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Abstract: We report the observation of propagating modes of visible and
near infrared light in nanoscale coaxial (metal-dielectric-metal) structures,
using near-field scanning optical microscopy. Together with numerical
calculations, we show that the propagated modes have different nature
depending on the excitation wavelength, i.e., plasmonic TE;; and TEy
modes in the near infrared and photonic TEjs;, TE4; and TMy; modes in the
visible. Far field transmission out of the nanocoaxes is dominated by the
superposition of Fabry-Perot cavity modes resonating in the structures,
consistent with theory. Such coaxial optical waveguides may be useful for
future nanoscale photonic systems.
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1. Introduction

Modern fabrication technologies allow the miniaturization of optical components to
subwavelength size scales, opening new frontiers in the nanoscale manipulation of light [1,
2]. Having been studied and developed for more than a century in radio technology [3], the
coaxial waveguide, whose origins can be traced to Thomson (Kelvin) [4], can be considered
one of the more promising architectures for subwavelength optical utilization. Over the last
decade, several theoretical works have studied the properties of light propagating in
subwavelength coaxial waveguides [5-8], providing a good understanding of the propagation
properties. An early experimental attempt of near-field observation of the radiation pattern
produced by a coaxial structure was made by Poujet et al. [9], but the image clarity was low
relative to more recent microscopy capabilities. The first observation of the propagation of
light through nanoscale coaxial waveguides and into the far field was by Rybczynski et al.
[10], who built and studied such subwavelength coaxial waveguides, proposing propagation
distances as long as 50 um in the absence of a cut-off wavelength. A theoretical analysis of
coaxial waveguide behavior was provided by Peng et al. [11], who showed that a
subwavelength coaxial waveguide can support a TEM-like (transverse electromagnetic)
plasmonic mode. This mode can also be propagated without cut-off, when the excitation
frequency is much lower than the plasma frequency of the metal used in the electrodes,
resulting in a conceptual extension of the radio frequency (RF) coaxial waveguide to the
visible. Later, Kempa et al. [12] calculated the transmission efficiency of subwavelength
coaxial arrays and concluded that it can reach 90%, when the coupled optical field is via a
TMg, mode, which at long wavelengths reduces to the TEM mode. Recently, deep
subwavelength coaxial structures have become important because new applications appeared,
such as high efficiency optical trapping [8] and high temperature laser cavities [13].
Relatedly, nanoscale coaxial structures have been fabricated in ordered arrays, using
methodologies developed during the last decade, which heretofore have resulted in low
reproducibility and low scale fabrication [14, 15]. In this sense, our group has developed a
large scale (~10 cm?) fabrication process of so called nanocoax arrays [16], with high site
density (10° per mm?), high reproducibility and good optical performance. Such nanocoax
arrays have recently found applications in fields as different as high efficiency photovoltaics
[17, 18] and ultrasensitive chemical [19] and electrochemical [20] sensing.
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The most commonly-employed tool for observation of electromagnetic interactions in the
subwavelength regimen is the near-field scanning optical microscope (NSOM) [21-23]. In
brief, NSOM measures both near-field intensity and surface topography simultaneously by
scanning an optical probe in close proximity (<50 nm) to a sample surface. The optical probe
usually has a small aperture at the extreme end (~100 nm diameter), which determines the
imaging spatial resolution [24]. The advantage of near-field imaging is the high correlation
between optical intensity and topography, without diffraction effects as those present in
conventional optical systems, i.e. NSOM is a non-diffraction limited imaging system [25].

2. Experimental methods

Nanocoax arrays were prepared following the technique reported by Rizal et al. [16], where
SU-8 polymer pillars of 2 um height were nanoimprinted in a hexagonal close-packed lattice
(1.3 pum pitch) and coated with 125 nm of Au, creating the coax core. The coax annulus
dielectric was a layer of 250 nm thick Al,Os, with a second 125 nm Au coating comprising
the shield. The full array area was then spin coated with SU-8, exposed to UV light and
baked. This latter coating was applied in order to structurally stabilize the array, filling the
space between coaxes. Next, the sample was mechanically polished using a suspension of 50
nm alumina particles in a vibratory polisher until the outer electrode was exposed. Finally,
wet etching process using Transetch-N solution was used to generate a cavity in the Al,O3
about 1 um in depth, i.e. in the inter-electrode space. Note that the array was supported by a
transparent glass substrate, allowing the coupling of light from the back side. Figure 1(a)
shows a scanning electron microscope (SEM) image of a region of the sample (tilted 30°),
where a transverse cut was made by focused ion beam milling, in order to expose the
component layers of the structures. The inset is a colorized representation of one exposed
nanocoax. Green regions correspond to SU-8, red to Al,O5 and yellow to Au.

We conducted measurements using an NSOM (Nanonics Multiview 4000) in collection
mode with a ~100 nm aperture probe, with force detection based on a quartz tuning fork
sensor. The sample-probe distance was about 20 nm in constant distance mode [24]. The total
scanned area was 10 x 10 pm? with resolution of 400 x 400 points (25 nm/point). The sample
was illuminated from the back with linearly polarized laser sources at near-infrared and
visible wavelengths. The incident beam was focused by a 10 x microscope objective resulting
in a spot size of 500 pm. Thus, the illuminated area was much larger than the size of an
individual nanocoax. Figure 1(b) depicts a schematic of the experimental setup.

NSOM

ATST ST
Nanocoax sample

@ Focusing, 10x

Laser source

Fig. 1. (a) SEM image of the nanocoax array. The distance between centers is ~1.3 pym in a
hexagonal close-packed lattice. Scale bar: 1 um. The inset shows a magnification of one coax,
where green corresponds to SU-8, red to Al,Oz and yellow to Au. (b) Schematic experimental
setup of the NSOM system. The image scale is not the real. QTF = quartz tuning fork.
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3. Results

Figure 2(a)-2(d) shows NSOM images corresponding to 850, 660, 532 and 473 nm
illumination, respectively. The measured intensities are presented using the respective colors
of the wavelengths employed in order to enable accurate visual recognition, with the
exception of the 850 nm data, where an arbitrary color was chosen. As the dielectric response
of the medium in the coax annulus (air or Al,Os) is linear, the output color is the same as the
input. The polarization of the incident E-field is along the vertical direction. The circles
represent the inner and outer diameters of the dielectric in the coax annulus, accordingly with
topographic images. In Fig. 2(a) (850 nm wavelength), it is possible to observe two intensity
lobes that follow the shape of the inner electrode, radiating parallel to the polarization
direction of the excitation field. On the other hand, in the images where the excitation field
had wavelengths in the visible range (Fig. 2(b)-2(d)), it is clear that the propagated field is
confined to the inter-electrode space and appears as two intensity lobes oriented perpendicular
to the polarization of the excitation field. In order to demonstrate the last statement, we show
in Fig. 2(e) three-dimensional representations of the topography of a single nanocoax
acquired by atomic force microscopy (AFM) and the near-field intensity when the wavelength
was 532 nm (from Fig. 2(c)). As before, the circles represent the inner and outer diameters of
the dielectric in the coax annulus and the vertical lines are visual guides to identify the
positions of such boundaries.

We have simulated the propagation properties of this nanocoax structure, calculating the
magnitude of the electric field using a three-dimensional model based on the finite element
method (COMSOL 4.3b). The geometrical parameters are those of the fabricated structure
and the refractive indices were taken from the literature for Au [26] and Al,O3 [27]. The
developed SU-8 resist has weak dispersion in the visible range, and its refractive index was
considered as constant and equal to 1.52 [28]. The excitation sources were monochromatic
waves, linearly polarized and illuminating the sample from the back side, as in the
experiment. Figure 2(f)-2(i) shows the simulated magnitude of the optical intensity (~E?)
averaged over one temporal period. The image colors were set as in the experimental results.
Note that the calculated intensity for the 850 nm wavelength (Fig. 2(f)) shows radiation in the
same direction as the polarization of the excitation field and following the shape of the inner
electrode with intensity decay in the radial direction. When the excitation wavelength was in
the visible range, Fig. 2(g)-2(i), on the other hand, the field is localized in the inter-electrode
space (coax annulus), and can be visualized as rounded arc shapes.

Fig. 2. NSOM-measured (a - d) and calculated (f - i) images of the propagated modes in the
nanocoax structure. The wavelengths were 850 nm (a, f), 660 nm (b, g), 532 nm (c, h) and 473
nm (d, i). In all cases, the polarization is in the vertical direction, the scale bars represent 200
nm and circles represent the inner and outer radii of the coax annuli. (¢) Three-dimensional
representation of the nanocoax topography (lower, via AFM) and the corresponding near-field
intensity (upper) for 532 nm wavelength.
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The simulations are consistent with our experimental results but there are some
differences with the experimental data, i.e., in the experimental images where the excitation is
in the visible wavelengths (and the field is located at the inter-electrode space), the intensity
lobes appear as somewhat circular zones, as opposed to the rounded arc shape in the
simulations. We consider this difference to be an artifact of the finite probe aperture size.
Such an artifact can be explained as follows: in the fabrication process of the NSOM probe,
where in order to create the optical aperture, the probe is coated with metal, in our case ~100
nm Au, resulting in a probe with a total cross section of about 300 nm diameter. This finite
cross-section affects the manner in which the probe senses the sample surface, meaning when
the probe scans the nanocoax structure and approaches the protruding outer electrode; it
retracts to maintain constant sample-probe distance. Consequently, the measured intensity
profile is somewhat distorted by this movement in both lateral scan directions resulting in a
circular shape intensity. In the case where the excitation wavelength was 850 nm, on the other
hand, the measured profiles are crescent-shaped and proximate to the coax core. This is
similar to the calculated field because, in this case, the field is tightly confined to the surface
of the coax core, which the NSOM probe can access without manifestation of the
aforementioned artifact.

On the other hand, it is advantageous to know which order modes can be supported by the
nanocoax structure and which were observed in the NSOM images, in order to know the
mode dispersion as well as the propagation lengths. We used modal analysis on the same
module of COMSOL for this purpose. In this context, it is well known that a coaxial
waveguide supports a TEM (transverse electromagnetic) mode that does not present a cutoff
wavelength, resulting in a long propagation length compared with the transverse dimensions
of the waveguide. The supported higher modes are the TE,,, (transverse electric) and TM,,
(transverse magnetic), where the index A determines the number of full periods of sinusoidal
variation of the radial component of the E-field along any circle concentric to the inner
electrode, and m denotes the number of half periods of sinusoidal variation in the azimuthal
component of the E-field along the radial direction [29]. A third index p can be used to define
the number of half periods of sinusoidal variation in the radial component of the E-field along
the axial length L of the coaxial structure [29]. It is important to note that the TEM mode is
excited mainly by a circularly polarized excitation field, while the TE modes stem from a
linearly polarized field [6]. In our experimental conditions, discussed above, we used linearly
polarized light, such that TE modes can be most readily excited. We also point out that if the
excitation field is in the visible or infrared spectrum and the inner electrode is made with a
noble metal (Ag, Au), TE modes can have plasmonic and/or photonic origin, depending on
the order mode. That is, the lower order modes are plasmonic (near-infrared wavelength),
while the higher order modes are photonic (visible wavelengths) [5].

We found that the supported modes in the nanocoax waveguide are TE;;, withA =1, 2, 3,
4 and TMy;. We will retain the usual notation used in the coaxial modes to avoid confusion in
our analysis, but one must keep in mind that some modes have plasmonic origin. In order to
identify the plasmonic and photonic modes, we calculated the effective wavenumber of each
mode by, k; =n_.k, where n, is the real part of the effective refractive index. As shown in

eff Yo e

Fig. 3(a), it is clear that the TE;; and TE,; modes have plasmonic character while the TE3y,

TE4 and TMy; modes are photonic, i.e. they lie above the light line. Even though the TEM

mode cannot be excited in our experimental conditions, we calculated it and appears as a

black line in Fig. 3(a). It is important to note that its behavior is plasmonic with no restriction
in wavelength, a result previously reported [12].

Next, we calculated the propagation length x in the nanocoax via x=Kk;/2

where k! =nZ. Kk, , with n}, the imaginary part of the effective refractive index of each mode

eff "o !

[30]. Our results are shown in Fig. 3(b). Along the length L of the studied structure (shaded
zone), the TEy;, TE,; and TE3; modes can reach the output of the nanocoax waveguide and
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couple to the far field. On the other hand, the TE,; and TMy; modes have propagation lengths
shorter than 1 um and cannot be transmitted to the far field. This is likely due to the noble
metals electrodes being lossy in the blue region of the visible spectrum. In Table 1 we present
the maximum propagation length of each mode at the wavelength where it occurred. As
expected, the propagation length decays strongly when the excitation wavelength approaches
to the cutoff wavelength because the specific modes become evanescent. In Fig. 3(b), such
values are nonzero because of the finite number of frequency steps used in our calculations.

Table 1. Maximum propagation length for each studied mode

Mode
TEM TEn TExn TEx TEn TMy
Maximum o 9.27 um 5.61 um 3.43 um 0.96 um 0.81 um
propagation @1.28 pm @0.84 um @0.69 pm @0.58 pm @0.6 pm

length (um)

Finally, in order to complete the optical characterization of the nanocoax array, we
measured experimentally the transmittance of the sample as a function of the excitation
wavelength using a fiber optic spectrometer (Ocean Optics 2000) attached to an optical
microscope (Leica 6000M) at the image plane. The illumination sources were the same as the
NSOM experiment, plus a broad spectrum white light emitting diode (LED). The
experimental transmittance was defined as the ratio between the output intensity (after
background subtraction) and the input intensity in percentage units, i.e., T = 100 (loy = loig)/lins
where |y is the transmitted intensity, I, g the background intensity and I;, the intensity in the
absence of sample, i.e. the emission spectrum of the source. Figure 4 shows the
experimentally-measured transmittance with white LED source (black line) and
monochromatic sources (green figures), along with the calculated transmittance (red line).
The later was obtained by using the same model as for the calculation of propagating fields
inside the nanocoax.

(a) (b)
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Fig. 3. (a) Calculated dispersion relations of the modes propagating in the nanocoax structure.
The dashed lines represent the frequencies employed (excitation wavelengths) and the shaded
zone represents the zone where plasmonic modes appear (i.e. separated from photonic modes
by the light line ® = kc). (b) Calculated propagation lengths for the studied modes. The dashed
lines represent the wavelengths used and the shaded zone indicates the length L of the
nanocoax structure. Note the logarithmic scales.

It is clear that the transmittance is dominated by several peaks, at 761 nm and 874 nm in
the calculated result and 591 nm and 647 nm in both measured and calculated results. These
peaks can be explained as follows: in the coaxial structure, the propagating modes appear in
three dimensions, i.e. radial, azimuthal and longitudinal. In this way, if the coaxial structure is
long enough to support Fabry-Perot resonant cavity modes, the longitudinal order mode,
according to phase-matching conditions in the coaxial structure, is 2k]L=2pz—¢,, with k;
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for each specific mode inside the coaxial cavity. Here, L is the length of the coaxial structure,
p the order of the resonant mode and ¢, a phase shift acquired in reflections of the mode at

the cavity output [31]. If ¢, is small enough, the resonant condition becomes kL = pz . Using

the length of the nanocoax structure (L), each resonant order mode was calculated. Thus, as
indicated in Fig. 4, the peak at 647 nm is due to a superposition of resonant longitudinal
modes with orders p = 7 and 6 of the TE;; and TE,; modes, respectively, while at 591 nm the
superposition is by orders 6 and 8 of the TE;; and TEs; modes, respectively. In both cases,
such superposition of modes is the reason for the strong far field transmission reported in the
experimental data. The coefficients of the modes superposition were not calculated in the
present work. The peaks that appear in the calculated transmittance at 761 nm and 874 nm are
related to the same process and due to order p = 3 of TE3; and TE,; modes, respectively. It is
important to note that the weak transmittance at wavelengths shorter than 550 nm is due to the
short propagation length of all the modes, since the plasma resonance wavelength occurs
around such a wavelength, resulting in highly attenuated modes, Fig. 3(b).

0.5 T T T T
— Exp: Spectrum
@ Exp: Laser
. 0.4+ — Calculated
§ TE 17/ TE 6 TE)y3 ——
2 0.3
c
o]
= TE18/TEx16
E 0.2
@
c
i
F o
0.0 T T T T
400 500 600 700 800 900

Wavelength (nm)

Fig. 4. Experimental (black line and green circles) and calculated (red line) transmission.
Circles were obtained using single wavelength sources. The resonant modes discussed in the
text are indicated.

4. Conclusions

In summary, experimental observations of plasmonic and photonic modes propagating in
nanocoax structures are presented for the first time, using near-field microscopy. Comparison
between NSOM experiments and calculations demonstrate that the experimental data are
related to the propagating electromagnetic field in the nanocoax structure. By calculating k,

of each mode, we determined the propagation lengths and conclude that the TE,;, TE,; and
TE3; modes can propagate along the full nanocoax length and couple to the far field, in the
spectral range analyzed experimentally. These results are relevant to understanding the
physics of propagated fields in nanocoax structures and their potential applications in the
subwavelength nanoscale manipulation of light including, for example, polarization-
preserving optical waveguides for optical communication.
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