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Surface phonon polaritons (SPhPs) exhibit promising advantages (e.g., low loss, long lifetimes) for mid/far-infrared
(MIR/FIR) nanophotonics. However, FIR SPhPs experiments remain challenging for conventional optics and scattering-
type scanning near-field optical microscopy (s-SNOM) due to the lack of compatible light sources/detectors. In this work,
we characterized ~ 75-110 meV SPhPs in AIN nanowires using a monochromated scanning transmission electron micro-
scope (STEM) equipped with electron energy loss spectroscopy (EELS). This technique provided exceptional 4.3 meV
energy resolution and sub-angstrom spatial resolution. We observed the evolution of SPhP interference fringes with prop-
agation distance, derived the dispersion curve, and clarified size effects on SPhP propagation by tuning AIN structure
dimensions. Experimental-numerical cross-validation confirmed that the local continuum model (LCM) accurately de-
scribes AIN’s SPhP behaviors. This work advances the understanding of FIR SPhPs in polar dielectrics and establishes a

robust platform for studying FIR phonon polariton materials.

Keywords: AIN, surface phonon polaritons (SPhPs), far-infrared, STEM-EELS, nanowires

PACS: 79.20.Uv, 78.55.Cr
DOI: 10.1088/1674-1056/ae2a00

1. Introduction

Surface phonon polaritons (SPhPs) are electromagnetic
surface waves arising from the coupling of photons with
transverse-optical (TO) phonons.[!>! Within the Reststrahlen
band — bounded by the TO and longitudinal optical (LO)
phonon frequencies of polar dielectrics — SPhPs are sus-
tained via the interaction between incident light and oscil-
lating ionic charges in the polar lattice.!'3] A key advantage
of SPhPs over surface plasmon polaritons (SPPs) is their sig-
nificantly lower propagation loss.* For SPPs, the high op-
tical losses, primarily induced by electron scattering, limit
their performance as low-dimensional electromagnetic energy
carriers.>71 These inherent losses of SPPs, which restrict
their practical utility, underscore the need for alternative light-
confining mechanisms. 3! This makes low-loss SPhPs a highly
attractive alternative.[6-8-11]

Conventional techniques for characterizing SPhPs, in-
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2] Raman scatter-

(14

cluding infrared absorption spectroscopy,
ing spectroscopy,!'?! and inelastic x-ray scattering,!'#! suf-
fer from low spatial resolution, rendering them unsuitable
for nanophotonic research. While scattering-type scanning
near-field optical microscopy (s-SNOM) has been employed
to study mid-infrared (MIR) SPhPs in materials such as
MoO3 3! and h-BN, 0! it is typically limited to two spectral
windows: the near-mid-infrared (> 100 meV) and terahertz
(< 10 meV) ranges.[!”! Notably, most polar materials support
SPhPs in the far-infrared (FIR) region (10100 meV); how-
ever, investigations in this range have long been constrained by
the lack of commercially suitable light sources and detectors.
To our knowledge, the absence of high-spatial-resolution stud-
ies in this critical spectral window has hindered both a compre-
hensive understanding of SPhP properties and the exploration
of new SPhP-supporting materials, thus constrained progress
in advancing FIR polaritonic technologies.

Recent advances in scanning transmission electron
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microscopy (STEM) equipped with electron energy loss
spectroscopy (EELS) have addressed this gap, enabling
SPhP characterization with both high spatial and energy
resolution. [*17-18] State-of-the-art modern STEM systems are
equipped with a monochromator and an ultra-bright cold-field
emission electron gun (CFEG). The CFEG provides a nar-
row electron beam with high brightness, ensuring exceptional
imaging resolution.!'*=?!1 Concurrently, the monochromator
effectively reduces energy spread of the electron source, en-
hancing energy coherence.>>-2*! This high energy resolution,
reaching up to sub-10 meV, allows us to distinguish higher-
order SPhP modes and elucidate fundamental physical proper-
ties.

This study focuses on aluminum nitride (AIN), a pro-
totypical bulk polar crystal that supports SPhPs in the near-
MIR-to-FIR range, with high academic and application value.
AIN is highly compatible with mainstream silicon-based semi-
conductor processes — its lattice matching, thermal stabil-
ity, and inertness meet chip-level integration needs, laying a
foundation for large-scale phonon polariton devices.[>>2%1 Tt
also has a wide bandgap (~ 6.2 eV), which enables deep-
ultraviolet (DUV) devices to show potential in sterilization and
storage.”’] Harnessing SPhPs in AIN would expand DUV de-
vice functions, e.g., enhancing light field localization to boost
response speed and efficiency.

We fabricated AIN nanowires of varying dimensions us-
ing a focused ion beam (FIB) system on ThermoFisher He-
lios G4, and then carefully characterized them using a Nion
UltraSTEM 200 (with monochromator and aberration correc-
tor). Our experiments revealed SPhP interference fringes,
from which we derived the dispersion relation and clarified
size-dependent propagation effects. Key observations in-
cluded energy red-shifts with increasing structure length and
the emergence of distinct corner and face modes in near-square
nanowires. These findings were validated through electromag-
netic simulations. This work provides fundamental insights
into FIR SPhPs in a commercially vital semiconductor and es-
tablishes a robust framework for studying FIR phonon polari-
ton materials.

2. Results and discussion
The complex dielectric function of the AIN lattice can be

expressed as

S0y

E=ECut+—F—F""""
0l—w?—il'o’

ey
where @ is the frequency of the incident electric field, and I”
is the damping constant. & is the high frequency limit of the
dielectric function, S is the oscillator strength, S = &) — €., and
& is the low frequency limit of the dielectric function.

Using Eq. (1), we calculated the complex dielectric func-
tion of AIN. As shown in Fig. 1, the real (Re(¢€), red curve)

and imaginary (Im(g), blue curve) parts of the dielectric func-
tion define the Reststrahlen band, which lies between the trans-
verse optical (TO) and longitudinal optical (LO) phonon fre-
quencies — marked by the onset and end of the yellow shaded
region, respectively. For AIN, this band spans from wro =
76.1 meV to w o = 108.5 meV.[>8] The other parameters
used in dielectric function calculation include I" = 2.5 meV,
€. =5.36 and § = 1.03. We note that AIN exhibits a slight
anisotropy in its dielectric properties. However, given that the
reported anisotropy in the dielectric constants is only about
3.5%,1?81 and considering that the SPhPs investigated herein
primarily propagate along the c-axis ([0001] direction) of the
nanowires, we have utilized the dielectric parameters for the
c-axis parallel polarization to calculate the permittivity for our
simulations and analysis. The inset in Fig. 1 schematically
illustrates the atomic structure of AIN.
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Fig. 1. Complex permittivity of AIN. The real (red) and imaginary
(blue) parts of complex permittivity are plotted. The light-yellow
shaded region denotes the Reststrahlen band, with its edge correspond-
ing to the TO and LO phonon energies respectively. The inset illustrates
the atomic structure of AIN.

Achieving high energy resolution is paramount for resolv-
ing the fine spectral features of SPhPs. As the acceleration
voltage is a critical factor determining energy resolution, we
performed the EELS measurement at 30 kV, rather than the
conventional 60 kV. The comparison of typical zero-loss peak
(ZLP) for 30 kV and 60 kV is shown in Fig. 2(a). The ZLP at
30 kV is significantly sharper, with its full width at half maxi-
mum (FWHM) narrowing from 10 meV at 60 kV to 4.3 meV.
This corresponds to a factor of two improvement in energy
resolution. Furthermore, the measurement at 30 kV exhibited
a superior signal-to-noise ratio, higher peak intensity, and im-
proved peak sharpness (Fig. 2(a), insets).

Leveraging this high resolution, we characterized SPhPs
in AIN nanowires fabricated via focused ion beam (FIB) with
their long axis aligned along the [0001] direction of AIN and
the width direction along the [10-10] direction. The elec-
tron beam was incident along the thickness direction of the
nanowire. The high-angle annular dark field (HAADF) im-
age of a representative structure with dimensions of 2000 nm
(length) x300 nm (width) X270 nm (thickness) is shown in
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Fig. 2(b). We acquired electron energy-loss spectra by scan-
ning the electron beam vertically along the nanowire’s long
side (colored arrow). Notably, when the electron beams pass
through the vicinity of the nanowire without direct intersect-
ing, SPhPs can still be excited and well detected due to the
long-range Coulomb interaction. This measurement method
is called the aloof mode, which is frequently used in EELS
studies.[*®! After background subtraction and normalization,
the resulting spectrum (Fig. 2(c)) revealed multiple peaks. The
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spatial position of each spectrum corresponds to the location
of the same color along the arrow in Fig. 2(b). The distance
from the bottom end of the nanowire (defined as positive up-
wards) is encoded in the color, as indicated by the color bar
above the panel. Among these, one peak exhibited significant
variations in both energy and intensity with changing beam
position. A prominent peak shift of this peak was observed
across the 77 meV to 102 meV range, which we attribute to
the SPhP dispersion.
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Fig. 2. Measurement of phonon polaritons in an AIN nanowire at 30 kV. (a) Comparison of the zero-loss peaks (ZLP) at 30 kV (red) and 60 kV (black).
The FWHMs of 30 kV and 60 kV are labeled by horizonal bars. The AIN phonon polariton signal is circled (green box) and enlarged as the inset.
(b) HAADF image of the fabricated AIN nanowire. The colored line marks the path of the EELS line scan. (c) EELS intensity map along the nanowire,
color-coded according to the spatial position shown in the top bar. The pronounced energy shift of one peak identifies it as a surface phonon polariton.

In order to investigate the properties of SPhPs in detail,
Fig. 3 presents the spatial-and-energy-resolved EELS mea-
surement of the same nanowire in Fig. 2. The experimental
two-dimensional EELS mapping at different energies is given
in Fig. 3(a). The signal is strongest at the ends of the nanowire,
similar to the properties of SPPs. The observed interference
fringes result from SPhPs excited by the beam and propagating
along the nanowire, as shown in Fig. 3(b). For the propagating
SPhPs, the increasing distance of the interference fringes from
the nanowire ends corresponds to a longer wavelength and
thus a smaller wavenumber. Experimentally, as the electron
beam moves from the center towards the ends of the nanowire,
the wavenumber increases, and the energy of the most intense
mode gradually rises, consistent with the lower-branch SPhP
dispersion relation.!*!”] In addition to these dispersive, prop-
agating SPhPs, we also identified several non-dispersive SPhP
modes along the nanowire axis. The mode at 102 meV is
identified as a radially propagating SPhP, while the modes at
78 meV and 84 meV, which are significantly enhanced near
the nanowire ends, are resonant dipolar modes with different
wavevectors propagating along the nanowire edges. When ap-
proaching the end of nanowire, these non-dispersive modes
also exhibit slight energy shifts and peak broadening. This
is because their energies become very close to those of other
multipolar modes at the end, convoluting into a single, spec-
trally unresolved broad peak. These phenomena are highly

consistent with the observations reported in previous study. 3!
The slight asymmetry in the SPhP signal intensity along the
nanowire’s long axis is attributed to the influence of the resid-
ual bulk AIN base, which was retained at one end for structural
support during the FIB fabrication process.

' )
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Fig. 3. The spatial-and-energy-resolved EELS measurement of AIN
nanowire. (a) Experimental 2D EELS maps around the nanowire, show-
ing interference fringes from propagating SPhPs at different energies.
(b) EELS line profile along longitudinal axis of the nanowire. (c) Exper-
imental SPhP dispersion relation (energy as a function of the wavenum-
ber k) extracted from the fringe period (blue circle), compared with the
theoretical model (dark blue line).

For the peak spanning 77-102 meV, its pronounced en-
ergy shift indicates a strong dispersion relation. Therefore,
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we calculated the dispersion relation to elucidate this behav-
ior. The dispersion relation can be derived from Maxwell’s
equations as

. dlnly (V1)
d(vl)

 dInKo (V1)
VA @

where € = € () is the frequency-dependent permittivity of
AIN, v = \/k2 —ew?/c2, vV = \/k2 — 02 /c2, ¢ is the speed
of light in vacuum, [ is the length of the nanowire, k is the
wavevector, @ is the vibrational frequency, and the functions
Iy and K are the modified Bessel functions of the first and sec-
ond kind of order zero, respectively. Although this analytical
expression is derived for cylindrical nanowires, it is employed
here as a close approximation for the dispersion relations in
our rectangular nanowires, justified by their comparable width
and thickness and the corner rounding induced by the FIB fab-
rication process.

In Fig. 3(c), the theoretical dispersion curve is plotted in
dark blue line, and the blue circles represent the wavevector-
energy (k—E) pairs extracted from our experimental data. The
experimental dispersion is in good agreement with the theoret-
ical model of Eq. (2). The minor discrepancies are primarily
attributed to the small energy differences (< 2 meV) between
multiple eigen modes, which are challenging to resolve exper-
imentally. The remarkable agreement between experiment and
theory confirms the validity of using the analytical model for
cylindrical nanowires to approximate the SPhP dispersion in
our fabricated nanostructures.

To study the influence of geometric dimensions on SPhPs,
we fabricated the nanowires of alternative dimensions (length:
1150 nm, width: 450 nm, thickness: 450 nm) using identi-
cal methods. Figure 4(a) displays the HAADF image of the
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nanowire and experimental 2D EELS mapping at different en-
ergies. The corner mode at 84 meV and the edge mode at
88 meV are observed. For clarity, the EELS spectra line pro-
files along the vertical and horizontal directions are plotted in
Figs. 4(b) and 4(c), respectively. Along the vertical direction
(Fig. 4(b)), a corner mode appears at 93 meV near the two
ends (0-200 nm and 900-1100 nm). Besides, an edge mode
emerges at 100 meV. The propagating SPhPs are observed be-
tween 94-99 meV. Compared with the data in Fig. 3(b), it ex-
hibits a smaller energy shift range, indicating its weaker prop-
agation, likely due to the shorter nanowire length. In the hor-
izontal direction at the front end of the nanowire (Fig. 4(c)),
both the corner mode (93 meV) and the edge mode (100 meV)
are present within the same energy interval. However, SPhP
propagation is hardly observable. The stark contrast between
the vertical and horizontal energy distributions underscores a
significant size effect.
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Fig. 4. SPhPs in a 1150 nm x 450 nm AIN nanowire. (a) HAADF and
2D EELS mapping. (b)—(c) EELS line profile along vertical direction (b)
and horizontal direction (c). The corner mode ~ 93 meV and edge mode
~ 100 meV are observed. The difference in SPhP propagation between the
vertical and horizontal energy distributions reveals a pronounced size effect.
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Fig. 5. Simulated EELS spectra for AIN nanowires of varying lengths. The lengths of nanowires are (a) 300 nm, (b) 450 nm, (c) 600 nm,
(d) 750 nm, (e) 900 nm, and (f) 1050 nm, respectively. The width of nanowires is fixed at 300 nm. A red-shift of the dipole mode is observed

with increasing nanowire length.
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To systematically study this size effect on SPhP propa-
gation, we performed numerical simulations using the bound-
ary element method (BEM) 1311 pased on a local continuum
model, an established approach for solving Maxwell’s equa-
tions in such systems. > Figure 5 shows the simulated spatial-
energy distribution for AIN nanowires of varying lengths
(from 300 nm to 1050 nm) at a fixed width of 300 nm. The
simulations confirm that the dipole mode of the nanowire ex-
hibits a red shift with increasing nanowire length. This phe-
nomenon agrees well with the experimental results. These re-
sults demonstrate that structural dimensions are a highly effec-
tive means to control SPhP propagation.

3. Conclusion

In summary, this study investigated the SPhPs of AIN
nanowires and their correlation with the geometric dimensions
of individual AIN nanowires. Through experiments and sim-
ulations, we elucidated the size effect on SPhPs. Notably, we
demonstrated that the propagation length and energy of SPhPs
are highly sensitive to the nanostructure’s length, while the as-
pect ratio governs the transition from propagating to localized
modes (e.g., corner and edge modes). These results not only
advance the understanding of SPhP behavior at the nanoscale
but also provide foundational insights for the rational design
of related polaritonic technologies. Additionally, the state-of-
the-art STEM-EELS with atomic spatial resolution and 4 meV
energy resolution opens new opportunities to explore funda-
mental physical excitations across a broad energy range.
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