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ABSTRACT: Plasmonic metal−insulator−metal tunnel junctions
(MIM-TJs) readily excite surface plasmon polaritons (SPPs) by
inelastic electron tunneling, well below the diffraction limit,
eliminating the need for bulky optical elements. The highly confined
MIM cavity mode (MIM-SPP) excited by the tunneling electrons
dominantly outcouples to photons and single-interface SPPs which
further outcouple as photons and give characteristic features in the
Fourier plane of observation. Here, we employ SPP waveguides,
directly integrated with MIM-TJs, to explore the diffraction of single-
interface SPPs at the edges of the metal stripe waveguides. In
addition to the leakage of the SPP modes through the metal
electrodes, SPP edge diffraction presents as an additional channel for
SPP outcoupling, not limited by the thickness of the waveguide. Edge
diffraction manifests as a straight-line feature in the Fourier plane of the far-field and by systematically varying the width of the
waveguides, we show that the in-plane momentum of the SPPs can be controlled, which in turn leads to control over the edge
diffraction. We fabricated MIM-TJs with integrated plasmonic stripe waveguides of different widths, and the propagation and
confinement of the SPP modes along the edges of the SPP waveguides are directly identified by the experimental back focal plane
imaging, which are further corroborated by numerical simulations. Our findings can be exploited for applications ranging from
sensing to nonlinear plasmonics, where focusing and localization of SPP fields are necessary.

KEYWORDS: metal−insulator−metal tunnel junctions, inelastic tunneling, electrical excitation of plasmons, near-field coupling,
back focal plane imaging, diffraction

Surface plasmon polaritons (SPPs) have attracted interest in
the past years due to their potential in applications such as

sensing,1,2 plasmonic imaging,3 nano-optoelectronics,4−6 data
transfer and quantum information processing.7−11 For these
applications, metallic stripe and nanowire based plasmonic
waveguides have been used to confine the electromagnetic
energy to subwavelength scales. The increased spatial confine-
ment of the SPP modes12−15 becomes crucial in nanoscale
plasmonic waveguiding, especially when local field enhance-
ments are necessary for strong interactions with quantum
emitters16 in quantum information processing, or for nonlinear
optics,17 single-molecule sensing18 and ultrafast plasmonic
pulse propagation.19 For this purpose, on-chip plasmonic
focusing20 has been demonstrated in planar tapered metallic
stripe waveguides,21−24 where tapered stripes concentrate the
energy of short-range SPPs25 beyond the diffraction limit with
efficiencies up to 50%.24,26 Moreover, the tapered waveguide
geometries were used for second- and third- harmonic
generation in the visible wavelength region for plasmonic
nanowires of variable widths, demonstrating the potential of
SPPs in integrated optical circuits for information processing.27

In this context, it is desirable to have access to on-chip
electrical sources of SPPs and, for this purpose, plasmonic

metal−insulator−metal tunnel junctions (MIM-TJs) are viable
candidates. MIM-TJs offer the advantage of on-chip electrical
excitation of SPPs by low energy (< 2.5 eV) tunneling
electrons and, due to their nanoscale footprint, they help to
circumvent the diffraction limit associated with optical
excitation methods, offering the potential for on-chip device
integration. In MIM-TJs (Figure 1a), the energy given off by
the inelastically tunneling electrons can couple predominantly
to a highly confined cavity mode (MIM-SPP; Figure 1a, red
field profile),28 which further outcouples to single-interface
SPPs (Figure 1a, dark blue and purple field profiles), photons
(Figure 1a, green arrows), and thermal loss. However, in the
context of SPP waveguiding, the geometry (width and
thickness) and the surface discontinuities of the plasmonic
waveguides13,29,30 integrated directly to the MIM-TJs play an
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important role in dictating the confinement and the
propagation length of the guided SPP modes. Hence, to
properly design plasmonic devices, it is important to
understand how the outcoupled SPPs are confined along and
interact with the edges of the waveguides.
For plasmonic waveguides of finite widths, SPP leakage and

scattering is considered as the main outcoupling or decay
channel.31 However, as demonstrated in previous works, the
edges of the plasmonic waveguide affect the lateral confine-
ment of the SPPs as well as their propagation length.29,32,33 As
the width (W) of the waveguides decreases, the interaction of
the SPPs with the edges of the waveguides becomes more
pronounced, contributing to the decaying propagation length
of SPPs in narrow metallic stripes.34,35 More importantly, the
angle at which SPPs travel with respect to the waveguide
becomes crucial in the outcoupling process of SPPs upon
interaction with the waveguide edges. When the SPPs
propagate normal to the edges, they mainly undergo back-
reflection or outcouple via scattering.33 But, when the SPPs
travel along the edges, they undergo diffraction at the edges of
the waveguide, which provides an additional outcoupling

channel for the SPPs as photons, provided the momentum
mismatch between SPPs and photons is compensated.35,36 For
instance, in the case of a metallic stripe waveguide with glass
and air as the surrounding dielectric media, the edge diffraction
has been observed for SPPs excited at the metal−air
interface,35 given that the momentum (kSPP) of the metal−
air SPPs is lower than that of the photons in the substrate
(glass)31,37 and can outcouple according to the momentum
conservation equation (eq 1):

θ φ=k nk sin cosSPP 0 (1)

where n is the refractive index of the glass substrate, k0 is the
free-space wavenumber of light, θ is the emission angle into the
substrate, and φ is the azimuthal angle in the back focal plane
(BFP) projection corresponding to the in-plane propagation
direction. Therefore, the edges of the waveguide allow a
directional SPP leakage to occur,35 creating an additional
outcoupling pathway that is not screened by the thickness of
the metallic waveguide.
Recently, for MIM-TJs with integrated SPP stripe wave-

guides, various SPP outcoupling pathways were identified,38

control over the outcoupling pathways was demonstrated by
controlling the tunneling direction,39 and plasmonic antennas
were used to enhance the SPP outcoupling.40 It was also
demonstrated that the outcoupling pathways can be selectively
turned on and off by changing the electrode thickness.38 In
these studies, BFP imaging of the far-field light emission serves
as a powerful tool to identify various outcoupling channels for
the MIM-SPP and SPPs when they undergo roughness-
induced scattering,41 leakage, or scattering at the waveguide
discontinuities. However, the edge diffraction of SPPs, which
provides a complementary way of far-field SPP character-
ization, as it can readily be identified through BFP imaging as a
straight-line feature adjacent to the leakage of the propagating
SPPs (kSPP),

35,36,42 has not been examined in detail before.
Compared to optical excitation schemes, where the position of
the plasmonic waveguide within the laser waist beam has to be
precisely controlled in order to excite SPPs close to the edges
of the waveguide,30,35,42−44 in MIM-TJs connected to
plasmonic waveguides, SPPs can easily be excited across the
entire width of the waveguides and the edge diffraction can
easily be obtained as previously observed.38,39,41,45 Addition-
ally, the edge diffraction clearly separates the metal−air leaky
SPP contributions from those of the metal−glass SPPs, which
can only be detected via scattering at the end of the waveguide
due to the bound nature of the modes.38,46 Hence, an
integrated structure where the MIM-TJ is in-plane with a
plasmonic stripe waveguide offers an efficient platform for
investigating the SPP edge diffraction. Moreover, even though
the interaction of SPPs with the edges has been discussed in
previous works,35,36 no control over the edge diffraction
process has been demonstrated so far.
Here we experimentally demonstrate the edge diffraction of

SPPs in plasmonic stripe waveguides, directly integrated with
MIM-TJs. The plasmonic waveguides support both metal−air
(leaky) and metal−glass (bound) modes (Figure 1a) and the
edge diffraction provides an additional way to characterize the
SPP outcoupling in the far-field measurements. We also
demonstrate control over the edge diffraction through the
control of the SPP in-plane momentum, by changing the width
(W) of the waveguides (Figure 1b), which manifests as a shift
in the position of the straight-line feature in the BFP
corresponding to the edge diffraction. We further design a

Figure 1. (a) Schematic showing the outcoupling of the MIM-SPP
(red) mode to metal−air (purple) and metal−glass (dark blue) SPP
modes and photons (green arrow). (b) Schematic showing the
momentum matching conditions for the edge diffraction of the leaky
SPP modes (metal−air SPP) into the glass substrate (top). The in-
plane SPP momentum increases from k1,SPP (green arrows) to k2,SPP
(red arrows) by Δkx (not to scale) with the change in width of the
plasmonic waveguide from W1 to W2. The angle α represents the
tapering angle for the waveguide and θ is the photon emission angle
into the glass substrate (θ = sin−1 (kSPP/nk0) for φ = 0 from eq 1,
where φ is the azimuthal angle in the BFP (bottom). The inner circle
of the BFP at k/k0 = 1 corresponds to the critical angle at the glass−
air interface, and the outer circle represents the numerical aperture
(NA) of the objective.
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tapered plasmonic stripe waveguide that comprises of two
segments with different widths connected by a tapered section
(Figure 1b) to further demonstrate the change in the in-plane
momentum of the excited metal−air SPPs as they propagate
along the tapered region. We use far-field optical microscopy,
namely BFP imaging which gives the angular distribution of
the emitted radiation propagating in a specific direction, as an
active tool to measure the k-vector of the excited SPPs and to
determine the change of the in-plane momentum (marked as
Δkx in Figure 1b). The experimental observations are then
supported by numerical simulations using the finite-difference
time-domain (FDTD) method.

■ EXPERIMENTAL DESIGN
To describe the in-plane momentum contributions, we look at
the in-plane components of kSPP, as shown in eq 2:

= +k k kx ySPP
2 2 2

(2)

Each kSPP in-plane component (kx and ky) has a Fourier
uncertainty associated with it, where each uncertainty in
position Δx or Δy is related to the uncertainty in momentum
(Δkx or Δky) by47

πΔ Δ ≥k x 2x (3)

πΔ Δ ≥k y 2y (4)

Based on the equations shown above, we designed the tapered
plasmonic waveguide whose dimensions in the y direction
change from W1 to W2 and are connected by a tapered
transition section (Figure 1b), providing a change in Δy (in
terms of α). According to eq 4, an increase in Δy leads to a
decrease in Δky, which effectively increases Δkx due to the total

momentum conservation given by eq 2 and can be observed as
the shift of the straight-line feature corresponding to kx in the
Fourier plane.
For this work, we used Al-AlOx-Au MIM-TJs as SPP

excitation sources due to their broadband nature38,46 and
because they are well-characterized in literature.40,48 The
devices were fabricated on borosilicate glass coverslips through
electron-beam lithography patterning, thermal evaporation of
the Al electrode, TMAH (tetramethylammonium hydroxide)
etching of Al and native oxidation in air for the growth of the
AlOx tunnel barrier (∼ 2 nm thick) and electron beam
evaporation of Au, with 1 nm of Cr as adhesion layer (see
Supporting Information, section S1 for the fabrication details).
Figure 2a,b shows characteristic AFM images of the devices
used in this study. The Au electrode, which acts as the
plasmonic waveguide, has a thickness of 35 ± 2 nm. We chose
this thickness to allow not only the excitation of SPPs at the
Au−glass interface (SPPAu‑glass), but also the excitation of SPPs
at the Au−air interface (SPPAu‑air),

38 which undergo the edge
diffraction process described above. The Al (70 ± 6 nm
thickness) constitutes the bottom electrode and is partially
embedded inside the glass substrate (40 ± 3 nm sunken into
the substrate, 30 ± 3 nm above the glass substrate). We chose
this design to ensure that the top Au electrode is continuous as
it lays over the thicker Al electrode. We further extracted the
root-mean-squared surface roughness, which is 7 ± 3 nm and 1
± 0.2 nm for Al and Au, respectively, both measured on the
waveguides extending away from the MIM-TJ area.
Figure 2a shows the design of the linear metallic stripe

waveguides for which the width was changed (W1 = 600 nm,
800 nm, 1 μm, and 2 μm), whereas Figure 2b shows the design
of the tapered Au waveguides used in this study, where two
segments of different widths (W1 and W2) are connected by a

Figure 2. Representative AFM images of the MIM-TJ and associated (a) linear (W1 = 600 nm) and (b) tapered Au stripe waveguides (W1 = 800
nm and W2 = 2 μm). The Au waveguides are 35 nm thick, and the Al stripe has a fixed length (20 μm), width (5−6 μm), and thickness 70 nm. (c,
d) Real plane images of the light emission of representative devices with W1 = 800 nm for (c) linear and (d) tapered waveguides, respectively. The
images are recorded at a voltage of −1.6 V and the dashed lines are visual guides, indicating the electrodes.
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tapered section. For our work we chose W1 = 600 or 800 nm
and W2 = 2 μm to alter the in-plane momentum of the SPPs.
Prior to the optical characterization, we recorded the I(V)

curves (see Supporting Information, section S2) of the MIM-
TJs using two Signatone micromanipulators with tungsten
probes and a source meter (Keithley 6430) controlled by a
homemade LabView program. As explained in ref 49 (and in
more detail in refs 50 and 51), tunnel junctions break down
due to the formation of metal filaments caused by the wind
force (direct momentum transfer between the conduction
electrons and metal atoms) or Joule heating, which may be bias
polarity dependent when different electrode materials are used.
Our junctions are more stable when a negative bias is applied
to the Al electrode than vice versa. For these reasons we
limited the bias range to −1.6 V to avoid electrical breakdown
of our junctions. The I(V) curves show an exponential
behavior, which is in accordance with previously reported
MIM-TJ devices.38,40,46

For the far-field optical measurements, we recorded the real
plane and BFP images of the light emission from the MIM-TJs
in an inverted optical microscope equipped with an electron
multiplying charge-coupled device (EMCCD) camera and a
Bertrand lens (which enables the projection of the BFP onto
the EMCCD). The light emission is collected through the glass
substrate using a 100× oil immersion objective with an NA of
1.49. Figure 2c,d shows the real plane image of two
representative devices, for the linear waveguide (W1 = 800
nm; Figure 2c) and for the tapered waveguide (W1 = 800 nm;

Figure 2d), at −1.6 V applied bias. To account for the low
quantum efficiency of the light emission (see Supporting
Information, section S3 for spectra and quantum efficiency
plot), the images were recorded with an integration time of 2
min and an EM gain of 300.

■ RESULTS AND DISCUSSION
To investigate the change of the SPP in-plane momentum, we
recorded the BFP images of the devices described in Figure 2.
As mentioned in the first section of this paper, the edge
diffraction of SPPs is evidenced as a straight-line feature in the
BFP36 of the far-field light emission from the devices. This can
be understood through eqs 2−4 as follows: when the SPPs
(with in-plane momentum kSPP) are propagating along one
direction, for instance, along the x-direction in Figure 1b, the
spatial confinement in y (Δy ≈ 0) will force Δky to span the
complete range of ky (−ky to +ky) according to the Fourier
uncertainty (eq 4). For SPPs traveling along the edges of the
waveguide, the diffraction at the edges then results in an
effective SPP leakage, preserving the original in-plane
momentum (kSPP) and appears as a narrow line at kx/k0 ∼ 1
(adjacent to kSPP/k0 circle in the BFP), which spans the entire
ky/k0 range.
In the left panels of Figure 3 we show the experimental BFP

images of the devices with W1 = 600 nm (Figure 3a), 800 nm
(Figure 3b), 1 μm (Figure 3c), and 2 μm (Figure 3d). The
Fourier axes are restricted to the negative kx/k0 (−1.5 to 0), as
the straight-line feature corresponding to the edge diffraction

Figure 3. Experimental and simulated BFP images of the light emission from the MIM-TJs with linear waveguides, for W1 = 600 nm (a), 800 nm
(b), 1 μm (c), and 2 μm (d). All images are collected at −1.6 V. The left panels show the experimental BFP images, and the right panels show the
FDTD simulations. The Fourier axes are restricted to the negative side of kx/k0 (−1.5 to 0), as the edge diffraction appears in this range. The inner
dashed white circle represents the k/k0 = 1, which corresponds to the critical angle at the glass−air interface, and the outer dashed white circle
represents the NA of the objective, with k/k0 = 1.49.
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appears in this range (see Supporting Information, section S3,
for the full data set). We also indicate the critical angle at the
glass−air interface as the inner dashed circle at k/k0 = 1, and
the NA of the objective as the outer dashed circle at k/k0 =
1.49. We observe a vertical straight-line feature close to kx/k0 =
−1, which corresponds to the edge diffraction of the SPPAu‑air.
Also, for all images, we observe horizontal straight lines close
to |ky/k0| = 1, which correspond to the edge diffraction of
SPPAl‑air modes that are excited by the MIM-TJ. It should be
noted that the intensities of the Au−air and Al−air SPP edge
diffraction are comparable, even though Al is more lossy
compared to Au. This is further discussed in the context of
thickness dependence of the edge diffraction below. To
demonstrate the control of the edge diffraction mechanism,
we focus on the edge diffraction of the SPPAu‑air for which we
designed the tapered waveguide described in Figure 1b.
Figure 4 shows the cross-section intensity profiles extracted

for the straight-line features in the BFP images (Figure 3a−c).
As the 2 μm waveguide does not show explicit straight-line

features in the BFP, we restrict the analysis to W1 = 600 nm,
800 nm, and 1 μm cases. For the experimental BFP images
(left panels in Figure 3a−c), the line profiles are obtained by
averaging the intensity along −1.1 < kx < −1 for all values of ky
between ±0.5 to ±0.9 to avoid the contributions from the
strong leakage and scattering close to ky ∼ 0 and are plotted in
Figure 4a. The inset shows the peak positions obtained from
the line profiles and corresponds to the evolution of the
effective index of the SPP modes (straight-lines features in
Figure 3) as a function of W1.
From the above BFP images (Figure 3) and intensity line

profiles (Figure 4), we observe the following: First, the
position of the straight-line feature close to kx/k0 = −1 shifts
on the kx axis as W1 increases. As the width increases from 600
nm to 1 μm, the peak position in the line profile shifts from
1.05 to 1.06 (in terms of |kx/k0|), which indicates an increase in
the effective index of the SPP mode supported by the metal
stripe. Second, the leakage contribution of the SPPAu‑air mode
becomes more prominent compared to the edge diffraction as
W1 increases. The first observation can be explained by the
change of in-plane momentum of the SPPs, discussed in eqs
2−4. As W1 increases (along the y direction; Figure 1b), the
confinement of SPPs along the waveguide edges decreases,
leading to a decrease in the ky in-plane momentum component.
Due to the total momentum conservation, this leads to an
increase in the kx component, hence, the position of the
straight-line in the BFP shifts to higher |kx/k0| values. Here,
however, it should be noted that the emission from the
junction is still broadband, not affected by the change in the
width of the electrode (see Supporting Information, section S3
and Figure S4, for the spectra).
The second observation can be explained through the

change in the spread of the SPP momentum (ΔkSPP) versus
W1. When W1 becomes smaller than a particular limit (in this
work, < 600 nm), the effective index of the supported SPP
modes becomes comparable to the index of the medium, in
this case air (neff < 1), and the modes are radiative in nature.30

However, atW1 > 2 μm, the SPP mode propagation transforms
from linear, along the waveguide edges, to radial across the
width of the waveguide, starting from the MIM-TJ area. This
leads to a finite spread in the in-plane SPP momentum
(ΔkSPP), with the leakage contribution detected as an arc
(close to k/k0 = 1) in the Fourier plane, which is more
prominent than the straight-line contribution from the edge
diffraction. Also, for larger widths, the in-plane momentum of
the SPP mode saturates to the SPP mode-index of the Au−air
interface of a semi-infinite Au thin film.31

To investigate the momentum distribution of the SPP edge
diffraction from the stripe waveguides, we performed three-
dimensional FDTD simulations using Lumerical.52 The
fundamental SPP mode supported by the stripe waveguide
for a given width is calculated in the initial step and then used
as the excitation source for the MIM-TJ. Typically, inelastic
tunneling in MIM-TJs is represented by a dipole source with a
broadband spectral response and leads to the excitation of all
the supported modes by the metal stripes (with different
coupling efficiency) due to the near-field character of the
dipole excitation. Here, to simplify the analysis, we restrict the
excitation to the fundamental SPP mode and investigate the
waveguiding and the far-field outcoupling from the metal
stripes. A near-to-far-f ield transformation of the SPP near-field
is used to calculate the time-averaged field intensity in the far-
field (right panels of Figure 3), which gives the BFP images

Figure 4. (a) Intensity line profile for the straight-line features in
Figure 3a−c, oriented along the ky axis, corresponding to W1 = 600
nm, 800 nm, and 1 μm. For the experimental BFP images (left panels
in Figure 3a−c), the line profiles are calculated by averaging the
intensity along −1.1 < kx < −1 for all values of ky between ±0.5 to
±0.9 to avoid the contributions from the leakage and scattering close
to ky ∼ 0. The inset shows the peak position of the straight-lines
features (in terms of |kx/k0|) as a function of W1. (b) Line profile
extracted from the FDTD results shown in the right panels of Figure
3a−c and the inset shows the evolution of the peak positions. In both
(a) and (b), the line profiles are shifted vertically to enhance the
visibility and the dotted lines in the insets are guide to the eye.
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(see Supporting Information, section S4). Figure 4b shows the
line profiles extracted from the FDTD simulation results
shown in the right panels of Figure 3a−c, and the inset gives
the peak positions obtained from the line profiles. The peak
evolution from the experiments is in qualitative agreement with
simulations, as the increase in the width of the waveguide
follows with a corresponding increase in the effective index. In
both Figure 4a and b, the line profiles are shifted vertically to
enhance the visibility, and the dotted lines in the insets are a
guide to the eye.
We further discuss the MIM-TJs with tapered waveguides.

Figure 5a shows the experimental BFP images for W1 = 600
nm (left) and 800 nm (right) and for W2 = 2 μm. From these
images, we clearly observe that, as the width changes from W1
to W2, the position of the edge diffraction changes in the BFP.
Moreover, we also observe a tilted feature with continuous

change in kx as the SPPs propagate from W1 to the W2 across
the tapered segment. The angle of the tilted feature, α (shown
in the right panel of Figure 5b), follows the angle of the
tapered section (shown in the AFM image, left panel of Figure
5b). Hence, we attribute the tilted feature to the edge
diffraction of SPPs at the edges of the tapered segment.
However, it should be noted that, as compared to the SPP
excitation with a monochromatic source (for example, in ref
35), where sharp features are observed in the BFP, the
broadband nature of the MIM-TJ excitation results in broad
features that are relatively difficult to isolate in the BFP
analysis.
Lastly, we discuss the edge diffraction in the case of a

metallic stripe waveguide with a thickness much higher than
the skin depth of Au.53 Figure 5c shows the real plane (Figure
5c, left) and the BFP (Figure 5c, right) images of the light
emission of a MIM-TJ connected to a linear Au waveguide,
withW1 = 800 nm and a thickness of 150 nm. As mentioned in
the first section of the paper, the edge diffraction leakage
mechanism is not screened by the metallic electrode, hence,
the signature of this outcoupling mechanism can still be
observed for thick waveguides. In the real-plane image, we
observe an increased light intensity along the edges of the
waveguide, and in the BFP image, we clearly see the straight-
line feature, confirming the assignment of the straight-line to
the edge diffraction mechanism. Also, both Au−air and Al−air
give comparable intensities for the edge diffraction in the BFP
images, as shown in Figure 3. This observation confirms the
fact that the edge diffraction of the metal−air SPP modes is
least affected by the electromagnetic screening.

■ CONCLUSIONS
The study presented here shows that the edge diffraction
constitutes an additional outcoupling mechanism for the SPPs
propagating along plasmonic waveguides and interacting with
their edges. By systematically varying the width of the
waveguides, we show that we can control the in-plane
momentum of SPPs, which in turn leads to control over the
edge diffraction. Through BFP imaging and FDTD simu-
lations, we identify the signature of the edge diffraction as a
straight-line feature in the far-field, which shifts in position as
the width of the waveguide increases. Furthermore, by using
tapered waveguides, we show that the edge diffraction follows
the edge of the tapered segment, leading to a tilted feature in
the BFP, with continuously changing kx value. Lastly, we
confirm that the straight-line in the BFP is caused by edge
diffraction by investigating a Au waveguide of 150 nm
thickness and show that the edge diffraction is least affected
by the electromagnetic screening of the metal electrodes. This
provides an opportunity to optimize the desired shift in
momentum for the SPP modes by using the width and
thickness of the waveguide as variable parameters, by reducing
the leakage of the modes as photons. This can be further
optimized for the SPP focusing by geometrically tuning the
effective index of the SPP waveguide (by varying the cross-
section profile, width, and thickness) directly coupled to the
source (MIM-TJ), exploiting the versatility of the electrical
excitation of SPPs from TJs. The k-vector of the SPP edge
diffraction is also directly correlated with the index of the
surrounding dielectric medium, which can be replaced by a
host medium for applications related to sensing. These results
can guide the design of future SPP devices for applications in
sensing, quantum information processing and nonlinear optics

Figure 5. (a) Experimental BFP images for the MIM-TJs with tapered
waveguides, for W1 = 600 nm (left) and 800 nm (right). All images
are collected at −1.6 V. (b) AFM image showing the taper angle, α,
(left) and zoomed-in BFP image (according to the blue box in the
right panel of (a)) showing the contribution of the tapered region
onto the BFP (right), for a tapered waveguide with W1 = 800 nm. (c)
Real plane (left) and BFP (right) images of a MIM-TJ with a
waveguide of 150 nm Au thickness, showing edge diffraction.
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where the focusing and localization of SPP fields at the edges
of the waveguides could provide the necessary field enhance-
ment for single-molecule detection and interactions with
quantum emitters.
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