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Abstract:

Polaritons, i.e. hybrid quasi-particles of light and matter resonances, have been extensively
investigated due to their potential to enhance light-matter interactions. Although polaritonic
applications thrive in the mid-infrared range, their extension to the terahertz (THz) range remains
limited. Here, we present paratellurite (a-TeO>) nanowires, a versatile material acting as a platform
for different types of phonon polaritons. Utilizing synchrotron infrared nanospectroscopy from 10

to 24 THz, we uncover the polaritonic properties of a-TeOz nanowires, showcasing their dual



functionality as both a Fabry-Pérot cavity and a waveguide for surface phonon polaritons.
Furthermore, near-field measurements with a free-electron laser as a THz source reveal a localized
optical contrast down to 5.5 THz, an indication of hyperbolic bands. Our findings complement the

repertoire of polaritonic materials, with significant implications for advancing THz technologies.

Keywords: synchrotron, IR nanospectroscopy, one-dimensional materials, tera-hertz, s-SNOM

Introduction

Polaritons, hybrid quasi-particles of light and matter resonances, have garnered significant
interest due to their extreme wavelength confinement and ultra-slow group velocities!>. Many
applications based on polaritons have flourished in past years, including superlensing® photo-
detection*®, chemical identification®, and quantum computing’. While most of the mentioned
applications are in the mid-infrared (mid-IR) window, extending them to far-IR and terahertz
(THz) regime remains a formidable challenge®®. THz technology holds immense potential for
medical diagnosis'®, security screening!!, food agriculture!? and pharmaceutics quality's.
However, photon generation and detection in the so-called ‘THz gap’ (0.1-10 THz) at room
temperature present significant technological hurdles!*. Moreover, THz characterization
techniques at subdiffractional dimensions are still challenging®!>. For instance, conventional near-

1617 while rapid THz detectors are under

field probes can be inefficient for this spectral range
development. Consequently, the advancement of THz functional materials has been hindered,
impeding progress across the entire field.

Recent advancements, fueled by modern quantum cascade lasers, high-brightness light
sources and detectors, have accelerated research in THz polaritonics®!%!7-2°, Within this frequency
range, two-dimensional (2D) materials such as semiconductor oxides?!?2, topological insulators?~
25, transition metal dichalcogenides (TMDs)?® and others?’-8, have demonstrated compelling
polariton quality factors and exquisite light confinement. However, their naturally 2D shape allows
polariton propagation in all directions, which results in less efficient optical circuitry®. The
nanopatterning of 2D crystals into IR waveguides has been possible but comes with the
compromise of additional fabrication complexity®®. In contrast, we have recently demonstrated
31,32

that semiconductor oxides grown as wires can host THz phonon polaritons along its minor axis

While THz polariton propagation along the longer axis of these wires is theoretically possible,



there is currently no experimental evidence to support this claim. Table 1 illustrates this issue by

comparing different reports of nanostructures across the mid-IR and THz range.

Table 1- Comparison of various experimental reports of nanostructures by their ability to support
mid-IR or THz polaritons both as cavity modes across their minor-axis and as guided modes along
their longer-axis. Nanostructures that do not require nanopatterning techniques are highlighted in
the last column.

1D Nanostructures Mid-IR THz (< 600 cm™) Lithography-
(minor (longer axis)  (minor axis)  (longer axis) free
axis)
Carbon nanotubes>? X v X X v
hBN nanotubes?* X v X X v
hBN nanoribbons*’ v v X X X
a-MoO3 nanobelts?! v X v X v
SnO; nanobelts3? v X v X v
a-TeO2 nanowires v v v v v

Here, we present nanowires (NWs) of paratellurite (a-TeO2) as a novel functional platform
for THz polaritonics. Paratellurite has already been utilized for THz generation®, acousto->",
and nonlinear optics***! due to its large refractive index, high-order nonlinear susceptibility, and
strong piezo-response. However, this material has not been investigated under the scope of
polaritonics. To our knowledge, our work is the first experimental demonstration of THz polariton
guiding along the longer axis of a high aspect ratio nanostructure. As shown in Table 1, a-TeO»
NWs are currently the only material capable of supporting both cavity modes across their minor-
axis and quasi-1D guided modes along their longer-axis, spanning from the mid-IR to the THz
range. Our work confirms the high crystal quality and the NWs’ morphology by employing several
characterization techniques, such as X-ray diffraction (XRD), Raman scattering, and electron

microscopy. Additionally, by employing scanning near-field optical microscopy (s-SNOM)

coupled to a synchrotron light source and a free-electron laser (FEL), we reveal polariton features



across an ultrabroad range from 5.5 to 24 THz. Our results demonstrate the guiding of long-lived
(t~0.6 to 0.9 ps, where t is the polariton lifetime) surface phonon polaritons (SPhPs) along the
NW’s longer axis in two bands (around 10.5 and 20 THz). Furthermore, we show spectral near-
field patterns along the NW’s minor axis, which depend on the SPhPs wavelength, and we explain
the results in terms of a Fabry-Perot mechanism. Finally, we exhibit an intense near-field contrast
in FEL s-SNOM images at 5.5 THz and 6.5 THz, pointing towards the existence of hyperbolic
phonon polariton (HPhPs) inside the challenging ‘THz gap’®. Hence, our findings underscore the
significance of paratellurite NWs in advancing THz polaritonics, inspiring further exploration into

the convergence of nanophotonics and other fields.

Material characterization

The a-TeO> NWs were synthesized by the reactive thermal evaporation method** (see
Methods). The composition of the as-synthesized samples was analyzed by energy-dispersive X-
ray spectroscopy (EDS), shown in Figure 1a. The EDS was acquired at the center of the wire (red
dot in Figure 1b). Only substrate peaks (Si and Ct/Au), Te and O elements are observed. Our
samples present well-defined rectangular-like shapes for the morphology of the structure shown
by scanning electron microscopy electron (SEM) image in Figure 1b (see Methods). We
synthesized NWs of widths (w) varying between 200 and 700 nm, and lengths up to 50 pm. Figure
Ic presents the X-ray diffraction (XRD) pattern of the obtained NWs. All the diffraction peaks
were indexed to the tetragonal a-TeO: crystalline structure (space group P41212, n°. 92) with
lattice constants a=b =4.81 A and ¢ = 7,61 A (PDF File # 42-1365)*>*. The sharp appearance of
the reflection peaks confirms the successful formation of a well-crystallized phase of a-TeO-,
while the absence of non-indexed peaks suggests a single crystalline phase of a-TeO> with a [102]
preferred growth orientation, as reported by Yan et al. (2014)*. These results demonstrate the
successful growth of the a-TeO> NWs at 400 °C as proposed. Additionally, Raman measurements
of the synthesized NWs confirm the tetragonal (paratellurite, i.e. alpha) crystalline phase of a-
TeO, with space group P4:2:2 (Df) (see supplementary material)*>-4°,
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Figure 1 | Overview of a-TeQ: crystal structure, morphology, and phonon modes. a) EDS
measurements acquired in the center of the NW (red dot in Figure 1b) confirm the presence of the
constituent elements. b) SEM image of a-TeO> NWs on the Si/Au substrate. ¢) Corresponding
XRD patterns: measurements and phase matching for the a-TeO>, NWs. d) Real part of the in-
plane and out-of-plane permittivity of a-TeO». The shaded areas represent the SPhP bands studied
in this work. The blue and purple intervals indicate the SINS and FEL coverage used in this work.
e) Calculated dispersion considering an air/a-TeO2(300 nm)/SiO2(300nm)/Si layered system. The
black dotted lines represent the boundaries between polaritonic bands.

Results

Paratellurite is a uniaxial crystal exhibiting a broad-band phonon activity in the far-IR,
ranging from 82 cm™ (2.46 THz) to 811 cm™! (24.31 THz)*'. Figure 1d displays the real part of the
in-plane (L) and out-of-plane (Il) components of the dielectric tensor (£). The optical axis of the
NWs is oriented perpendicularly to the sample surface. Within this broad range, different flavors
of polaritons are supported by a-TeO:. Elliptical SPhPs (where Re[g;] < 0 and Re[e,] < 0) can
propagate at the interface between a-TeO> and materials of positive permittivity (Re[e] > 0),
while HPhPs arise when the components of Re[g] present opposite signs (For details of the

description of € and the polaritonic bands of a-TeO>, see supplementary material). Our work



focuses on the SPhP bands (shaded areas in Figure 1d), but THz hyperbolic bands will also be

discussed later in the text. Figure le reveals the polariton dispersion, calculated through the
imaginary part of the Fresnel reflection coefficient (Im [rp]) in p-polarization for a layered air/a-

TeO; (thickness, t = 300 nm)/SiO: (t = 300 nm)/Si system**. The dispersion map exhibits two
broad SPhP bands at 315 - 376 cm™! and 643 - 720 cm!, and a narrow SPhP band at 770 — 775 cm™
. The HPhP bands are located at 82 - 109 cm!, 174 - 198 cm!, 211 - 236 cm™, 297 - 315 cm™!,
376 - 414 cm’!, 574 - 643 cm’!, 720 - 770 cm™', and 775 - 810 cm™'. An additional weak mode
outside the a-TeO, polariton bands is attributed to the SiO, phonon resonance at 458 c¢cm™! 490,
Interestingly, due to the hybridization of SPhP at the air/a-TeO: and a-TeO2/SiO2 boundaries, the
dispersion of SPhP is thickness-dependent (see supplementary material). In particular, thinner
NWs result in larger confinement, a consequence of the stronger interaction between the surface
modes of both interfaces’!. Moreover, the hybridization of SPhP of both interfaces may be disabled
by replacing the substrate with materials of negative permittivity, such as metals (see
supplementary material). This completely suppresses the polariton activity in these bands, opening
possibilities for applications, such as polariton guiding/cavities induced via substrate

engineering>>3.
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Figure 2 | Synchrotron infrared nano-spectroscopy of paratellurite nanowires - a) Schematics
of a SINS experiment. b) Simulated and experimental SINS spectra at the center of a a-TeO> NW
(indicated with a cross in the inset). The shaded area indicates the location of the SPhP bands. The
inset shows a 2x2 pm? topographic AFM image of the NW. ¢) Hyperspectral images of a a-TeO,
NW in the same color scale. The bottom right image in the corner shows the AFM topography of



the sample at the same position where the hyperspectral image was taken. The scale bar measures
1 pm. The white dotted lines aid the visualization of the NW boundaries.

To access the far-IR activity of paratellurite NWs, we used synchrotron infrared nano-
spectroscopy>*>7 (SINS). As shown in Figure 2a, IR radiation is focused onto the apex of an atomic
force microscopy (AFM) tip and confined by the “lightning rod” effect>®. The scattered radiation
from the tip-sample system is then collected by a parabolic mirror and directed to an IR detector.
To suppress background scattering, the detected signal is demodulated at the second harmonic of
the cantilever’s resonance frequency>®®. In addition to near-field contrast, SINS enables a full
spectral response of the sample by coupling the broadband synchrotron radiation to a s-SNOM
apparatus in an asymmetric Michelson interferometer configuration (see Methods for details).
Figure 2b shows experimental and simulated point spectra, probed at the center of a NW of width
w =900 nm and thickness t =350 nm. All simulations in this work were performed using a method
detailed in a previous study®!, where a spheroid-shaped tip is positioned above a a-TeO> layer on
a substrate, matching the experimental sample's dimensions (see the Methods for simulation
details).

We observe that the NW enhances the near-field signal predominantly within the SPhP
bands, especially within the 315 — 375 cm™! band. Although weak HPhP resonances at 610 cm™!
and 740 cm! are distinguishable in the spectra, they remain considerably weaker than the SPhP
resonances. The weak response in the hyperbolic bands cannot be attributed to deviations in the
permittivity, as the simulation also predicted the SPhP bands' dominance. Instead, a combination
of factors may influence this response, such as: (I) lower values of permittivity on most of the
HPhP bands, (II) poor coupling of the tip with the extremely confined HPhPs at 643 - 720 cm’!,
and (I11) strong overlapping of HPhP branches at the 720 - 770 cm™!, and 775 - 810 cm! bands.
This near-field activity is also reinforced by Figure 2¢, where hyperspectral images reveal optical
contrast in the bands associated with the SPhP. Even within the narrow SPhP band (approximately
775 cm!), we observe an enhancement in the near-field amplitude on the NW. Furthermore, we
notice a pattern of horizontal stripes on the NW, recognizable in 315 — 375 cm™ and 643 - 720 cm
!'SPhP bands. As one may observe, the excitation frequency highly influences spatial dependence
on the near-field signal. These near-field patterns, caused by self-interfering SPhPs, will be

discussed in the following sections.



Guiding of surface polaritons along the NW’s longer-axis

To demonstrate that paratellurite NWs are capable of guiding SPhP waves, we performed
SINS spectral linescans on the longer NW’s axis (schematic in the inset of Figure 3c). The
linescans in Figure 3a reveal fringes whose near-field intensities intrinsically depend on the
excitation frequency and the probing position along the NW. The fringe profiles for selected
frequencies are presented in Figure 3b, where we observe the polariton wavelength (4,)
dependence as a function of the excitation frequency (w). We extracted the polariton momentum
by modeling these profiles as SPhP waves launched by the tip and reflected by the NW end. In this
model, the SINS amplitude can be described by

A(x) = Age**cos(2qx + @) + C,

where q + iy is the complex polariton momentum, ¢ is an offset phase, C, is a background
constant, and x is the distance from the initial position of the linescan. We note that our model
treats the polaritons as plane waves. While we also considered an alternative model that accounts
for circular geometric spread, i.e. 4, « 1/+/x, the plane wave approximation provided a superior
fit to our SINS results. This underscores the quasi-one-dimensional nature of SPhP propagation

along the NWs, where the geometric spread is negligible®?.
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Figure 3 | SINS spectral linescan of guide polaritonic modes along the longer-axis of the a-
TeO2 NWs - a) SINS linescan of a a-TeO2 NW (t = 240 nm and w = 1150 nm) along its longer
axis for the upper SPhP band (top) and lower band (bottom). The white line in the bottom image
represents the AFM topography profile. b) Near-field profiles for selected frequencies obtained
from the linescan in a). ¢) Calculated dispersion of SPhP for an air/a-TeO2(240 nm)/SiO2(300
nm)/Si layered system and experimental dispersion extracted from the wave profiles in b) (white
circles, the black horizontal lines are uncertainties derived from fitting. Uncertainties bars smaller
than the circles are omitted). The dashed black lines are light-lines in a Si environment. Inset in c)
illustrates the linescan path.

The comparison between theoretical and experimental dispersions is shown in Figure 3c,
yielding reasonable agreement in both SPhP bands. A larger momentum in the experiment for the
upper SPhP band may be attributed to a symmetrical surface mode, which may form in such
truncated structures®®. Although these modes are not predicted in the transfer-matrix approach, the
Im [rp] map still provides a good estimate for the guided SPhP dispersion. Furthermore, we notice
that the minimum SPhP momentum allowed by the structure is defined by the light-line in the
substrate (indicated by the black dashed lines in Figure 3c). For both SPhP bands we calculate the
typical figures of merit such as light confinement (Ay/A,), the quality factor Q@ = q/y, the
propagation length L = 1/y, the group velocity v, = dw/dq, and the polariton lifetime 7 = L/v,,.
The results for specific frequencies are displayed in Table 2 (the corresponding calculations for

additional datapoints in both bands are shown in the supplementary materials).

Table 2- Figures of merits of SPhPs in paratellurite. Uncertainties for v, and 7 are not presented

here as they were estimated via quadratic interpolation of the real (q) and imaginary part (y) of the
polariton complex momentum (see supplementary material).

Frequency (cm™) Ao/Ap Q L (um) vy (um/s) T (ps)
674 72+0.1 42+04 1.4+0.1 2.1 0.60
350 162+03 4.0+03 1.1+0.7 1.0 0.95

SPhPs in a-TeO; are less confined than HPhPs in other polar crystals with THz activity,
such as MoOs, SnO>, or GeS (Ao /A, > 30)*-*32. Additionally, polaritons in topological insulators

present higher confinement (A, /A,, > 100) but suffer from shorter lifetimes (around 0.3 ps)*>>64,

This results in similar quality factors (Q~4) in comparison to the values reported here.

Furthermore, the unique NW shape enables robust guiding of polaritons within a narrow space.



While polaritons in two-dimensional crystals can be guided by reshaping them into waveguides
through nanofabrication or by stacking biaxial crystals at specific angles to canalize polaritons®,
these methods have notable limitations. For instance, additional fabrication techniques can
deteriorate the structure's walls, affecting the effective polariton lifetime’®. Moreover, the
canalization condition is highly sensitive to the crystals’ twisting angle, posing challenges for real
nanophotonic applications®®. a-TeO, NWs stand out because they do not require any complex
fabrication processes, and their guiding is ensured by the NW’s quasi-1D geometry. Hence, they

emerge as excellent candidates for THz guiding in the nanoscale.

Cavity of surface polariton modes

Figures 4a and 4b show experimental and simulated SINS linescans of a-TeO> NWs,
respectively, measured along the minor axis of the NW (inset in Figure 4d) far from its ends. The
linescans of both the experiment and simulation present similar near-field features for both bands.
At lower frequencies, a near-field enhancement occurs on the edges of the NW (blue rectangle in
Figures 4a and 4b). At higher frequencies (red rectangle in Figures 4a and 4b), we observe one
near-field peak at the center of the NW that spatially disperses into two peaks. The minor
discrepancies in frequency between the simulation and experimental results can be attributed to
slight variations in the sample’s dielectric function compared to the values found in the literature.
To better visualize near-field peaks at higher frequencies, we extract line profiles from the
linescans and present them in Figures 4¢ and 4d. Notably, the single peak at 682 cm™ (355 cm™!,
for the lower band) unfolds into two weaker peaks as the frequency increases to 694 cm™ (360 cm-

I, respectively).
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Figure 4 | SINS and simulation of cavity modes of surface polaritons of a-TeO2 NWs - a)
Experimental and b) simulated SINS linescans of a NW (t = 115 nm, w = 640 nm) in the transverse
direction for upper (top image) and lower (bottom image) SPhP bands. The blue and red rectangles
highlight the Fabry-Perot features in the linescans. The grey area represents a spectral band which
is out of range of the experiment. ¢) Experimental and d) simulated near-field profiles for selected
wavenumbers extracted from a) and b), respectively. Inset in d) illustrates the linescan path.

This observed pattern can be understood by modeling the NW as a lossy Fabry-Perot (FP)
cavity, wherein SPhPs launched by the tip reflect only a few times on the NW walls before
completely decaying. In a low-loss cavity, the modes become resonant at specific frequencies
when the polaritons travel multiple times the cavity extension with a round-trip in phase of 27%’.
However, the short L/w~2 ratio results in an interference pattern produced by a maximum of 2
reflections. Thus, only the near-field enhancement for the first and the second FP resonance order
may be observed experimentally. The first FP order manifests as a dipolar resonance with hot spots
on the sides of the NW (indicated by the blue areas in Figure 4a and 4b), while the central near-
field peaks at 355 cm! and 682 cm! correspond to a FP resonance of second order. These near-
field resonances are blue-shifted in frequency for NWs of smaller width and similar thickness,
corroborating with the FP model (see supplementary material for spectral linescans of NWs with
different dimensions). The SPhPs become more confined and attenuated at higher frequencies
within the bands. Consequently, a single reflection of the SPhPs on the NWs boundaries produces
the resulting near-field pattern, leading to the dual peaks observed at 360 cm™! and 694 cm™!.



Nano-spectroscopy in the ‘THz gap’

Beyond the spectral range accessible to most synchrotron facilities, the high spectral
density of the tunable narrowband FEL allows for s-SNOM studies at very low photon energies
down to 40 cm™!. This enabled us to access the THz hyperbolic bands in the a-TeO> NWs. Figure
5a contains a schematic of the FEL s-SNOM experiment, where the intense picosecond THz pulses
from the FEL illuminate the AFM tip, and the scattered signal is recorded using the self-homodyne
technique?®®8. Similar to the SINS measurements, the far-field contribution to the scattered signal
was filtered by higher-harmonics demodulation with a lock-in amplifier at the second harmonic of
the cantilever’s frequency. While an additional far-field contribution may be present in the
detected signal due to the self-homodyne detection, we estimate its variation is negligible within
the NW’s submicrometric dimensions.

Figure 5b shows near-field images for polaritonic bands in the range from 200 cm™ (6 THz)
to 243 ¢cm! (7.28 THz). These images were taken far from the NW ends. We observe a high
contrast inside the NW regions occurring at 220 cm!. To accurately locate the frequency window
of near-field activity, we performed multiple linescans for different FEL frequencies. The result is

presented as a spectral linescan in Figure 5c.
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Figure 5 | FEL THz s-SNOM of paratellurite nanowires - a) Schematic of FEL s-SNOM. b)
Spectral near-field images for selected frequencies. The scale bar corresponds to 200 nm. ¢) FEL
spectral linescans on a NW (t = 140 nm, w = 360 nm). The white dashed lines in b) and c¢) delimit
the boundaries of the wire. The dotted green lines indicate the boundaries of the HPhP bands. d)
The experimental and simulated integrated spectra were obtained from c). The integration path on
the x-axis was performed from -0.1 to 0.1 um.

Despite the lack of a distinct internal structure in the near-field signal on the NW (as in

Figure 4a), the spectral linescan allow us to quantify the extent of the THz active bands in a-TeO..



To better elucidate this, we integrated the linescan along the spatial coordinate inside the NW
region. The result of this integration is displayed in Figure 5d, along with a simulation of the near-
field spectral response of the wire. We demonstrate the validity of this method by comparing the
results with simulated and SINS point spectra at the 620 — 720 cm™' SPhP band (see supplementary
material). The experiment and the simulation align well, indicating the presence of two resonances:
one at 190 cm™ and another at 215 cm™!. The peak positions completely agree with the emergence
of two hyperbolic regions at these longer wavelengths. We hypothesize that despite the narrow
bandwidth of FEL radiation?!, the small splitting between longitudinal and transverse optical
phonons, along with the highly dispersive nature of HPhP in these bands, prevented us from
resolving the polariton fringes. However, the enhanced near-field signal in these bands points

towards the existence of highly confined HPhPs in paratellurite NWs.
Conclusion

Overall, our study introduces paratellurite NWs as platform for THz polaritonics.
Empowered by large light source facilities such as the Synchrotron light source and the FEL, we
have demonstrated through near-field microscopy the capability of a-TeO> NWs to efficiently
guide SPhPs with competitive lifetimes (7~0.9 ps) at the far-IR frequencies. Notably, the
inherently straightforward integration of the as-synthesized NWs as waveguides into nanophotonic
devices offers a distinct advantage over two-dimensional materials, eliminating the need for
additional nanopatterning steps.

Moreover, we revealed intense near-field hot-spots along the NW cross-section, elucidated
through a simple Fabry-Perot model. These hot-spots may be harvested in the future to enhance
light-matter interactions at wavelengths traditionally challenging to be probed. Additionally, we
indicate the existence of hyperbolic polaritons by revealing their spectral signatures inside the
“THz gap”. Further studies can delve deeper into the THz hyperbolic polaritons in a-TeO> as the
THz infrastructure for s-SNOM continues to develop.

Our study is the first to experimentally demonstrate that high-aspect-ratio nanostructures
can serve multiple purposes, functioning as both a cavity and a waveguide in the mid-IR and THz
ranges (see Table 1 for a comparison with other works). The broadband phononic activity of a-
TeO: enables applications in nano-optical communication by offering several polaritonic bands,

i.e. channels, for data transmission. Moreover, a-TeO> nanowires show potential for remote bio-



sensing, as they allow for polariton coupling with a wide range of resonances, from mid-IR
vibrational resonances of organic molecules to THz rotational transitions of greenhouse gases
66970 Finally, it is important to acknowledge the exceptional third-order nonlinear susceptibility
and piezoelectric response inherent to paratellurite. Exciting applications may emerge by
harnessing these distinctive properties in a-TeOz-based nanophotonic devices. For example,
enhancing near-field interaction could significantly improve second-harmonic generation
efficiency’!. Exploring surface acoustic waves in nanophotonics also presents another promising
avenue for leveraging these properties®!. Thus, our findings highlight the potential of paratellurite
NWs in advancing THz polaritonics, inspiring further exploration to merge nano-, non-linear, and

acousto-optics.

Methods

Sample fabrication

The synthesis of a-TeO: nanowires was performed based on the paper Jpn. J. Appl. Phys. 47, 771,
2008. A ceramic crucible was used, where small pieces of high-purity metallic Te were placed. On
top of the crucible, a Si substrate was positioned as a lid. The crucible was placed in a Lindberg-
Blue M Thermo Scientific furnace, and the system was heated to 400 °C (at a rate of 20 °C/min)
in the presence of a small flow of oxygen, around 100 sccm. After 2 hours at 400 °C, the furnace
was turned off and cooled naturally until room temperature*?. As a result of this process, a layer

of the white product was deposited on the undersurface of the wafer.

SEM and EDS

The scanning electron microscopy (SEM) and the energy-dispersive x-ray spectroscopy (EDS)
measurements were carried out in a Thermo Scientific Helios 5 PFIB CXe DualBeam.

XRD

The phase and the crystal structure were analyzed by X-ray diffraction (XRD). The XRD pattern
was obtained using a Rigaku/Geirgeflex diffractometer at room temperature with Cu-Ka radiation
(L =1.5408 A).

Raman

The Raman spectroscopy measurement was performed at 532 nm laser excitation in a Witec®
Alpha300 RA spectrometer. The data were treated by a deconvolution of the bands using

Lorentzian curves to fit (see supplementary material for vibrational modes assignment).



Synchrotron infrared nano-spectroscopy

SINS experiments were performed at the Advanced Light Source (ALS) at the Lawrence Berkeley
National Lab (LBNL). The SINS technique combines a high-brightness, broadband synchrotron
light source (frequency window is 330-4000 cm™), with a FTIR spectrometer and an AFM
probe®”’2. The beamline optical setup consists of an asymmetric Michelson interferometer
mounted into a commercial s-SNOM microscope (NeaSNOM, Neaspec GmBH), which can be
described as an AFM with suitable optical access to excite and collect the near-field scattered light.
In the interferometer, the incident synchrotron IR beam is split in two components by a KRS-5
beamsplitter defining the two interferometer arms, consisting of a metal-coated AFM tip (tip arm)
and an IR high-reflectivity mirror mounted onto a translation stage (scanning arm). The IR beam
component of the tip arm is focused by a parabolic mirror on the tip-sample region. In the
experiment, the AFM operates in semi-contact (tapping) mode, wherein the tip is electronically
driven to oscillate in its fundamental mechanical frequency Q (~250 kHz) near the sample surface.
The incident light interacts with the metal coated tip and sample, creating an effective local
polarization. The back-scattered light stemming from this tip-sample interaction, composed of far-
and near-field contributions, is collected by a high-speed IR detector and a lock-in amplifier having
Q as the reference frequency. The clean optical near-field (S,), originated from a sample area of
radius comparable to the tip radius (around 25 nm in our case), is given by the back-scattered light
components modulated in higher harmonics (n) of Q, with n > 2. Displacing the mirror in the
scanning arm in this asymmetric scheme creates complex interferograms that can be Fourier-
transformed to yield amplitude |Sy(®)| and phase ®@n(w) spectra. All SINS spectra here are given
by n = 2, i.e., Sz(w). For the Far-IR measurements at ALS Beamline 2.4, a customized Ge:Cu
photoconductor, which provides broadband spectral detection down to 320 ¢cm™, and a KRS-5
beamsplitter were employed. Therein, we obtain 20 SINS spectra per point in our measurements,
which are averaged and normalized to a reference spectrum obtained from a pure gold surface.
Free-electron laser s-SNOM

FEL-s-SNOM near-field images were measured at the free-electron laser FELBE at the Helmholtz-
Zentrum Dresden-Rossendorf (HZDR, Dresden, Germany). The pulsed (13 MHz) radiation
generated from FELBE can be tuned from 40 to 2000 cm™! with a spectral width of ~1% of the

central wavenumber. We utilized a Pt—Ir-coated Si tip for the s-SNOM experiment and collected



the radiation with a MCT and a Ge:Ga photoconductive detector for lower frequencies (<300cm
1?0, Details of data treatment can be found in supplemental materials.

Near-field simulations

The hyperspectral images depicted in Figure 4 were generated through numerical simulations
employing a previously demonstrated method®!. In this approach, the probe tip is represented as
an elongated spheroid with a length of 600 nm and an apex radius of curvature of 30 nm, positioned
above a layered sample comprising a a-TeO- film on a substrate. The dimensions of the a-TeO»
layer—900 nm in width and 350 nm in thickness—mirror those of the actual sample utilized in the
experiments. The simulation of the electromagnetic interaction between the tip and the sample is
conducted using the frequency-domain finite-element method (FEM) solver COMSOL
Multiphysics. This involves calculating the tip's dipole moment at various distances from the
sample, with the assumption of a tapping amplitude of 50 nm. The dipole moment, which
influences the far-field scattering, is subsequently demodulated at the second harmonic of the tip's
oscillation frequency to estimate the near-field signal S,. Simulations were carried out to construct
the hyperspectral images across a range of lateral tip positions and excitation frequencies. To
enhance computational efficiency, a 2D model was chosen over a 3D one, though it is noted that
the outcomes from 3D simulations are qualitatively congruent with those obtained from 2D
simulations. In a previous study’?, the same 2D approximation was used, and it also demonstrated

excellent consistency with experimental results.
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