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Abstract: The nanoscale coaxial cable (nanocoax) has demonstrated optical confinement in
the visible and the near infrared. We report on a novel nanofabrication process which yields
optically addressable, sub-um diameter, and high aspect ratio metal-insulator-metal nanocoaxes
made by atomic layer deposition of Pt and Al,O3. We observe sub-diffraction-limited optical
transmission via the fundamental, TEM-like mode by excitation with a radially polarized optical
vortex beam. Our experimental results are based on interrogation with a polarimetric imager.
Finite element method numerical simulations support these results, and their uniaxial symmetry
was exploited to model taper geometries with both an electrically large volume, (151)%, and a
nanoscopic exit aperture, (A/200).

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

All multi-conductor waveguides support a TEM-like fundamental mode [1] with no cutoff
frequency, and can therefore achieve optical confinement [2] beyond the diffraction limit [3].
Among the common metal-insulator-metal (MIM) topologies, only the coaxial cable [4] totally
encloses the insulating space, thus eliminating fringe/stray fields. Theory has predicted [5,6]
and early experimental observations [7—10] have demonstrated transmission of visible light
(VIS) through sub-um diameter coaxial MIM structures (i.e. nanocoaxes). The nanocoax has
numerous optical applications, including color filters [ 11,12], optical tweezers [13], negative index
metamaterials [14], fiber-terminating lenses [15,16], superresolution imaging [17], scanning
Raman probes [18], and laser cavities [19,20].

Much of the prior work has excited the nanocoax in dipolar guided modes: predominantly the
TE ,-like mode, but also in other dipolar modes [21]. Relatively few studies focused specifically
on coupling into the fundamental TEM-like (monopolar) mode. One scheme [22-24] involves
illuminating with TM-polarized plane waves at oblique angles of incidence, greater than 20°.
Another scheme, leveraging the cylindrical symmetry shared by a nanocoax and a Laguerre-Gauss
(LG) beam, is to illuminate with a radially polarized optical vortex [24-26]. We follow the latter
approach in this work. Most prior experiments [27,28] have studied annular apertures perforating
a thin film, so the coaxial MIM structure is a nearly 2D object with length/diameter aspect ratio
AR ~ 1. These sub-um apertures can be readily fabricated by focused ion beam (FIB) milling
[29], electron beam lithography [30] (EBL), nanosphere lithography [31], or by photolithography
[32].

2. Nanofabrication

Our approach is an extension of atomic layer lithography [33], which exploits the conformal
nature of atomic layer deposition (ALD) to determine a structure’s transverse dimensions at
length scales deeply below the patterning resolution of our lithography systems. Figure 1(a)
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shows the patterning of a nanohole array into a Si substrate via EBL and a Bosch deep reactive
ion etch (DRIE) [34]. An etched array has three dimensional parameters: hole diameter D, pitch
p, and depth L. We repeatably achieve AR = L/D ~ 20 and fill factors (FF) of 50%, with D, p, and
L typically around 0.5, 0.68, and 10 pum, respectively.
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Fig. 1. Nanofabrication. (a-h) Schematics for some of the process steps. The resulting
structure (h) is a relatively high AR MIM nanocoax which perforates an optically opaque
ground plane. Note that atomic layer lithography is readily scaled to much smaller transverse
dimensions than those pictured above. (i) After polishing, the coaxial thin films are clearly
visible, with coaxial diameters 2a and 2b shown. (j) A FIB cross section of a representative
sample, thinned to a final thickness of 0.8 um.

After DRIE, Fig. 1(b) shows that we conformally coat the MIM layers of the coaxial structure
by ALD of Pt and Al,O3. Pt is currently the best optical metal with well-established ALD
processes [35], noting that processes for Ag and Au films are in development. Further details
regarding the ALD steps are discussed after the following paragraph. Figure 1(c) shows how
we access these layers by polishing the top side. The cross section of a coaxial waveguide is
essentially an insulating annulus with inner and outer diameters 2a and 2b, respectively. The
five hexagonal panels of Fig. 1(i) show polished arrays where the constituent film thicknesses
tpe =75 nm and #a1,0, = 150 nm were deposited into five different hole diameters (D =400, 450,
500, 550, and 600 nm). As the films are coated radially inward from the sidewalls, the waveguide
radii a and b are determined by D and the sum of #p; and 74},0,. The values above result in
nanocoaxes which are single mode in the VIS and near infrared (NIR). For sufficiently thick films,
the nanohole may clog during the ALD; the final structure has one of the 4 topologies in Table 1.

In Figs. 1(d) and (e) we substitute Ni for Si by “excavating” the Pt/Al,O3 nanocoaxes with an
isotropic selective etch (CF4 plasma), and then electroplating several um of Ni where the Si used
to be. The top-side (buried during plating) is re-opened in Fig. 1(f) by mechanical planarization.
The nanocoaxes then perforate an optically opaque Ni ground plane, instead of the relatively
high transparency crystalline Si. The Ni ground plane is both mechanically refractory and
plasmonically inactive. The latter property enables optical addressing of an individual nanocoax
by eliminating optical cross talk, and any enhanced/extraordinary optical transmission effects
[36]. Figures 1(g) and (h) show, respectively, adhesive bonding [37,38] of the Si substrate to an
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Table 1. Nanofabricated waveguide topologies.?

range of hole diameters D resulting topology
D/2 < tp¢ wire (metal only)
tpt < DI2 < tp +1A1,0, hollow cylindrical (no core)
Ipt + 1AL, 05 < D/2 < 2tp +1A1,0, coaxial (solid core)
2tpy +1a1,04 < D/I2 coaxial (hollow core)

an

4 Assuming the 1% and Pt layers have the same thickness, #p;.

optically transparent glass superstrate using an SU-8 epoxy layer, and then a second mechanical
planarization step. The 525 um thick Si is back-side thinned down to a thickness less than the
etched nanohole depth L, thus breaching the back-sides of the nanocoaxes. Figure 1(j) shows
a FIB cross sectional image of a finished structure with final thickness 0.8 pm. After flipping
the sample, the glass ‘superstrate’ is relabeled as a ‘substrate’, with a thin, double-side polished
device layer on top.

The optical constants of the ALD Pt and Al,O3 films were measured by ellipsometry and
are plotted vs. free space wavelength A in Figs. 2(a) and (b), respectively. The Pt films have
measured N =n + ik that compare well with reported values [39]. The Al,Os3 films, with x ~
1073 typical, are low enough loss relative to metals to be modeled with a lossless Cauchy fit
n=A+ BN+ C/N\*, where A =1.6176, B=6,400 nm?, and C = 1.3x107 nm*. Figures 2(c) and
(d) show, respectively, the real parts of the effective mode indices 7,,,4. and the propagation
lengths plotted vs. 2b.

The curves were computed with a 2D eigenmode solver in COMSOL, considering infinitely
long MIM nanocoaxes operating at A =980 nm, with insulator I = Al,03, and fixing b =2a.
The 6 curves plotted are for each of the TEM- (blue) and TE;;-like (red) modes in coaxes
clad by 3 different metals, M =Pt (solid), Ag (dashed) [40], or a perfect electrical conductor
(PEC, dot-dashed). We use na,0, = 1.624, Np, =3.4 +7.1i, and N g = 0.04 + 7.0i. Figure 2(c)
shows that the TE;; mode in the PEC-clad nanocoax cuts off sharply at 2b =260 nm, in good
agreement with the textbook formula, kIE“ ~ nin(a + b). For Ag-clad nanocoaxes, the cutoff is
less sharp and at a smaller 26 = 180 nm, commensurate with redshifted XZE” . The redshift in
cutoff originates from the mode field diameter increasing with penetration into the lossy metal
walls [41]. For Pt-clad nanocoaxes, while the value of 2b at cutoff and the propagative ny,,4. are
similar to Ag-clad nanocoaxes, Fig. 2(d) shows a clear difference in propagation length. While
the high losses of Pt in the VIS and NIR restrict device design to guided propagation distances
of ca. 1 um, the conformality of Pt ALD is critical to obtain the coaxial geometry presented
in Fig. 1. Figure 2(c) also shows how the guided mode indices asymptotically approach their
limiting values, depending on which material in the MIM structure the mode field dominantly
overlaps with. Neglecting factors of m, n, and the ratio of b-to-a: for 2b >> A, nyode — Ninsulators
and for 2b << \, Nyode — Nmerar- Those limits are obeyed by all lossy-metal guided modes except
one: the TEM n,,,4. grows ever larger with decreasing 2b.

ALD is the linchpin of our approach, so we make a few remarks: First, the coaxial radii a and
b are controlled by a digital monolayer process wielding bona fide sub-nm dimensional accuracy.
Others have achieved extreme optical confinement in this way, squeezing light into gaps less
than 5 [42], 2 [43], and even 1 nm [44] wide. Second, we observe conformal Pt deposition for
AR > 300, roughly on par with other recent work [45—49]. Third, due to its conformality, ALD
can make non-circular (e.g. square) concentric MIM waveguides, which still support a totally
enclosed, cuffoff-free mode [50].
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Fig. 2. Optical Constants and Waveguiding Properties. (a) Pt optical constants n (solid
purple) and x (dashed green), and (b) Al, O3 refractive index n (purple circles) with a Cauchy
fit (solid yellow line) plotted vs. vacuum wavelength. (c) Mode index and (d) propagation
length plotted vs. coaxial diameter 2/ at A = 980 nm in an infinitely long b = 2a nanocoax.
With an Al,Oj3 insulator, the metal is either Pt (solid lines), Ag (dashed lines), or a PEC
(dash-dot lines). Both the TEM (blue) and TE; (red) modes are shown for each metal.

3. Vortex generation and polarimetric imaging

To excite the fundamental, TEM-like mode of the nanocoax [26] we use a 980 nm radially
polarized vector beam (i.e. a “donut”). A schematic of our optical setup is shown on the left-hand
side of Fig. 3. The mirror M3 is flipped in and out of the 980 nm path to use the colinear 670 nm
alignment laser. The 980 nm, nominally TEMo beam is conditioned as follows: first, the power
is controlled via a neutral density filter wheel; second, the beam is expanded then polarized with a
director, the A/2 waveplate rotates the laser’s native (nominally linear) polarization into alignment
with the director; third, the beam is spatially filtered and fed to a commercial-off-the-shelf liquid
crystal waveplate (Thorlabs Inc.), which converts the linearly polarized Gaussian into a radially
polarized donut.

A substrate is positioned with an xyz-piezo stage at the common focus shared by coincident
inverted and upright microscopes. The inverted microscope focuses the beam at NA ., =0.31
through the transparent substrate’s backside. The beam expansion is chosen to optimally fill
the inverted microscope objective’s back aperture. On the topside, the transmitted light is
collected by an upright microscope with either an oil immersion (as pictured) or dry objective
at NA ;= 1.40 or 0.95, respectively. In the tube space of the upright microscope, we place a
rotating analyzer and acquire images with a monochrome CMOS camera at a series of analyzer
angles @, registered absolutely to within 0.1° of the image sensor’s x-axis.
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Fig. 3. Vortex Generation and Polarimetric Imaging. (left) Optical setup. (a) Donut beam
imaged without an analyzer and (b) with an analyzer at ¢ =240.0°. Scale bars: 1 um. (c)
Polarization trace from a pixel outlined with a purple reticle in (b). Three color channels (d-f)
are rastered from the pixel-wise polarimetric fits and combined into a 24-bit HSV-fusion
image (g). The fusion colors encode the local polarization and intensity of the 980 nm vortex
beam.

Figure 3(a) is an image of the donut beam without an analyzer installed, and in Fig. 3(b) one
sees how the analyzer picks-off two lobes of the donut with polarization parallel to the analyzer’s
transmissive axis. The accumulated images form layers of a stack (one layer for each ¢). At each
pixel in the stack we sample the grayscale intensities with a 5x5 Gaussian kernel and fit to Malus’
law

I = Iy + I1cos*(q — qo). (1)

Qo is the angle of linear polarization (AoLP); 11 and Iy are the transmitted intensities of linearly
polarized and not-linearly-polarized light, respectively.

The polar plot in Fig. 3(c) shows a typical analyzer trace (purple circles) and fit curve (green),
with grayscale intensities sampled from the pixels marked with a purple reticle in Fig. 3(b).
Those pixels are “due North” (i.e. at the polar angle 90°) of the vortex beam’s topological
singularity, and note how the peak intensity occurs when the analyzer points North or South. The
two intensities are equivalently cast in terms of the extinction ratio ER = (I + 1)/I(, and the
intensity averaged over @, I, =Io + 11/2. The three parameters AoLP, ER, and /. are plotted
in Figs. 3(d)—(f) by convolving the Gaussian kernel over the image stack. These rasters are
combined as channels of the false-colored fusion image shown in Fig. 3(g) by mapping into
a cylindrical color space [51,52]. We use the standard formulae for Hue (H = ¢g) and Value
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(V=1,,). But for Saturation (S), we choose

S = /10log,,(ER). )

This nonlinear scale helps emphasize [53] the AoLP for pixels with a relatively high ER (e.g. the
dark pixels with low 1,,, also generally have a low ER, and we choose to de-emphasize the AoLP
at these pixels). In this way, the color saturation is closely connected to the degree of linear
polarization. The HSV-fusion image therefore encodes polarization information colorimetrically
[54-56]. To the best of our knowledge, this work is the first to apply a full three-channel
HSV-fusion method to the polarimetric imaging of a cylindrical vortex beam, although several
works [57,58] have used a similar two-channel approach. In concert with the colorimetric scales
above, Fig. 3(g) indicates unambiguously our donut beam is radially polarized. Ours is a “division
of time, incomplete polarimeter” [59]. We cannot resolve the circular polarization content (some
unknown fraction of Iy). However, as Fig. 3(e) shows, with ER > 20 dB typical, this roughly 1%
effect can be neglected in these experiments. One direction of future work is to add an indexable
waveplate into the microscope tube and capture complete Mueller/Stokes polarimetric images;
these complete images, bearing a 4" piece of polarimetric information, could be color-fused by
adding an alpha channel to the above mappings.

4. Far-field transmission via the TEM-like mode

Next we place the nanocoax sample on the microscope stage, and use the piezo nanopositioner
to couple the donut beam into guided modes. Shown in Figs. 4(a)—(c) are scanning electron
micrographs (SEM’s) of nanocoaxes with fixed diameters 2a=0.4 um and 26 =0.75 pm,
respectively, but with decreasing array pitch p. Figures 4(d)—(f) show the corresponding
polarimetric images of those same nanocoaxes transmitting the donut beam. Figure 4(d)
shows the principal polarimetric imaging result: a heptamer of nanocoaxes was nanopositioned
concentrically with the beam, and the central coax, being centered on the input beam’s singularity
and sampling only an interior annulus thereof, transmits a smaller radially polarized donut. The
peripheral 6 coaxes each transmit linearly polarized “p-orbitals” (i.e. with only a single Hue
each), and with lobes aligned to the local AoLP. These are direct observations of transmission by
the fundamental TEM-like and the first excited TE;-like modes, respectively. For coupling to the
TEM-like mode, we note that even though a focused, radially polarized donut is TM-polarized,
our NAp.qm = 0.31 focusing subtends angles only up to 12° in the glass substrate, which less than
the minimum 20° required for excitation by TM-polarized plane waves [24,60]. The focusing in
our setup is too weak to possibly probe that coupling mechanism. So we conclude the coupling is
due to direct overlap of the guided mode with the LG beam. Within these experimental conditions,
we also find the TE;; coupling is the dominant means of transmission for the peripheral 6, much
in line with the work of others [7].

Figures 4(a)—(c) show the effect of decreasing pitch p, down to our fabrication limit: when p
approaches the its lower limit, p — D (i.e. etching “kissing cylinders”), the insulating Al,O3
layer percolates, so that a continuous layer spans the array.

While the resulting MIM structure no longer an array of disjoint coaxes but rather a periodic
coalescence of Pt and Al,O3 (at a divided pitch), it is still a multiconductor waveguide and
roughly preserves polarization on transmission. Figures 4(d)—(f) show the peripheral p-orbitals
merging into the central donut. Figures 4(g)—(i) are SEMs of the densest arrays fabricated, close
to the percolation threshold, where the Al,O3 annuli subtend about 27% of the area (i.e. fill
factor, FF ~ 27%). In this sequence, we fix the FF and minify the array, shrinking both the
coaxial diameter 2b and the pitch p. The transmitted polarimetric images, collected with a
dry NA,;,; = 0.95 objective, are shown in Figs. 4(j)—(1), respectively. For the densest array, the
transmitted donut (Fig. 4(1)) is indecipherable from the input beam (Fig. 3(g)). Indeed, plotting
the fast Fourier transforms (FFT’s) of the V-channels in Figs. 4(m)—(0), respectively, one can see
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Fig. 4. Far-field Polarimetry. (a-f) Coalescence by arrays with fixed coaxial diameter
2b and shrinking pitch, p. (g-0) Minimum resolved pitch for fixed FF ~ 27%. FFTs are
normalized against their peak. (p-w) Transmission through isolated, individual nanocoaxes,
with decreasing diameter 2b . Scale bars: (a-f) 2 um, (g-1) 5 um, (m-o0) 10 rad~pm’1, (p-w)
1 pm.

the first order diffracted peaks (highlighted with yellow points at 27t/p for clarity) stretch further
and further outside of the numerical aperture of the upright microscope (white circle) as the array
is minified. Therefore, one cannot resolve the pitch of arrays much denser than p ~ A/NA. This
means the densely packed coaxes are functioning as a passively phased array: the input beam
is sampled discretely on the back side by coupling into the guided modes of many individual
nanocoaxes (e.g. roughly 50 in Fig. 4(i)), and when emitted on the top side the interference
pattern broadcasted by the array resembles an apparently unaffected beam to within the resolving
power of the microscope. In our case, the relative phase retardance mapped across the array is
near unity, however one could fabricate a non-trivial phase map, for example, by angle-polishing
a wedge [14]. By taking the ratio of camera exposure times and normalizing against the FF, we
estimate the transmittance of these dense arrays is about 20%; although simulations show that
transmittance is strongly wavelength- and thickness-dependent.

Figures 4(p)—(s), show SEM’s of individual waveguides fabricated in holes with decreasing
diameter D, and Figs. 4(t)—(w) show the corresponding polarimetric images. The transmitted
donut size decreases commensurately with size of the coax. This trend is broken for the smallest
waveguide which is not a nanocoax (clogged during Al,O3 deposition, see Table 1), and does not
transmit a donut due to its lack of a central conductor. One should expect strong overlap between
a radially polarized donut beam and the TMy; mode of a hollow cylindrical waveguide, however
for the waveguide shown in Fig. 4(s), one should also expect the TM(; mode to cutoff for A >
0.76 pm, which is shorter than our 980 nm source. The expected TE; cutoff for that waveguide
is 1.0 ym.

5. Finite element method (FEM) simulation

Our experimental observations are augmented by computational results. We consider two types
of LG beams: a radially polarized |/| = 1 donut; and a linearly polarized (along X) / = 0 Gaussian,
where the integer [ gives the azimuthal “twist” in the beam, E(r, 1) « exp(il¢) (E is the electric
field). The most accurate way to model focal fields is by numerically solving diffraction integrals.
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A more flexible approach, albeit less accurate, is to use closed-form, approximate expressions.
One can ascertain the validity of those expressions by juxtaposing them against the numeric
integral results [61]. We use the paraxially approximate formulae:

A . 'x A
E; - Gaussian = Eog (x — iOpeam¥ ;Z) s 3)
~ . wo\ .
Ep - donut = Eod (P — 10peam (‘I’B - —0) Z) , 4)
w Y
where,
2 wo (p )2 kp?
=,/== (=) —i==|V¥, 5
§ \/; w P ( w 2R )
2
d= ﬂg\p. (©6)
w

with the conventional definitions for the beam parameters 0p,q,, = wo/zo = 2/kwy =M7mwg, waist w,
curvature R, Guoy phase P, and expressed in either Cartesian (x, y, z) or cylindrical (p, @, z)

coordinates. Figures 5(a) and (b) plot the energy densities |Ez— Gaussian |2 and |Eﬁ_ donut |2 in the
focal plane (z =0), with arrows indicating the transverse components of the electric field (E,,
Ey). Figures 5(c) and (d) show longitudinal (y = 0) slices, with contours drawn to span several
decades of energy density (98, 50, 10, 1, 0.1, and 0.01% of the peak).

Figures 5(a)—(d) are simply plots of Egs. (3) and (4) (not FEM results); since there is no
closed-form vector beam solution to Maxwell’s equations, we make two comments: First, we
derived Egs. (3) and (4) by constructing a paraxially approximate solution to Maxwell’s equations
[62,63]. This approximation is warranted by the “weak” focusing of the inverted microscope
in Fig. 3, where sin Opeqm = Opeam = 18.1°. Equivalent formulae have been derived previously
[64,65]. Second, one must consider that the electromagnetic beam is not purely transverse, and
must account for the longitudinal components of the fields £, and H, [66]. This accounting
becomes increasingly necessary as the azimuthal order / and focusing angle 0., increase [67].

Figure 5(c) shows an unmistakable signature of the finite E, in Eq. (4): the finite |E| at the
focus (p, ¢, 2) = (0, 0, 0) results in all contours below roughly 50% forming a single, connected
“butterfly” shape, instead of two separate “cigar” shapes (as would be the case without the Z term
in Eq. (4)).

We use FEM software (COMSOL) to simulate the optical response of a nanocoax illuminated
with a focused LG beam. Several recent computational works have studied a focused LG beam
with a FEM model [68—70]. We exploit the azimuthal symmetry shared by a nanocoax and an
LG beam by working within COMSOL’s 2D-axisymmetric formulation. The principal benefit to
invoking this symmetry [71] is it allows one to model electrically large bodies of revolution which
span volumes that would otherwise be prohibitively large for a Cartesian 3D model. For example,
a model size of order 10x10x40 A3 solves several times per minute on a desktop computer.

Figures 5(e) and (f) show single, hollow-core, straight Pt/Al,O3 nanocoaxes perforating a
Ni ground plane and transmitting an LG beam via a guided mode, with the x-component of
the field E, plotted in the longitudinal xz-plane. Figure 5(¢) shows Es_ gony transmitted via
the TEM-like mode, and Fig. 5(f) shows E;_ Gaussian transmitted via the TE|;-like mode. The
transmission preserves the topology / of the input beam. To emphasize the main point of our
paper, that a guided mode without cutoff can be compressed indefinitely, we change the coaxial
geometry from straight to tapered [72—74]. However, as shown in Fig. 2(d), no practical taper
geometry can be achieved with Pt due to its material absorption, so instead we simulate Ag-clad
tapers. Figures 5(g) and (h) show longitudinal xz-slices of adiabatic Ag/Al,O3 coaxial tapers,
again plotting E,. The entrance annular aperture at the bottom of the taper is large enough to
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Fig. 5. Simulation. (a-d) plots of [E|? in vectorial LG beams, Egs. (3) and (4): (a-b) are cuts
in the xz-plane, and (c-d) are cuts in the focal xy-plane. (e-h) FEM results show the computed
E of LG beams transmitted via guided modes through: (e-f) straight Pt/Al, O3 nanocoaxes,
and (g-h) adiabatically tapered Ag/Al,O3 nanocoaxes. (i) Tapered field enhancement vs. the
coaxial outer diameter 2b,,;; at the exit aperture, with blue circles (red triangles) showing the
donut (Gaussian) beam enhancement. The black line at 2b,,;; = 180 nm demarcates multi-
from single-mode behavior, the gray lines are for a PEC-clad taper, and the magenta curve
shows the ratio of exit-to-entrance annular areas.

harvest a significant fraction of the focused LG beam, which couples into a guided mode and gets
compressed as it propagates along the taper.

Our mode-matching calculations [75] are given in Table 2, wherein we overlap a focused
LG beam with the guided mode of a PEC/Al,O3 nanocoax, with coaxial diameters 2a and 2b
representative of both the Pt/Al,O3 nanocoaxes we fabricated (as in Fig. 1(j) and Figs. 5(e) and
(f)), and of the entrance aperture for the simulated Ag/Al,Oj3 tapers (as in Figs. 5(g) and (h)).

Table 2. Overlapping focused LG beams with PEC/Al,O3 nanocoax modes.?

simulated taper entrance fabricated
2b/2a=3.25/1.45 ym 2b/2a=0.50/0.20 pm
TEM-like TE;;-like TEM-like TE;;-like
Es_ donut 61.4% <-33dB 0.5% <-35dB
E;— Gaussian <-35dB 18.3% <-34dB 5.7%

“For a free-space LG beam with A =980 nm and 0p,,, = 18.1°.
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The off-diagonal terms in Table 2 (ca. —34 dB) should be 0 by symmetry; however, as the
nanocoax modes are written in terms of the numerical roots to Bessel functions (so the overlap
integrals can only be evaluated numerically), these residuals are indicative of the precision to
which we computed those integrals. Additional in-coupling efficiency can be gained plasmonically
[25,76].

At the top of the taper in Figs. 5(g) and (h), there is a short, straight coaxial section of length
Leyi: which forms a Fabry-Perot-like cavity, bounded below by the impedance gradient in the taper
and above by the exit annular aperture. We fix the ratio of the coaxial exit diameters, beyj; = 2deyis-
The insets in Figs. 5(g) and (h) show zoomed views of that termination: the TEM-like mode
propagates all the way to the tip (the inset of Fig. 5(g) shows 2b,,;, =5 nm =~ A/200); while the
TE|-like mode reflects at a point along the taper where the constriction becomes too narrow to
support a guided mode at A =980 nm.

To compute the field enhancement plotted in Fig. 5(i), we perform a parametric sweep
over the exit aperture coaxial diameter 2b,,;. With the taper length L., = 15 um fixed, a
sweep of 2b,,; from 300 nm down to 5 nm corresponds to taper angles from 6.2° down
to 5.6°. At each value of 2b,,;;, we monitor the average field strength at the exit aperture,
(|Eexit]) = (b—a)™! fa b dx(|E(z = Ligper + Lexir)|). Keeping the taper geometry fixed, we vary
Leyis, tuning the exit cavity into resonance and find the maximal value, {|Ecyi/|)max- This field
strength is then compared to the average field strength (|E,,srance|) (using a similar formula as
above) of the LG beam focused in air and sampled over an annulus to represent the taper’s
entrance aperture. We call their ratio, as high as +45 dB, the field enhancement. This corresponds
to an intensity enhancement of +90 dB, relative to the focused beam. When 2b,,;, = 180 nm in
Fig. 5(i), there is a bifurcation between a donut (blue circles) and a Gaussian (red triangles) input,
corresponding to the single mode behavior shown in Figs. 2(c) and (d). Note that for single-mode
waveguides (with 2b,,; < 180 nm), there are no Fabry-Perot-like resonances and the maximum
field enhancement is automatically the shortest tuning length, in order to couple as much of the
evanescent TE;;-like mode as possible. For the PEC-clad tapers, we find the field enhancement
follows roughly the ratio of entrance-to-exit aperture annular areas (plotted with magenta lines).

6. Conclusions

We used conformal ALD to fabricate sub-um diameter, high AR MIM nanocoaxial waveguides
and used a 980 nm radially polarized optical vortex to couple into both the fundamental TEM-like
mode and the first excited TE|;-like mode. While the coaxes we fabricated are large enough
to be multi-mode at A =980 nm, we emphasize that our nanofabrication process is amenable
to making much smaller nanocoaxes, for example by choosing different film thicknesses [42].
This is one direction of future work. Another direction is to simulate better-than-linear taper
geometries [77,78].

Our work demonstrates a viable pathway towards fabricating and optically addressing nanocoax-
ial probes for superresolution imaging. The nanocoaxes we fabricated pick off only an interior
annulus of the focused donut beam, and therefore transmit a significantly smaller donut. Our
simulations of adiabatically tapered nanocoaxial waveguides elucidate an intuitively understood
phenomenon: that a cutoff-free guided mode can be confined to arbitrarily smaller length scales
than the free space wavelength. Our simulations also show a diverging field enhancement as the
exit aperture coax is minified below 2b,,; < 40 nm; suggesting these structures’ potential use in
enhanced light-matter interaction applications.
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