increase in number of ridges in steps of
two. In Fig. 5b, a section of a sample is shown where a Gaussian
beam of waist radius w, = 5 pm excites the left edge of a grating
coupler. With this alighment, the SPP wave is preferentially excited
to the left (towards the nanoslit). All the samples were tested with
the beam centered on the grating except for one case - Sample 5.
Fig. 5¢ shows T as the number of ridges increases. The top panel
shows calculations for the designed (blue curve) and fabricated
(red curve) cases. In the designed case, the number of periods that
maximizes the T is n, = 14. However, for the fabricated case, the
maximum 7T decreases by =42.86% and the optimal number of
periods is n, = 8. This finding is experimentally corroborated, as
can be observed in the bottom panel of Fig. 5c. Samples 1 to 4
exhibit the same behavior, confirming the calculated prediction.
Sample 5 was excited with the Gaussian beam aligned to the left
edge of the grating couplers (nearest the nanoslit). In this case, the
maximum 7 remains constant after the optimal number of ridges
is reached.

To achieve maximum coupling of SPPs propagating along one
direction from a grating under normal incidence, it is necessary to
illuminate the edge. With this approach, the grating coupler will
always perform optimally once the optimal number of periods is
reached. Conversely, if it is necessary to excite SPPs in both
directions of propagation, the best strategy is to illuminate the
grating with a beam centered on the grating. In this scenario, it is
crucial to use the optimal number of periods such that the grating
coupler matches the size of the incident Gaussian beam. This
minimizes the outcoupling effect that a large grating induces and
maximizes the efficiency of the grating coupler.

4.3 Cut back measurements

The length of the interferometer arm (L,,) is the distance that
the SPP waves must travel to reach the nanoslit. This distance
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must not significantly exceed the SPP propagation length L.
Considering a power decay of 1/e from the excitation location of
the SPP wave at the edge of the grating, L, can be calculated as:*

1
L,= 3m(g)’ (5)

where,

B=6+if = ng (6)
Ao
is the propagation constant of the SPP wave. § is a complex
number, and its real part 8 is the phase constant, whereas the
imaginary part 8” = 8.49 mm ™" is the attenuation constant. For
an SPP wave traveling along a gold-air interface at 4, = 850 nm,
the propagation length is L, = 61.5 um, using eqn (1)-(6). At this
distance, the power carried by the wave is 36.8% of its initial
value.

In our experiments the arm length was varied from Ly, = 20
to 130 pm. Fig. 6a shows a SEM image of a portion of a sample
under test, which comprises of a linear arrangement of grating
couplers along the vertical direction, each grating having
a different distance from the nanoslit. In this experiment,
a Gaussian beam of radius of w, = 5 um excites a SPP wave via
an optimized grating coupler (2 = 54 um, /4 = 786 nm, d. = 0.68,
and n, = 12 periods), as shown in Fig. 6b. After propagating over
Larm, the SPP wave excites the gold nanoslit of width wy =
610 nm, exciting resonant modes therein, resulting in radiated
fields detected on the substrate side. Calculated T (using eqn
(4)), for different arm lengths is shown in the top panel of
Fig. 6¢c. The power carried by the SPP wave decays exponentially
when the arm length is increased. At a fixed wavelength of
operation, 1, = 850 nm, the attenuation constant §” depends
only on the relative permittivity of the materials used and is
estimated to be 9.00 mm " from an exponential fit. This value is
6% larger than that calculated using eqn (1)-(6). Measured T of
devices of different arm length L,., on three samples is shown
in the bottom panel of Fig. 6c. They exhibit the same expo-
nential trend consistent with the computations. The average
attenuation  coefficient  obtained  experimentally is
B... = 8.63 mm™ and this value is 1.64% smaller than the
value estimated using eqn (1)—(6). The experimental attenuation
coefficient (Fig. 6¢, bottom panel) is closer to the analytical
result than the one determined by simulating the entire system
(Fig. 6¢, top panel) possibly due to limitations in discretizing
the system.

4.4 Nanoslit width

Previous studies have shown that the resonance modes in
a nanoslit are highly sensitive to variations in the slit width
we.*”*® The slit width affects both T and the radiation pattern
and consequently has implications on the performance of the
device. Nanoslits of different widths were fabricated in a gold
film deposited on a fused silica substrate via FIB milling. Fig. 7a
shows a SEM image of three nanoslits of different widths (ws =
205, 505 and 805 nm). The fabricated test samples feature a 3-
segment nanoslit that exhibits a variable width along its length.
Each of the 3 segments is 80 um long. The nanoslit width varies

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00862f

Open Access Article. Published on 09 januar 2025. Downloaded on 3. 02. 2026 22:08:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

a) c)
<
S
B~

b)
)
<
=

View Article Online

Nanoscale Advances

I- - -Calculated - as Fabricatedl

.
N /
151 Sl

"20 40 60 80 100 120 140

L arm (I’l'm)

. -~ -Measured - Sample 1
62 [ - - -Measured - Sample 2
Measured - Sample 3

e " P -1
% ave = 8.63 mm
.
01F w‘::‘
B /
R \""‘t::::::‘:\_“
- $owg
; | i . i i .
20 40 60 80 100 120 140
La7m (Hm)

Fig. 6 Cut-back measurements. The distance between the grating and the nanoslit of width wg = 610 nm (arm length) varies from L,.,, = 20 to
130 um. (@) SEM image of one of the samples comprised of a linear arrangement of grating couplers along the vertical direction, each grating
having a different distance from the nanoslit. (b) Reflected image showing a device under test. A grating coupler is excited with a Gaussian beam
of radius wg = 5 um, aligned near the left edge of the grating. (c), T, for different arm lengths, L,m. The top panel shows the calculated T as
function of L, for the simulated case. The attenuation constant can be obtained from an exponential fit of the transmittance curve and is 8" =
9.00 mm™%, which varies by 6% from the analytical calculation. The bottom panel shows a set of experiments on three samples demonstrating
a very similar trend to the calculated cases. The average decay constant obtained experimentally is g, = 8.63 mm™, which differs by 1.64%

from the analytical calculation.

linearly from at ws = 205 nm to ws = 505 nm in segment 1, from
ws = 505 nm to wg = 805 nm in segment 2, and from wy =
805 nm to ws = 1075 nm in segment 3. This segmentation was
necessary due to the limitations of the focused ion beam (FIB)
milling process. Optimized grating couplers were fabricated
alongside the nanoslit (2 = 54 nm, /1 = 786 nm, d. = 0.68, and
ng = 12 periods), at a distance of Ly = 40 pm from the
nanoslit, and excited with a TM polarized Gaussian beam of
wavelength A, = 850 nm and radius w, = 5 um to excite a single
SPP wave, that then propagates to the nanoslit exciting resonant
modes therein. Depending on the width of the slit, the modes
exhibit different spatial field distributions, which are described
below, producing characteristic radiation patterns. Fig. 7b
shows an image captured with CCD Camera 2, showing the
implementation of this experiment. The Gaussian beam was
positioned vertically along a grating to access a nanoslit region
of different width.

Top panel of Fig. 7c shows the calculated T (using eqn (4)), as
a function of the slit width wy for the calculated device. Inter-
estingly, note that T peaks when the slit width increases from wy
=~ 200 nm to wg = 500 nm. Recall that only the dipolar reso-
nance is supported by the nanoslit over this range of widths

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 1c, left panel). Beyond ws = 500 nm, the quadrupolar
mode (Fig. 1c, center panel) is also supported, and the trans-
mission decreases, reaching a minimum when the slit width is
approximately wg = 750 nm. This behavior is somewhat coun-
terintuitive because normally, as an optical aperture increases
in size, the transmitted power increases as well - but this occurs
for direct illumination of an aperture, which is not the case
here. Rather the aperture (nanoslit) in our case is excited by
a propagating SPP which excites resonant modes therein with
different weights depending on field overlaps. Thus, beyond wg
=~ 500 nm a linear combination of resonant modes is excited
which interfere in the nanoslit, altering the radiation pattern
and power radiated therefrom. If the slit width is increased
beyond ws = 750 nm, the T increases again, and a hexapolar
mode is excited (Fig. 1c, right panel). This phenomenon is
corroborated experimentally, as shown in the bottom panel of
Fig. 7c. The experimental results demonstrate that 7' decreases
similarly, mirroring the behavior observed in the calculated
case. This consistency between experimental and theoretical
results provides robust evidence of the first experimental
demonstration of multimode excitation in a nanoslit.

Nanoscale Adv., 2025, 7,1305-1317 | 1313
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Fig. 7 The effect of varying the width of the nanoslit. (a) SEM image of nanoslits of different widths ws = 205, 505 and 805 nm milled via FIB in
a gold layer of thickness ta, = 311 nm on a fused silica substrate. (b) Reflected image showing a device under test. The nanoslit is excited by
a single SPP wave launched from a grating. The width of the nanoslit achieved after fabrication decreases linearly along the length of the slit from
ws =1075to 205 nm (top to bottom), and the grating couplers are uniform over the entire length of the slit. The left grating coupler is excited with

a Gaussian beam of radius wo = 5 pm, aligned near the left edge of the grating. (c) T for different slit widths wy is computed (top panel) and

measured on two samples (bottom panel).

We investigate the multimode operation of the nanoslits in
the gold film by imaging the intensity radiated by the nanoslits
through the substrate with the receiver microscope objective
and CCD Camera 1 (cf: Fig. 2a). The focal plane of this objective
was positioned very close to the gold-substrate interface to
magnify the nanoslit. The imaging process is visual, allowing
for a few micrometers of tolerance in the receiver position
where the slit appears well-defined. Once the nanoslit is imaged
in the substrate side, the grating coupler on the top side is
excited by the Gaussian beam to launch an SPP toward the
nanoslit (¢f. Fig. 7b). Images of the radiation emitted by nano-
slits of various widths wg, under SPP excitation, are shown in
Fig. 8a, revealing different spatial distributions for different
nanoslit widths ws. The orange/red colour band in the images
are due to the nanoslit illuminated by a broadband illuminator
to make it clearly visible, whereas the bright localised spots
correspond to the out-coupled surface plasmon waves gener-
ated by the monochromatic laser (850 nm). For a slit width of wy
=~ 250 nm, a symmetrical radiation pattern exhibiting a single
lobe is observed, suggesting that only the dipolar resonant
mode of the nanoslit is supported (¢f. Fig. 1c, left panel). As the
slit width increases to ws = 450 nm, the radiation pattern loses
its symmetry, and the intensity maximum shifts away from the
center of the nanoslit. For a slit width of wy = 550 nm a second

1314 | Nanoscale Adv,, 2025, 7, 1305-1317

lobe becomes observable and persists up to wg = 750 and
850 nm, consistent with the emergence of the quadrupolar
mode in the nanoslit. One lobe is less intense than the other
because the nanoslit is excited by a single SPP wave (launched
from the right grating and propagating towards the left - ¢f.
Fig. 7b). Perfect symmetry in the two radiated lobes is only
achieved when the nanoslit is excited by two identical coun-
terpropagating SPP waves that are out of phase, thereby exciting
the quadrupolar mode only (¢f Fig. 1c, right panel), as
demonstrated in the interference experiments discussed in the
next section. For a slit width of wg = 950 nm the radiation
pattern becomes more complex, suggesting the emergence of
a third resonant mode. For the slit width wg = 950 nm, the
radiated signal suggests a three-lobe distribution which we
associate with the hexapole predicted in Section 2. Fig. 8b plots
the calculated distribution of the magnitude of the Poynting
vector, at a distance of dqe = 4 pm below the gold-substrate
interface. The Poynting vector was calculated by exciting
a single grating coupler in the simulation with a Gaussian beam
of power P, = 1 W m~ ' (2D simulation), which was coupled to
SPP waves and radiated by the nanoslit. The transition in the
number of lobes observed experimentally matches qualitatively
the calculations, corroborating our observation of multimode
excitation of nanoslits.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Experimental and theoretical demonstration of multimode
excitation in nanoslits in a gold film, for widths ranging from wg ~ 250
to 950 nm. (a) Experimental visualization of the intensity distribution
radiated by nanoslits in the gold film of different widths ws. The
intensity is imaged with a 40x (NA = 0.6) objective whose focal plane
is positioned very close to the gold-substrate interface. (b) Calculated
distribution of the magnitude of the Poynting vector, 4 um below
nanoslits of different width ws. As the nanoslit width increases, an
increasing number of resonant modes become supported therein. For
ws ~ 250 and 450 nm, the nanoslit supports only the dipolar mode,
resulting in a single-lobed radiation pattern. For wg = 550, 750 and
850 nm, the dipolar and quadrupolar modes are supported, resulting in
a two-lobed radiation pattern. For ws = 950 nm, a third lobe appearsin
the radiated signal, suggesting that a hexapolar mode is supported by
nanoslits of this width. The experimental images in (a) match qualita-
tively with the calculated distributions in (b).

5 Interference of SPP waves on
multimode nanoslits

Finally, we investigate the interference of SPP waves on nano-
slits and the selective excitation of resonances therein. The
number of resonant modes is determined by the nanoslit width
ws, and their selective excitation by the phase difference A¢
between the two SPP waves exciting the nanoslit. For interfer-
ence of two SPP waves, grating couplers on either side of
a nanoslit are excited by a pair of coherent Gaussian beams,
with their relative phase adjusted by varying the optical path
length, as described in Section 2. Fig. 9a shows an image, where
a device under test is illuminated by two beams of radii w, = 5
pum. Both Gaussian beams must have the same size and power
to interfere strongly at the nanoslit. However, there is always
a small difference in the size of the Gaussian beams because
they are focused by the 10x objective illuminated by non-
collimated Gaussian beams which travel two different optical
paths and are slightly off the optical axis. To match the size of
both SPP waves as closely as possible at the nanoslit it is
necessary to adjust the z position of the beam expander, shown

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 2a. At the same time, matching the power of the two SPP
waves is straightforward: by misaligning one of the beams at its
corresponding grating coupler and reducing its power until it
matches that of the second beam.

The phase of one of the SPP waves is shifted by adjusting the
position of mirrors 3 and 4 in the optical setup shown in Fig. 2a,
with a mechanical stage controlled by a piezoelectric actuator.
This stage moves in steps of =6 nm, and needs to be shifted AL
= A0o/8 = 107 nm to change the relative phase between both SPP
waves by A¢ = . Fig. 9b shows the intensity radiated from
a nanoslit of width wg = 600 nm, through the substrate, asso-
ciated with the dipolar (top panel) and quadrupolar (bottom
panel) resonant modes, when the relative phase difference A¢
between the SPP waves is A¢ = 0 and A¢ = . The dipolar mode
is characterized by a single radiated lobe, whereas the quad-
rupolar mode exhibits a pair of radiated lobes. Due to the
imperfect collimation of the initial beam, the two SPP waves do
not overlap precisely, resulting in an interference pattern with
unequal sized lobes.

The calculated intensity distributions, defined by the real
part of the normalized Poynting vectors Re{S}, are plotted in
Fig. 9c for different nanoslit widths, wy, = 200, 600 and
1000 nm. For wg = 200 nm, only the dipolar resonant mode is
supported by the nanoslit and the radiated intensity exhibits
a centered lobe whose amplitude varies with A¢ to become null
for A¢p = m, as observed from Fig. 9c (left panel). This is
corroborated experimentally in Fig. 9d (left panel), although
noise, likely due background light, decreases the signal visi-
bility. For wg = 600 nm, the dipolar mode is excited for A¢ =
0 and the quadrupolar mode is excited for A¢ = , and the
intensity distribution transitions from a single lobe to a pair of
equally sized lobes, as observed from Fig. 9c (center panel). This
is also confirmed experimentally in the corresponding plot of
Fig. 9d (center panel). For ws = 1000 nm, simulations indicate
the generation of a third lobe in the radiated field intensity
distribution, due the excitation of a hexapolar mode for A¢ = 0,
as shown in Fig. 9c (right panel). The corresponding experi-
mental result in this case does not agree very well with the
computations because the numerical aperture of the objective
limits resolution of three lobes. It is important to note that the
experimental curves in Fig. 9d are normalized to their
maximum value, as these intensity distributions are computed
by analyzing a 2D line of the observed modes, where the
intensity is related to the intensity of each pixel. This makes it
difficult to determine the real values of the Poynting vector and
the actual size of the lobes, which is why the curves are
normalized and shown in arbitrary units. However, because the
patterns were measured as close as possible to the slit, we expect
the lobe sizes to be comparable to those calculated in Fig. 9c.

Integrating the intensity distribution yields the trans-
mittance of the interferometer. These values were calculated as
a function of A¢ and are plotted in Fig. 9¢, showing the transfer
characteristics of the system for each case of nanoslit width ws.
The calculated results (blue curves) agree very well with the
experimental values (red dots). In this case, integrating the
intensity provides the power at the output, as was done in all the
previous experiments. However, for the current scenario, the
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Fig. 9 Experimental and theoretical demonstration of selective modal excitation in a multimode nanoslit by the interference of SPP waves. (a)
Simultaneous excitation of a pair of grating couplers by Gaussian beams, producing a pair of SPP waves traveling in opposite directions and
interfering on the gold nanoslit. (b) The intensity distribution radiated by a nanoslit of width ws ~ 600 nm through the substrate, imaged at
a distance of dget = 4 um. For wg = 600 nm, the dipolar and quadrupolar modes of the nanoslit are selectively excited when the phase difference
between the interfering SPP waves is A¢ = 0 (top panel) and A¢ = 7t (bottom panel). (c) Calculated distribution of the magnitude of the Poynting
vector, 4 pm below nanoslits of different width, ws =200, 600, and 1000 nm. The nanoslits are excited by a pair of SPP waves of phase difference
A¢ = 0 and . The nanoslit can support the dipolar, quadrupolar and hexapolar modes depending on the phase difference A¢ between the
interfering SPP waves and the nanoslit width ws. (d) Horizontal cut of the measured intensity distribution radiated below nanoslits of different
width, captured by a 40x (NA = 0.6) objective and a CCD camera. (e) T obtained by integrating the calculated (blue curve) and measured (red
dots) intensity radiated by the nanoslits as a function of the phase difference between the interfering SPP waves over the range A¢ = 0 to 2w,

yielding the periodic transfer characteristic of the interferometer.

input power exciting the interferometer, P,, consists of two
Gaussian beams with Py = 1 W m™". T'is therefore calculated by
integrating the intensity distributions of Fig. 9c and comparing
it with this total input power. Specifically, T'is calculated with E.
(4), however, this time P, = 2 W m ™", because it accounts for the
power two Gaussian beams. This is done for phase differences
from A¢ = 0 to A¢ = 2. These phase differences correspond to
changes in the arm length of the interferometer, from AL = 0 to
AL = A./2. This is presented in Fig. 9e as the blue curve, with
the transmittance scale on the left side of the figure.

On the experimental side, the measurements were per-
formed using the same method explained earlier, where the 2D
intensity distributions were captured along a cutline. After
integrating for each A¢ (red points), the values of T were
normalized to their maximum value and are shown on the right
y-axis of Fig. 9e. This was done for all three slit widths. In the
experiments visibility is significantly reduced, likely due to dark
noise and low coherence of the light source. However, when the
theoretical curve is plotted alongside the experimental data, we
observe a strong overlap, confirming the periodic behavior of
the interferometer as a function of the relative phase difference
between the SPP waves A¢.

1316 | Nanoscale Adv., 2025, 7, 1305-1317

6 Conclusions

In this study, we present a comprehensive theoretical and
experimental analysis of the controlled interference of two
counterpropagating SPP waves in a multimode gold nanoslit
structure. The SPP waves were generated by exciting grating
couplers positioned symmetrically on either side of the nano-
slit, each using a Gaussian beam. We demonstrate the ability to
precisely modulate the interference pattern by altering the
geometrical parameters of the gold nanoslit, enabling the
selective excitation of one, two or more resonance modes at the
slit. Our theoretical predictions on how the transmitted pattern
depends on various geometrical factors—such as grating
coupler pitch, height, duty cycle, and nanoslit dimensions—
were in good agreement with experimental results. This novel
approach for manipulating multimodal resonances in nanoslits
offers significant potential for precision applications. The
capability to tailor mode excitation opens new possibilities in
optical sensing and biosensing, where heightened sensitivity
and multiplex detection are essential. Furthermore, the inter-
ferometer design developed here could be integrated into
photonic circuits, providing scalable solutions for miniaturized
optical devices. These advancements hold great promise for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications such as environmental monitoring, medical diag-
nostics, and next-generation wearable technologies, including
smart watches and mobile devices.
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