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Temperature-dependent electron and phonon dynamics in the ternary topological insulator
(Bi;_,Sh, ), Te; at terahertz frequencies
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We investigate the temperature-dependent free electron conduction, terahertz phonon modes, and electron-
phonon interactions, in the ternary topological insulator (Bi;_,Sb,),Te;. Terahertz time-domain spectroscopy
and Raman spectroscopy on three n-type (Bi;_,Sb,),Te; samples of various thicknesses were performed.
Strong phonon activity and electron—phonon coupling were experimentally revealed and found to be sensitive
to temperature changes and subtle structural variations between the samples. The experimental results, well
described by Drude-Lorentz-Fano model, were compared to density functional theory calculations, yielding the
phonon mode assignment. Further, an additional broadened background absorption was observed and attributed
to the morphology of the conductive top surface of the samples.

DOI: 10.1103/y1qg-vjnz

I. INTRODUCTION

Three-dimensional topological insulators (TIs) feature
graphene-like gapless surface states of massless Dirac
fermions with (quasi)linear energy-momentum dispersion.
Meanwhile, the bulk resembles a trivial semiconductor, char-
acterized by gapped valence and conduction bands, with
conventional massive Schrodinger electrons [1-6]. The Dirac
electrons of the surface states are spin-momentum locked
owing to strong spin-orbit coupling and are protected by
time-reversal symmetry, and are consequently immune to
elastic backscattering. They further exhibit quantum inter-
ference with bulk phonons [7-10]. Similar to graphene, the
TIs show remarkably strong optical nonlinearity when in-
teracting with moderately intense light fields, particularly in
the terahertz (THz) frequency range, and additionally possess
even-order nonlinearity, which is absent in the centrosym-
metric graphene [11-14]. These unique characteristics open
pathways for a broad range of applications of topological
insulators in advanced technologies, including spintronics,

“Contact author: hafez@physik.uni-bielefeld.de
fContact author: dmtu @physik.uni-bielefeld.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2025/112(21)/214303(13)

214303-1

quantum computing, optoelectronics, frequency multipliers,
and thermoelectrics [2,15-20].

Among this promising class of materials, the binary TIs
Bi,Ses, BiyTes, and SbyTe; are the most extensively studied
[1-20]. However, alloying these materials to form ternary
compounds such as (Bi;_,Sb,),Te; and Biy(Se,Te;_, ), al-
lows one to control the physical properties of TIs. Controlling
the concentration x of the substituent element in these alloys
allows to tune the bulk bandgap energy, the Fermi level and
the relative energy of the Dirac point of the surface states to
the band edges of the bulk bands, and the electron-phonon in-
teractions [21-24]. Moreover, the inclusion of indium to form
(Bij_,In,),Ses can control the spin-orbit coupling, enabling
the recovery of a trivial insulator [8,25]. Given that the lowest
energy optical phonons and the major spectral weight of the
free electron conduction in TIs lie in the THz frequency range,
THz [7,8,10,24-27] and Raman [28-30] spectroscopies are
ideal tools to study the electron and phonon dynamics and
their interactions in these materials.

Here, we study the electron and phonon dynamics as well
as the electron-phonon interactions and their dependencies
on the lattice temperature in the ternary topological insulator
(Bij_Sb,),Tes at THz frequencies. Our experiments provide
conductivity spectra which we attribute to surface free charge
carriers and optical phonon resonances. Interestingly, the free
carrier conductivity obtained from the THz time-domain spec-
troscopy (THz-TDS) experiments shows no variation with the
change of the lattice temperature while the phonon resonances
exhibit drastic changes in lineshape, intensity, linewidth
and central frequency. These features are all captured by a
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Drude-Lorentz-Fano model, very well reproducing the ex-
perimental data. Supported by the density functional theory
(DFT) calculations, we attribute the IR-active phonons probed
by the THz-TDS mainly to E, modes associated with lattice
vibrations in the (001) plane. On the other hand, the Ra-
man spectra show signatures of E; and A, phonon modes.
The intensities and central frequencies of the probed phonon
modes are found to be sensitive to small structural variations
from one sample to another, and are further highly sensitive
to temperature changes. The conduction by free electrons at
low temperatures below ~25 K can plausibly be attributed to
surface Dirac electrons, while the bulk electrons contribution
is reasonably negligible. However, at higher temperatures, the
strong THz phonon absorption and its associated temperature-
induced broadening make it challenging to accurately assess
the free electron conduction from the THz spectra alone. To
this end, we have additionally performed contact-based elec-
trical transport measurements, which are solely sensitive to
free carrier conduction at dc.

II. EXPERIMENTS

We performed the THz-TDS and Raman spectroscopy
experiments on three samples of (Bi;_,Sb,),Te; with thick-
nesses of ~23 nm, ~27 nm, and ~34 nm, each deposited on
a 0.5-mm-thick sapphire substrate [see Methods (Sec. V) for
the samples preparation]. A bare piece of nominally identical
sapphire substrate was used as a reference for control mea-
surements. The THz-TDS experiments were performed in a
transmission geometry using a commercial THz spectrometer
(TeraFlash Pro from Toptica Photonics AG). The measure-
ments at temperatures in the range 10-300 K were enabled
by a closed-cycle helium cryostat with the samples mounted
on its cold arm. The THz beam was focused at the sample
position, and all measurements were conducted at normal
incidence. The THz beam path was continuously purged with
dry nitrogen to minimize the THz absorption by atmospheric
water vapor. The useful bandwidth of the THz-TDS experi-
ments was 0.3-3.5 THz, limited in part by the transmission of
the TPX cryostat windows. The THz conductivity spectra of
each sample were obtained by analyzing the temporal THz
fields Eg(z) and E,(t) transmitted through the sample and
the bare reference substrate, respectively, using the following
relation [31-33]:

F(w) = ng + 1 Eief(w)ei(m—l)wAd/c 1) )
Zodsim \ Es(w)

where w is the angular frequency, n; = 3.07 is the refractive
index of the sapphire substrate, Zp = 377 Q is the free-
space impedance, dgjy, is the thickness of the (Bi;_,Sb,),Tes
nanofilm, £ (w) is the complex-valued Fourier spectrum of
E(t), c is the speed of light in vacuum, and Ad ~5 wm
accounts for a small thickness difference between the sample
and reference substrates. Three thin film thicknesses were
chosen to compare the conductivity & (w) of the samples and
the associated phonon contribution for a varying thickness
ditm.-

TABLE 1. EDX characterization of the three (Bi;_,Sb,),Tes
samples, indicating good agreement with the expected (BiSb):Te
ratio and an x of 0.61—0.67. Values given in this table exhibit a
maximum error of +5%.

Content/sample S1:23 nm S2: 27 nm S3: 34 nm
Bi (%) 10 12 14
Sb (%) 22 23 22
Te (%) 68 65 64

The crystalline quality and spatial uniformity of the three
(Bij_,Sb,),Te; samples were evaluated via micro-Raman
spectroscopy, x-ray diffraction spectroscopy (XRD), scan-
ning electron microscopy (SEM), energy-dispersive x-ray
spectroscopy (EDX), and EDX mapping, as discussed in
more detail in the next sections. The stoichiometry obtained
by EDX characterization is shown in Table I. Electrical
transport measurements, including Hall (up to 48 T) and
temperature-dependent resistance measurements, were per-
formed with the samples directly after the preparation, as
discussed in more detail in Methods (Sec. V). A compari-
son between the results obtained from the THz spectroscopy
and electrical transport measurements is provided in the next
section.

III. RESULTS AND DISCUSSION

Figure 1 shows the THz spectra of the real and imagi-
nary parts of the conductance [the product 6,(w) = 6dfi, in
Eq. (1)] for the three studied samples at different tempera-
tures. Colored curves and solid lines show the experimental
data and Drude-Lorentz-Fano model fitting, respectively. The
model fitting, which we shall discuss in detail below, shows
very good agreement with the data. The conductance spec-
tra possess a finite dc conductance and clear signatures of
IR-active phonons. The peak and lineshape of the phonon
mode centered around 1.5 THz at the temperature of 300 K
exhibit a strong dependence on the sample temperature. With
the reduction of temperature, we see an increase of the peak
amplitude, red-shift (anomalous mode softening on cooling)
and linewidth narrowing. This anomalous mode softening on
cooling (or equivalently, mode hardening on heating) has been
previously observed in the TIs and has been attributed to the
strong electron-phonon interactions and higher-orders mode
anharmonicity [10,25,34]. In contrast, the broader, higher-
frequency peak around 1.9 THz exhibits only a slight red-shift
on cooling. We note here that similar phonon signatures have
been observed in Sn-doped Bi; ;SbygTe,S [10], comprising
a sharp peak around 1.92 THz (64 cm™!), referred to as
in-plane IR-active o-mode, and a higher frequency shoulder
presumably attributed to out-of-plane modes activated by lat-
tice disorder (see [10] and references therein).

In order to describe the measured THz conductivity spectra
shown in Fig. 1, we applied a fitting based on the follow-
ing Drude-Lorentz-Fano model function [7,8,10,25,35-39],
which provided a very good agreement with the data, as
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FIG. 1. The real (a)—(c) and imaginary (d)—(f) parts of the complex-valued sheet conductance spectra for the three investigated samples at
temperatures between 10 K and 300 K. An offset by 2 mS between each two successive spectra is added for clarity. The black lines depict the
Drude-Lorentz-Fano fits, while the colored spectra represent the experimental data.

shown in Figs. 1 and 2,

O4c —ieoa)Q%

—i€gw2

6(w) =

1 —iwt wg’Ll — ! — iy

r
+ (—ieow)R[m(zqF — Aw(g® — 1) + i<

In this function, the first term on the right-hand side ac-
counts for Drude conductivity by free charge carriers, where
o4c 1 the dc conductivity and 7 is the electron momentum
scattering time. The second and third terms represent two
Lorentzian resonant modes which we associate here with the
broad band around 1.9 THz in Fig. 1, and we will discuss them
in detail in the next sections. For these resonant modes, €2 is
the oscillator strength, y is the linewidth, and wq 1 /27 is the
central resonance frequency. The fourth term is a Fano func-
tion [35-39], employed here to describe an asymmetry in the
lineshape of the sharp peak around 1.5 THz in Fig. 1, where g
is the asymmetry Fano parameter, R is a factor accounting for
the rate of transition between continuum and discrete states,
and Aw = w — wy r With wg r/2m the resonance frequency
of the mode. This Fano function accounts for the quantum
interference between the phonon discrete states and the free
electron continuum, where the most pronounced asymmetry
of the phonon lineshape arises when ¢ = 0, such that the
coupling of the phonon mode to the driving light field is
minimum. In the last term of Eq. (2), € is the permittivity of
free-space and €., is the high-frequency dielectric constant.
The individual contribution of each term of Eq. (2) to the
overall conductance spectrum is depicted in Figs. 2(a)-2(d).
The fit parameters used in Eq. (2), and their temperature
dependencies are summarized in Table II and Fig. 3. We
emphasize here that the inclusion of all components given in

2 2 _
Wy 1y — W — Y0

Aw 2
% - 1)] — iwep(€ny — 1). 2)
T

(

Eq. (2) is essential for accurately reproducing the experimen-
tal conductivity spectra.

To get deeper insights into the fitting results and correctly
assign the resonance modes observed in the conductivity spec-
tra, we have first performed DFT calculations to investigate
the possible phonon modes in the (Bi;_,Sby ), Te; films. From
the DFT calculations [see Methods (Sec. V) for details], we
assign the experimentally observed resonances to the IR-
active phonon modes demonstrated in Figs. 2(e) and 2(f) for
a calculation of BiSbTe; (based on structure mp-1227340

TABLE II. Temperature-independent Drude-Lorentz-Fano fit-
ting parameters used for the global fit.

Parameter/sample S1:23 nm S2: 27 nm S3: 34 nm
wo.1/2m [THz] 1.61 + 0.03 1.6 + 0.3 1.60 £ 0.05
Q; [THz] 244 + 8 100 + 30 160 + 20
Q;» [THz] 187 + 7 190 + 10 130 + 10
v [ps™'] 16 + 4 10+ 5 8 + 1
vz [ps™'] 3.8 £ 0.1 3.8 +£02 24 + 0.1
R 3+2 30 + 40 4+6
oo ~1+10°° ~1+10°° ~1+107°
Er [meV] 140 £+ 10 210 + 40 80 + 20
N, x 10"?[cm™2] 1.8 + 0.1 4+ 1 0.6 + 0.1
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FIG. 2. (a)—(d) The Drude-Lorentz-Fano fits of the THz conductance along with their individual contributions for the 23-nm-thick sample
(S1) at 10 K (a), (b) and 300 K (c), (d). In black, the experimental data are represented by symbols and the overall fitting is demonstrated
by solid lines. The individual fitting contributions are represented by red for the Drude contribution, blue for the Fano contribution while
green and orange correspond to the double-phonon band represented by the Lorentz functions of Eq. (2) with the broad Lorentzian (Lorentz 1)
necessary to model the shoulder and sharp phonon feature accurately. (e) Shows the DFT simulation based on harmonic potentials, depicting
the IR-active modes between 1 THz and 5 THz with 5 cm™' FWHM absorbing in the (001) plane. (f) Schematic illustration of the atomic
motions forming the vibrational modes 1-4, with the arrow’s length indicative of the vibration strength.

taken from the materials project [40], which belongs to the
trigonal space group R3m and the Cs, point group, lacking a
center of inversion). Figure 2(e) shows the calculated spec-
tral distribution of the (001) face (primitive unit cell) with
both the E (black) and A; (red) IR-active modes shown as
vertical lines. Importantly, only the E modes contribute to
the THz spectral response for this orientation of crystalline
film. The corresponding atomic motions forming these modes
are demonstrated schematically in Fig. 2(f). Correlating the
DFT calculations to the experimental observations, we assign
mode 1 to the experimentally observed peak around 1.5 THz,
and modes 2 and 3 to the broader peak around 1.9 THz, which
are mainly captured by the third and fourth terms (Lorentz
2 and Fano functions, respectively) of Eq. (2). The predicted
mode 4 indicated in Fig. 2(e) is notably weak, and is likely
masked in the measurements by both the more intense neigh-
boring phonon modes and the free carrier absorption (the
Drude conductance). We note that the results of the DFT
calculations are qualitatively in good agreement with the
experimental observations, except for a certain blue-shift in
all the calculated central frequencies. This frequency shift
is common in DFT calculations based on the harmonic-
oscillator potentials and ideal stoichiometric lattice structure,
where anharmonicity and lattice imperfections are not consid-
ered [25,41]. Further information about the DFT calculations
is provided in Methods (Sec. V).

We note that replacing the Fano function term in Eq. (2)
by a Lorentz function results in a less satisfactory agreement
between the model and the data, especially for the thickest
sample of 34-nm-thick film (see a comparison between re-
sults obtained from fitting with separate Fano and Lorentz
functions in Methods.). This demonstrates that increasing the
thickness of the sample results in a more pronounced phonon
mode asymmetry. We also observe that this Fano-shaped
mode around 1.5 THz exhibits an increase of intensity with
increase of the sample thickness [see Figs. 1(a)—1(c)]. These
observations indicate the significance of coupling between the
free electron continuum of the surface states and the bulk
phonons, described by the Fano term in Eq. (2). We also
emphasize that the inclusion of all components in Eq. (2) is
essential for accurately reproducing the experimental spectra.

Our investigation of the broad Lorentzian spectrum labeled
“Lorentz 1” in Fig. 2, which is represented by the second term
in Eq. (2), suggests that it does not correspond to a specific,
well-resolved phonon mode. Instead, it represents a collec-
tive broadened background absorption arising likely from the
following possible contributions combined. The surface can
exhibit phonon absorption at the same resonance frequen-
cies as bulk modes represented by the Fano and Lorentz
2 contributions shown in Figs. 2(a)-2(d) and in Eq. (2).
However, unlike the crystalline bulk, the surface exhibits
roughness of ~3 nm on average and grains with a length of
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FIG. 3. The temperature dependence of the free fitting parameters of the Drude-Lorentz-Fano model for the three samples: (a) dc
conductivity, (b) scattering time, (c) Fano center frequency, (d) Fano damping factor, (e) asymmetry q parameter, and (f) center frequency
of the second Lorentzian term of Eq. (2).
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34 nmn

FIG. 4. SEM images of S1 (a)—(c), S2 (d)—(f) and S3 (g)—(i) with increasing scale of 1, 10, and 100 um. (j)—(1) 60° angled sample images

showing sub-um grains and incomplete growth of the top 2-3 layers.

~ 140 &= 70 nm located within the top 2-3 layers of the
(Bi;_xSby),Te; films. This is depicted by the SEM images
of the surface morphology shown in Fig. 4, and data demon-
strated in Fig. 5 and Table III [see also Methods (Sec. V) for
SEM characterization]. This amorphous nature of the surface
can consequently result in a broadening of the surface phonon

80 T T T T T T T
/ \ [ ] Sample Average
\ Normal distribution
60 - ]
g
240+ .
O

20/ \ _

modes. Moreover, the surface grains, with their broad range of
sizes and varying spatial distribution, can act as multiple THz
plasmonic cavities that trap electron plasmonic waves [7,42—
44], giving rise to additional broad THz absorption while
suppressing dc conductivity.

Additional insights into the phonon activity in the samples
can be obtained from the Raman spectra shown in Fig. 6.
Raman-active vibrational modes were excited using a 532 nm
Nd:YAG laser, focused to a ~ 2 um spot with an optical power
density of ~0.8 mW /cm?. Spatial maps of the Raman re-
sponse were recorded across the full sample surfaces to assess
homogeneity. While the THz-TDS measurements indicate a
largely homogeneous response due to the large spot size of
the THz beam on the sample surface, Raman mapping with
~ 2 wm spot size reveals local variations in intensity and peak
positions, as shown in Figs. 6(c) and 6(d), reflecting the grainy

TABLE III. Mean grain size obtained from SEM images
Figs. 4(a), 4(d), and 4(g).

0 i‘c Sample Mean length [nm]
0 50 100 150 200 250 300 350 400 S1:23 nm 140 + 70
Grain length [nm] S2: 27 nm 140 £+ 60
S3: 34 nm 160 + 80
FIG. 5. Histogram representation of the distribution of the grain Average 140 + 70

sizes demonstrated in Fig. 4 and Table III.
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FIG. 6. (a), (b) Comparison between the IR-active and Raman-active modes for the two tested samples S1 and S3, and (c), (d) show
a Raman mapping of the surface of each sample. The 2D Raman maps were extracted by combining the spectra recorded on 25 discrete
points uniformly distributed over the 1 x 1 cm? sample surface, filling a grid with 2-mm spacing between the map spots, as illustrated by the
sample map layouts shown in (c) and (d). Each Raman curve was acquired with the help of a 100X objective (Horiba Explora Plus), using a
~2-um-diameter laser spot, with optical power density of ~0.8 mW /cm?.

surface morphology (~3 nm roughness and ~140 nm mean
grain length) observed in SEM and XRD. These variations
also reflect the broad absorption spectrum represented by
Lorentz 1 in the THz fits.

To visualize the differences between the Raman-active and
IR-active modes, we plotted the THz conductivity and Raman
spectra together, for two of the samples. The Raman spectra
show the predicted Raman-active Eg and A, modes [30]. To
the best of our knowledge, this is an experimental observa-
tion of the theoretically predicted Eé mode centered around
~1.9 THz (65 cm™") in (Bij_,Sb,),Tes [30]. We note here
that in the DFT calculations, the considered structure has the
stoichiometric ratio of Bi: Sb =1 : 1, and lacks a center of
inversion. Consequently, the calculated E and A| modes lack a
strict symmetry and are both IR- and Raman-active. In Fig. 6,
however, we use the traditional labels for mode assignment,
as also reported in Ref. [30], which imply a structure with
a center of inversion. This can be justified by the observed

deviation of the actual structure of our samples, as described
in Table I, from the aforementioned 1:1 ratio considered in the
DFT calculations.

Based on the discussion provided above, we focus now
on the findings of our fitting model given by Eq. (2) and the
temperature dependence of the THz conductivity spectra. The
best agreement with the experimental data of the THz conduc-
tance spectra shown in Figs. 1 and 2(a)-2(d) were obtained by
considering the fitting parameters shown in Fig. 3 and Table II.
For each sample, the parameters listed in Table IT were fixed
and did not change with the change of temperature. From the
Drude term of Eq. (2), the dc conductance was extracted and
was found almost independent of both temperature and sam-
ple thickness, as shown in Fig. 3(a). The associated electron
momentum scattering time and the free electron density, how-
ever, vary only with the sample thickness, which we attribute
to the structural variations of the samples demonstrated by the
EDX data listed in Table I.
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For the Fano function of Eq. (2), we demonstrate the
temperature dependencies of the central frequency of the as-
sociated phonon mode wy /27, the linewidth I", and the Fano
q parameter, as shown in Figs. 3(c)-3(e). The increase of
wo r/2m and " with the increase of temperature indicate that
the associated lattice potential becomes anomalously steeper
(mode hardening on heating leading to a blue-shift). On the
one hand, the negative finite values of the Fano g parameter
denote a mode asymmetry with a dip on the high-frequency
wing of the mode. On the other hand, the convergence of
q towards zero with the increase of temperature results in a
more pronounced asymmetry and a decrease of the coupling
between the THz light field and the discrete states of this
phonon mode, i.e., more continuum states become involved
[10,38,45].

The broader band around 1.9 THz is represented in the
performed fitting by the two Lorentzian functions in Eq. (2)
whose central frequencies at 10 K are wy /27 = 1.6 THz
and wy 12 /27 = 1.85 THz. As discussed earlier, wy 1 is asso-
ciated with the broad background absorption labeled Lorentz
1 in Figs. 2(a)-2(d), which we attributed to a collective THz
absorption from surface phonons and localized plasmonic ab-
sorption, all broadened by the surface morphology. The fitting
results suggest that this part of absorption is not sensitive to
the change of the sample temperature. Thus, the only tem-
perature dependence of the broad band around 1.9 THz is
likely attributed to a slight increase in the central frequency
wo.12/2m from 1.85 THz to ~1.92 THz with the increase of
temperature from 10 K to 300 K, respectively. This indicates
that the phonon mode associated with wg s, exhibits a small
mode softening on cooling, similar to the case of the Fano
mode. The other fitting parameters, however, do not show any
change with temperature. This is evident because of the small
intensity of this broad band around 1.9 THz as compared with
the lower-frequency Fano mode whose temperature depen-
dence is dominant. The narrowing of the Fano mode around
1.5 THz on cooling reduces the intensity at the neighbor-
ing broad band around 1.9 THz, counteracting any probable
intrinsic increase of its peak on cooling, and therefore the
overall result is the observed temperature independence of the
broad band around 1.9 THz.

Assuming that the Drude contribution of the conductance
is provided only by the Dirac electrons of the surface states,
given that the samples are n-type TIs, we calculate the Fermi
energy Er and the areal free electron density N, for each sam-

ple using the relation Er = 2hvp/TN, = ”h:% [6,26,46],
where a factor of 2 accounts for two surfaces of a TI sample, 7
is the reduced Planck’s constant, vy = 4.5(0.8) x 10°> ms~!
is the Fermi velocity [22,23], and oy 4. = 04.dsim is the dc
conductance extracted from the THz conductance spectra
shown in Fig. 1. The obtained values for Er and N, are
listed in Table II. Our assumption of considering free elec-
tron conduction solely by surface electrons is motivated by
the following. First, our samples are n-type, according to the
Hall effect measurements performed. Second, (Bi;_,Sb,),Te;
exhibits a bulk bandgap of ~250 meV, and the Dirac point of
the surface states is almost at the edge of the bulk valence
band [21-23]. Hence, our THz spectroscopy-based estimates
of the Fermi energies (see Table II) can be attributed mainly to
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FIG. 7. Temperature dependence of the sheet resistance

(Rs—R300 k) for the three samples.

free surface electron population. However, we realize a slight
mismatch between the temperature dependencies of the elec-
tron transport properties extracted from the THz spectroscopy
and those obtained from the contact-based electrical transport
measurements demonstrated in Fig. 7 and Table I'V.

At low temperatures below ~25 K, the extracted values
of the free carrier density from both methods are of the
same order of magnitude and in reasonable agreement with
one another. The slight differences between the values in
this low-temperature regime can be attributed to the different
sensitivities of the THz-TDS and the contact-based trans-
port measurements to the different carrier scattering events
[25.,47].

At higher temperatures, on the contrary, the mismatch is
more pronounced. Figure 7 shows the temperature depen-
dence of the electrically measured sheet resistance exhibiting
a fractional change of ~20% with the temperature change
from 10 K to 300 K, which is somewhat distinguished from
the THz-based results shown in Fig. 3(a). The behavior
shown in Fig. 7 is typical of contact-based transport char-
acterization of (Bi;_,Sby),Tes for x ~ 0.5—0.9 [22] and is
attributed to interplay between contributions from surface
and bulk bands [48]. In the low-temperature regime before
the resistance peaks, the surface contribution dominates and
exhibits an increase of resistance with the increase of tem-
perature. At higher temperatures, the behavior is reversed, as
captured in Fig. 7. Yet, the temperature at which the resis-
tance reaches a maximum differs from one sample to another,
most likely owing to the different Fermi energies and the
small structural variations between the samples. This behavior
is not fully captured by THz-TDS because the dominance
of the phonon absorption modes and their temperature-
induced spectral broadening in the THz conductance spectra
obscure the weak Drude contribution from free electrons.
Furthermore, the Drude contribution from surface-state elec-
trons overlaps strongly with the broad absorption feature
(Lorentz I). Hence, the contact-based electrical transport
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TABLE IV. The electron transport characteristics of the samples obtained from the Hall effect measurements performed at 2.2 K.

Thickness Electron density Hall Mobility Sheet resistance
Sample [nm)] [x10'2 cm~2] [em? V! s71] [Qsq~'1, T =300K
S1:23 nm 229+04 6.29 + 0.06 262 £ 3 3285
S2:27 nm 27.1+£04 6.96 £+ 0.07 331 £3 2515
S3: 34 nm 337+03 103 + 0.1 311 £ 3 1756

characterization of the free electron conduction becomes in-
dispensable at higher temperatures.

IV. CONCLUSIONS

We have studied the electron and phonon dynamics in the
ternary topological insulator (Bi;_,Sby ), Tes using THz-TDS,
Raman spectroscopy, SEM imaging, and contact-based trans-
port characterization methods. The THz conductivity spectra
are dominated by strong THz-resonant phonon absorption
modes featuring Fano-asymmetry owing to electron-phonon
coupling, and further show strong dependencies on temper-
ature and subtle structural variations in the samples. The
IR-active modes were assigned using the DFT calculations,
and significant phonon mode softening on cooling (phonon
red shift at lower temperatures) was observed. The electrical
conduction in the samples was found to be predominantly ow-
ing to the Dirac surface electrons states. An additional broad
background absorption (or conductivity) overlapping the con-
ductivity spectra of the samples was observed and attributed
to absorption contribution induced by the morphology of the
conductive top surface of the samples. This latter finding is
supported by SEM imaging and XRR characterizations of
the sample surfaces. A very good description of the complex
THz optical conductivity spectra of the (Bi;_,Sb,),Tes; sam-
ples was achieved using the Drude-Lorentz-Fano model. The
electron and phonon dynamics, along with their interactions
revealed in this study, could provide important inputs for the
thermoelectric applications of (Bi;_,Sb, ), Tes.

V. METHODS

Samples preparation. The samples were prepared within
a solid-source MBE system, with a base pressure of
~107'° mbar. They were grown on Al,O3 (0001) substrates
by codeposition of bismuth from a dual-filament Knudsen
cell, antimony, and tellurium were evaporated from valved
cracker sources. The growth was established in a two-step pro-
cess, with a ~5-nm-thick nucleation layer deposited at 150 °C,
before the sample temperature was raised to the growth tem-
perature of 210 °C, where the rest of the film was grown.
All sample temperatures were measured with a thermocouple
attached to the sample manipulator. All the samples were
grown under chalcogenide rich conditions, such that the tel-
lurium flux is at least 20 times that of the total bismuth and
antimony fluxes. This is essential to minimize the formation
of chalcogenide vacancies [49], to guarantee that the correct
phase of the topological insulator is grown [50] and to ensure
that the growth rate is determined by the total bismuth and
antimony fluxes [51]. The temperature of the tellurium cracker
zone was held 200 °C above the tellurium reservoir, resulting

in cracker zone temperatures between 560 °C and 565 °C. The
antimony cracker temperature was 900 °C and the Sb flux
was kept constant across the growth of all samples, while the
Bi flux partial pressure was fixed at 3 x 10~ mbar. Finally,
the samples were cooled under a tellurium flux at 3 °C/min
above 180 °C to improve the surface quality and avoid residual
tellurium on the surface.

X-ray diffraction (XRD) characterization. The samples
were diced for characterization, and structural properties of
the wafers were subsequently verified by XRD, using the
Cu Ka (A = 1.54056 A) source of a PANalytical X Pert Pro
MPD PW3040-60 diffractometer as shown in Fig. 8(a). The
XRD measurements of the (0003) and (0006) film peaks con-
firm that all layers have a lattice constant of 3.04 £ 0.01 nm,
showing that all samples are of a similar stoichiometry and
exhibit a high degree of crystallinity.

The sample thicknesses and roughnesses were evalu-
ated using x-ray reflectivity measurements (XRR) as shown
in Fig. 8(b). The three samples have a thickness of
22.9 + 0.4 nm (sample S1), 27.1 £ 0.4 nm (sample S2), and
33.7 + 0.3 nm (sample S3) and all deposited layers have a sur-
face roughness of 3.4 + 0.2 nm while the substrate roughness
is estimated by the fit to be 0.4 nm.

Scanning electron microscopy (SEM) surface imaging and
energy dispersive x-ray (EDX) mapping. The samples were
imaged using a FEI Helios NanoLab 600i dual-beam FIB.
The electron beam was operated at an accelerating voltage
of 10 kV. SEM images were acquired at 1, 10, and 100 um
length scales to visualize grain size and sample topology, as
shown in Figs. 4(a)-4(i). To enhance topographical contrast,
the samples were additionally tilted to 60° during imaging,
as seen in Figs. 4(j)—4(1). Incomplete growth of the top 2-3
layers results in the surface roughness detected by the XRR
measurements.

For EDX mapping, the built-in SDD Apollo 10 detector
was employed with an increased accelerating voltage of 20
kV. All samples exhibit large-scale homogeneous distributions
of Bi, Sb, and Te, as shown in Fig. 9. In the SEM reference
images, additional features attributed to impurities are visible,
likely originating from environmental contamination such as
carbon-based compounds or dust particles.

Hall characterization. The samples were patterned into
Hall bars via optical lithography and chemical wet etching
techniques before Cr/Au ohmic contacts were deposited by
thermal evaporation. Transverse and longitudinal Hall re-
sistances were subsequently recorded by standard lock-in
techniques with a source-drain bias current of 1 yA at a
frequency of 119.77 Hz in a closed cycle helium cryostat with
a base temperature of 2.2 K and a 7 T magnet. All samples
show semiconductor-like behavior (as shown in Fig. 7) and
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FIG. 8. Data of the (a) XRD and (b) XRR measurements for the three samples. A multiplicative offset of 10 (a) and 100 (b) between each

two successive spectra is added for clarity.

transport dominated by electron-like carriers. The low-
temperature transport properties of the samples studied here
are reported in Table IV.

DFT calculations. Calculations were performed using
VASP 5.4.4 [52] using the Perdew—Burke—Ernzerhof (PBE)
functional [53] and the Projector Augmented Wave (PAW)
pseudopotentials [54] distributed with VASP 5. Dispersion

(b)
Bi M

corrections were included using the Grimme DFT-D3 method
[55] with Becke—Johnson damping [56].

Within reasonable limits, the initial starting structure
BiSbTe; (mp-1227340), which is in an R3m space group,
was taken from the materials project [40] and after some
convergence testing both, geometry optimizations and
phonon calculations were performed on a single unit cell in

: ®
1 BiM
G0 |

FIG. 9. EDX mapping with corresponding SEM images for the samples S1 (a)—(d), S2 (e)—(h), and S3 (i)-(1). The gray images (a), (e), (i)
show reference SEM images. Blue images (b), (f), (j), yellow images (c), (g), (k), and purple images (d), (h), (1) correspond to the Bi, Sb, and

Te distributions respectively.
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the conventional crystallographic setting. Calculations were
performed with an energy cut-off of 520 eV and a gamma
centered Monkhorst-Pack grid [57,58]. The wavefunction,
positions and unit cell dimensions were converged during
optimization so that the energy changed by less than 1 x
10~* eV. During the optimization, the unit cell volume de-
creased by ~ 7% to 489.49 A3. The shrinkage of the unit cell
during optimization contributes to the calculated phonon fre-
quencies being systematically higher than in the experiment.

A phonon calculation was then performed using Phonopy
[59,60]. Here, the optimized unit cell was used to calculate
atomic displacements that generated ten displaced structures.
Single point calculations were then performed for each dis-
placed structure with VASP as described above. Additionally,
VASP was used to calculate the Born Effective charges
of the non-displaced cell using the LEPSILON keyword.
Phonon frequencies were then calculated using phonopy with
the “PRIMITIVE_AXIS” keyword used to wrap the phonon
frequencies of the conventional cell onto the primitive crys-
tallographic setting.

The phonon calculation and associated Born effective
charges were then post processed using PDielec [41,61] with
the most recent version of the code (v8.2.0) [62]. PDielec
was then used to calculate the optical behavior of a 20 nm
of BiSbTe; on a sapphire substrate layer with the incident
beam normal to the (001) face (defined by the primitive
crystallographic setting) an azimuthal angle of 0° and a
full-width-half-maximum of 5 cm™ for P-polarized light. To
calculate this, PDielec implements several methods to deter-
mine the optical properties of a multilayer material based on
the pyGTM code [63] with a transfer matrix method similar to
that described by Passler ez al. [64] and a scattering matrix that
has been implemented as described in the PyLlama software
documentation [65]. Figure 2(e) in the main text shows the
resultant absorbance spectra for the material.

Fano versus Lorentz fit comparison. To illustrate and justify
the choice of the fitting functions, we compare the Fano and
Lorentzian fits in Fig. 10. For the prominent mode around
1.5THz, a Lorentzian fit overestimates the broad shoulder
around 1.9 THz and fails to capture the observed asymmetry
of the peak around 1.5 THz, whereas a Fano function repro-
duces both the peak position and the asymmetric lineshape
accurately. This confirms that the Fano lineshape is necessary
for this mode, reflecting interference between the discrete
phonon and continuum electronic states.

In contrast, the broader band around 1.9 THz does not
display significant asymmetry in the experimental data. A
Lorentzian function provides a satisfactory fit without intro-
ducing additional free parameters, demonstrating that a simple
Lorentzian is sufficient for these weaker modes. Using a Fano
function for the 1.9 THz modes would increase the number of
free parameters without improving the fit quality or physical
interpretability.

Overall, this comparison validates our approach of using a
Fano function only for the asymmetric 1.5 THz mode, while
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FIG. 10. Experimental data are shown as black dots. Drude-
Fano-Lorentz is compared to a Drude-Lorentz model. The prominent
1.5 THz mode is fitted with a Fano function (red line, dashed for
imaginary part) and a Lorentz function (blue line, dashed for imagi-
nary part). The Lorentzian overestimates the right-hand shoulder and
fails to reproduce the asymmetric lineshape, whereas the Fano func-
tion captures both the peak position and the asymmetry accurately.

fitting the 1.9 THz double-phonon band with Lorentzians is
both physically justified and computationally efficient.
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