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Holographic Nano-Imaging of Terahertz Dirac Plasmon
Polaritons in Topological Insulator Antenna Resonators

Valentino Pistore, Leonardo Viti, Chiara Schiattarella, Zhengtianye Wang, Stephanie Law,

Oleg Mitrofanov, and Miriam S. Vitiello*

Excitation of Dirac plasmon polaritons (DPPs) in bi-dimensional materials
have attracted considerable interest in recent years, both from perspectives of
understanding their physics and exploring their transformative potential for
nanophotonic devices, including ultra-sensitive plasmonic sensors, ultrafast
saturable absorbers, modulators, and switches. Topological insulators (Tls)
represent an ideal technological platform in this respect because they can
support plasmon polaritons formed by Dirac carriers in the topological
surface states. Tracing propagation of DPPs is a very challenging task,
particularly at terahertz (THz) frequencies, where the DPP wavelength
becomes over one order of magnitude shorter than the free space photon
wavelength. Furthermore, severe attenuation hinders the comprehensive
analysis of their characteristics. Here, the properties of DPPs in real Tl-based
devices are revealed. Bi,Se, rectangular antennas can efficiently confine the
propagation of DPPs to a single dimension and, as a result, enhance the DPPs
visibility despite the strong intrinsic attenuation. The plasmon dispersion and
loss properties from plasmon profiles are experimentally determined, along
the antennas, obtained using holographic near-field nano-imaging in a wide
range of THz frequencies, from 2.05 to 4.3 THz. The detailed investigation of
the unveiled DPP properties can guide the design of novel topological
quantum devices exploiting their directional propagation.

1. Introduction

Topological insulators (TIs) are a class of
quantum materials comprising insulat-
ing bulk and conducting surface states,
named topological surface states (TSSs)
residing in the topological bandgap.['*!
Owing to the non-trivial topology of the
band structure, charge carriers in TSSs
are protected from backscattering on de-
fects and disorder.!'*] Charge carriers in
these states can participate in collective
excitations at the TI surface — the Dirac
plasmon polaritons (DPPs)*l surface-
phonon-plasmon  polariton  modes,>°]
promising applications in areas of quan-
tum information,!”) spintronics,!®! terahertz
(THz) photonics!®! and laser physics.t?
DPPs in TIs have attracted considerable
interest in recent years,['1"1%1 and experi-
mental studies at THz frequencies have
proven instrumental in gaining insights
into the physics of DPPs and in deter-
mining their properties [“13]. However, the
experimental characterization of DPPs is
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Figure 1. a) Optical image of the Bi,Se; antennas fabricated on a sapphire substrate. The two antennas marked with red circles are investigated in this
work. b) Artistic representation of the THz Dirac plasmon polaritons (DPPs), in blue, launched by the AFM probe of the s-SNOM system illuminated
by a THz QCL. c) AFM topographic line profile of the 10 um antenna marked in the top left corner of a. d) AFM topographic line profile of the 16 pm
antenna marked in the bottom right corner of a. ) SFMX signal amplitude map recorded from the 16 pm long antenna at 2.27 THz.

not trivial. The conductivity of typically grown TIs, such as bis-
muth and antimony chalcogenides, in fact contains contributions
from the bulk carriers due to doping from antisite defects and Se
and Te vacancies,'’] as well as a 2D electron gas (2DEG) of mas-
sive carriers, which can arise in a thin volume within 20 nm from
the surface, due to band bending.!"® These charge carriers also
support plasmon polaritons, but they lack the topological protec-
tions of TSSs and display lower mobilities and shorter scattering
lifetimes affecting DPPs properties!’®l. Experimental characteri-
zation of DPPs in TIs therefore is critical.

The difficulty arises since the DPP wavelength in TIs is about
one order of magnitude shorter than the free space photon
wavelength.[*12] THz scattering-type scanning near-field optical
microscopy (s-SNOM) was recently applied to probe DPPs in ex-
foliated TI flakes!?! and epitaxially-grown uniform layers.?!] s-
SNOM confirmed the deeply subwavelength nature of plasmon
polaritons and provided insight into relative contributions of the
Dirac, 2DEG, and bulk carriers.[2°2!] However, s-SNOM experi-
ments also revealed an additional challenge: strong attenuation
experienced by DPPs suppresses their amplitude within approxi-
mately one oscillation,?°! inevitably leading to a large uncertainty
in determining the DPPs characteristics.

Here we show that rectangular antennas offer an effective so-
lution for investigating the properties of plasmons in TIs in the
THz range, mitigating the strong DPPs damping observed in
previous studies.?*?!l Lithographically defined antenna geom-
etry can confine the propagation of DPPs to a single dimen-
sion, avoiding the fast dissipation of DPPs due to the radial di-
vergence of s-SNOM tip-launched waves.!?!l We fabricated dipo-
lar antennas made of Bi, Se;, and characterized plasmons travel-
ing along the antennas. To cover a spectral range (from 2 up to
4.3 THz), where the plasmon dispersion is affected by phonon
resonances, at 1.92 and 4.05 THz[??! |, we use quantum cascade
lasers (QCLs)[2*5] as both sources and detectors, by exploiting
the self-mixing (SFMX) effect in the QCL cavity.[2632] To enhance
the contrast due to plasmons, we adopt a recently developed tech-
nique, synthetic holographic THz nano-imaging, which is capa-
ble of spatial mapping the plasmon phase.[2213] Ag a result, the
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experimentally observed surface plasmons display complete field
oscillations along the plasmon propagation path, allowing us to
determine the plasmon wavevector. Furthermore, we show that
the s-SNOM signal within the TI antenna resonators is dom-
inated by DPPs launched by the s-SNOM tip, rather than by
DPPs excited directly by the incident beam. This experimental
approach, in principle applicable to other layered material sys-
tems with strong plasmon damping, is hence ideal for unveiling
the DPPs properties.

2. Results

In the present work, we investigate Bi, Se;, a prototypical material
of choice for studying the TIs properties. In fact, the TSSs in this
material present a single Dirac cone on the surface,**! protected
by the Z, topological invariant of the bulk,!! and are character-
ized by helical behavior!®! and strong spin-orbit coupling.l?! We
fabricated antennas using an epitaxially grown 80 nm thick layer
of Bi, Se; on sapphire (see Experimental Section).

Figure 1a shows an optical image of the Bi,Se; antenna sam-
ple. Two antennas, 10 and 16 pm long and 4 um wide, were se-
lected for these investigations (circled). Figure 1c shows the an-
tenna topography measured by atomic force microscopy (AFM).

The choice of antenna parameters was determined by the
properties of the DPPs waves and by the nature of s-SNOM signal
collected from the Bi,Se; antennas. In our setup, schematically
represented in Figure S1 (Supporting Information), THz radia-
tion is generated by a QCL, driven in continuous wave (CW) (see
Experimental Section), and focused on the s-SNOM probe. The
incident THz waves are then concentrated by the probe apex on
the Bi, Se, surface to launch DPPs, which propagate isotropically
away from the tip as a cylindrical surface wave. The narrow
(4 um) width of the antenna prevents radial dissipation of the
DPP energy, confining its propagation within one dimension
and therefore enabling better visibility of DPPs. Upon reaching
the antenna ends, DPPs are reflected back to the AFM tip,
which then scatters the plasmon to the far-field.3®] We detect
the scattered wave using the SEMX voltage change read directly
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Figure 2. a,b) Phase profiles at 2.05 a) and at 2.78 THz b) along the 10 um antenna. The signal is demodulated at the third harmonic of the tapping fre-
quency (P3). Black traces were measured with the antenna oriented in the plane of incidence and red traces were measured for the antenna perpendicular
to it. c—f) Phase profile P; was measured along the 16 um antenna at 2.05 c), at 2.27 d), at 2.78 €), and at 3.34 THz f) respectively.

from the QCL.*! An illustration of the DPP waves launched by
the AFM probe is shown in Figure 1b.

The s-SNOM signal also contains a component due to sur-
face polarization by the tip. Its contribution to the SFMX signal
depends on the sample dielectric permittivity near the tip and
therefore it represents local material properties. Finally, the p-
polarized incident THz wave can also excite DPPs on the antenna
directly by polarizing it.[*¥] However, as we show later, the corre-
sponding s-SNOM signal is negligible. Consequently, the total
s-SNOM signal from the Bi, Se; antenna is primarily a superpo-
sition of the material component and the DPPs launched by the
tip.

To determine the plasmon polariton dispersion properties, we
performed synthetic digital near-field holography!*®! in a com-
pact detector-less configuration.[®! We acquired profiles of the
s-SNOM signal along the antenna length by iteratively scanning
the AFM tip over the same path with a 100 nm sampling step. At
the beginning of each scan, we changed the path length between
the QCL and the AFM tip and thus recorded an SFMX interfer-
ogram consisting of 256 line-scans with varying positions of the
delay stage (every 4 um), which effectively modifies the phase of
the scattered field. By applying a Fourier transform to the interfer-
ogram, we therefore can obtain the amplitude and phase spectra
of the s-SNOM signal for every point along the antenna.*! The
phase information is key for isolating the DPPs contribution to
the scattered signal.

The amplitude spectrum of the SFMX signal, measured along
the 16 um-long antenna illuminated with a 2.27 THz QCL s illus-
trated in Figure 1d. It clearly shows the fundamental frequency
of the QCL, as well as the two higher-order harmonics at 4.54
and 6.81 THz, commonly observed in the SFMX signal.**l The
spectrum independently provides the QCL emission frequency
for each measurement. The spatial profile also shows that the
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s-SNOM signal is ~2 times stronger when the tip is over the
Bi,Se, area, in comparison to the sapphire substrate.

In addition to the scattered signal amplitude profile
(Figure 1d), the Fourier transform provides the signal phase.
Figure 2 shows the measured SFMX phase along the 10 um
antenna at two different frequencies, 2.05 THz (Figure 2a)
and 2.78 THz (Figure 2b). The signal was demodulated at the
third harmonic of the tapping frequency (denoted as P;). The
phase profiles consistently show visible oscillations, similar
to the fringes recently observed near large-area Bi,Se; edges
and ascribed to DPPsi?!l, and indicate the formation of tip-
launched DPPs along the antennas. Amplitude profiles also
show oscillations with the same periodicity as the phase pro-
files (as shown in the Supporting Information), however, we
found that the phase profiles provide more accurate and reliable
k-vector values in comparison to the amplitude profiles, and
therefore, to achieve higher accuracy, we used the phase of
s-SNOM signal for determining the parameters of DPPs in this
work.

Remarkably, the profiles display mirror symmetry with re-
spect to the antenna center, in contrast to the typically antisym-
metric profiles observed in s-SNOM studies of THz plasmonic
resonators.[*) To confirm this observation, we recorded phase
profiles along the antennas oriented in the plane of incidence
(red profiles) and orthogonal to it (black profiles). The absence of
any significant difference between these profiles confirms that
antenna resonances, which can form on the antenna oriented
in the plane of incidence by the p-polarized light, play a negli-
gible role in our measurements. This allows us to study DPPs
profiles without the need of accounting for directly excited an-
tenna resonances, as our system only shows sensitivity to the
DPPs launched by the tip. Furthermore, any antenna orientation
can be used in these measurements.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a—c) Phase profiles P; along the 16 um antenna (averaging procedure is described in the Supporting Information). d—f) Phase profiles P;
measured across the edge of Bi,Se; square. g) Phase profile P; along the 16 pm antenna described by the model (black line), and the experimental data
(red symbols). Dashed lines mark the antenna edges h) Map of the standard deviation of the phase profile fit along the 16 um antenna, for different
combinations of the real and imaginary part of the surface plasmon polariton (SPP) wavevector. i) Phase profile P; across the Bi,Se; edge described by
the model (black line) and the data (red symbols). j) Standard deviation of the phase profile fit along the large-area Bi,Sej; layer, for different combinations
of the real and imaginary part of the SPP wavevector. In the colormap of panels h and j, the brighter the color, the lower the fitting error. Hence a brighter

and smaller spot is indicative of a better fitting.

The profile at the lowest frequency (2.05 THz) shows two max-
ima at the edges and a single minimum at the center of the 10 um
antenna (Figure 2b). It indicates that the DPP wavelength in this
case is larger or comparable to the antenna length, making quan-
titative analysis challenging. Therefore, we perform further tests
on the 16 um long antenna, which is long enough to display com-
plete oscillations of the phase along the antenna. The recorded
phase profiles are shown in Figure 2c—f at 2.05, 2.23, 2.78, and
3.34 THz, respectively. At least one complete phase oscillation is
now visible, even at 2.05 THz. At higher frequencies, the oscil-
lations are more frequent, showing as many as 4 cycles at 3.34
THz.

Next, we compare the phase profiles recorded on the 16 um an-
tenna (Figure 3a—c) with those measured under the same exper-
imental conditions at an edge of a large Bi, Se, square fabricated
on the same sample (Figure 3d—f). In the latter case, the phase
variation near the edge often diminishes on the scale compara-
ble to or shorter than the oscillation period seen for the antenna.

Small 2024, 20, 2308116

2308116 (4 of 8)

In particular, the phase profile at the edge measured at 2.05 THz
(Figure 3d) does not develop clear oscillations, but rather a grad-
ual decay. This is a consequence of the strong attenuation of sur-
face plasmons combined with the 2D geometrical divergence oc-
curring near a wide edge.[?!! In comparison, the DPPs decay is
not as severe in the quasi-1D antenna case.

The antenna geometry is the most effective solution in confin-
ing DPPs and increases the accuracy of determining the k-vector
(see Figure 3). While indeed more conventional stripe geometries
(as ribbons) could also support DDPs, the energy of the DDPs is
expected to be strongly spread out along the ribbon itself, mean-
ing that ribbons would show poor accuracy in determining the
k-vector.

3. Discussion

The uncertainty in determining the plasmon k-vector from
the experiment can be reduced for the antenna geometry in

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) Dispersion of surface plasmon polaritons in Bi,Se; as obtained by fitting of phase (P3) profiles along antennas (symbols). Colored solid
lines show dispersion calculations based on the analytical conductivity model and include the contributions of bulk carriers, Dirac carriers, and massive
surface carriers (2DEG). The optical phonon contribution to the conductivity is included for each model. b) Imaginary part versus real part of the DPPs
wavevector at the QCL frequencies. The circled points highlight the results for the k-vectors closely matching the multiples of the inverse antenna length.
c) Tip-launched plasmon amplitude (circles) and offset phase (squares) at the QCL frequencies. d—f) s-SNOM phase signal on the 16 um antenna
predicted by our model at k-vectors of 0.3 + 0.15i um~" d), 0.5 + 0.26i um~" e), and 0.7 + 0.36i um~" f).

comparison to the edge. Although the physical mechanisms
for generation and detection of DPPs are identical for the two
cases,[?!l the lateral confinement of plasmons within the antenna
can improve the visibility of the interference pattern along the
antenna formed by the tip-launched DPPs.

To quantify the k-vector, we model the s-SNOM signal using
the mechanism of tip-launched DPPs.[!] DPPs originate from
the tip, propagate to the antenna edges, reflect from the edges,
and finally return back to the tip, which scatters the DPP back
to the QCL.[?%! In the antenna case, the lateral confinement can
be approximated simply by assuming the guided (1D) plasmon
propagation along the antenna. Therefore, in the DPPs descrip-
tion, we include only the exponential decay. In contrast, the DPP
field amplitude near the edge of a uniform layer is a product of the
DPPs exponential decay and a (2r)~1/? function representing the
divergence of DPPs launched at a distance r from the edge. The
s-SNOM signal from the tip-launched DPP along the antenna
structure can be expressed as follows:

B () = A (¢29673) 42563 ) 4 A, () + 4 () (1)

Each term of the expression represents one of the primary
DDP waves reflected from each side of the antenna and con-
tributing to the s-SNOM signal: two counterpropagating DPPs
traveling along the antenna axis (x), and two counterpropagating
DPPs traveling perpendicular to the antenna axis (denoted as A,
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and A_). A is the complex amplitude of the DPPs, k, is the com-
plex wavevector, L is the antenna length and x = 0 represents the
antenna center.

The model describes the observed amplitude and phase pro-
files along the antennas with good accuracy. In particular, it repro-
duces the oscillating features at the antenna ends with the mirror
symmetry and gradual attenuation of the oscillations toward the
antenna center (see Figure 3g). By fitting a model-defined func-
tion to the data, we can now determine the real and imaginary
parts of the plasmon wave vector k. To select the best fit, we calcu-
lated the standard deviation o for all values of the k-vector and dis-
played the result as a map in Figure 3h. A clear minimum in the
map allows us to determine a combination of Re{k} and Im{k}
values that describe the DPP waves for each QCL frequency. The
fitting procedure is described in Section S4 (Supporting Informa-
tion).

For comparison, fitting profiles observed near the square edge
with the model introduced in Ref. [21] do not always converge
to a reasonable combination of Re{k} and Im{k} values, as it is
illustrated in Figure 3i,j. Although the fitting procedure finds an
optimal value of Re{k}, the model does not converge to an optimal
Im{k} value. We attribute this to the 2D nature of the tip-launched
plasma waves near the wide edge: the plasma wave amplitude
drops quickly, limiting the accuracy of experimentally obtained
k-vector values.

Figure 4a summarizes the extracted Re{k} values for all QCL
frequencies: the momentum increases monotonically with the

© 2023 The Authors. Small published by Wiley-VCH GmbH
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QCL frequency, with an inflection point close to the A,, phonon
frequency. These dispersion measurements provide an insight
into the origin of plasmons by comparing the observations with
predictions of analytical conductivity models.[?*!] Dispersion re-
sults for the analytical models are plotted in Figure 4 for compar-
ison. We find that the observed plasmons follow the dispersion
given by a combination of bulk, Dirac, and massive surface car-
riers. The best agreement is given by ny . = 3.6 X 10" cm™,
Mpiac = 1.2 X 101 ecm™2 and n,ppc = 4 X 102 cm~2, where the
Dirac carriers provide the main contribution. Further details are
given in the Supporting Information.

Having confirmed the origin of plasmons in our samples, we
can now evaluate the losses that they experience as they travel
along antennas. The question of DPP loss is central in develop-
ing practical Tl-enabled devices, and for Bi,Se,; applications in
the THz range, this question is especially critical due to the pres-
ence of phonons!*? and due to unknown losses that can occur
at the resonator edges. The map in Figure 3i reveals the Im{k}
value that gives the best match to the DPPs on an antenna, and in
Figure 4b we summarize Im{k} values against Re{k} for all QCL
frequencies. The imaginary part increases with the real part, and
most points in the range from 2.05 to 4.3 THz follow practically
a linear dependence.

The physical meaning of the ratio Re{k}/Im{k} is the relative
attenuation length of plasmon: Re{k}/(2z Im{k}) =L, /A,, where
L, is the amplitude decay length and 4, is the plasmon wave-
length. The linear dependence trend in Figure 4b indicates that
the relative attenuation length for plasmons supported by our
Bi,Se; antenna remains constant L, /4, ~ 0.3. The plasmon am-
plitude decays within ~1/3 of the plasmon wavelength, a length
shorter than that found in Ref. [21] for tip-launched THz plas-
mons on uniform layers of Bi, Se,. We attribute this fast decay to
additional losses experienced by plasmons at the edges of the an-
tenna, as the experimentally found value represents the attenua-
tion length within the antenna, rather than on a uniform surface.

Most data points lay close to the line defined as Im{k} = 0.51
Re{k}. However, other data points fall clearly below this line (cir-
cled points in Figure 4b). We find that these points correspond
to Re{k} values closely matching a multiple of the inverse length
of the antenna, hence corresponding to antenna resonance con-
ditions k,, = mz L~!, where m is the integer and L is the antenna
length. The plasmon reflection from the antenna edges therefore
interferes constructively, resulting in lower fitted Im{k} values.
If the antenna length is changed, however, fitted Im{k} values
return to the linear trend, as shown in Figure 4b for the 10 um
length antenna (red symbols). We note that at 2.05 THz the fitted
Im{k} value was found to be higher than expected from the lin-
ear trend. We attribute this to the presence of a phonon, which
increases losses near the phonon resonance.[*?! We also note that
the polaritonic pattern is more visible in the antenna geometry
than on uniform layers of Bi,Se;, regardless of the presence of
Fabry-Perot resonances. When such resonances are excited, PP
propagation losses appear to be artificially smaller (Figure 4Db).

Finally, the entire set of experiments allows us to extract the
complex amplitude of the tip-launched plasmons. This param-
eter is essential for describing the s-SNOM signal and it rep-
resents a combination of several physical processes: launching,
reflection from an edge, and scattering. In the fitting process,
we set the complex amplitude to be a free parameter, and in

Small 2024, 20, 2308116

2308116 (6 of 8)

www.small-journal.com

Figure 4c we show the amplitude and phase values that give
the lowest fitting error for all profiles. The plasmon amplitude
is normalized to that for the scattered signal over Bi,Se;, and
we found it to be ~0.2, independent of the QCL frequency. The
phase of the plasmon signal (relative to the phase of s-SNOM
signal on uniform Bi,Se;) is also nearly constant at a value
of #. The consistency in the extracted complex amplitude val-
ues across the broad range of QCL frequencies indicates that
the mathematical model describes the observations with good
accuracy.

We can now fully describe the expected s-SNOM signal on
the antenna surface. First, we used the plasmon parameters ex-
tracted from the 16 um antenna profiles to predict DPPs pro-
files for the 10 um antenna (see Section S5, Supporting Infor-
mation). The model displays very good matching with the mea-
sured profiles, supporting the model’s effectiveness. More gen-
erally, we can predict an s-SNOM phase map on the entire an-
tenna surface. Three prototypical examples of phase distribu-
tion on the antenna are displayed in Figure 4d-f for k-vectors
of 0.3+0.15i pm™" (Figure 4d), 0.5+0.261 um~! (Figure 4e), and
0.740.361 um~! (Figure 4f). One can notice that the two strongest
maxima are always observed close to the antenna edges, whereas
the oscillations in the middle of the antenna appear to be more
dampened for increasing frequencies.

In conclusion, we investigated DPPs on rectangular antennas
made of Bi,Se; and showed that the antenna geometry provides
an effective platform for determining plasmon dispersion proper-
ties in TIs in the THz range. It mitigates the strong DPPs damp-
ing observed in previous studies.[?>2!] This approach allowed us
to determine the Dirac plasmon-polariton dispersion properties
in a wide spectral range (from 2.05 up to 4.3 THz), where the plas-
mon dispersion is affected by phonons and residual carriers (bulk
and 2DEG). The possibility of capturing purely DPPs, launched
by the s-SNOM tip in lithographically defined structures, open
intriguing opportunities in THz nanoplasmonics and topological
nanophotonics. Enhancing the DPPs visibility, as shown here, is
only one application. Future promising THz applications include
the development of integrated devices for confining the THz ra-
diation to deeply subwavelength volumes, and THz metasurfaces
with subwavelength meta-atoms.

4. Experimental Section

MBE Growth of Bi,Se;:  The Bi,Se; large-area (=1cm?) film was grown
using a Veeco GENxplor molecular beam epitaxy system on an as-shipped
epi-ready 10 mm x 10 mm x 0.5 mm c-plane sapphire substrate. The sub-
strate was first baked in a load lock (pressure < 1077 Torr) at 200 °C for
12 h and then transferred to the growth chamber (system base pressure
< 107 Torr). Prior to the growth, the substrate was further degassed by
heating to 650 °C with a 20 °C min~' ramp rate and held at 650 °C for
5 min. The substrate temperature was measured via a non-contact ther-
mocouple. The substrate was then cooled to 325 °C. The Bi,Se; thin film
was grown via a two-step method:[*}] a 4 nm Bi,Se; seed layer was first
deposited at 325 °C and then annealed at 425 °C for 20 min; the remain-
ing 76 nm of the film was then deposited at 425 °C using co-deposition
with a growth rate of 0.6 nm min~". Selenium was supplied using a cracker
source, while bismuth was supplied using a dual-filament source. After the
deposition was complete, the film was cooled to 200 °C under a selenium
flux and transferred out of the growth chamber once the substrate temper-
ature dropped below 200 °C. The film was then vacuum-sealed for storage
before further processing.
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Fabrication of the Bi,Se; Nanoantennas: The antenna arrays were fab-
ricated using a standard e-beam lithography process established in the
University of Delaware Nanofabrication Facility (UDNF): ~300 nm of the
negative e-beam resist AR-N 7520.18 (Allresist, DE) was spin-coated on
the sample, followed by immediate e-beam exposure (100 kV) with a Raith
EBPG5200 system. The resist was developed by dipping the sample in de-
veloper AR 300-47 (4:1 diluted, Allresist, DE) for 90s, followed by a DI
water rinse and nitrogen blow drying. Then the film was dry etched with
an argon plasma using an Intlvac Nanoquest ion mill etcher. The approx-
imate etching rate was 1 nm sec™. After etching, the films were immedi-
ately transferred to a solution of N-Methyl-2-pyrrolidone (NMP) in a wa-
ter bath at 80 °C for half an hour to remove the resist. After nanofabri-
cation, the sample was vacuum-sealed for storage before further optical
measurement.

Bi,Se; Dispersion: Here, a Bi,Se; thin film was modeled as a 2D con-
ductive slab of zero thickness, a commonly used approximation,[21:41]
which was proven valid for 2D materials with a layer thickness much
smaller than the polariton wavelength. This approximation does not re-
quire calculating the fields inside the slab. The slab conductivity (o)
is given by the relation o, = epy-(c-d/2ikg), where e, is the Tl per-
mittivity, ¢ is the speed of light, d is the slab thickness and 4 is the
free-space wavelength, thus taking into account the layer thickness. Here,
€epul includes the contributions of bulk carriers and transverse optical
(TO) phonons E, (@~ = 63.03 cm™1) and A, (@,,// = 126.94 cm™),
involving atomic vibrations in the plane orthogonal (1) and parallel
(/) to the trigonal c-axis, respectively.??l The TO phonon frequen-
cies are marked by dashed lines in Figure 4a. The total Tl conductiv-
ity was then obtained by summing o}, to the conductivities given by
the other carrier types present in the Tl layer: Dirac carriers (6p¢) and
massive surface carriers (o,pgg), see Supporting Information for further
details.

Detectorless s-SNOM: QCLs were cryogenically cooled in a helium-
flow cryostat (Janis technologies) at a fixed temperature of 15K (depend-
ing on the specific QCL employed, the signal-to-noise ratio on the SFMX
signal depends on the heat-sink temperature). THz light was collected
and collimated by a parabolic mirror in front of the QCL, brought through
an optical delay-line and then focused onto the atomic force microscope
(AFM) probe tip (40 nm radius, RMN300B-40 from Rocky Mountains)
as a p-polarized wave by a second parabolic mirror integrated to the s-
SNOM (NeaSNOM from NeaSpec/Attocube). The fraction of laser radi-
ation backscattered from the tip-sample system was then coupled back
into the QCL cavity along the same optical path, giving rise to a voltage
response on the QCL (SFMX voltage) whose amplitude and phase depend
on the THz field scattered by the tip.[2°]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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