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Terahertz Plasmon Polaritons in Large Area Bi,Se;

Topological Insulators

Valentino Pistore, Leonardo Viti, Chiara Schiattarella, Elisa Riccardi, Craig S. Knox,
Ahmet Yagmur, Joel J. Burton, Satoshi Sasaki, A. Giles Davies, Edmund H. Linfield,

Joshua R. Freeman, and Miriam S. Vitiello*

Assessing the nature of topological quantum materials, and in particular
probing the existence of topological surface states, is a very challenging task.
Terahertz (THz) frequency scattering near-field optical microscopy has
emerged as an effective technique to investigate the presence of massless
surface carriers by locally probing collective surface excitations, i.e., plasmon
polaritons, whose dispersion critically depends on the density and nature of
surface carriers. Here, thin (14—19 nm) films of Bi,Se; are experimentally
investigated through a combination of x-ray diffraction, Hall-bar
magneto-transport, and near-field detectorless optical holography at THz
frequencies, from 2 to 4.3 THz. The dispersion of surface plasmon polaritons
are determined for different Bi,Se; film thicknesses, proving the presence of
massless surface carriers. The results open intriguing opportunities in THz
nano-plasmonics and topological nano-photonics including the development
of superlenses and metasurfaces, making use of plasmon polaritons.

states at the boundaries,!!! conventionally
called topological surface states (TSSs).
TSSs have a linear dispersion, form-
ing a Dirac cone around the I' point of
the Brillouin zone, and are maintained
even in the presence of surface defects and
disorder.l?!

In commonly studied three-dimensional
TIs, such as Bi,Se; and Bi,Te;, the
strong spin-orbit interaction results in
an inverted bulk band gap, requiring
the existence of topologically protected
bands at the TI-vacuum and TI-substrate
interfaces.3>*l Owing to this, Dirac elec-
trons in a TSS show spin-momentum
locking and suppressed back-scattering.!!]
As a result of the dissipation-free trans-

1. Introduction

Topological insulators (TIs) are materials that exhibit an insulat-
ing behavior in the bulk, accompanied by gapless edge or surface
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port occurring within the TSSs,b] TIs

can enable the development of new tech-

nologies, paving the way to low-power
electronics applications, spanning from thermoelectrics to mag-
netic memories.[®”]

Key requirements for widespread adoption of TIs and for
room-temperature application in future electronic and photonic
devices include the ability to achieve high-quality samples
with well-defined interfaces and, importantly, the develop-
ment of industrial-scale and inexpensive production processes.
This has led to theoreticall®'!l and experimental efforts to
synthesize,'?] characterize,['*"*] and optimize!'! the properties
of this novel state of matter. Recently, bismuth-based TI mate-
rials, such as Bi,Se; and Bi,Te;, have been object of significant
improvements in their synthesis techniques,'*'’] study of
materials properties,['®! and in-depth characterization of their
TSSs."1 A wide range of experimental techniques have been
used to study this class of TI materials, including magneto-
transport measurements,!?*%!) angle-resolved photo-emission
spectroscopy (ARPES),[?223] scanning tunneling microscopy
(STM),12+25] and optical conductivity.?*?”] ARPES provides the
most direct measurement of the dispersion of surface states,
and is the most commonly adopted approach to directly assess
the electronic band dispersion of a TLI>?®! However, ARPES
requires pristine surfaces, difficult to be preserved in TI-devices.

Interestingly, TIs based on bismuth compounds possess
phonon spectra with characteristic features at terahertz (THz)
frequencies (~2-3 THz, 8-12 meV), which makes them
ideal as nonlinear materials for the investigation of new
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phenomena such as high-order non-linear generation in unex-
plored frequency regions.[*! Strong light-matter interaction in
the far-infrared has also drawn significant attention to the optical
properties of Bi,Se;, which have been extensively characterized
by Fourier-transform infrared (FTIR) and time-domain spectro-
scopies. These have demonstrated the presence of massless car-
riers at the TI surface,'*! although the relative contribution of
surface and bulk states is still a subject of debate, as well as the
possibility of exciting ultrafast surface shift currents.[*]

Traditionally, TI films have been grown through three main
techniques: the Volmer-Weber approach,®!] where deposited
atoms nucleate in separate islands that merge into continuous
thin films; the Frank-Van der Merwe (layer) technique,®!! where
crystals grow layer-by-layer and atoms are attached to the sub-
strate by surface adhesive force; the Stranski-Krastanov (SK)
growth mode,?2 where layers form first and then the system
switches to island growth. Single crystalline ingots of Bi, Se; can
be also grown from melt by the vertical Bridgman-Stockbarger
method.3334 The final grown material consists of one large sin-
gle crystalline block, from which the corresponding TIs can be
mechanically exfoliated.**} Alternative methods include sono-
chemical synthesis,*) metal-organic chemical vapor deposition
(MOCVD),*”l and chemical vapor deposition (CVD).38 The most
sophisticated and systematic way to grow large-area and scal-
able TI materials is by molecular beam epitaxy (MBE), which
has recently emerged as a means of growing Bi, Se, films of con-
trolled thickness and thin film heterostructures with controlled
composition.[3%40]

Here, we perform a detailed experimental investigation of
MBE-grown Bi,Se; films by x-ray diffraction and Hall-bar
magneto-transport measurements to assess sheet carrier density,
Hall mobility, and sheet resistance. This is correlated with micro-
Raman spectroscopy and scattering-type scanning near-field opti-
cal microscopy (s-SNOM) and optical holography (OH)!*!l at THz
frequencies to probe the optical response of the samples and to
reconstruct the dispersion of collective excitation (surface plas-
mon polaritons — SPP) in the material. Through the compari-
son between magneto-transport results, data extrapolated via s-
SNOM and those predicted theoretically, we prove the topological
nature of the investigated material and quantify the relative con-
tributions of the different carrier contributing to their dispersion
curve.

1.1. Sample growth, X-ray diffraction, and Raman
characterization

Two different TT samples were grown on [0001] sapphire sub-
strates, following the procedure detailed in ref. [42] Samples A
and B are Bi,Se; grown with Bi:Se flux ratios 1:40 and 1:30, re-
spectively. Samples were removed from the chamber, diced and
the structural properties analyzed by x-ray reflectivity and diffrac-
tion, using Cu-Ka radiation. Other areas of the sample were sub-
sequently mounted for 4- and 6-probe transport measurements
before being loaded into a continuous-flow He cryostat with a
base temperature of 1.6 K and an 8 T superconducting magnet.
Transverse and longitudinal conductivities were measured using
lock-in amplifier techniques at a frequency of 119.77 Hz, at the
base temperature of the cryostat.
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The (w—20) x-ray reflectivity scans are shown in Figure 1a. All
samples show Pendellosung fringes**! surrounding the [0003] x-
ray diffraction peak, indicative of strong vertical ordering. The
two samples share the c-axis lattice parameter of 2.86 + 0.01 nm,
in good agreement with the bulk lattice parameter of Bi,Se;,
2.863 nm.!*!] This result implies that the crystal structure of the
TI films is relaxed and well ordered, despite the large lattice mis-
match to the sapphire substrate.

We transferred both the 14.4 nm (sample A) and the 19.0 nm
(sample B) Bi,Se, thin films onto a SiO,/Si host wafer to pre-
vent absorption at high frequencies from the sapphire growth
substrate. In order to assess the crystal quality after transfer, we
performed Raman characterization of samples A and B, as shown
in Figures 1b,c, respectively. Micro-Raman spectra (Horiba, Ex-
ploraPlus microscope) were measured using a 532 nm, 1 pW,
CW pump laser focused over a spot of radius ~2 um. Ow-
ing to the low thermal conductivity of Bi,Se,,[*] we selected a
low-power excitation to exclude laser heating effects on the Ra-
man spectra. Three prominent vibrational modes!*®] character-
istic of Bi,Se; were observed, corresponding to the out-of-plane
modes A,,', A;,” and in-plane mode E,* located at frequencies
71, 173 cm™, and 130 cm™!, respectively, and a small peak at
37 am™!, corresponding to the E,' mode, in agreement with
previous characterizations of bulk samples.*’} The E,' mode
shows a reduced relative intensity compared to recent charac-
terization of exfoliated flakes of 40 nm thickness previously in-
vestigated by THz s-SNOM,[*8] which confirms the good qual-
ity of the MBE-grown films. While the position of the different
modes is consistent in sample A and B, the intensity ratio be-
tween the out-of-plane (A,,') and the in-plane (E,?) modes is
larger in sample A, in which out-of-plane vibrations are expected
to be less restrained as a consequence of the reduced crystal
thickness.[*]

1.2. Magneto-Transport Experiments

Upon cooling, both samples show sheet resistances that decrease
with decreasing temperature, before saturating at low tempera-
ture, implying that the electrical transport is dominated by the
topologically trivial bulk states. This conclusion is supported by
the low temperature magneto-transport experiments, as shown
in Figure 2.

The sample magnetoresistance is characterized by a smooth
polynomial background, indicative of ordinary magnetoresis-
tance (Figure 2a). The Hall resistance (Figure 2b) also shows
a strong non-linearity with increasing magnetic field, indica-
tive of the presence of multiple current carriers with different
mobilities.[*!] When we fit this data to a two-band model, we find
that there is a majority band (band 1) with high carrier density
(~10"® cm~2) and low mobility, and a minority band (band 2) with
a significantly higher mobility. The results of this fitting are sum-
marized in Table 1. We assign band 1 as arising from the topo-
logically trivial bulk states and band 2 as arising from the topo-
logically protected surface states. We note that sample A has a
significantly higher surface mobility than sample B. We ascribe
this to the fact that a 1:40 Bi:Se ratio results in a much smoother
surface, as shown by the Kiessig fringes in Figure 1 extending
to higher angles in sample A compared to sample B. As a result,
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Figure 1. a) Structural characterization of the MBE-grown samples. The position of the [0003] peak is highlighted. All samples show persistent Kiessig
fringes around 0 degrees and Pendellosung fringes around the [0003] peak, implying a smooth, well-ordered crystal.l>% b,c) Raman spectra of samples

A (b) and B (c) after transfer onto a SiO, /Si wafer.

scattering sites are removed from the surface, promoting surface
transport.

An important signature to assess the existence of topologically
protected surface states in topological insulators is the presence
of Shubnikov de-Haas (SdH) oscillations in the low-temperature
magnetoresistance.>?! In order to observe these oscillations, we
first smooth the data with a Savitzky-Golay filter,>}! using a 3rd
order polynomial before taking the 2nd derivative to remove any
smoothly varying background (Figure 2c). Sample A shows clear

oscillations that are periodic in inverse field, showing the Lan-
dau level quantization expected of SdH oscillations. In contrast,
sample B does not show any periodicity. It is possible that due
to the lower mobility of the surface states, the 8 T magnetic field
employed in our experiment is not sufficient to quantize the sur-
face states into Landau levels in sample B. The oscillations in
sample A indicate a minority carrier density of 0.47 x 10 cm =2,
which is consistent with the band 2 high mobility carriers shown
in Table 1.
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Figure 2. Summary of the low temperature magneto-transport experiments for the Tl samples. a) Sheet resistance as a function of magnetic field. Note
the large polynomial backgrounds present in both samples. b) Hall resistance. Both samples show a non-linear Hall response, indicative of the presence
of multiple carrier species. Solid lines represent experimental data, whereas open symbols represent the fit to a two-band model performed to extract
the relative carrier densities and mobilities. ¢) Second derivative of the longitudinal resistance as a function of the inverse magnetic field, performed to
identify any oscillating component of the magnetoresistance. Sample B does not show any oscillations above the noise.
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Table 1. Carrier Densities and Mobilities of the TI Samples Evaluated from
Hall Experiments Fitted with the Two-Band Model.

Sample Band 1 Carrier Band 1 Band 2 Carrier Band 2
density Mobility density Mobility
[x10™ cm™? [em?VvTs7] [X10¥ ecm™?]  [em?V71sT]
A 2.5+0.2 510+50 0.55+0.05 1500+100
B 1.9+0.2 490+40 0.65+0.06 1000+100

1.3. Hyperspectral Nanoimaging Based on Near-Field Optical
Holography

To shed further light on possible collective excitations arising
from topologically active surface states in Bi,Se;, we performed
THz s-SNOM on samples A and B (Figure 3a) to investigate the
presence of TSSs. In our s-SNOM experiments, we employ a set
of THz quantum cascade lasers (QCLs) operating simultaneously
as source and phase-sensitive detector through the self-mixing
(SFMX) effect.l>*%] This detection mechanism allows the near-
field signal back-scattered from the s-SNOM to be detected as
a modulation of the voltage drop on the QCL and is inherently
dependent on the phase of the back-scattered field (see Figure 3a
and Experimental Section). To create the near-field hologram, the
relative phase between the emitted and re-injected fields is con-
trolled with an optical delay line, which varies the optical path
length L. In these experiments, we have employed a set of dif-
ferent lasers: two THz-QCL frequency combs (FCs), character-
ized by equally spaced modes ranging from ~2.85 to 3.45 THz
(see Figure 3b, comb Il and Figure S1, Supporting Information,
comb II), and a sequence of single mode THz-QCLs emitting at
2.0 THz, 3.0 THz, 4.3 THz, and 4.6 THz, respectively. THz QCL
FCs combine multimode emission with high spectral purity and
phase coherence between the modes, which is crucial to observe a
multimode self-mixing signal, as recently demonstrated both the-
oretically and experimentally.>”] All lasers operate in continuous

s-SNOM tip

Normalized intensity
S

26 28 30 32 34 36
Frequency (THz)

silicon

Normalized intensity

26 28 30 32 34 36
Frequency (THz)
Figure 3. a) Schematic diagram showing a THz frequency comb coupled
to the tip of an s-SNOM to obtain 2D near-field scattering maps at multiple
frequencies. dis the thickness of the Bi, Se; film, Q s the tapping frequency
of the s-SNOM tip. b) FTIR emission spectrum measured, under vacuum,
with a 0.125 cm™! resolution. c) Power spectrum of the third harmonic
near-field self-mixing signal measured while sample A is illuminated with
the QCL frequency comb | driven at 677 mA. The lower frequency resolu-
tion is determined by the shorter distance covered by the s-SNOM delay

line, with respect to the displacement of the FTIR mirror.
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wave (CW) and their emission is measured both via an under-
vacuum Fourier-transform spectrometer (Vertex 80v) (Figure 3b
comb I) and directly obtained from the near-field self-mixing sig-
nal (Figure 3¢, comb I). Analogous data for comb II are reported
in the Supporting Information. To obtain background-free near-
field signals, the tip is mechanically modulated at a tapping fre-
quency Q (Figure 3a) and the SFMX signal is demodulated at
higher harmonics n of the oscillation frequency, nQ.

The spectrum of the third harmonic near-field SFMX signal
o; = s; exp(i;) (Figure 3c), where s; is the amplitude and ¢,
the phase, measured on sample A while driving comb I at a cur-
rent I = 677 mA, shows that despite only part of the comb modes
are contributing to the self-detected near-field signal,*’! a rela-
tively broad optical bandwidth of ~680 GHz is spanned. Four
main spectral components can be associated with the convolu-
tion of the most intense modes marked by shaded colored areas
in Figure 3b. The spectrum retrieved for comb II from the 3rd or-
der harmonic signal on the near-field maps collected on sample
B also shows the presence of two main optical modes, ascribed to
the spectral lines retrieved by FTIR on the same QCL (Figure S1,
Supporting Information).

With this technique, we obtained hyperspectral 2D near-field
maps of samples A and B. The propagation of collective exci-
tations, such as THz polaritons, has been recently observed in
Bi, Se, thin films prepared by exfoliation!*?] and grown by MBE[>®]
via s-SNOM, employing a monochromatic THz-QCL*!] and a gas
laser,*®] respectively, as the pumping source. In thin MBE-grown
films, polaritons have ~12 times higher momenta compared with
photons of the same energy at 3 THz.[®] Accordingly, we acquire
near-field maps on the same scale of corresponding wavelength,
ie,onal5yum x 3 um (sample A) and 15 um X 2.5 um (sample
B) region including a sharp edge obtained by scratching the MBE
film, in order to identify the signature of polaritons propagation
(Figure 4a,d).

The near-field hologram is obtained by mapping the se-
lected sample region with 300 x 500 pixels (sample A — pixel
size = 50 nm X 6 nm), or 130 x 256 pixels (sample B — pixel
size = 100 nm X 10 nm), and changing the optical phase at ev-
ery line change along the y-direction by moving the delay line
by AL = 5 um steps. We used a non-zero scanning length along
the y-direction to avoid mechanical instabilities, or drifts, of our
s-SNOM setup. However, since the chosen region of interest is to-
pographically invariant along the y-axis, the resulting holographic
map represents the 1D case of the more general two-dimensional
OH method.[*!l Figure 4b,c,e,f show the as-obtained 3rd har-
monic amplitude and phase maps for samples A (comb I) and
B (comb II), respectively. The third-order near-field SFMX am-
plitudes in Figure 4b,e exhibit periodic oscillations induced by
the phase modulation along the y-direction that result from the
beating of the different modes that contribute to the SFMX signal
of the frequency combs.

We then analyze the maps of the complex-valued o, = s,
exp(id;) in Fourier space to extract the s; and ¢; maps of the
third harmonics near-field signal at the different spectral com-
ponents. We have followed the experimental procedure detailed
in ref. [58] for extracting the polariton dispersion from the inter-
ference patterns generated by overdamped polaritonic modes in
Bi, Se, thin films prepared by MBE. For each spectral component,
the s; and ¢, profiles at the edge of the Bi,Se, films, measured
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Figure 4. a,d) Topography of the SiO,/Si-transferred Bi,Se; films, sample A (a) and B (d). b,c) 300 x 500 pixels hologram acquired on sample A with
the THz-QCL frequency comb | operated at 677 mA. (b) and (c) show the third-order near-field self-mixing amplitude and phase, respectively, obtained
by moving the delay line by 2.5 mm. e,f) 130 x 256 pixel hologram of sample B acquired with comb Il at a 796 mA driving current. (e) and (f) show the
amplitude and phase, respectively, obtained by moving the delay line by 1.28 mm.

with QCL frequency combs, were extracted from the 2D maps of  phase profiles on both samples, we evaluate the complex-valued
amplitude and phase in Figure 5a,b (sample A) and Figures 5e,f  signal o for the frequencies at which we have highest signal to
(sample B); see Figures 5¢,d (sample A) and Figures 5g,h (sample  noise ratio: 2.88 THz, 3.18 THz, 3.30 THz, 3.33 THz, 3.36 THz,

B), respectively.

In sample B, the phase profiles exhibit a clear local maximum
near the film edge, whose position shifts towards the edge for in-
creasing photon frequency (see Figure S2, Supporting Informa-
tion for further details). This effect has been previously identi-
fied as a signature of the excitation of THz plasmon polaritons in
thin films of Bi,Se, prepared by MBE.I*®] From the amplitude and

3.39 THz for comb I, sample A, and 3.15, 3.44 THz for comb
11, sample B. The same analysis has been also performed at the
frequencies of the single mode lasers employed for sample B.
We hence consider the evolution of the near-field signal o,
in the complex plane starting from the film-substrate interface,
whose exact position is identified after analyzing the topographic
maps in Figures 4a,d for samples A and B, respectively. This

; |
: c d !
5 n 1% [ T w2
i 339 | eyt
/2 1\‘,.,v‘,,‘«.»—«W\,\lWW\/W A
; m 3.36 I I w2
< =~ 1A e ) p A P T2 !
oy . E 333 W] | YRR
% £ RSy e K |
2 S 330 Nty ) 2
E -T2 : ¥ w2 E
] . 2l ) 2|
T e p A A\ AT H

.rr VIV N | P e

2 4 6 8 2 4 6 8 {

X (um) i

: 4 (rad) 3
L g |
‘o E &
w X =S
g 2 3
123 T
I ;
H i :
|

Figure 5. a,b) Extracted 2D maps of the third order near-field amplitude s; (a) and phase ¢; (b) at the six individual frequencies marked in Figure 1
(2.88 THz, 3.18 THz, 3.30 THz, 3.33 THz, 3.36 THz, 3.39 THz), extracted from the near-field hologram in Figures 4b,c, acquired using the THz QCL
frequency comb | on sample A. c,d) Linear profiles of the near-field self-mixing amplitude s; (c) and phase ¢3 (d) extracted by averaging the maps in
panel a-b over the 500 vertical lines at the different frequencies. e,f) Sample B: extracted 2D maps of the third order near-field amplitude s; (e) and phase
¢; (f) at the investigated frequencies, 3.15 and 3.44 THz for comb Il, and 2.0, 2.90, and 4.30 THz for the single mode THz QCLs. Data are extracted from
the near-field hologram in Figure 4e,f. g,h) Linear profiles of the near-field self-mixing amplitude s; (g) and phase ¢ (h) extracted averaging the maps
in panels e-f over the 512 vertical lines (light colored line). Dashed lines identify the Bi,Se; /substrate interface retrieved from the topography reported
in Figure 4a,d.

Adv. Optical Mater. 2024, 12, 2301673 2301673 (5 of 9) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U807 SUOWWIOD 3AIEaID 3|qedl|dde aus Aq peusenob are Ssppiie YO ‘8sn JO Sa|ni Joj AT 8UIUQ /81 UO (SUOIPUOD-PUR-SLBY WD A8 | 1M AReIq 1 [pul UO//SdNY) SUORIPUOD pue SWie | 83 88S *[202/20/2T] Uo ARigiTaulluo /8|1 ‘89 L Aq £29T0EZ0Z WLOP/Z00T OT/I0p/W0d A8 | AReJq1jeuuo//Sdny wolj papeojumod ‘t ‘v20g ‘TLOTS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

a
25|~  2.88THz 3.18THz 3.30THz 3.33THz 3.36THz 3.39THz —
< 3
c
s |¢ {
e 4 $
T ook’ o2 o= s .
] Qé ® & 7% S
S ¥
S
E 4
H
250 f. —
1 1 1 1 1 1

6 9
Re{os} (10nV)

www.advopticalmat.de

5.0

Im{o,} (10nV)

n
o

-5.0

4 8 10 12 14 16 18

RZ{%) (10nV)

Figure 6. Determination of complex-valued polariton wavevectors. a) Complex-plane representation of o5 collected on sample A at 6 different frequencies
with comb I. Spiral trajectories are stacked along the real axis to improve visibility. b) Complex-plane representation of the damped polaritonic oscillation
occurring on sample B at different frequencies: 2 THz (single-mode source); 2.9 THz (single-mode source); 3.15 and 3.43 THz (most prominent modes

of comb I1); 4.3 THz (single-mode source).

procedure allows a robust determination of the polariton disper-
sion, including the case of overdamped modes. In polar coordi-
nates (s;, ¢5), the signal o, describes spiral trajectories that corre-
spond to damped harmonic oscillations collapsing at a complex-
valued offset (Figure 6), which we neglect for the purpose of our
analysis. Here, we analyze the spirals to extract the characteristic
polariton wavelength 4, and its damping length L, while fitting

the curves with the function: y = A,exp(2ik,x)/ V/2x,58) where A,
is a complex-valued constant, and k, = 2z/4,+i/L, encodes the
plasmon-polariton dynamics.

The frequency dependence of near-field contrast (Figure 7a,b)
is quantified by dividing the average signal from the TI (a few
microns away from the edge) to that of the substrate, as rou-
tinely done in nano-FTIR spectroscopy.®! In sample A, the con-
trast with respect to the Si substrate, in the range 2-3.39 THz, is
compatible with the values recently measured in exfoliated 16-
nm-thick Bi,Se, flakes in the range 2-2.7 THz,*¥] but its fre-
quency dependence well reproduces the behavior expected for hy-
perbolic phonon polaritons.!®’] Conversely, in sample B, the con-
trast shows a monotonic decrease, that still agrees with the pre-
dicted 3rd order harmonic signal expected for hyperbolic phonon
polaritons, but in the presence of a lower chemical potential.[*]

a -I T T T T b
5__! =
aL ] =
% 3
o 3f i 3
e | Q
L L g
2_— 1 o
[ 8 o
L [T
1_— 1
0'| 1

" 1 " " 1 " 1 "
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Frequency (THz)

We use the complex-plane representation of ¢ to obtain the
polariton dispersion. The real part of the retrieved polariton
wavevector Refk,}, is shown in Figure 7b for samples A and B.
The retrieved values are smaller than those observed in exfoliated
TI flakes.

To understand the origin of the observed plasmon polariton
(PP) oscillations quantitatively, we compare the experimental dis-
persion with the results obtained by an analytical conductivity
modell>86! (see Experimental Section). Here, the thin Bi,Se, film
is modelled as a 2D conductive layer of zero thickness, an approx-
imation that avoids calculating the fields inside the film, and has
been proven valid for in-plane isotropic®®! (and anisotropic®?)
2D materials with layer thicknesses much smaller than the po-
lariton wavelength.

In the model, the wavevector k, can be expressed in terms of
the total conductivity (o) using the relation:(®*]

k= ikye, ——

P T
2roq

1)

where k, is the free-space wavevector, €, is the average permit-
tivity of the materials surrounding the Bi,Se, layer and ¢ is the

5.0
a0 7 /S Z A
3.0
® A-exp
——BC + Dirac (A)
—BC + 2DEG (A)
——BC + Dirac + 2DEG (A)
2.0 i 5 A * B-exp. ]
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——BC + 2DEG (B)
g BC + Dirac + 2DEG (B)
10 i PR SR T N S S S I R ——
0 1 2 3 4 5

Re{ky} (um™)

Figure 7. THz response of Tl Bi,Se; thin film. a) Near-field contrast between the 14.4 nm-thick (red-dots) and 19 nm-thick (blue-dots) Bi,Se; films and
the undoped SiO, /Si substrate as a function of frequency. b) Polariton dispersion experimentally retrieved by polaritonic interferometry in samples A (red
dots) and B (blue stars), compared with the theoretical model (lines). Error bars represent the standard deviation on the real-part of the PP wavevector

as it results from the fit.
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speed of light. Here, o is obtained by summing the bulk con-
ductivity (o) With the conductivities given by the other carrier
types present in the TI layer: Dirac carriers (o) and massive
surface carriers (o,pzc). The bulk conductivity is given by the re-
lation o = €pui-(c-d/214,), where €, is the bulk permittivity,
d is the film thickness and 4, is the free-space wavelength. Here,
€pul 1S calculated with a Drude-Lorentz model and includes the
contributions of the bulk carrier density and mobility and of the
transverse optical (TO) phonons E, (w,,* =63.03cm™!) and A,,
(0, = 126.94 cm™), involving atomic vibrations in the plane or-
thogonal (L) and parallel (//) to the trigonal c-axis, respectively.[®]
The TO phonon frequencies are marked by dashed lines in
Figure 7b.

By comparing the experimental data-points with the results of
the analytical conductivity model, we infer that the global plas-
mon polaritons dispersion is given by the simultaneous contri-
bution of bulk, Dirac and massive surface carriers to the opti-
cal conductivity, with densities given by n;, = 5.0 X 10 cm=3,
Mpie = 0.3 X 10 ecm™2, n,pc = 0.8 X 10 cm=2 for sam-
ple A, and ny,, = 8.0 X 10® cm™3, np;,. = 0.5 X 10 cm™2,
Hypeg = 0.9 X 1013 cm~2 for sample B, in reasonable agreement
with the values obtained by low-temperature magneto-transport
experiments. In both samples A and B, a good agreement be-
tween experiment and analytical models can be obtained only by
including the contribution to the total TI conductivity of massive
bulk carriers with both Dirac carriers at both Bi, Se; surfaces, and
massive two-dimensional electron gases (2DEG) at both Bi,Se,
surfaces (see Figure S3, Supporting Information for further de-
tails).

In conclusions, through a combination of Hall-bar magneto-
transport and near-field detectorless optical holography, we have
measured experimentally the dispersion of surface plasmon po-
lariton in Bi,Se, films grown by MBE, proving the existence of
massless surface carriers. Future applications of our work in-
clude the development of integrated devices for confining THz
radiation to deeply subwavelength volumes, with important im-
pacts for a new generation of nanophotonic and plasmonic de-
vices, such as sensors, lenses or metasurfaces.

2. Experimental Section

Near-Field Nanoscopy: Indidual THz QCLs were mounted in a lig-
uid helium continuous-flow cryostat with a high density polyethylene
(HDPE) window and kept at a fixed heat sink temperature, which was laser-
dependent and always set in the 10-20 K range. Temperature stability of
0.2 K was required for phase stability of the self-mixing signal. The emit-
ted THz beam was collimated using a 90° off-axis parabolic mirror (OAP)
with an effective focal length of 50 mm. The collimated THz beam was
fed into the entrance optical port of a commercial near-field microscope
(NeaSNOM, Neaspec/Attocube). The optical path length was varied using
a delay line, equipped with two 45 deg, 2 inches plane mirrors mounted
on a linear translation stage (Physik Instrumente, stepper motor stage
M403.62S) having a 30 nm precision. A second OAP with an equivalent
focal length of 25 mm focuses the beam onto the AFM tip of the SNOM.
The laser polarization lies in the plane containing the tip to efficiently in-
duce an oscillating dipole in the tip. THz radiation scattered by the sample
was collected by the same focusing parabolic mirror and coupled back into
the QCL cavity along the same incident optical path. The voltage modu-
lation across the QCL terminals produced by the self-mixing effect was
pre-amplified using a low-noise voltage amplifier (DL Instruments, mod.
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Table 2. Parameters used in the Evaluation of the Bulk Conductivity for
Sample B.

Value Description
Symbol [unit]/expression
D 19.3 [nm] Bi,Se; film thickness

€o 1 permittivity at infinite frequency
wp wp? = (4re? [m*)-ny, Drude plasma frequency (CGS units)
Yb 760 [cm™'] Drude damping rate (electron relaxation time)
@, 675.9 [cm™'] TO phonon (E,) oscillator strength
g 63.03 [cm™'] TO phonon (E,) center frequency
12} 17.5 [em™] TO phonon (E,) damping

@2 100 [cm™] TO phonon (A,,) oscillator strength
) 126.94 [cm™] TO phonon (A,,) center frequency
72 10 [em™"] TO phonon (A,,) damping
@3 11249 [em™] bandgap oscillator strength
g3 2029.5 [cm™] Bandgap center frequency

73 3920.5 [cm™)] Bandgap damping

1201) and demodulated up to the highest harmonic order (n = 5) allowed
by the electronic board of the NeaSNOM system. The average optical path
length from the QCL front facet to the tip was 70 cm.

Conductivity Model: In this section, we describe the analytical model
employed to calculate the dispersion of plasmon polaritons in the Bi,Se;
thin film, which is treated as a layer of zero thickness, characterized
by an effective conductivity given by the sum of the bulk and surface
contributions,[%3] thus neglecting the field profile along the material thick-
ness. This approximation was reasonable in our experiments, since the
Bi,Se; thickness d = 19 nm is much smaller than the polariton wave-
lengths, which are >2 um.

The model entails the evaluation of o, (Equation 1), which is the to-
tal conductivity of the TI film, given by the sum of the bulk conductiv-
ity (o), the massive surface carrier conductivity (o,pgg) arising from
the downward bending of the conduction band at the surfacel®! and the
Dirac carrier conductivity (op¢). Equation 1 relates the plasmon polariton
wavevector to the impinging frequency (w) by means of the dependencies
ko (@), € (), and o ().

The bulk conductivity can be expressed in terms of the bulk permittivity
(€pulk), With the expression oy, = epyic (€-d/2i4g), where Ay = 27k is the
free-space wavelength. In turn, e, can be approximated by the isotropic
Drude-Lorentz model described in ref. [64], and calculated by the expres-
sion:

2 j=3 w? .
_ “p Pj )
Epulk (@) =€ — 5—— + T, @
w* + Ioyp =1 wo’j - W — la)yj

Symbols and parameters of equation 2 are explained and reported
in Table 2 (for sample B). The Drude plasma frequency is calculated as
wp? = (4me? [m*)-np, i, where m* = 0.15 m, is the effective mass,[%®] m,
the electron mass and ny,, the bulk free carrier concentration.

The surface conductivity of Dirac carriers is approximated by the
expression:[>8]

e?kgT - In [2 cosh (%)] i

2n2rx ‘o

@)

Opc =

Where kg is the Boltzmann constant, T is the temperature and E; is
the Fermi energy given by Eg2 = (hvg)2-4znp;,c, Where 7 is the reduced
Plank’s constant, vp = 5 x 108 cm ~'sl67] and np,,,. is the density of topo-
logically protected (Dirac) surface states.
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The conductivity of massive surface carriers is approximated by the
expression:[%3]

2 .
e’n
2DEG )

o2 =
2DEG o P

Where n,pec is the carrier concentration.

Supporting Information

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