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ABSTRACT: We demonstrate that functional infrared transmission lines
(TLs) with gap widths of 25 and S nm can be fabricated by gallium and
helium ion beam milling of gold films thermally evaporated on insulating
substrates. Interferometric and polarization-resolved scattering-type scan-
ning near-field microscopy at 4y = 9.3 pm is applied to image in real space
the propagation and confinement of the TL modes. Mapping the
p-polarized scattered field, we obtain the distribution of the out-of-plane
near-field component of the mode. When s-polarized scattered field is a2
detected, we map the strongly confined in-plane fields propagating inside
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the gap. With decreasing gap width, we experimentally confirm the pre-

dicted reduction of mode diameter D, wavelength A, and propagation length L . For TLs with 25 nm gap width we experimentally
verify A, = 5.1 ym mode wavelength and D,, = 42 nm mode diameter (4,/220). The propagation length is about L,,, = 8.3 ym, which
is more than 2 orders of magnitude larger than the mode diameter; L,,/D,, = 200. For the TLs with a 5 nm gap we find a mode
wavelength of A, = 3.6 ym, propagation length of L., = 3.9 ym, and mode diameter of D, = 30 nm. Infrared transmission lines are
thus interesting candidates for the development of ultracompact infrared circuits or biochemical waveguide sensors or circuits.
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Infrared light allows for analyzing a wide range of different
material properties, particularly chemical composition.
Infrared spectroscopy is thus an important analytical tool in
many sciences and technologies. Because of diffraction, however,
the spatial resolution of conventional infrared microscopy and
spectroscopy is limited to micrometers, thus preventing studies
on the nanometer scale."

An efficient route to circumvent the diffraction limit is based
on plasmonic antennas™* and plasmonic waveguides.’”’
Plasmonic antennas make use of localized surface plasmon
resonances (LSPRs) to efficiently convert free-space radiation
into nanoscale-confined and strongly enhanced near fields, also
called hot spots or nanofoci. This capability has been essential,
among others, in applications such as surface-enhanced Raman
spectroscopy (SERS),® surface- and antenna-enhanced IR
absorption spectroscopy (SEIRA),”'® and nanoscale-resolved
Fourier transform IR spectroscopy (nano-FTIR).'' Alterna-
tively, nanofocusing of light can be achieved by adiabatic
compression of surface plasmon polaritons (SPPs) propagating
on tapered metal nanowires'>~'° or slot waveguides.'” "> The
strongly confined SPP modes could find application for guiding
of light on the nanoscale and in integrated plasmonics circuits”'
where SPPs are the carriers of information. At infrared or THz
frequencies, where surface plasmon polaritons are generally
weakly bound, specialized geometries such as corrugated metal
nanovvires,22’23 coaxial waveguides,24 or two-wire transmission
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lines*>*® (TLs) improve the confinement of the SPPs, while
allowing for mode propagating over several micrometers. By
propagating the infrared modes along tapered two-wire TLs, the
infrared energy can be compressed, yielding a nanofocus at the
open end of the taper.”**” While these first studies promise new
avenues for the development of nanoscale infrared circuits and
sensor devices, extreme subwavelength-scale mid-IR guiding in
sub-10 nm gaps has not been studied yet.

Here we demonstrate the fabrication of two-wire metal TLs with
gap widths down to 5 nm by gallium and helium ion beam milling.
By mapping the TLs with polarization and phase-resolved scattering-
type scanning near-field optical microscopy (s-SNOM),>~** we
demonstrate their function and experimentally verify extreme sub-
wavelength-scale infrared guiding with a mode diameter of 42 nm
(49/220) and 8 ym propagation length for a TL with a 25 nm gap.
We also discover and describe a new image contrast mechanism in
s-SNOM when s-polarized light is detected: the tip acts as a local
reflector of the TL mode, which is then scattered via the antenna.

Bl TL FABRICATION BY GALLIUM AND HELIUM ION
BEAM MILLING

The TLs studied in this work (Figure 1) consist of two parallel
gold wires separated by an air gap of different widths g, ranging
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Figure 1. Sample fabrication by Ga and He ion beam milling. (a)
Hlustration of the three-step milling process. (b) SEM image (52° tilt) of
a two-wire TL with a 300 nm wide gap with a linear antenna attached to
the left end and the grounded gold layer to the right. (c) SEM image
(52° tilt) of a TL with a 25 nm wide gap. (d) Zoom-in image of the TL
shown in (c). () SEM image of a TL with a S nm wide gap. (f) Zoom-in
image of the TL shown in (e). (g) STEM image of z cross-section of TL
shown in (e), which was fabricated posterior to near-field studies. (h)
Zoom-in image of the cross section shown in (g).

from 500 to 5 nm. At the end of each TL an antenna was attached
for cougling far-field illumination into an antisymmetric TL
mode.*>*® CaF, was chosen as the supporting substrate because
of its low refractive index, which increases the propagation length
L,, of the TL mode compared to Si subtrates.”” The TLs were
fabricated by ion beam milling of a 40 nm thick thermally
evaporated gold layer.

Employing a gallium ion beam (FEI Helios DualBeam Nano-
Lab 600, FIB model Sidewinder) and a three-step milling process
using different ion beam currents (Figure la), we fabricated
transmission lines with gaps down to 25 nm. We first fabricated
the TL contour by clearing a large area of gold with an ion beam
current of 500 pA (blue area), followed by more precise milling
of the contour edges at a lower current of 100 pA (green area).
We then performed a single-pass line scan along the center of the
TL contour at a current of 10 pA (red area) to open the gap and
to produce the final TL structure (Figure 1b). Note that during
the milling process the TL contour and the final TL were
electrically connected to the grounded Au film, in order to avoid
charging of the sample and subsequent beam deflection during
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the milling process, a common challenge with insulating
substrates such as CaF,. Characterizing the fabricated TLs with
scanning electron microscopy (SEM) reveals a homogeneous
gap along a total length of 26 um (Figure 1b—d), which in case
of the 25 nm gap (Figure 1c,d) corresponds to an aspect ratio
of >10%1. Large aspect ratio gaps in combination with fast
prototyping>® are primary examples where FIB milling offers a
significant advantage over e-beam fabrication processes.>"** To
fabricate samples with narrower gaps, helium ion milling (HIM)
was utilized, which has been already successfully employed for
structuring silicon nitride,” graphene,**** and magnetic spin
valves.*® Recently, its capability to fabricate sub-10 nm features in
plasmonic structures has been demonstrated.>”>*

In this work, HIM was applied to mill TL gaps below 10 nm.
The helium ion milling was done with an Orion Nanofab in the
Carl Zeiss Orion laboratories in Peabody (USA). First, the TL
contour was fabricated with a gallium ion beam as described
before. Subsequently, the gap was opened by a single-pass line
scan with the helium jon beam (red area in Figure 1a). We then
returned the TLs to the Helios NanoLab 600 DualBeam for
nondestructive high-resolution imaging of the gap with SEM.
In Figure le/f the gap is seen as a thin black line in the center
of the TL. To measure precisely the gap width, we prepared a
cross section (lamella) of the TL by focused ion beam (FIB)
posterior to the near-field microscopy studies and per-
formed scanning transmission electron microscopy (STEM).
The STEM image of the cross section (Figure 1gh) shows
a wedge-shaped gap, measuring about S nm at the bottom of
the Au film. The wedge-like shape we attribute to the ion-beam
milling process. We expect more rectangular-shaped gaps for

thinner gold films.

B NEAR-FIELD CHARACTERIZATION BY
POLARIZATION-RESOLVED INTERFEROMETRIC
S-SNOM

In order to verify the IR mode propagation and field confine-
ment in the TLs, we applied polarization-resolved transmission-
mode s-SNOM* ™' (Figure 2). The home-built s-SNOM
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Figure 2. Transmission-mode s-SNOM setup. The sample is
illuminated from below under normal incidence with a weakly focused
infrared laser beam. The polarization is parallel to the antenna that is
attached to the TL. The near fields at the sample surface (i.e.,, TL) are
scattered by an AFM silicon tip and detected with a pseudoheretodyne
interferometer, yielding infrared near-field amplitude and phase images
by scanning the sample.
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used in this work is based on an atomic force microscope (AFM),
where commercial silicon tips (NanoWorld, Arrow-NRC-50) are
employed to scatter the near fields of the TLs. The sample is
illuminated from below with a weakly focused CO, laser beam at a
wavelength of 4, = 9.3 ym. The polarization was chosen parallel
to the dipole antenna to achieve excitation of the antisymmetric
TL mode. The scattered light is collected with a parabolic
mirror, analyzed with a linear polarizer to select either the p- or
s-component, and detected interferometrically. Background
contributions could be fully suppressed by vertical tip oscillation
with a tapping amplitude of about 100 nm at a frequency of
Q = 300 kHz (tapping-mode AFM) and subsequent higher
harmonic demodulation of the detector signal at 3€2. The tip—
sample distance varies in this case between 0 and 200 nm. Applying
a pseudoheterodyne detection scheme*” yields the amplitude and
phase of the p- or s-component of the tip-scattered light, (IE,, ¢,)
and (IEJ, ¢,), respectively, depending on the polarizer orientation.
We note that for imaging the sample is scanned.

For interpretation of the experimental near-field images, we
compare them with numerical calculations of the near-field
distribution of the TLs using a commercial FDTD software
package (FDTD Solutions, www.lumerical.com). In all figures
we show either the in-plane or out-of-plane component of the
near-field distribution at a height of 15 nm above the TL surface.
The height of 15 nm was chosen because the best agreement
between experimental and calculated images was obtained
(which can be well seen in Figures Sd and 6f). We attribute
this finding to the finite apex radius of the Si tip (nominally
around 10 nm) and the oscillating tip—sample distance.

We first mapped the TL with 25 nm gap width (SEM images in
Figure 1lc,d) by recording the p-polarized scattered light.
Previous publications have shown that such a detection scheme
yields images of the vertical (z) near-field component of
antennas and transmission lines.”**”*""** Figure 3a shows maps
of the real part of the p-polarized scattered field, Re(E,) = IE,| cos
@,- At the antenna ends we observe enhanced fields,” oscillating
out of phase for about 180°. The fields extend along the TL
wires, periodically changing their polarity and with opposite sign
between the wires, providing clear evidence of a propagating,
antisymmetric mode. With increasing distance x from the
antenna, the propagating field decays because of dissipation in
the metallic wires comprising the TLs.>*~>’ From the oscillation
period of the near-field patterns we can directly determine the
wavelength of the TL mode, A, (marked by the arrow in Figure 3a).
The near-field image is in excellent agreement with a numerical
calculation of the real part of the vertical near-field component,
Re(E,) (Figure 3b), corroborating that the mapping of the
p-polarized scattered light yields directly the near-field distribution
of the propagating TL mode. In both experiment and calculation
we find a mode wavelength of 4, = 5.1 ym.

The near-field image contrast and underlying scattering
mechanism for the p-polarized scattered field are illustrated in
Figure 3c. The plane wave illumination with field E, excites the
antenna, which subsequently launches a mode on the TL. The
vertical near-field component of the TL mode induces a vertical
dipole oscillation in the probing tip, resulting in scattering of a
p-polarized field. Because the sample is illuminated under normal
incidence and the probing tip is stationary, the phase shift of the
p-polarized scattered field corresponds to the propagation phase
of the TL mode. Thus, half of the TL mode wavelength is simply
given by the distance between two adjacent field maxima

(indicated by 4,,/2 in Figure 3a).
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Figure 3. Near-field characterization of a TL with a 25 nm wide gap. (a)
Experimental near-field image showing the real part of the p-polarized
scattered field, Re(EP). (b) Numerically calculated real part of the
vertical near-field component, Re(E,), 15 nm above the TL. (c, d)
Schematics of the dominating scattering processes when p- and
s-polarized scattered fields are detected, respectively. (e) Experimental
near-field images showing the real part of the s-polarized scattered field,
Re(E,). (f) Experimental amplitude of the s-polarized scattered field |E.
(g) Near-field amplitude |E| along the center of the TL gap, extracted
from the image shown in (f). The red line shows an exponential fit, from
which the apparent propagation length, L, is obtained.

We next imaged the TL with the 25 nm gap by recording the
s-polarized scattered field while the TL was illuminated from
below. We have previously employed this detection scheme to
map the intense and strongly confined near fields (“hot spots”) in
antenna gaps*' and at the apex of a tapered TL.*® It has been
shown that the near-field signal inside the gap reveals the in-plane
near-field component. Here we apply this detection scheme for
mapping the propagating infrared mode on two-wire TLs. In
Figure 3e we show the real part of the s-polarized scattered field
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www.lumerical.com

ACS Photonics

Figure 4. Model of contrast mechanism in the case where the s-polarized
scattered field is recorded. Ax displays the sample displacement; a is the
detection angle.
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Figure 5. Reconstruction of the near-field distribution of the TL with
25 nm gap from the s-polarized scattered field. (a) Numerically calculated
near-field distribution showing the real part of the in-plane field
component Re(Ey) , 15 nm above the TL. (b) Near-field distribution,
Re(E,), reconstructed from the experimental image in Figure 3e. (c) Real
part of the reconstructed near-field distribution, Re(E,), along the center
of the TL gap, extracted from the image shown in (b). The red line shows
the real part of the in-plane component, Re(Ey) , calculated 15 nm above
the TL gap. (d) Calculated amplitude of the in-plane near-field
component, |E,| (red line), extracted along the dashed white line in
(e), 15 nm above the TL. The black dots represent the experimental near-
field amplitude data, IE/, extracted along the dashed black line in (b).
(e) Numerically calculated mode profile, showing the normalized electric
field intensity in logarithmic scale. The dashed white line indicates where
the line profile shown in (d) was extracted.

(Re(E,) = IE{ cos ). We observe strong near-field signals of the
same polarity at both antenna extremities, similar to former
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results obtained on individual infrared antennas.** We also see a
strongly confined near-field signal along the gap between the two
TL wires. The polarity of this signal oscillates along the gap,
indicating that we probe the concentrated near field propagating
inside the gap. Surprisingly, the apparent spatial oscillation
period (marked Aqpp in Figure 3e) is significantly shorter than 4,,
in Figure 3a. This observation lets us conclude that the contrast
of s-polarized near-field images is based on a different scattering
mechanism. Before discussing this finding in more detail, we note
that the fields decay with propagation distance, which can be
better appreciated in Figure 3f, where we display the absolute
value of the electric field, [E|. The field decay along the gap can be
fitted by an exponential function (Figure 3g), yielding an
apparent propagation length of about L,,, = 4.15 ym.

We explain the image contrast in Figure 3e as follows. When
the s-component of the scattered light is recorded, we mainly
detect the s-polarized electric field scattered by the antenna
attached to the TL. Because of the antenna resonance, we can
assume that the s-polarized field scattered by the antenna is much
stronger than the s-polarized field scattered by the dielectric tip
(illustrated by the schematics in Figure 3d). We also assume that
the tip causes a partial back-reflection of the TL mode, when the
apex is close or inside the gap, where most of the infrared energy
is expected to propagate.’® Because of the tip vibration at
frequency Q and the nonlinear decay of the electric fields vertical
to the TL, the mode reflection is modulated at harmonics of the
tip vibration frequency, n€Q. The reflected mode propagates back
to the antenna, where it is reradiated. Recording the s-polarized
scattered field by higher-order signal demodulation and
pseudoheterodyne interferometric detection subsequently yields
amplitude and phase maps providing information about the
reflected and antenna-scattered TL mode. The amplitude signal
is a measure of the strength of the mode reflection at the tip,
while the phase yields the propagation phase of the TL mode.
The near-field maps thus exhibit significant differences compared
to near-field maps displaying the p-polarized scattered field. First,
the infrared TL mode propagates twice the distance between tip
and antenna before it is detected. Second, the antenna, and thus
the scattering center, moves relative to the detector, which
introduces a phase shift to the scattered field that depends on the
sample position. For both reasons, the distance between signal
maxima of the same polarity yields an apparent wavelength, 4
rather than the wavelength 4 of the TL mode.

We note that the back-reflected TL mode does not influence
the near-field images obtained for p-polarized light. First, the
near-field images (particularly the mode wavelengths) match
well the calculated distribution of the vertical near-field
component. Second, the tip reflects the TL mode as a whole
(and not a particular field component), which excites the
antenna. The associated antenna radiation is s-polarized, owing
to the horizontal orientation of the antenna perpendicular to the
detection direction. Thus, the antenna radiation is not detected
when the p-polarized scattered field is detected.

To corroborate our explanation and to reconstruct the near-
field distribution of the TL from s-polarized near-field images, we
developed a model describing the scattered field E,, which is
illustrated in Figure 4. We assume that the antenna launches an
exponentially decaying electromagnetic mode on the TL with a
mode wavelength A, and a propagation length L. The mode
propagates along the TL with most of the energy confined in
the gap (indicated in Figure 4 by the blue arrow on the TL
pointing toward the tip). When the tip is located near the TL,
the mode is partially reflected back to the antenna (indicated in

app’
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Figure 6. Near-field characterization of a TL with a S nm wide gap. (a) Experimental near-field image showing the real part of the p-polarized scattered
field, Re(Ep). (b) Experimental near-field image showing the real part of the s-polarized scattered field, Re(E;). (c) Experimental near-field amplitude
image (color) of the s-polarized scattered field |E, superposed to the SEM image (in gray) of the TL. (d) Experimental near-field amplitude (black dots)
along the center of the TL gap, extracted from the near-field image shown in (c). The red line represents a fit to the data, assuming an exponentially
decaying wave being back-reflected at position x = S ym. (e) Numerically calculated mode profile, showing the normalized electric field intensity in
logarithmic scale. (f) Calculated amplitude of the in-plane near-field component, IE,| (redline), extracted along the dashed white line in (e), 15 nm above
the TL. The black dots represent the experimental near-field amplitude data, |E, extracted from (c) along the dashed white line.

Figure 4 by the blue arrow on the TL pointing toward the
antenna), where it is radiated. Assuming that the mode has an
initial field E, (i.e., E,(x = 0) = E,), the field at the tip (located on
the TL gap at distance x from the antenna) is then given by

Et(x, y) - EoeiZﬂx//lme—x/Lm

(1)

and the back-reflected field at the antenna by E,(2x, y). To finally
obtain the scattered field, we have to account for the sample
(antenna) movement relative to the detector, given by the last
exponent in eq 2:

Es(x, y) — Et(x, y) eian//lm e—x/Lme—iZn'x cos /Ay

)

Ao is the wavelength of the free-space radiation and a = 30° the
angle of detection relative to the sample surface. In the near-field
map, the scattered field subsequently yields an apparent near-
field distribution given by

i27x/ A, x/L,

app @~/ Fapp

Eapp(x, y) x Eye (3)

Comparing eqs 2 and 3, we obtain the mode wavelength and
propagation length:

i = 220
Ao F Ay cOS @ )
and
Ly = 2Ly, (%)

With an apparent wavelength of 4,,, = 3.1 um (Figure 3e), we
obtain A, = 4.9 pm, which is in good agreement with the mode
wavelength obtained directly from Figure 3a (4,, = S.1 ym) and
with numerically calculated results (see Figure 7a and discussion
below). For the propagation length we obtain L,, = 8.3 ym, which
is slightly shorter than the numerically calculated propagation
length (see Figure 7b and discussion below).

Having measured both amplitude and phase of the scattered
field E/(x, y), we can reconstruct the near-field distribution of the
TL. Using eq 2, 4, = 3.1 ym from Figure 3¢, and L,,, = 4.15 ym
from Figure 3f, we obtain E(x, y). The real part of E,(x, y) is
shown in Figure Sb. It matches well with the numerically
calculated near-field distribution (real part of Ey(x, y)) of the TL
shown in Figure Sa. The good agreement can be further
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Figure 7. Propagation properties of TL modes. (a) Calculated
wavelength of the TL mode as a function of the gap width g. Red line:
TL made of Au described by the Drude model. Green line: TL made of
PEC. Black line: TL made of PEC and without substrate. The red
triangles display the experimental data extracted from Figures 3a and 6a
and from images (not shown) of vertical near-field distribution of TLs
with 300 and 500 nm gap width. The red circles display the mode
wavelength reconstructed from the data shown in Figures 3e and 6b.
(b) Calculated propagation length of the TL mode as a function of the
gap width g, for a TL made of Au described by the Drude model. The red
circles display the experimental propagation lengths obtained from the
fittings shown in Figures 3g and 6d.

appreciated in Figure Sc, which shows the reconstructed (dots)
and numerically calculated (red line) field along the TL gap.
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In Figure 5d we display the near-field amplitude along the
dashed black line in Figure Sb in order to measure the mode
diameter D,,. As mode diameter we define the full width at half
maximum (FWHM) of the measured near-field profile
perpendicular to the TL gap. We find a mode diameter D, of
about 42 nm, which is significantly smaller than the incident
wavelength 4, (4/D,, = 220), providing direct experimental
evidence of nanoscale field confinement that can be achieved
with TLs at IR frequencies. For comparison, we show the
calculated near-field profile in 15 nm height above the TL, which
has been extracted from Figure Se. As can be seen in Figure 5d,
the calculated field profile (black solid line) matches well with the
measured near-field profile (symbols).

Comparing propagation length and mode wavelength, we find
L../An = 1.7, which seems rather short. However, by comparing
the propagation length with the mode diameter D, = 42 nm
(Figure Sd), we obtain the quite large value L,/D,, = 8.3 yum/42
nm = 200. Remarkably, a mid-IR mode with a diameter less than
50 nm can propagate several micrometers. The large difference
between the two relative propagation lengths, L /4 and L,/D,,,
is due to the rather long wavelength of the mode, being 2 orders
of magnitude larger than the mode confinement. We stress that
nanoscale field confinement does not require ultrashort mode
wavelengths, as we discuss in more detail below.

We also imaged the TL with a S nm gap width by recording the
p- and s-polarized scattered field. The images showing the real
part of E, and E; are displayed in Figure 6a and b, respectively. As
before in Figure 3 with the 25 nm gap TL, we observe an
oscillating near-field distribution on the TL. For the s-
polarization, the detected (apparent) wavelength is significantly
shorter than with the p-polarization due to the different
scattering mechanisms, as explained above. The images clearly
demonstrate that the He-milled TL with only a S nm gap width is
functional and supports a highly confined infrared mode. In
Figure 6a we directly measure A, = 3.68 m, while in Figure 6b
we find A, = 2.2 um, yielding 4, = 3.6 um according to eq 4. 4,,
is thus about 30% shorter than the one measured in Figure 3a for
the TL with 25 nm gap width. We discuss this gap-dependent
wavelength reduction below in Figure 7a.

We note that the near field in both Figure 6a and b abruptly
vanishes at about $ um distance from the antenna. This can be
explained by a short circuit in the transmission line (eventually by
incomplete milling of the gap or formation of a metal bridge due
to resputtering of the gold), which becomes evident by displaying
the amplitude of the s-polarized scattered field in Figure 6¢c. We
observe modulations of the field amplitude along the gap, rather
than a monotonic exponentially decaying field. We explain them
as interference between the forward propagating mode and the
mode that is back-reflected at the short circuit. In order to obtain
the propagation length L, we averaged the line scans around the
gap in Figure 6¢ and fitted the result to a damped standing wave
(red solid line in Figure 6d). We obtain a propagation length of
L., = 3.9 um, which is slightly smaller than the numerically
calculated propagation length L, ;. = 6.2 ym (see Figure 7b).

In Figure 6f we display the near-field profile along the dashed
white line in Figure 6c. We find a FWHM of about 30 nm, which
indicates a mode diameter being about 310 times smaller than the
incident wavelength A, respectively 120 times smaller than
the mode wavelength; A,,/D,, = 120. For comparison, we show the
calculated near-field profile at 15 nm height above the TL, which
has been extracted from Figure 6e. As can be seen in Figure 6f,
the calculated field profile (red line) matches well with the
measured near-field profile (black dots). Comparing the
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propagation length with the mode diameter D, = 30 nm
(Figure 6f), we obtain L,,/D,, = 3.9 pm/30 nm = 130, which
is slightly smaller than the one obtained for the TL with gap width
g =25 nm.

B STUDY OF MODE PROPERTIES AS A FUNCTION OF
GAP WIDTH

In Figure 7a we summarize the experimentally found mode
wavelengths 4,, (symbols) as a function of the gap width g and
compare them with results obtained by numerical calculations
(red solid line) performed with a mode solver (FDTD Solutions,
www.lumerical.com). The experimental values for g = 300 and
500 nm were taken from near-field images not shown, and the
ones for g= 5 and 25 nm were taken from Figures 3a and 6a (red
triangles) and reconstructed from Figures 3e and 6b (red circles).
In the calculations we considered infinitely long TLs consisting
of two rectangular Au wires (width 200 nm, height 40 nm)
separated by a rectangular-shaped gap of width g and supported
by a CaF, substrate. To describe gold at mid-IR frequencies, we
used the Drude model, yielding the permittivity

2
a)P

ey (@) = €6 — m

(6)
with @, = 8.95 eV being the plasma frequency, I" = 65.8 meV the
damping parameter, and &,; = 11.* Employing the dielectric
values for 4y = 9.3 ym, we obtain good quantitative agreement
between calculated (red solid line) and experimental (symbols)
mode wavelengths A,.. Particularly, the plot corroborates that 4,
decreases with decreasing gap width g, reaching values of about
Ao/ S for gaps as small as 1 nm.

In order to understand the wavelength reduction of two-wire
TL modes at mid-infrared frequencies (that is, far away from the
strong plasmonic behavior of gold), we performed mode
simulations where we assumed artificial material properties for
the gold. First, we assume that gold is a lossless Drude metal; that
is, we set the damping parameter in the Drude model (eq 6) to
zero (I = 0). The calculated mode wavelengths in this case (blue
curve in Figure 7a) are nearly identical to the mode wavelengths
obtained by using a realistic Drude model for gold (red curve
in Figure 7a). This finding indicates that the absorption in the
gold is not the cause for the mode wavelength reduction. By
substituting Au by a perfect electric conductor (PEC) in the
calculations, the mode wavelength A, does not decrease but
slightly increases with decreasing gap width, approaching A, for
g < 100 nm (green curve in Figure 7a). This is because for a PEC
material no field is propagating inside the wires. The fields
propagate in the air and the substrate below the TL. When the
gap width is reduced, the field concentrates inside the air gap, and
thus a smaller part of the mode propagates in the substrate. For
that reason, the mode wavelength A, increases for smaller gaps,
approaching the mode wavelength 4, of a PEC without substrate
(black curve in Figure 7a). Note that for a PEC TL without
substrate all field energy propagates in air, and thus the mode
wavelength A, equals A, for all gap widths. From the sum of all
these numerical results we conclude that in a realistic gold TL the
mode wavelength A, decreases because of an increasing amount
of field energy propagating inside the gold when the gap width
decreases, owing to the finite real part of the dielectric function.
This effect has been already described analytically for nanoscale
plasmon cavities.*®

It is worth noting that the mode wavelength A, for sub-10 nm
gaps is still in the micrometer range, showing that nanoscale field

dx.doi.org/10.1021/ph500081k | ACS Photonics 2014, 1, 604—611


www.lumerical.com

ACS Photonics

confinement in infrared TLs (as observed in Figures Se and 6d)
does not require wavelength compression to the nanometer
scale. The mechanism of field confinement in the TLs is rather of
geometrical nature. The two metal wires (Au or PEC) are the
mode carriers, and the field confinement is achieved by capacitive
coupling between the TL wires."?

We also calculated the mode propagation length L as a
function of gap width g. The results are shown in Figure 7b
together with the experimental values for g=25 nm and g= 5 nm
obtained from the fittings shown in Figures 3g and 6d. The
experimental values are in good agreement with the calculated
ones, although the experimental propagation lengths are slightly
smaller. These discrepancies might be explained by imperfec-
tions in the fabrication process, such as ion implantation and ion
beam damage of gold and substrate, or due to nonuniformity of
the gap width. We note that the numerical calculations predict
significant propagation distances even for TLs with sub-5 nm
gaps; for example L, = 3 ym for g = 1 nm.

B SUMMARY AND CONCLUSIONS

We demonstrated that focused ion beam milling can be applied
for fabricating functional mid-infrared two-wire transmission
lines on insulating substrates. By applying Ga and He ion beam
milling we could fabricate metal TL wires separated by air gaps as
small as 5 nm. Employing polarization-resolved interferometric
s-SNOM, we could experimentally map the near-field distribu-
tion, wavelength, and confinement of the mid-infrared modes
supported by the TLs. Numerical simulations confirm the
experimental results, corroborating that nanoscale mid-infrared
mode confinement and micrometer long propagation distances
can be achieved with such TLs. The ratio between propagation
distance and mode confinement is larger than 100, which makes
metal two-wire transmission lines promising structures for
guiding and manipulating mid-infrared energy in nanoscale
circuits and devices. TLs comprising nanoscale wire separation
thus could become highly valuable building blocks in ultra-
sensitive and ultracompact mid-infrared sensing, spectroscopy,
and nanoimaging applications.
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