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Abstract: This study successfully fabricated the quaternary topological insulator thin films of
Bi1.2Sb0.8Te0.4Se2.6 (BSTS) with a thickness of 25 nm, improving the intrinsic defects in binary topo-
logical materials through doping methods and achieving the separation of transport characteristics
between the bulk and surface of topological insulator materials by utilizing a comprehensive Physical
Properties Measurement System (PPMS) and Terahertz Time-Domain Spectroscopy (THz-TDS) to
extract electronic transport information for both bulk and surface states. Additionally, the dielectric
polarization behavior of BSTS in the low-frequency (10–107 Hz) and high-frequency (0.5–2.0 THz)
ranges was investigated. These research findings provide crucial experimental groundwork and
theoretical guidance for the development of novel low-energy electronic devices, spintronic devices,
and quantum computing technology based on topological insulators.

Keywords: nanoscience; topological insulator Bi1.2Sb0.8Te0.4Se2.6; transport separation; spectroscopy

1. Introduction

The strong spin–orbit coupling effects and time-reversal symmetry in topological
insulators (TIs) give rise to a novel quantum state known as the topological surface state
(TSS) [1,2]. TSS emerges as an electronic state inherent to the material’s internal topo-
logical properties [3]. These states reside on the surface of topological insulators while
exhibiting insulating properties within [4]. Within the TSS, the spin direction of electrons is
intricately linked to their momentum direction, a phenomenon termed spin-momentum
locking [5,6]. The exceptional nature of these states presents new possibilities for designing
novel electronic, spintronic, and quantum devices [7–9].

Given the critical role of topological surface states in both theory and applications,
there is a desire to observe and obtain accurate electronic transport information regarding
TSS. However, in topological insulators, the electronic transport properties of bulk states
and surface states are typically coupled, posing challenges for experimental studies [10].
Ideally, researchers aim to individually investigate the electronic transport characteristics
of surface and bulk states, but practically, achieving such separation is challenging. The
electronic conduction of bulk states often masks the unique properties of surface states. This
study aims to mitigate the bulk-surface coupling and extract the transport characteristics by
using two approaches: firstly, reducing the material’s defect density to decrease bulk state
conduction, thereby amplifying the contribution of surface states; and secondly, employing
both electrical and optical testing methods to disentangle and extract information on bulk
and surface state transport [11]. To achieve this, quaternary topological insulator thin films
of Bi1.2Sb0.8Te0.4Se2.6 (BSTS) were fabricated using doping methods to reduce material
defect density, enhance bulk state insulation, and accentuate the TSS [12]. The compre-
hensive Physical Properties Measurement System (PPMS) and Terahertz Time-Domain
Spectroscopy (THz-TDS) were utilized to extract information on bulk state transport and
surface state transport, respectively [7]. Particularly, in optical testing, these non-contact
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measurements accurately captured the transport information of TSS. Additionally, consid-
ering the complex electromagnetic environments when topological insulators are used as
chip or device substrates, the dielectric constant of TIs plays a crucial role in modulating
coupling, interference, and isolation among spin quantum bits, while their dielectric loss
significantly impacts the efficiency and distance of quantum information transmission.
Therefore, we investigated the dielectric response of TIs in the low-frequency (10–107 Hz)
and high-frequency (0.5–2.0 THz) ranges [13]. This study provides opportunities to explore
phenomena like the spin Hall effect and topological phase transitions, allowing a deeper
understanding and utilization of these unique quantum states. It holds significant impor-
tance for the development of novel electrons, spintronic devices, and quantum computing
technologies based on topological insulators.

In this study, we successfully fabricated Bi1.2Sb0.8Te0.4Se2.6 (BSTS) thin films using the
Laser Molecular Beam Epitaxy (LMBE) system [14,15]. The process involved a multielement
doping method to compensate for two opposing types of charged defects: Te antisite defects
and Se vacancy defects. This doping strategy effectively reduced the bulk state conductivity
and dissipative pathways in bulk state transport for the thin films. Through this refined
material fabrication technique, we achieved a more pronounced presence of TSS in the
TI material. The preparation principle, as depicted in Figure 1a, involved the pulsed
laser irradiation generated by excimer lasers directed onto the target surface, combined
with mixed-target assembly techniques (Figure 1b), resulting in the sputtering of a high-
energy plasma beam onto the opposing substrate to facilitate thin film growth. Detailed
experimental procedures will be outlined in the Section 4.
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Figure 1. (a) Schematic diagram of Laser Molecular Beam Epitaxy (LMBE) equipment preparation.
(b) Schematic diagram of mixed-target assembly. (c) XRD diffraction pattern of the BSTS sample.
(d) Schematic illustration of the molecular structure of the BSTS sample.
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2. Results

To ensure the reliability of BSTS thin film quality, various testing techniques were
employed for molecular structure analysis, morphological and thickness characterization,
elemental composition, and band structure analysis of BSTS samples. The results demon-
strated that BSTS thin films prepared via LMBE technology exhibited excellent structural
quality, laying the foundation for further investigation into their physical properties. The
specific findings are as follows.

2.1. X-ray Diffraction (XRD): Molecular Structure Analysis

In the XRD analysis, a Japanese Ultima IV Rigaku instrument was utilized, scanning
angles ranging from 5◦ to 90◦ at a rate of 5◦/min. As depicted in Figure 1c, a series of distinct
diffraction peaks were observed in the diffractogram, indicating the high crystallinity of
the film. These peaks aligned well with the peaks of standard topological insulators, Bi2Te3,
Bi2Se3, and Sb2Te3. Furthermore, there were no apparent signs of impurity phases or
non-topological insulator phases within the film, indicating that the quaternary doping did
not introduce any structural defects. Only the (0 0 3n) peak was present in the film, with the
(0 0 9) peak suppressed due to strong substrate peaks, suggesting a preference for the film’s
alignment along the c-axis of the silicon substrate. The distinct peak shapes and small full
width at half maximum (FWHM) values further confirmed the excellent crystalline quality
of the sample. Figure 1d illustrates the hexagonal crystal structure of BSTS, characterized
by a layered growth pattern. In this structure, the film stacked along the Z-axis direction,
forming a unit of five atomic layers known as the Quintuple Layer (QL) [16]. These QLs
exhibited a specific arrangement of A(1)-B-A(2)-B-A(1), where A(1) and A(2) represented
two different lattice positions. The A(1) position may be occupied by Se or Te elements,
with Se predominantly occupying the central layer of the A(2) position due to its higher
electronegativity than Te. The B position was primarily occupied by Bi or Sb elements.
Within each single layer, atoms formed strong covalent bonds, while weaker coupling
existed between adjacent QLs through van der Waals forces. Precise measurements and
calculations determined the lattice constants of BSTS, with lengths of both the a and b axes
at 4.23 Å, and the c-axis at 29.43 Å.

2.2. Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM): Morphology and
Thickness Characterization

In SEM analysis, the surface morphology of the BSTS thin film at different magni-
fications is depicted in Figure 2a,b. Macroscopically, the BSTS film resembled a silver
mirror, exhibiting a flat and dense surface without pores or defects when observed under
the electron microscope [17]. Surface protrusions appeared as truncated triangular or
hexagonal shapes, consistent with the BSTS lattice structure. Observing the cross-section of
the sample via AFM revealed a thickness of 25 nm. The average roughness value across
a 5000 nm × 5000 nm scan area was approximately 1.29 nm. The thickness of the BSTS
quintuple layer measured around 1 nm, indicating a remarkably flat nature of the thin film
sample. The cross-sectional morphology and height profile of the sample are depicted in
Figure 2c,d.

2.3. Energy Dispersive Spectroscopy (EDS): Elemental Composition Analysis

The EDS testing results revealed that the prepared BSTS sample maintained a highly
stable stoichiometric ratio (as shown in Table 1), with the elemental spectra presented in
Figure S1. In this sample, the total ratio of Bi and Sb atoms to Te and Se atoms consistently
maintained a 2:3 ratio, aligning with the molecular structure resembling that of binary
topological insulators, as indicated by the earlier XRD analysis. This precise chemical
composition provided BSTS material with a more stable topological surface state, which is
crucial for its electronic properties. Based on the detailed data from the EDS testing, we
ultimately determined the exact chemical formula of the BSTS film to be Bi1.2Sb0.8Te0.4Se2.6,
accurately reflecting its unique composition and structural characteristics.
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Figure 2. (a) Surface morphology of the BSTS sample at 40.00 kx magnification in SEM characteriza-
tion. (b) Surface morphology of the BSTS sample at 100.00 kx magnification in SEM characterization.
(c) Cross-sectional morphology of the BSTS sample in AFM characterization. (d) Cross-sectional
height profile of the BSTS sample, demonstrating a film thickness of 25 nm.

Table 1. Atomic Weight and Percentage Composition of the Four Elements in BSTS.

Element Weight Percentage Atomic Percentage

Bi 37.76 21.05
Te 9.86 9.00
Sb 14.13 13.52
Se 38.25 56.43

Total 100.00 100.00

2.4. Angle-Resolved Photoemission Spectroscopy (ARPES): Band Structure Analysis

In our study, we employed ARPES, a high-precision technique, to conduct a detailed
observation and analysis of the electronic band structure of the BSTS thin film [18]. This
technique allows for the direct capture of precise information regarding the electronic states
on the film surface, including their energy distribution and momentum characteristics,
providing crucial evidence for a deeper understanding of the topological properties of the
BSTS film. As shown in Figure S2, focused observation of the electronic states near the
Fermi level (EF) revealed a linear dispersion of surface states near the Fermi level, depicting
a linear relationship between energy and momentum. This resulted in a characteristic band
structure known as the “Dirac cone”, which serves as a clear indication of BSTS’s well-
defined topological surface state [19]. Additionally, through further meticulous analysis,
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we determined the position of the Bulk Conduction Band (BCB) approximately 140 meV
above the Dirac Point (DP), confirming the existence of a bandgap. In the bulk state, the
topological insulator, akin to a regular insulator, exhibited a complete bandgap, indicating
the absence of available electronic states near the Fermi level. However, at the surface or
edge, conductive surface states were evident, arising from the distinct topological properties
between the bulk and surface.

3. Discussion
3.1. The Extraction of Bulk State Transport Characteristics

In our experiments, we successfully fabricated BSTS thin film samples with a thickness
of 25 nm and conducted an in-depth study of their bulk state electron transport characteris-
tics using the Physical Property Measurement System (PPMS). In topological insulators
(TIs), the coupling effect between bulk and surface states, particularly pronounced in
thinner TI films, often obscures the surface state information, to some extent, by the bulk
state features. In PPMS testing, due to the use of contact electrodes, this measurement
method inevitably leads to current passing through both the interior and surface of the
sample [20]. Consequently, the obtained electronic transport information represented a
combined result of contributions from both bulk and surface, as depicted in Figure 3a,
which illustrates the dual-channel, bulk-surface transport principle in TI materials and the
principle of PPMS measurement [21]. With dissipation channels existing within the bulk,
the contribution of the bulk state held a relatively larger proportion in the overall transport
characteristics. This dominance of the bulk state becomes more evident with increasing
temperatures. Therefore, the results from this PPMS test primarily reflected the bulk state
transport characteristics of BSTS material. Resistivity measurements were conducted using
the standard four-probe method, while Hall resistance measurements employed the van
der Pauw method. By contrasting the bulk state transport results with subsequent surface
state transport experiments, a clearer distinction between the contributions of the bulk and
surface states could be achieved, thus providing crucial insights into the understanding of
the comprehensive electronic properties of BSTS material.

3.1.1. The Current–Voltage (I-V) Characteristics Measurement

In this study, we measured the current–voltage (I-V) characteristics of the sample
at room temperature and compared them with the I-V curve of the binary compound
Bi2Se3. As depicted in Figure 3b, the slope of the BSTS I-V curve was relatively lower. This
phenomenon suggested that the doping structure in BSTS effectively reduced defects within
the sample, such as antistites and vacancies, thereby minimizing electron scattering to the
fullest extent. This reduction in electron scattering further decreased the bulk conductivity,
significantly enhancing the material’s bulk insulation properties.

3.1.2. The Temperature-Dependent Resistance Measurement/Test of Resistivity Change
with Temperature

TI materials exhibit unique conductive behavior where the bulk remains in an insulat-
ing state with a bandgap, while the surface showcases gapless conducting characteristics
attributed to its topological band structure. In our experiments, by testing the conductivity
variation of BSTS samples at different temperatures, we established the relationship be-
tween bulk conductivity and temperature (as illustrated in Figure 3c). At low temperatures,
bulk conduction weakened due to the suppression of bulk carriers by thermal excitation
mechanisms, leading to the dominance of surface conduction. The film’s conductivity
slightly decreased, indicating an insulating ground state where electronic conduction was
primarily contributed by surface states. BSTS demonstrated a temperature dependence
similar to Bi2Se3 at low temperatures, where the bulk conductivity rapidly decreased with
increasing temperature due to the interaction of phonon interactions and impurities, as
well as the scattering of Dirac electrons, leading to a “topological breakdown”. Simultane-
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ously, BSTS samples exhibited lower bulk conductivity across different temperature ranges
compared to pure Bi2Se3.
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sample and the principle of PPMS measurement. (b) Current–voltage (I-V) relationship of the BSTS
and Bi2Se3 sample at room temperature. (c) Relationship between bulk conductivity and temperature
in the BSTS and Bi2Se3 sample. (d) Relationship between Hall resistance and magnetic field variation
in the BSTS and Bi2Se3 sample. (e) Magnetoresistance variation of the BSTS and Bi2Se3 sample with
magnetic field changes in the range of −9T to 9T at 2K temperature.
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3.1.3. Hall Resistance Variation with Magnetic Field Testing

Through analyzing the relationship between Hall resistance and magnetic field vari-
ation (as depicted in Figure 3d), we calculated the carrier concentration and mobility
of the samples, as detailed in Table 2. In both semiconductor materials, Bi2Se3 and
Bi1.2Sb0.8Te0.4Se2.6 (BSTS), there was similarity in the carrier concentration. However,
the mobility of BSTS was more than an order of magnitude lower than that of Bi2Se3. This
significant decrease in mobility in BSTS may be attributed to the compensation of different
types of defects, consequently enhancing the material’s bulk insulation performance.

Table 2. BSTS Electrical Test Date.

Sample Temperature Carrier Areal
Density

Carrier Bulk
Density

Hall
Coefficient

Bulk Carrier
Mobility

BSTS 300 K 5.74 × 1014 cm−2 2.87 × 1019 cm−3 0.022 cm3/C 14.14 cm2/Vs
Bi2Se3 300 K 1.92 × 1014 cm−2 7.67 × 1019 cm−3 0.032 cm3/C 653.5 cm2/Vs

3.1.4. Weak Antilocalization Effect (WAL)

The metallic conduction behavior of Topological Surface States (TSS) primarily arises
from the strong spin–orbit coupling at the surface, enabling electrons to move freely along
semi-circular and circular trajectories and possess opposite spins in opposite directions. This
effect shields surface electrons from impurity influence and backward scattering, explaining
the conductivity at the surface and the insulation within the bulk of TI materials. To directly
validate the presence of this spin–orbit coupling and its influence on the topological nature
of TI materials, we conducted low-temperature magnetic transport experiments, testing
the magnetoresistance variation of BSTS samples within a range of −9T to 9T at 2K (as
depicted in Figure 3e). We observed sharp peaks in the magnetoresistance of BSTS and
Bi2Se3 near zero magnetic field, which was indicative of the Weak Antilocalization Effect
(WAL), a form of quantum interference phenomenon, demonstrating the existence of
TSS. WAL is a quantum response in TIs towards classical conductivity, confirming the
gapless surface states and helical Dirac cones that are characteristic of three-dimensional
topological insulators. Within the −0.5 to 0.5T magnetic field range, BSTS exhibited more
pronounced peaks in its magnetoresistance curve, indicating a significantly enhanced WAL
effect, thereby affirming BSTS’s superior TSS and stronger spin–orbit coupling compared
to binary compounds.

3.2. The Extraction of Surface State Transport Characteristics

The unique topological features of TIs primarily resided within their surface layers,
typically 1–3 nanometers thick. To accurately extract transport information from the surface
states, we aimed to avoid the current penetration issue inherent in conventional contact-
based measurements, which could lead to the surface state information being obscured
by the bulk transport data from within the material. Thus, we employed a non-contact
measurement technique to minimize potential errors introduced by the testing system itself.
The terahertz (THz) frequency band, ranging from 0.1 to 10 THz, has garnered attention
due to its low single-photon energy, excellent penetration capability, short wavelengths,
and rich spectral information. Leveraging terahertz time-domain spectroscopy (THz-TDS),
we meticulously measured the optical properties and surface transport information of
BSTS samples. As a non-contact measurement technique, THz-TDS effectively reduced
errors associated with traditional contact-based electrode testing and mitigated interference
caused by the coupling of bulk transport information. Furthermore, the low-energy photons
utilized by THz-TDS did not induce transitions in the material’s internal electrons, making it
an ideal tool for analyzing the optical properties and surface transport information of ultra-thin
nanomaterials. Figure 4a illustrates the fundamental working principle of THz-TDS.
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(b) Time-domain distribution of the Terahertz pulses for the BSTS sample and reference sample.
(c) Terahertz transmission spectrum of the BSTS sample. (d) Phase variation of the BSTS sample in
the frequency domain. (e) Real and imaginary parts of surface conductivity of the BSTS sample.

We extracted surface transport information and dielectric parameters of BSTS by
recording the temporal distribution of two terahertz pulses, one on a silicon substrate
sample and the other on a sample containing BSTS. As depicted in Figure 4b, the temporal
evolution of the terahertz pulse electric field in both measurements illustrated a significant
shift in the time domain signals due to the presence of BSTS compared to the bare silicon
substrate. Employing fast Fourier transform (FFT) on the time-domain waveforms, we
obtained the transmission spectrum of the TI-TI sample in the frequency range of 0.5 to
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2.0 THz, as shown in Figure 4c. We defined the input THz pulse (no sample) and the
output THz pulse (with sample) in the frequency domain as Fre f (ω) and Fsam(ω). The
transmission rate T(ω) of the TI-TI sample could be derived from the following equation:

T(ω) =
Fsam(ω)

Fre f (ω)
= A(ω) exp[iφ(ω)] (1)

Thereinto, A(ω) = exp[−κ(ω)ωL/c] is the ratio of magnitude, and φ(ω) = 2πn(ω)L/λ
is the phase difference of the transmission coefficient at angular frequency ω. We observed
a pronounced absorption of terahertz waves by BSTS around 1.5 THz. The phase variation
is illustrated in Figure 4d, displaying phase difference data with absolute values less than
π. This factor is crucial to the accurate characterization of the sample’s optical properties.
When the absolute value of the phase difference exceeds π, the resulting phase spectrum
may contain discontinuities that lead to an incorrect representation of optical characteristics.
n(ω) is the real part of the complex index of refraction N(ω) = n(ω) + ik(ω), k(ω) is
the imaginary part, and λ and L are the free-space wavelength and BSTS film thickness,
respectively. According to Equation (1), the real part n(ω) and imaginary part k(ω) of the
complex refraction index can be acquired. The complex conductivity function of BSTS is
given by the following equation:

σ(ω) = σreal(ω) + iσimag(ω) (2)

Hence, the real conductivity could be obtained from σreal = 2ωn(ω)κ(ω)ε0 and the
imaginary conductivity from σimag = ωε0

[
ε∞ −

(
n(ω)2 − κ(ω)2

)]
, where ε0 is the vacuum

permittivity, and ε∞ is the high-frequency dielectric constant of the material.
The results of the BSTS complex conductivity are depicted in Figure 4e. The BSTS film

with a thickness of 25 nm exhibited a notable response in surface transport, demonstrating
a pronounced increase in conductivity with increasing frequencies. At 1.5 THz, there
existed a phonon mode. Due to the low scattering of bulk carriers, the material manifests
enhanced metallic behavior at the surface, indicating the dominance of electron-phonon
interactions. The surface conductivity of the BSTS sample reached approximately 106 S/m,
which was two to three orders of magnitude higher than the bulk conductivity measured
via PPMS. This confirmed the successful extraction of surface state transport data through
THz-TDS measurement.

3.3. The Dielectric Polarization Response of BSTS

Due to its distinctive surface states and electron transport mechanisms, BSTS is con-
sidered an ideal material for future spin-electronic devices or quantum computing chips.
It is noteworthy that the dielectric constant of BSTS plays a critical role in modulating
coupling, interference, and isolation between spin quantum bits, while its dielectric loss sig-
nificantly affects the efficiency and distance of quantum information transmission. Hence,
comprehensive measurement and analysis of the dielectric polarization behavior of topo-
logical insulators are particularly crucial for their practical applications. Building upon
the successful isolation of bulk-surface transport information within BSTS, we utilized
a broadband dielectric spectrometer and THz-TDS to extract the dielectric polarization
information of BSTS samples at room temperature in the low-frequency range (10–107 Hz)
and high-frequency range (0.5–2.0 THz) through electrical and optical tests in this section.
The testing principle of broadband dielectric spectroscopy was illustrated in Figure S3,
determining the dielectric constant and the dielectric loss factor by measuring the sample’s
capacitance C and resistance R: ε′ = Cd

ε0S , ε′′ = d
ωε0RS , tan δ = ε′′

ε′ . Here, ε′ and ε′′ represent
the real and imaginary parts of the sample’s dielectric constant, respectively. tan δ is the
dielectric loss factor, d stands for the sample thickness, and S is the contact area between
the sample and electrodes. Integrating the description of surface state transport characteris-
tics and utilizing the complex dielectric conductivity obtained through THz-TDS testing,
we derived the complex dielectric constant ε(ω) and dielectric loss factor of the sample:
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ε(ω) = ε′(ω) + iε′′(ω) = ε l(ω) + iσ(ω)
ωε0

, where ε l is the lattice component of the dielectric
function. Here, ε l can be approximated as the low-frequency (static) dielectric constant of
BSTS material.

We presented the frequency spectrum of the dielectric constant and dielectric loss of
BSTS at room temperature. Figure 5a clearly illustrates that within the frequency range
of 10 to 103 Hz, various polarization responses in BSTS, including electronic polarization,
dipole reorientation polarization, and relaxation polarization, closely followed the fre-
quency changes, resulting in a complex dielectric response. In the frequency range of 103 to
105 Hz, as the frequency gradually increases, the internal dipole reorientation polarization
in BSTS started to lag behind the frequency changes in the external electric field, leading to a
hysteresis effect, causing the dielectric constant to decrease with increasing frequency. This
phenomenon reflected the lag effect of relaxation polarization, which gradually becomes
significant during the frequency variation. Two quantum layers (QL) in BSTS could form
a set of dipoles, which could adjust their dipole moment direction corresponding to the
polarization changes in the external electric field. The distribution of positive and negative
charges in these dipoles contributed to reducing the influence of the internal electric field.
Upon entering the frequency range of 105 to 107 Hz, where relaxation polarization fails to
be established, BSTS polarization was primarily contributed by displacement polarization,
leading to a tendency of the dielectric constant toward a stable value.
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Figure 5. (a) Curve showing the variation in dielectric constant of BSTS sample within the frequency
range of 10–107 Hz. (b) Curve depicting the change in loss factor of the BSTS sample within the
frequency range of 10–107 Hz. (c) Curve illustrating the fluctuation in dielectric constant of the BSTS
sample within the frequency range of 0.5–2.5THz. (d) Curve displaying the alteration in loss factor of
the BSTS sample within the frequency range of 0.5–2.5 THz.
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In Figure 5b, we observed a decreasing trend in tan δ as the frequency increased within
the range of 10 to 103 Hz. This decrease was attributed to the dominance of conduction
losses at lower frequencies, where relaxation polarization losses approached zero. As
the frequency raised, conduction losses gradually diminished. Within the 103 to 105 Hz
range, tan δ increased with frequency. This increase was due to the relaxation polarization
losses progressively escalating with frequency, leading to amplified dielectric losses in the
material, and BSTS exhibited a peak value in dielectric loss within the relaxation region.
Within the 105 to 107 Hz frequency range, dielectric losses gradually decreased. This
reduction primarily raised from the inability of dipole reorientation polarization to track
changes in the external electric field direction at high-frequencies, resulting in decreased
relaxation polarization losses and a gradual decline in tan δ for the high-frequency region.

As shown in Figure 5c,d, the real and imaginary parts of the dielectric constant exhib-
ited electronic displacement polarization behavior around 1.5 THz, reflecting the material’s
dielectric polarization characteristics. In the high-frequency region, other internal polariza-
tion processes failed to keep up with the rapid changes in the electric field. Consequently,
these polarization mechanisms exhibited weaker responses to the electric field, leading
to reduced dielectric losses. Within the BSTS thin film, the presence of surface states in-
duced polarization behavior different from bulk materials, potentially resulting in unique
dielectric responses and polarization characteristics to external electric fields.

4. Materials and Methods

LMBE: Film Growth: We utilized the LMBE system (LMBE450 type, Japan) for BSTS
film fabrication (Figure 1). Initially, cleaned Si substrates were placed on the substrate
holder within the epitaxy chamber. Subsequently, a pulsed laser from the LMBE system,
using four inert gases (He, Ne, F, and Kr) as the energy sources, was employed. The
laser was precisely directed through adjusted reflectors and transmitters, focusing and
bombarding four targets inside the epitaxy chamber (Bi2Se3, with the target purity of
99.999%, Sb2Te3, with the target purity of 99.999%, Te, with the target purity of 99.99%, and
Se, with the target purity of 99.99%). Simultaneously, as the target holder rotated uniformly,
the pulsed laser uniformly illuminated each area of the composite-targets in the epitaxy
chamber. This process generated Bi, Se, Sb, and Te atoms, sputtering onto the opposite
substrate in the form of a plasma beam and completing the growth of the BSTS film.

PPMS: The testing equipment was the QUANTUM DESIGN PPMS-9. The measure-
ment of resistivity employed the four-probe method. Hall resistivity was determined using
the van der Pauw method.

AFM: Non-contact mode is employed, utilizing a diamond (boron-doped) probe, with
a scanning area of 5 × 5 µm and a scanning speed of 5 Hz.

SEM: The working distance (WD) is set at 6.5 mm, operating in secondary electron
imaging (SEI) mode, with an accelerating voltage of 3.00 kV.

EDS: Scanning mode is configured for surface scanning.
THz-TDS: The experiment utilized the standard transmission type THz-TDS (Terahertz

Time-Domain Spectroscopy). The laser source employed was the C-Fiber 780 (Menlo
Systems, Martinsried, Germany), generating pulses of 100–120 fs duration, operating at a
frequency of 780 ± 10 nm, with a repetition rate of 100 ± 1 MHz and an average power
of 100 mW. The optical setup involves a femtosecond laser. One beam of the femtosecond
laser, directed by a beam splitter, is used to excite the photoconductive antenna. The pump
power is 200mW, and the bias voltage for the radiating antenna is set at 300 V.

5. Conclusions

This study successfully fabricated BSTS film with a thickness of 25 nm, compensating
for intrinsic defects in binary TI materials through doping techniques. By employing
electrical and optical methodologies, the transport properties of BSTS were effectively
distinguished between bulk and surface states, indicating insulating behavior in the bulk
state while demonstrating notable conductivity in the surface state. Simultaneously, in-
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vestigations into the dielectric properties of BSTS across low-frequency (10–107 Hz) and
high-frequency (0.5–2.0 THz) ranges revealed distinct polarization behaviors at different
frequencies. These findings hold significant implications for manipulating the coupling,
interference, and isolation among spin quantum bits. Such discoveries provide crucial
theoretical and experimental foundations for the utilization of topological insulators to
develop novel quantum and low-power electronic devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29040859/s1. Figure S1. Energy-dispersive spectrum
of the BSTS sample; Figure S2. Angular-resolved photoemission spectrum of the BSTS sample,
exhibiting the characteristic band structure of the “Dirac cone”; Figure S3. Testing principle of
Broadband Dielectric Spectroscopy Instrument.

Author Contributions: X.W. conceived the idea and designed the experiments. Y.Z. and T.X. prepared
the BSTS topological insulator and characterized the sample. Y.Z. extracted terahertz dielectric
parameters and model fitting. Y.Z., T.X., X.W., Z.S. and B.H. contributed to the writing of this
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This project was fully funded by the National Natural Science Foundation of China with
Project No. 60871073.

Data Availability Statement: The data that supports the findings of this study are available within
the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sim, S.; Lee, S.; Moon, J.; In, C.; Lee, J.; Noh, M.; Kim, J.; Jang, W.; Cha, S.; Seo, S.Y.; et al. Picosecond Competing Dynamics

of Apparent Semiconducting-Metallic Phase Transition in the Topological Insulator Bi2Se3. ACS Photonics 2020, 7, 759–764.
[CrossRef]

2. Qi, X.L.; Zhang, S.C. Topological insulators and superconductors. Am. Phys. Soc. 2011, 83, 1057. [CrossRef]
3. Shu, C.; Jing, G.; Sidorov, V.A.; Zhou, Y.; Wang, H.; Lin, G.; Li, X.; Li, Y.; Ke, Y.; Li, A. Independence of topological surface state

and bulk conductance in three-dimensional topological insulators. npj Quantum Mater. 2018, 3, 62.
4. Tu, N.H.; Tanabe, Y.; Satake, Y.; Huynh, K.K.; Tanigaki, K. In-plane topological p-n junction in the three-dimensional topological

insulator Bi2−xSbxTe3−ySey. Nat. Commun. 2016, 7, 13763. [CrossRef] [PubMed]
5. Tian, M.; Jian, W.; Singh, M.; Chan, M. Electrical transport properties of topological insulator Bi2Te3 nanowires contacted with

superconducting electrodes. In Proceedings of the APS March Meeting, Dallas, TX, USA, 21–25 March 2011.
6. Liang, F.; Kane, C.L.; Mele, E.J. Topological Insulators in Three Dimensions. Phys. Rev. Lett. 2007, 98, 106803.
7. Aguilar, R.V.; Stier, A.; Liu, W.; Bilbro, L.; George, D.; Bansal, N.; Wu, L.; Cerne, J.; Markelz, A.; Oh, S. Terahertz Response and

Colossal Kerr Rotation from the Surface States of the Topological Insulator Bi2Se3. Phys. Rev. Lett. 2012, 108, 087403. [CrossRef]
[PubMed]

8. Hajlaoui, M.; Papalazarou, E.; Mauchain, J.; Lantz, G.; Moisan, N.; Boschetto, D.; Jiang, Z.; Miotkowski, I.; Chen, Y.P.; Taleb-
Ibrahimi, A.; et al. Ultrafast Surface Carrier Dynamics in the Topological Insulator Bi2Te3. Nano Lett. 2012, 12, 3532–3536.
[CrossRef] [PubMed]

9. Zhang, S.; Pi, L.; Wang, R.; Yu, G.; Pan, X.-C.; Wei, Z.; Zhang, J.; Xi, C.; Bai, Z.; Fei, F.; et al. Anomalous quantization trajectory and
parity anomaly in Co cluster decorated BiSbTeSe2 nanodevices. Nat. Commun. 2017, 8, 977. [CrossRef] [PubMed]

10. Chong, S.K.; Liu, L.; Watanabe, K.; Taniguchi, T.; Sparks, T.D.; Liu, F.; Deshpande, V.V. Emergent helical edge states in a hybridized
three-dimensional topological insulator. Nat. Commun. 2022, 13, 6386. [CrossRef] [PubMed]

11. Zhao, Y.; Chang, C.-Z.; Jiang, Y.; Da Silva, A.; Sun, Y.; Wang, H.; Xing, Y.; Wang, Y.; He, K.; Ma, X.; et al. Demonstration of surface
transport in a hybrid Bi2Se3/Bi2Te3 heterostructure. Sci. Rep. 2013, 3, 3060. [CrossRef] [PubMed]

12. Ou, J.-Y.; So, J.-K.; Adamo, G.; Sulaev, A.; Wang, L.; Zheludev, N.I. Ultraviolet and visible range plasmonics in the topological
insulator Bi1.5Sb0.5Te1.8Se1.2. Nat. Commun. 2014, 5, 5139. [CrossRef] [PubMed]

13. Tang, C.S.; Xia, B.; Zou, X.; Chen, S.; Ou, H.-W.; Wang, L.; Rusydi, A.; Zhu, J.-X.; Chia, E.E.M. Terahertz conductivity of topological
surface states in Bi1.5Sb0.5Te1.8Se1.2. Sci. Rep. 2013, 3, 3513. [CrossRef] [PubMed]

14. Zheng, Y.; Wang, X.; Han, B.; Sun, Z. Weak anti-localization properties of high-quality topological Bi2Te3 nanofilms prepared by
home-built pulsed laser enhanced molecular epitaxy system. J. Mater. Res. Technol. 2022, 19, 2225–2234. [CrossRef]

15. Levy, I.; Garcia, T.A.; Shafique, S.; Tamargo, M.C. Reduced twinning and surface roughness of Bi2Se3 and Bi2Te3 layers grown by
molecular beam epitaxy on sapphire substrates. J. Vac. Sci. Technol. B 2018, 36, 02D107. [CrossRef]

16. Ko, W.; Jeon, I.; Kim, H.W.; Kwon, H.; Kahng, S.-J.; Park, J.; Kim, J.S.; Hwang, S.W.; Suh, H. Atomic and electronic structure of an
alloyed topological insulator, Bi1.5Sb0.5Te1.7Se1.3. Sci. Rep. 2013, 3, 2656. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules29040859/s1
https://www.mdpi.com/article/10.3390/molecules29040859/s1
https://doi.org/10.1021/acsphotonics.9b01603
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1038/ncomms13763
https://www.ncbi.nlm.nih.gov/pubmed/27934857
https://doi.org/10.1103/PhysRevLett.108.087403
https://www.ncbi.nlm.nih.gov/pubmed/22463570
https://doi.org/10.1021/nl301035x
https://www.ncbi.nlm.nih.gov/pubmed/22658088
https://doi.org/10.1038/s41467-017-01065-7
https://www.ncbi.nlm.nih.gov/pubmed/29042566
https://doi.org/10.1038/s41467-022-33643-9
https://www.ncbi.nlm.nih.gov/pubmed/36302907
https://doi.org/10.1038/srep03060
https://www.ncbi.nlm.nih.gov/pubmed/24162440
https://doi.org/10.1038/ncomms6139
https://www.ncbi.nlm.nih.gov/pubmed/25295413
https://doi.org/10.1038/srep03513
https://www.ncbi.nlm.nih.gov/pubmed/24343202
https://doi.org/10.1016/j.jmrt.2022.05.097
https://doi.org/10.1116/1.5017977
https://doi.org/10.1038/srep02656
https://www.ncbi.nlm.nih.gov/pubmed/24030733


Molecules 2024, 29, 859 13 of 13

17. Teague, M.L.; Chu, H.; Xiu, F.X.; He, L.; Wang, K.L.; Yeh, N.C. Observation of Fermi-energy dependent unitary impurity
resonances in a strong topological insulator Bi2Se3 with scanning tunneling spectroscopy. Solid State Commun. 2012, 152, 747–751.
[CrossRef]

18. Locatelli, L.; Kumar, A.; Tsipas, P.; Dimoulas, A.; Longo, E.; Mantovan, R. Magnetotransport and ARPES studies of the topological
insulators Sb2Te3 and Bi2Te3 grown by MOCVD on large-area Si substrates. Sci. Rep. 2022, 12, 3891. [CrossRef] [PubMed]

19. Arakane, T.; Sato, T.; Souma, S.; Kosaka, K.; Nakayama, K.; Komatsu, M.; Takahashi, T.; Ren, Z.; Segawa, K.; Ando, Y. Tunable
Dirac cone in the topological insulator Bi2−xSbxTe3−ySey. Nat. Commun. 2012, 3, 636. [CrossRef] [PubMed]

20. Zheng, Y.; Xu, T.; Wang, X.; Han, B.; Sun, Z. Dependence of WAL effect and enhancement of spin-orbit coupling effect in
Bi1.2Sb0.8Te0.4Se2.6 low-temperature magnetic transport. Appl. Surf. Sci. 2023, 638, 158052. [CrossRef]

21. Han, K.-B.; Chong, S.K.; Oliynyk, A.O.; Nagaoka, A.; Petryk, S.; Scarpulla, M.A.; Deshpande, V.V.; Sparks, T.D. Enhancement in
surface mobility and quantum transport of Bi2−xSbxTe3−ySey topological insulator by controlling the crystal growth conditions.
Sci. Rep. 2018, 8, 17290. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ssc.2012.01.041
https://doi.org/10.1038/s41598-022-07496-7
https://www.ncbi.nlm.nih.gov/pubmed/35273194
https://doi.org/10.1038/ncomms1639
https://www.ncbi.nlm.nih.gov/pubmed/22273674
https://doi.org/10.1016/j.apsusc.2023.158052
https://doi.org/10.1038/s41598-018-35674-z
https://www.ncbi.nlm.nih.gov/pubmed/30470769

	Introduction 
	Results 
	X-ray Diffraction (XRD): Molecular Structure Analysis 
	Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM): Morphology and Thickness Characterization 
	Energy Dispersive Spectroscopy (EDS): Elemental Composition Analysis 
	Angle-Resolved Photoemission Spectroscopy (ARPES): Band Structure Analysis 

	Discussion 
	The Extraction of Bulk State Transport Characteristics 
	The Current–Voltage (I-V) Characteristics Measurement 
	The Temperature-Dependent Resistance Measurement/Test of Resistivity Change with Temperature 
	Hall Resistance Variation with Magnetic Field Testing 
	Weak Antilocalization Effect (WAL) 

	The Extraction of Surface State Transport Characteristics 
	The Dielectric Polarization Response of BSTS 

	Materials and Methods 
	Conclusions 
	References

