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ABSTRACT: Low-dimensional, strongly anisotropic nanoma- _ AFM SNOM
terials can support hyperbolic phonon polaritons, which feature SSNOMUP  infrared source
strong light—matter interactions that can enhance their >
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capabilities in sensing and metrology tasks. In this work, we
report hyperbolic polaritonic rulers, based on microscale a-
phase molybdenum trioxide (a-MoO;) waveguides and
resonators suspended over an ultraflat gold substrate, which
exhibit near-field polaritonic characteristics that are exception-
ally sensitive to device geometry. Using scanning near-field
optical microscopy, we show that these systems support
strongly confined image polariton modes that exhibit ideal
antisymmetric gap polariton dispersion, which is highly sensitive to air gap dimensions and can be described and predicted
using a simple analytic model. Dielectric constants used for modeling are accurately extracted using near-field optical
measurements of @-MoO; waveguides in contact with the gold substrate. We also find that for nanoscale resonators supporting
in-plane Fabry—Perot modes, the mode order strongly depends on the air gap dimension in a manner that enables a simple
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readout of the gap dimension with nanometer precision.
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anophotonic systems with highly sensitive geometry-

dependent optical responses are fundamental to a

broad range of scientific phenomena and techno-
logical concepts. Systems supporting near-field-coupled nano-
structures are the basis of many sensors due to their support of
strongly confined optical modes that are sensitive to the
variation of geometry and refractive index. Optical MEMS
utilize small changes in structural configuration to produce
large changes in phase shift or coloration, which have
applications in displays and metrology instrumentation.”” In
optomechanics, coupling between photons and mechanical
motions can lead to strongly nonlinear optical transduction
phenomena.” While significant progress has been made to
elucidate these system configurations at visible wavelengths,
the development of such systems in the mid-infrared range has
proven to be challenging for at least two reasons. First,
wavelengths in the mid-infrared range are relatively long, and
the direct scaling of sensor or MEMS concepts from visible to
infrared wavelengths typically leads to microscale systems with
reduced geometry-dependent sensitivity. Second, the proper-
ties of conventional materials at infrared wavelengths diverge
from those at visible frequencies. For example, typical metals
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are no longer plasmonic but behave more as ideal conductors,
and many dielectric materials strongly absorb.

Recent advances in materials science and metrology have
presented opportunities to configure and characterize nano-
photonic infrared systems. In particular, a class of phonon-
polaritonic (PhP) materials, including a-phase molybdenum
trioxide (@-MoOj3),””” hexagonal boron nitride,*”"" and a-
phase vanadium oxide,'' have been shown by scattering-type
scanning near-field optical microscopy (SNOM) to enable
strong wave confinement and high field enhancement proper-
ties at infrared wavelengths.'”~'> These enhanced light—matter
interactions yield extraordinary sensitivity to local environ-
mental changes,w’17 and various studies have indicated the
potential for small variations in geometry and dielectric
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Figure 1. Image polaritons in an a-MoO; microribbon—air gap—gold structure. (a) Schematic of the tapered structure with a d-thick flake
and an optically thick gold substrate. The air gap G continuously varies along the taper, and lateral sections of the structure can be optically
modeled as two identical microribbons separated by 2G. (b) Theoretical antisymmetric gap mode dispersion relations of the polaritonic
ruler with different gap sizes and substrates, which indicate the strong sensitivity of PhP wavevector to local geometry.

environment to be manifested as large optical signals. For
example, researchers have investigated the sensitivity of PhP
dispersion to the substrate material,"*™*° including ideal metal
substrates,”””® and have examined the potential of micro-
structured PhP devices as sensors.””

We present @-MoO; microribbons suspended over an
ultrasmooth gold film as a model system for studying the
transduction of nanoscale geometric variations to optical near-
field signals within polaritonic devices. This polaritonic ruler
system serves as an analogue to visible light plasmonic
rulers,”*™>” as it uses strong light confinement and dispersion
sensitivity of PhP materials to enable nanoscale geometric
sensing. Our focus is on microribbons that form self-assembled
tapered structures over the gold film (Figure 1a), which enable
the study of PhP modes with continuously varying air gap
dimensions as a function of spatial position. Experimentally, we
characterize structures made from high-quality a-MoOj;
microribbons synthesized by flame vapor deposition (FVD),
which feature atomically smooth sidewalls and optical
properties consistent with ideal exfoliated @-MoO; material.*®
Using the same high-quality microribbons reported in ref 33,
we experimentally study the gap modes with infrared SNOM.
Our results match well with a simple analytic model, which we
use to analyze the strong PhP dispersion sensitivity of these
systems and identify device configurations that maximize
device sensitivity to gap variations. We also achieve accurate
predictions of the gap size by imaging and fitting the PhP
wavelength and the Fabry—Pérot (FP) mode order within the
tapered structures with the analytic model. We note a recent
study involving the analysis of an a-MoOj tapered waveguide
structure placed over a low-contrast dielectric substrate, which
also examines PhP sensitivity with gap size but requires more
complex modeling and possesses limited sensitivity metrics.”"

RESULTS

In our tapered microribbon—gold substrate system (@-MoO,
ribbon thickness d), we consider gaps that adiabatically vary
from 0 to 35 nm, such that local submicrometer regions within
the system can be approximated as an a-MoOj structure with a
constant gap G (Figure la). The gold substrate is atomically
smooth and produced using template stripping methods,”*
which produces ideal metal material interfaces with negligible
roughness. At mid-infrared wavelengths, the gold behaves close
to a perfect electrical conductor (PEC),*° and in the limit
where we approximate the substrate as a PEC, the a-MoO;
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microribbon produces an ideal image polariton in the
conducting substrate (Figure la, lower left). The electric
field at the dielectric gap/gold interface is then zero due to the
boundary conditions and can only support antisymmetric
modes. The optical modes in the a-MoO; microribbon—air
gap—gold system in this limit can be described as the
fundamental antisymmetric gap mode (i.e., I = 0) supported
by two a-MoOj ribbons separated by a gap with distance 2G
(Figure la, lower right). The analytic dispersion relations of
such modes can be readily derived from the source-free
Maxwell equations (see theSupporting Information) and is
given by

&g ¥

— ¢ ¥Piin
tanh(kx(y)G) £,

k) = % arctan(elﬂ) + arctan

&

(1)
where k,(, is the wavevector propagating along the crystal x-
axis (y-axis), €,,/. is the a-MoO; permittivity, which is
anisotropic, & is the permittivity of the gap material, €, is the

top material’s permittivity, the parameter y = —Ei yand [ =
x(y)

0, 1, 2, ... parametrizes the different mode orders. We assume
the crystal x-axis is oriented along the [100] direction, and the
crystal y-axis is oriented along the [001] direction, as shown in
Figure la. For this study, we will focus on frequencies in the
900—1000 cm™' range, which overlaps with the a-MoO,
Reststrahlen band (see the Supporting Information) and yields
hyperbolic PhP modes with &, < 0 and ¢,, > 0.

Equation 1 has an explicit dependence on gap size and gap
permittivity, and as such, these parameters serve as a
transduction mechanism that can strongly influence the
mode dispersion of the system. We note that this dispersion
equation is a generalized form of several previous findings. For
example, when G is limited to infinity, the tanh(*) term
becomes 1. This limit corresponds to the situation where a-
MoO; is placed on a single substrate with &, agreeing with
previous derivations.””** When G becomes 0, &g/ tanh(k,(,)G)
diverges and the second term becomes —7 when ¢, > 0 or 7
when g, < 0. This limit corresponds to the image polariton
picture.””*** Our work falls between these two limits in
which polariton dispersion strongly depends on the gap size
and materials, naturally leading to the manifestation of the
polariton ruler concept. As an example, we theoretically
quantify the impact of different air gap sizes on fundamental
mode dispersion by utilizing @-MoQOj; permittivity values from
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previous studies in our analytic expression. These mode

dispersion plots are shown in Figure 1b (also see the
Supporting Information), with dielectric data taken from ref
40, and they indicate that for fixed wavelength and increasing
gap size, the mode wavevector strongly shifts. For frequencies
below the Reststrahlen band, the wavevector shifts to smaller
values as a function of the increasing gap size. When the gap is
30 nm, the dispersion curves nearly converge to those of a
freely suspended a-MoO; ribbon, indicating the dynamic range
of the polaritonic ruler as a sensor.

In order to experimentally correlate the optical properties of
tapered a-MoOQj; ribbons with our analytical model, we first
require an accurate assessment of the dielectric function of our
material at our SNOM carbon dioxide laser source frequency,
which is 935 cm™'. Compared to large-area exfoliated samples
used in prior dielectric characterization studies, our a-MoOj;
microstructures are synthesized by FVD and may support
different dielectric constant properties. Uncertainties in the
fitting process can also arise in the polarized far-field FTIR
measurements.”’ We propose to use SNOM data from an
ensemble of a-MoQ; ribbons directly supported on ultraflat
gold to evaluate the dielectric functions of these materials (see
the Supporting Information). In this manner, we circumvent
the spatial resolution limits in FTIR and Mueller matrix
ellipsometry,”” which is the standard for determining the
dielectric function tensor of large-area films and flakes but
which cannot be used on our microscale samples.

An optical microscopy image and measured SNOM fringe
trace of a typical sample are shown in Figures 2a,b (see the
Supporting Information for SNOM fringe fitting). SNOM has
a typical spatial resolution of 15 nm, which is smaller than the
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Figure 2. a-MoO; dielectric constant measurements based on
SNOM image polariton characterization. (a) Optical microscopy
image of an @-MoOj; sample directly on top of an ultraflat gold
substrate. (b) Representative fringe trace and fit from a SNOM
scan of an @-MoO;—gold substrate sample at 935 cm™'. (c)
Dielectric function fitting from 18 individual microribbon
measurements. The samples highlighted in red have tapered
sections used for gap-dependent PhP wavelength dispersion
characterization in later sections.

minimal PhP wavelength of approximately 100 nm. A summary
of experimental wavevectors for flakes of differing thicknesses
is shown in Figure 2c¢ for 18 different samples. The error bars
in the plot are due to two sources: the limited instrument
resolution and the variable quality of the samples measured.
The role of limited SNOM image resolution is particularly
enhanced for thinner microribbons, in which the mode
wavevector increases as the ribbon thickness decreases.
Variable sample quality can be manifested in the form of
nonideal microribbon—gold interfaces, crystallographic defects
in the @-MoOj; ribbons, and subtle variations in thickness
within individual ribbons. We note that the magnitudes of the
error bars are consistent with those in prior studies involving
the fitting of SNOM-measured PhP wavelengths in related
phonon—polaritonic material systems.”> In spite of these
sources of noise, we consider our method to be the most
accurate way to perform dielectric fitting due to the form factor
of our samples.

With the experimental wavevectors and flake thicknesses, we
use eq 1 with G = 0 as a fitting function to extract the
microribbon dielectric constant, which we measure to be ¢, =
—1.82 and ¢, = 13.17 at 935 cm™". As the configuration of the
bulk of the @-MoO; ribbons does not contain crystallographic
orientations in which &, is accessed, we were unable to

y
accurately extract €, These dielectric values are different from

those measured frcy)m exfoliated flakes,*® and the origins of
these differences will be a focus of a future study. This method
of extracting dielectric functions from SNOM readout can be
extended to other polaritonic nanomaterials such as hBN® and
V,0,,"" which may not be available in bulk form, for
convenient dielectric function fitting and extraction. We also
anticipate that hyperspectral SNOM mapping®>** can be used
to evaluate broad-band dielectric functions.

With experimentally obtained dielectric constants, we
theoretically and experimentally analyzed tapered a-MoOj;
ribbons and characterized the dispersive gap mode properties
of these hyperbolic polaritonic rulers. These tapers are self-
assembled from the a-MoOj; growth and dry transfer process,
and they form when one end of the ribbon contacts the gold
substrate, while the other point of contact is the top surface of
a second ribbon. In this manner, the air gap between the
tapered a-MoOj; ribbon and the gold surface continuously
varies. As these structures self-assemble during the dry transfer
process, they are easily prepared without aligned or targeted
transfer, and they are easy to find and probe due to the large
quantity of available tapered ribbons. A representative tapered
a-MoOj; sample is shown in the black box in Figure 3a. The
color gradient in the optical microscopy image, in which the
color of the taper gradually changes from red to pink, is
attributed to visible light interference manifested from the
gradual variation in gap height. Figure 3b shows SNOM and
atomic force microscopy (AFM) images of the device
measured simultaneously, showing a taper region that is 2.4
um wide (along the x-direction) and 1.7 ym long (along the y-
direction). We extract the PhP fringes and the sample heights
at different line cuts to produce a correlated result of gap
height with PhP mode dispersion.

The measured SNOM fringe patterns along the x-axis
(Figure 3c) show a clear dependence on gap height: the a-
MoO; ribbon supports a highly compressed PhP wave (4 =
100 nm) when the ribbon touches the gold surface (G = 0),
and the PhP wavelength gradually gets larger as the gap
increases. A detailed examination of four other tapered samples
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Figure 3. SNOM study of @-MoOj polaritonic rulers. (a) Optical microscopy image of a representative a-MoO; taper (black box, Sample 1
from Figure 2c). (b) Simultaneously measured AFM and SNOM images of the sample at 935 cm™'. The dashed lines indicate two gap height
positions determined by AFM. (c) Line cut profiles of the SNOM image at different gap sizes, which are denoted above each curve. The
profiles are vertically offset for clarity. (d) Normalized theoretical and experimental PhP wavelength dependence on gap size using dielectric
functions fit from Figure 2c and experimental PhP data from five tapered samples with different @-MoO; ribbon thicknesses. The gray
shaded area indicates a 5% uncertainty in the dielectric function value.
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Figure 4. Theoretical PhP wavelength dependence on geometry and gap refractive index. (a) PhP wavelength versus gap size for different
excitation frequencies, with the @-MoO; waveguide thickness fixed to 100 nm. (b) PhP wavelength versus gap size for different @-MoO,
waveguide thicknesses, with the excitation frequency fixed to 940 cm™". (c) PhP wavelength vs gap refractive index for different excitation

frequencies, with the a-MoOj; thickness fixed to 100 nm.

displays a similar reproducible gap-dependent dispersion
behavior. Figure 3d shows the gap-dependent PhP wavelength
dispersion of all five tapered samples with PhP wavelengths
normalized to the flake thicknesses (see the Supporting
Information for further analysis). The yellow curve is the
theoretical prediction from the fitted dielectric function
obtained in Figure 2¢ and eq 1. The gray area indicates the
theoretical prediction with a 5% uncertainty in the dielectric
constant, within which the bulk of our data resides. We note
that while the zero gap regions of these samples were used in
part to evaluate @-MoOj dielectric function values, we do not
expect their inclusion to bias the dielectric constant fitting
process, since the extracted dielectric values from Figure 2c are
from 19 total samples. We hypothesize that the observed
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deviation between theoretical and experimental dispersion is
from the fact that our model does not include the tilt angles of
the @-MoOj structure or the nonadiabatic nature of the taper
structure. These deviations are not due to strain effects in the
tapered area, which is confirmed from Raman spectra
measurements (Supporting Information).

To evaluate the sensitivity of the gap mode to various
physical parameters in the taper system, we perform numerical
parametric sweeps of PhP dispersion in the Reststrahlen band
RBy (along [100]) using the transfer matrix method (Figure 4
and section 7 in the Supporting Information). We observe a
strong dependence of PhP wavelength on gap size, gap
refractive index, ribbon thickness, and excitation frequency.
These simulations indicate that while wavelength confinement
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, with dashed lines indicating the gap height and the corresponding Fabry—Pérot (FP) order transition. (c) Calculated and measured

gap height for boundary regions separating Fabry—Pérot (FP) order transitions 6—8. The dielectric functions used in the calculation are
specified in Figure 2c. (d) Theoretical FP resonance frequency dependence on gap size with different nanoresonator widths.

is key to the polaritonic ruler concept, extreme confinement is
detrimental to ruler sensitivity: when the excitation frequency
is near the longitudinal and transverse optical phonon line
(963 cm™" LO,/TO,) or particularly thin a-MoO; waveguides
are considered, wavelength confinement is enhanced and
reduces sensitivity. This trend is due to the nature of
volumetric hyperbolic modes, which can feature strong mode
confinement and reduced field leakage outside the a-MoO,
layer at these limits. For the gap-filling medium refractive index
dependence study (Figure 4c), the PhP wavelength is the most
sensitive when the index is close to 1. This analysis is limited to
relatively thick @-MoOj layers, and for thin films close to the
monolayer limit, more complex models that account for
nonlocal effects”™* are required.

Finally, we observe that narrow tapered structures serve as
hyperbolic Fabry—Pérot (FP) resonators”*”** that support a
simple and interpretable readout mechanism of gap dimension
as a function of position upon SNOM scanning. The FP
resonance order is a function of the gap dimension and
transitions when reflection events destructively interfere.
Interference conditions are satisfied at 2kL + 2¢p = (2n +
1)z for the FP order transition point, where g is the PhP mode
wavevector, L is the ribbon width, 2kL is the propagation phase
accumulated from a round trip across the ribbon, and ¢ is the
reflection phase term. ¢ is typically 7/4 for highly confined
polariton modes.”” At nodes, the wavevector k = ((2n + 1)z —
2¢)/2L is specified given the ribbon width. Upon integrating
this model with our derived PhP mode dispersion (eq 1), we
can readily correlate the positions of FP nodes with gap sizes.
This spatial interferometry is unique in our system, as it
features @-MoOj ribbons with nanoscale widths, low loss, and
atomically smooth and parallel edges, all of which are required
for resonant FP phenomena.
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Figure Sa,b shows the correlated measured heights with the
FP nodes. We first determined the position of the nodes in the
SNOM image (Figure Sb), where the mode destructively
interferes. We then correlate these mode transition positions
with the AFM image and extract the gap sizes. Our measured
AFM heights show good agreement with the calculated heights
at the FP nodes in Figure Sc, which indicates that our structure
can directly read out the gap sizes from the SNOM images by
delineating regions of constant mode order in the images and
their borders. We note that the estimated height at the region
where the FP order transitions from 8 to 9 deviates from that
measured in AFM, and this may be due to the noise in the
SNOM image. The broad-band simulation in Figure 5d, using
dielectric functions from ref 40, indicates that the FP
resonances strongly depend on the excitation wave-
length,>>*>*" and this is consistent with our experimental
results (see the Supporting Information for SNOM scans at
942 cm™). In this manner, the utilization of ultrabroad-band
nanospectroscopy on our tapered samples can enable direct
and spatially continuous readout of the gap dimension along

the full taper.

CONCLUSION

In summary, we demonstrate that self-assembled taper-gapped
structures serve as sensitive hyperbolic PhP-based rulers at
mid-infrared wavelengths. The SNOM-based dielectric func-
tion fitting procedure that we developed provides an accurate
evaluation of @-MoOQ; ribbon dielectric functions and can be
applied to other polaritonic nanomaterials, for which far-field
ellipsometry cannot apply. Sufficiently narrow polaritonic
rulers function as gap-dependent FP resonators, which serve
as a spatial interferometer that support direct and accurate
nanoruler readout.
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We anticipate various pathways for future research. Our
direction is to study adiabatic polaritonic wave propagation for
ultraconfined mode tuning and routing. Nanotapers have been
proposed to support acoustic polaritons for extreme mode
conversion in theoretical studies,*”> but experimental work is
still absent in part because of challenges in materials
preparation. Our sample structure, whose gap can be filled
with vibration-active materials such as organic molecules, also
is an ideal _Platform to tune and probe vibrational strong
coupling.'®"”*3755 ‘While our demonstration here focuses on
height or gap metrology, the structures we propose and
demonstrate may also provide device concepts for passive and
active spectroscopic sensing in the infrared range, such as
large-area resonator arrays for far-field infrared spectroscopic
sensing, which will be a scalable and efficient platform without
scanning probes.”*”*

METHODS

Sample Preparation. The a-MoO; samples in this work were
synthesized by flame vapor deposition (FVD), the details of which
have been reported in our previous work.* Specifically, the FVD was
done with a 6 cm diameter premixed flat-flame burner (McKenna
burner, Holthuis & Associates) with CH, as the fuel and air as the
oxidizer, at a fuel-to-air equivalence ratio of 0.88. A 4 cm X 4 cm Mo
mesh prepared from Mo wires (0.203 mm in diameter, 99.9%, Alfa
Aesar) was placed over the premixed flame as the solid Mo source.
The temperature of the solid Mo source was about 792 °C. a-MoO;
structures were grown on a Si wafer at about 567 °C, which was
placed above the Mo source. All of the a-MoO; samples were
prepared by a S min deposition. The as-grown @-MoOj structures
were then transferred onto ultrasmooth gold/glass substrates using a
low-adhesion cleanroom tape (UltraTape 1310) for optical character-
izations. The ultrasmooth Au substrate was template-stripped from a
Si wafer (Platypus Technologies).

Near-Field Optical Imaging. PhPs in the @-MoO; nanostruc-
tures were imaged with a commercial SNOM system (Neaspec) and a
tunable CO, laser (Access Laser). Sharp metal-coated tips, tapping at
280 kHz, were used to probe near-field signals in pseudoheterodyne
interferometric mode. The collected light was detected with a liquid-
nitrogen-cooled mercury—cadmium—telluride (MCT) detector (Kol-
mar KLD-0.1). The SNOM imaging was done under ambient
conditions. The third-order harmonic near-field signal s; was
presented and analyzed.
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