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ABSTRACT

In this thesis the synthesis, structural and electronic transport properties of
BisSes and (Biyj_;Sb,)2Tes 3D topological insulators (3D-T1Is) incorporated into
high-frequency devices with a focus on metrology and charge sensing were studied
and exploited. The main driver of the thesis is the prospect of using TT materials to
create a quantum single-electron charge pump that can be used as a metrological
current standard, or in other words to lay the technological foundations for a
TI-based device that can realize the Ampere for the International System of Units
(fr. Systéme international d’unités, abbrev. SI). The technological developments
in this thesis prepare the ground for charge pumping in TI-based devices, as well as
for other nanoelectronic devices, such as hybrid devices for quantum information
processing, sensing, thermoelectric applications, spintronics, electromechanical
switching and so on.

The problem of unavoidable bulk contributions to transport in TI-based devices
was explored in-depth. Attempts to solve the problem by employing electrostatic
gate tuning, the possibility of using ultrathin TI nanostructures with increased
surface-to-volume ratio, strain engineering, as well as compensating doping were
discussed. Quantum transport studies have been carried out on nanostructures on
a length scale comparable to the electron phase coherence length. The experimen-
tally observed gate conductivity response of ultrathin TI nanostructures shows
hints of size-induced quantization of sub-bands. In addition, single-electron
transistor devices have been fabricated using TI materials, which is a promising
step towards TI-based single-electron charge pumping.

Overall, the results presented in this work demonstrate the variety of enhanced
properties of TT materials arising from topological surface states (TSSs), using
a huge amount of different transport measurements. Fabricated devices reflect
that controlling the size of nanostructures plays an important role in isolating the
contributions of TSSs to transport properties.

Keywords: Topological insulator, quantum transport, single-electron transistor
(SET), ...

iii



CONTENTS

Abstract

Contents

Abbreviations and symbols

Introduction

Aim of the thesis . . . . . . . ...
Tasks of the thesis . . . . . .. .. ... ... .
Scientific novelty . . . . . . ...
Practical significance . . . . . . . .. ...
Defendable theses . . . . . . . . . ...

List of publications

Papers outside the scope of the thesis . . . . . .. ... ... ... ...
Reports presented at the international conferences . . . . . . . . . . ..

THEORETICAL OVERVIEW

1 Topology in condensed matter systems

1.1 Topology and topological invariants . . . . . ... ... ... ...
1.2 Topology and band theory . . . . .. ... ... ... ... ....
1.3 Berry phase and Chern numbers . . . . . . . ... ... ... ...
1.4 Topological insulators . . . . . . . ... ... ... ... ......

2 Quantum transport

2.1 Magnetotransport . . . . . .. ...
2.2 Transport regimes . . . . . . . . . ...
2.3 Phase-coherent transport . . . . . .. ...
2.4 Weak localization and weak anti-localization . . . .. .. ... ..
2.5 Universal conductance fluctuations . . . . . . . .. ... ... ...
2.6 Altshuler-Aronov-Spivak oscillations . . . . . . . . ... ... ...
2.7 Aharonov-Bohm oscillations . . . . . . ... ... .. .......
2.8 Quantum confinement in TI nanoribbons . . . . . . ... ... ..

iv

iii

iv

vii

S e

=]

10
10
10
11
13



3 Single-electron transport through quantum dots 42
3.1 Single-electron transistor . . . . . . .. ... ... L. 42
3.2 Single-charge transfer devices . . . . . . . . ... .. ... ... 48

3.2.1 Turnstile device for single electrons . . . . . . . . ... ... 49
3.2.2 Single-electron charge pump . . . . . . ... ... L. 50
3.2.3 Realisation of a quantum charge pump based on TIs . . . . 53

4 Bulk conduction problem in Tls 55
4.1 Se vacancies in BigSeg crystal . . . . ... ... 55
4.2 Two-dimensional accumulation layer/ band-bending effect . . . . . 55

Il EXPERIMENTAL 58

5 Materials and methods 59
5.1 BisSeggrowth . . . . . . . .. .. 59
5.2 Nanofabrication . . . . ... ... ... ... .. ... ..., 60

5.2.1 Hall bars for individual nanoribbons . . . . . ... ... .. 60
5.2.2 h-BN encapsulated devices . . . . ... ... ... ... .. 62
5.2.3 Devices for mechanical bending . . . . . . . ... ... ... 63
524 SET devices . . . . . .. . . ... 64
5.3 Low-temperature electrical measurements . . . . . . . .. ... .. 65

11l RESULTS AND DISCUSSION 67

6 Structural characterization of Bi;Ses nanostructures 68
6.1 Characterization of BisSeg thin films . . . . . . . . ... ... ... 68
6.2 Characterization of BisSes nanoribbons . . . . . .. . .. ... .. 69

7 Reduction of bulk contribution to transport in Bi;Se; nanostructures 71

7.1 Electrostatic gating effect . . . . .. ..o o000 71
7.2 An increase of surface-to-volume ratio . . . . . .. ... ... ... 73
7.2.1 Synthesis of ultrathin nanoribbons . . . . . ... ... ... 74
7.2.2 Transport properties of ultrathin nanoribbons . . . . . . . . 76
7.3 Strain engineering in BisSes nanostructures . . . . . . .. ... .. 89
7.3.1 Applying strain via mechanical bending . . . . . . . . ... 89
7.3.2 Applying strain via lattice mismatch . . . . . ... ... .. 96
Suppression of bulk conductivity in Tls via compensation doping 101
8.1 Structural characterization of (Bij_,Sb,)sTeg thin films . . . . . . 101
8.2 Electrical characterization of (Bi;_,Sb,)2Tes thin films . . . . . . . 102



9 Single-electron transport: towards Tl single-electron charge pump

9.1 Bigseg SET

9.2 (B11,LESbI)2T€5 SET . . . . .

10 Conclusions
Acknowledgements
References
Appended papers
Paper |

Paper Il

Paper IlI

Paper IV

Paper V

Paper VI

Paper VII

Paper VIII

vi

104
104
105

110
111
114
123
125
137
149
159
167
183
201

217



ABBREVIATIONS AND SYMBOLS

1D One-dimensional

2D Two-dimensional

2DEG Two-dimensional electron gas

3D Three-dimensional

AAS Altshuler-Aronov-Spivak

AB Aharonov-Bohm

AFM Atomic force microscopy

ARPES Angle-resolved photoemission spectroscopy
CVD Chemical vapour deposition

EBL Electron-beam lithography

EDX Energy-dispersive X-ray spectroscopy
FFT Fast Fourier transform

HRTEM  High-resolution transmission electron microscopy
IQHE Integer Quantum Hall Effect

PVD Physical vapour deposition

QD Quantum dot

RMS Root mean square

SAED Selected area (electron) diffraction
SdH Shubnikov-de Haas

SEM Scanning electron microscopy

SET Single-electron transistor

TI Topological insulator

TSS Topological surface states

TR Time-reversal

UCF Universal conductance fluctuation
WAL Weak anti-localization

WL Weak localization

XRD X-ray diffraction

XRR X-ray reflectometry

FUNDAMENTAL CONSTANTS

h Planck constant (h = 6.626 x 10734) [J-g])

h Reduced Planck constant (k= 1.055 x 1073%) [J-s])
e Elementary charge (e = 1.602 x 1071%) [C])

Me Electron mass (m, = 9.109 x 1073!) [kg])

kp Boltzmann constant (kg = 1.381 x 10723) [m?kg/(s?K])

vii






INTRODUCTION

A globally consistent system of measurement units is a necessary basis for
most technological, industrial, and economic activities. In particular, electrical
units play a vital role in the modern world, where electrical measurements are
ubiquitous.

The system of electrical units is based on the key unit Ampere, which until
recently was defined in terms of mechanical units via the laws of classical electro-
magnetism (Figure 1a) [1]. Already since the 1990s, the classical definition of the
ampere led to the adoption of a practical system of units, based on resistance and
voltage standards derived from quantum electrical effects. It uses precisely defined
conventional values of the von Klitzing constant Rj, = h/e? and the Josephson
constant K; = 2e/h, which are not related to the SI. Because of such flaws, the
International System of Units proposed on May 20, 2019 to revise the system of
units toward a system purely based on constants of nature [2]. For instance, the
Ampere can be redefined in terms of the fundamental constant e, the charge of
the electron. The proposed redefinition of the Ampere would restore coherence to
the SI system. The combination of the Josephson and the quantum Hall effects
together with the single-electron transport (SET) electrical quantum effect in
one experiment is called “Quantum Metrological Triangle” (Figure 1b). Such a
combination can be realized via Ohm's law (voltage = electrical resistance times
current). Mathematically this leads to the product of the “phenomenological”
constants K, Rk, and Qg, the latter being the charge of the single charge quanta
transported in an SET circuit. This product term only contains integer numbers
and frequencies, quantities that can be quantified experimentally with very high
precision (an uncertainty level of one part in 10°).

To implement the new definition of the Ampere, an approach to control the
number of electrons flowing per unit time and to count the errors occurring in this
process is needed. State-of-the-art nanofabrication technology makes it possible
to produce SET devices, known as single-electron charge pumps, which generate
electric current by moving electrons one at a time in a controlled manner with
sufficiently high speed and accuracy [4].

Historically, research into single-electron devices has been motivated by
attempts to create a practical charge-pumping device for the realization of a
current standard. The basic idea is conceptually very simple: create a device
which transports only one electron at a time through some barrier in response to
a well-defined periodic stimulus (for example, a voltage applied to a gate electrode
with a frequency f). Such a device will generate a current I = e- f, where e is the



(a) (b) Single cha;ge pumping

Figure 1: (a) Schematic of the “classical” SI ampere definition, based on the
exploitation of Maxwell's equations (The Ampere is that constant current which, if
maintained in two straight parallel conductors of infinite length, of negligible circular
cross-section, and placed 1 metre apart in vacuum, would produce between these
conductors a force equal to 2 x 1077 Newton per metre of length [3]). The forces
depicted by green arrows are caused by the magnetic fields of the conductors (field
lines indicated by blue arrows), adapted from [2]. (b) Quantum metrology triangle
(QMT) scheme, which shows the relationship between the three quantum electrical
effects and the fundamental constants e and h.

fundamental unit of charge. Since frequency can be measured with extremely high
accuracy and is easily related to the SI, this leads to an accurate and “natural”
realization of the Ampere. The realization of such a quantum standard presents
two main challenges: a) it needs to be highly accurate: ideally better than 1 part
in 10%. b) In order to be of practical use for calibration of secondary standards it
should generate a current > 1 nA. It has been proven to be especially difficult to
fulfil the second requirement, as it implies operation at high (f = I'/e > 6 GHz)
frequencies which severely limits the permissible RC' time constant of the device.
The ultimate goal is to develop a new concept for the realization of a quantum
single-electron charge pump based on a topological insulator (T1) instead of con-
ventional materials (typically GaAs), whose working principle is different from
the vast majority of present charge-pumping devices.

Topological insulators belong to a completely new class of quantum materials
with properties that are very different from that of ordinary matter. TIs are
materials with large band gaps for bulk electrons, like in ordinary insulators, but
having gapless Dirac states on surfaces. These states are metallic and due to
the spin-momentum locking the back-scattering of Dirac electrons is forbidden.
This topological protection from back-scattering makes these states insensitive to
disorder and defects. The first experimental observation of TI in 2007 was in a



HgTe/CdTe heterostructure [5], but TI states have been subsequently observed
in many other materials. Of particular interest is BiySes, since it has a very large
bulk bandgap (~ 300 meV), which means the topological phase can be seen at
room temperature [6]. BisSes can be grown in the form of long (many tens of
micrometres) nanoribbons which can conveniently be integrated into electronic
devices. These ribbons are intrinsically 3D-TTs, and they can also be electrically
gated and further patterned to locally create a band gap in the Dirac spectrum.
Moreover, the thinning down of such nanoribbons leads to the effective suppression
of the parasitic bulk charge carriers and utilization of their peculiar topological
surface states due to the high surface-to-volume ratio and high mobility [7, §].
Thus, TIs have several potential benefits over conventional materials for accurate
charge pumping.

The absence of an energy gap at the Dirac surface states in 3D-TIs makes them
effectively massless and insensitive to localization or confinement by electrostatic
gating due to Klein tunnelling phenomenon. However, a locally reduced size can
lead to size-induced quantization of sub-bands [9], which suppresses Klein tun-
nelling and enables the formation of tunnelling barriers. Two barriers connected
in series can then be used to define a TT quantum dot, which has been proposed
as a fundamental component for creating novel devices as quantum single-electron
pumps for metrology with high precision and current output [10].

This thesis examines the high-frequency properties of devices incorporating
topological insulator materials with a focus on metrology and charge sensing. The
targeted breakthrough is the demonstration and manipulation of single-charge
states in a topological insulator, an important step towards a quantum single-
electron charge pump. It is envisioned to operate with high accuracy at higher
temperatures and lower magnetic fields than devices based on conventional semi-
conductor materials. To lay the foundation for this ambitious goal the materials
development, theoretical modelling, device fabrication, and electrical transport
measurements were combined. The outcomes will also be directly relevant to
other nanoelectronic devices utilizing TI materials, such as hybrid devices for
quantum information processing, sensing and spintronic applications.

Aim of the thesis

The aim of this thesis is to develop and characterise functioning hybrid devices
based on TT materials, which can be used in single-electron transport, quantum
information processing, sensing, thermoelectric applications, spintronics, electro-
mechanical switching applications and so on.



Tasks of the thesis

1.

To synthesise and characterise 3D-T1 materials in the shape of nanoribbons
and ultrathin films.

. To differentiate and examine various approaches to reduce parasitic bulk

conductivity in TI nanostructures.

. To fabricate nanodevices enabling the quantum transport measurements of

individual topological insulator nanostructures.

. To characterize the obtained devices in terms of quantum transport.

. To fabricate and measure nanodevices based on TI materials, containing

quantum dots, to demonstrate the possibility of charge pumping.

Scientific novelty

The work presented in this thesis contributes to experimental research in the
field of topological insulators, particularly, in the characterization of quantum
transport properties for the potential application as electronic, spintronic and
other devices. The following results and findings can be emphasised:

Systematic optimization of standard growth parameters to achieve the out-
come of high-yield ultrathin BiySes nanoribbons with increased surface-to-
volume ratio has been performed.

A change in the growth dynamic of ultrathin TI nanoribbons has been
demonstrated, which strongly affects the charge transport properties of topo-
logical surface states.

The size-induced quantization of electronic band structure leading to the
formation of discrete Dirac sub-bands in ultrathin TI nanoribbons has been
demonstrated.

The electrostatic field effect was implemented to dynamically manipulate
bending deformation in suspended devices based on BisSes nanoribbons.

An approach based on correlation analysis of Raman modes has been
developed, which makes it possible to estimate the type and quantity of
strain in Raman active thin films.

Single-electron transport characteristics of the quantum dots based on
TI materials (BigSes and (Bij_,Sb;)2Tes), such as a well-defined Coulomb
blockade effect and single-electron tunnelling at sub-Kelvin temperatures
have been demonstrated.



Practical significance

Three-dimensional topological insulator materials can be used as an alterna-
tive to the conventional materials used in the vast majority of single-electron
transport devices. Spin-momentum locking in the surface states reduces unwanted
back-scattering, which can lead to an increased signal-to-noise ratio in TI-based
devices. A decrease in the geometric size of the TIs causes quantum confinement,
which leads to a peculiar gapped Dirac sub-band structure. A locally reduced size
can lead to size-induced quantization of sub-bands in the constricted parts, which
form effective barriers and allow the formation of a quantum dot. This will enable
the creation of some of the most desirable quantum devices for metrology (single-
electron devices, charge pumps), spintronics (spin-polarized current source), quan-
tum optics and quantum computing (TI-based Majorana qubits).

The results presented in this thesis in the case of bent nanoribbons may find
application in electro-mechanical switches operating in low temperatures, which
are suitable for cryogenic mechanics, quantum computing and space applications.
In the case of thin films or graphene/BisSes heterostructures, they are excellent
for applications where an electrically conductive substrate is required, for example
in electronic, spintronic, and even domestic waste heat conversion applications.

Defendable theses

1. The rough-to-smooth transition in the growth dynamic of BisSesz nanoribbons
with increasing thickness occurs, resulting in a strong correlation between the
morphology of the nanoribbons and their transport properties.

2. The increase of the surface-to-volume ratio in ultrathin BisSes nanoribbons
leads to size-induced quantum confinement, resulting in a unique gapped
Dirac sub-band structure.

3. The possibility of tuning topological surface states in a suspended BisSes
nanoribbon due to external bending deformation dynamically introduced by
the action of an electrostatic field is demonstrated.

4. Correlation analysis of vibration modes in BisSeg thin films probed by the
Raman mapping technique is developed to determine the type and amount
of strain. This approach can be implemented in various Raman active
2D materials.

5. A functional TI-based single-electron transistors, fabricated using a top-down
electron-beam lithography approach are demonstrated, which is a promising
step towards a quantum single-electron charge pumping.
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1 Topology in condensed matter
systems

1.1 Topology and topological invariants

Topology is a branch of mathematics which studies objects with geometric
properties that are insensitive to smooth continuous deformations (stretching,
compression, bending, twisting, etc.). A simple example illustrating the principles
of topology is a closed two-dimensional surface in three dimensions (sphere), that
can be smoothly deformed into various shapes, such as the surface of a disk or
bowl, and these shapes are topologically equivalent. But the sphere cannot be
smoothly transformed into the surface of a doughnut. Thus, a sphere and a dough-
nut are distinguished by an integer topological invariant called the genus of the
shape g, which is essentially the number of holes. Since an integer cannot change
smoothly, surfaces with a different genus ¢ cannot be deformed into each other
and what's why they are considered topologically distinct. In contrast, surfaces
that can be transformed into each other are topologically equivalent. According to
the Gauss-Bonnet theorem, the integral of the Gaussian curvature over a surface
determines an integer topological invariant called the Euler characteristic [11]:

1 .
= — | KdA. 1.1
X 2%/ (L1)

In the case of a sphere with radius R, K = 1/R? is the Gaussian curvature,
A = QR?, where Q = 47 is the solid angle and A is the spherical surface area, the
Euler characteristic is y = 2. More generally, the Euler characteristic is quantized
and related to the genus by y = 2—2¢. Now, for a sphere g = 0 and for a doughnut
g = 1, which makes them topologically distinct.

The idea of topological invariants can be applied to characterise more abstract
objects, for example, the band structure of materials.

1.2 Topology and band theory
One of the triumphs of quantum mechanics and condensed matter physics in the

20th century was the development of the band theory of solids, which provides
a language for describing the electronic structure of such states. This theory

10



11

exploits the translational symmetry of the crystal to classify electronic states in
terms of their crystal momentum &, defined in a periodic Brillouin zone [12]. The
Bloch states |u,,(k)), defined in a single unit cell of the crystal, are eigenstates
of the Bloch Hamiltonian # (k). The eigenvalues E,, (k) define energy bands that
collectively form the band structure [13]. According to the band theory, systems
can be insulating, semiconducting or metallic, depending on the position of their
Fermi energy. The Fermi energy is the highest energy occupied by electrons, with
respect to forbidden states, called energy gaps. In a semiconductor or an insulator,
the Fermi level is surrounded by a band gap. The closest band above the band gap
is called the conduction band, and the closest band beneath the band gap is called
the valence band. If the Fermi energy lies in the band gap, there are no low-energy
excitations and the system is insulating. On the contrary, if the Fermi energy lies
in the energy band (conduction or valence, depending on whether the charge
transport is more electron-like or hole-like), low-energy electronic excitation is
possible and the system is conducting. In insulators the electrons in the valence
band are separated by a large gap from the conduction band, in conductors the
valence band overlaps the conduction band, and in semiconductors there is a small
enough band gap between the valence band and the conduction band that thermal
or other excitations can bridge this gap.

To show how topology can be related to the band structure of materials in
condensed matter physics, a brief description of the topological classification of
insulators will be provided below. In a conventional insulator, an energy gap sepa-
rates the occupied valence band states from the empty conduction band states.
The slow (adiabatic) change in the Hamiltonian (the system always remains in the
ground state (without closing the energy gap)) allows to introduce the concept
of topological equivalence between different insulating states. Thus, all conven-
tional insulators are topologically equivalent, if there exists an adiabatic path
connecting them, along which the energy gap remains finite. It follows that the
connection of topologically inequivalent insulators is necessarily accompanied by
a phase transition, in which the energy gap vanishes.

One of the important consequences of topological band theory is the classifica-
tion of distinct electronic phases (Hamiltonians). For example, if there are two
topologically distinct phases in a crystal, the energy gap must tend to zero, other-
wise the two phases would be equivalent. Therefore, this indicates the existence
of low-energy electronic states associated with the region where the energy gap
passes through zero [11, 13].

1.3 Berry phase and Chern numbers

The classification of topological matter is related to topological band theory
and can be understood in terms of the Berry phase [14]. Due to the translation
symmetry of crystalline materials, each eigenstate of the Hamiltonian H for single-



12 Chapter 1. Topology in condensed matter systems

particle states in a periodic potential can be labelled by their crystal momentum &
belonging to the first Brillouin zone. Consider a quantum system changing slowly
(adiabatically) as a function of time along path C' in the parameter space. The
Bloch wave functions |¢,(k)) must satisfy the time-dependent Schrodinger equa-
tion [11, 14-16]:

Zh% |wn (]43) ,ﬁ> = H(k (t) |@/}n (k) 71f> (1.2)

The wave function is given by:

[n (k) ) —exp{ / }e””(t)wn(kz(t))) (1.3)
0

where two terms on the right side of the Eq. (1.3) correspond to dynamical and
geometric phase factors, respectively.

After substituting Eq.(1.3) into the time-dependent Schrédinger equation (1.2)
and multiplying it from the left by (u,(k(¢))|, one finds geometric phase ,,, which
can be expressed as a path integral in the parameter space:

n= [ dk- A, (k), (1.4)
"=

where A, (k) = <un(k( ));kun(k(t))> is a vector potential, called the Berry

connection or Berry vector potential, u,(k) - the cell periodic eigenstates of the
Bloch Hamiltonian in k-space. For a closed path C, =, is known as the Berry
phase [15].

In analogy to the magnetic field electrodynamics, by using the Stokes' theorem
the Berry phase can be written as a surface integral:

= / Fd?k, (1.5)

S
here F = 2 x Ay (k) = 2 (un (k (0)| Lt (k (£)) ) defines the Berry curva
wlher: = 8k; n ak Uy, 6kun nes ITy curva-

ture, S is the surface of k-space connected to contour C.

The Berry phase and curvature depend only on the Hamiltonian H and directly
reflect its properties. The Berry curvature integrated over a closed 2D space (such
as a Brillouin zone) is a multiple of 27r. This defines a topological invariant called
the Chern number.

In two-dimensional electron gas (2DEG) systems, at low temperatures and
strong perpendicular magnetic field, the electrical conductivity takes quantized
values that are fundamentally different from the predictions of classical physics [17].
This precise quantization in terms of fundamental constants (such as Planck's con-
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stant h and the charge of an electron e) was measured with very high precision
and determined to be an integer:

(1.6)

where the value n is an integer (Chern number). The quantization of the oy,
conductivity occurred for many-particle mesoscopic systems and was universal
because it did not depend on microscopic details, such as the exact value of
the magnetic field, the purity of the sample, the electron mobility etc. For the
discovery of this phenomenon called the integer quantum Hall effect (IQHE),
Klaus von Klitzing won the Nobel Prize in 1985. This exact quantization was
later theoretically explained based on ideas from topology, related to a topological
invariance of the energy bands by Thouless, Kohomoto, Nightingale and den Nijs
(TKNN) [18]. The topological invariant defined for the IQHE system is the TKNN
number, also known as the Chern number, closely related to the Berry phase,
which can be written in terms of Berry curvatures as [13]:

1
n=o- / Fd2k, (1.7)
BZ

where the Chern number n corresponds to the total Berry flux or phase in the
whole Brillouin zone [11], taking integer values.

Similar considerations about the genus g of the shapes from Section 1.1 are
valid for systems with different Chern numbers belonging to topologically distinct
classes. It is not possible to smoothly transform one Hamiltonian (band structure)
into another. Thus, at the interface of topologically distinct materials, the band
gap must close, and this leads to the origin of edge states. This topological
understanding of the IQHE is a remarkable leap of progress, opening up the field
of topological electronic states in condensed matter physics.

1.4 Topological insulators

For a material where TR symmetry is not broken, the Chern number is vanish-
ing to zero. However, this does not mean that the electronic state carries no
topological property in this case. Similarly to the Chern number, other relevant
topological invariants can be defined to describe the topological classes. Thus,
a new type of topological invariant Z, for systems with spin-orbit coupling was
introduced [19]. With the help of Z,, a time-reversal invariant insulator can be
further classified as a trivial insulator with ¥ = 0 or a non-trivial topological
insulator (TI) with v = 1, respectively. In 2D case, a Zy topological insulator
(also called a quantum spin Hall insulator (QSHI)) was experimentally observed
in mercury telluride quantum well devices [20]. TI is different from a trivial
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insulator in the sense that it has gapped insulating states in the bulk but gapless
states on the edge due to its topological property. The band structure of a 2D-TI
can be understood from the viewpoint of “band-inversion” in momentum space
(Figure 1.1).

E
@ \ (0) © /\/\(d)/\/\

Figure 1.1: Schematic of the band structure evolution resulting in the formation of
a topological insulator. (a) Normal band structure, (b) band inversion due to strong
spin-orbit coupling, (c) band renormalization, and (d) formation of the topological
surface states along with bulk valence and conduction bands. Adapted from [21].

In the case of a band insulator, the valence band comprises states with s-type
(blue) symmetry and whose conduction band comprises states with p-type (red)
symmetry, as shown schematically in Figure 1.1a. If the material has a sub-
stantial spin-orbit coupling, a band inversion can occur at high-symmetry points
in the Brillouin zone as shown in Figure 1.1b. This leads to a band structure
renormalization, as shown in Figure 1.1c. At the I' point, the conduction band
will now have s-type symmetry, while the valence band will have p-type sym-
metry. At an interface between this inverted material and a topologically trivial
material (like vacuum), topological surface states (T'SSs) will form a Dirac cone,
since the transition from v = 1 to v = 0 occurs (dashed lines in Figure 1.1d).
These surface states exhibit spin-momentum locking, meaning that the momen-
tum of the electron determines the spin. This leads to topological protection of
the electrons occupying the T'SSs since the electrons cannot backscatter into other
TSSs without undergoing a spin flip. The linear dispersion of these TSSs results
in small electron masses and large Fermi velocities, similar to electrons found in
graphene [21, 22].

Using the 2D topological invariant Zy as a building block, a 3D crystal can be
characterized by a triplet of 2D topological numbers for the three crystal orienta~
tions, respectively. In such a way, one can extend the topological classes from 2D
to 3D [23]. In three dimensions, the topological insulators are characterized by
four independent Z, invariants vy (vyvyvz) [13, 24]. Here vy is the total Zs number
and the v, , . are the 2D Z; numbers along the x, y, z directions. The last three
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weak indices are related to the parity of the band structure at the high symmetry
points of the Brillouin zone. They account for which surfaces of a topological
system will host surface states. The main invariant is vy, a strong index which
lets one classify materials into strong (vyp = 1) and weak (19 = 0) topological
insulators. In weak topological insulators (for example vacuum (vy = 0)), the
Fermi circle encloses an even number of Dirac cones in their Fermi surface and
they are not topologically protected. However, strong 3D-TIs (1 = 1) are charac-
terized by an odd number of Dirac cones enclosed by the Fermi circle, so at least
one Dirac cone will be uncoupled from others, allowing for protected T'SSs with
special spin texture against disorder by TR symmetry.

In this thesis, two strong 3D-TI materials such as bismuth selenide (BisSez) and
bismuth antimony telluride ((Bi;—,Sb,)2Tes) with invariants (1;0,0,0) were used.
Bismuth selenide is a layered van der Waals material belonging to the bismuth
dichalcogenides group. The layers are arranged along the c-axis direction in a
sequence of five covalently bonded atomic layers (Se-Bi-Se-Bi-Se), which form a
quintuple layer (QL). One unit cell consists of three QLs, where van der Waals
forces bond adjoining QLs (Figure 1.2a). BisSes has a rhombohedral crystal
structure, with lattice parameters a and ¢ of 4.143 and 26.636 A, respectively [6].
A material very similar to BisSes is (Bij—,Sb;)2Tes (BST) (Figure 1.2b). BST is
an alloy of SbyTes and BisTeg and is described as Bi-doped SbsTes. SbeTes and
BiyTes have the same crystal structure and close lattice parameters [25]. It opens
up the possibility of making a mixed compound without any added difficulties
due to strain [25].
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Figure 1.2: Crystal structure of (a) BisSes and (b) (Bij—,;Sb,)2Tes, where the Bi
atoms are partially substituted by Sb. Adapted from [25, 26].
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The non-trivial topology of these TIs manifested in the existence of gapless
metallic surface states. These topological states are protected against strong
localization by time-reversal symmetry and host Dirac-like fermions, whose spin
and momentum are locked to each other. These compounds have a relatively
large bulk band gap (~ 300 meV) and a single TSS per surface, making them
an excellent platform for the experimental study of topological phases. With the
spin-orbit coupling effect considered, the band structure of BiySes exhibits an
inversion at the I' point with the Dirac point well separated from the bulk valence
band (BVB) and bulk conduction band (BCB), as shown in Figure 1.3a [27].
The band structure of BST can be engineered by changing the stoichiometry of
the material. By increasing the ratio of bismuth to antimony, the Fermi level is
shifted up while the Dirac cone shifts down towards the valence band. For pure
BisTes it is predicted that the Fermi level is positioned in the conduction band
(due to the electron-type bulk carriers induced by Te vacancies), while the Dirac
point (DP) is in the valence band (Figure 1.3b). On the other side, for ShoTes
it is predicted that the DP lies within the bulk gap, while the Fermi level is in
the BVB (due to the hole-type bulk carriers induced by Sb-Te anti-site defects)
(Figure 1.3c) [28]. Ideally, by mixing the two compounds one can simultaneously
achieve charge compensation and tune the position of the DP. For (Bi;_,Sb,)2Tes
with a Sb content of x = 0.88, both the Dirac point and the Fermi level are
predicted to be in the bulk energy gap [25].

Bi,Se, Bi,Te, Sb,Te,

Eo ), i, i

(a) BVB

Figure 1.3: Schematic of the band structure of BisSes (a), BigTes (b) and SheTes (c)
based on theoretical calculations and ARPES experiments. Adapted from [25, 27, 28].
The BVB and BCB are the bulk valence band and bulk conduction band, respectively.
The Dirac Point (indicated DP) appears at the high symmetry I'-point; two other high
symmetry points K and M are indicated. Er denotes the position of the Fermi level,
and the two colours in the Dirac cone indicate the spin coupling to the momentum.



2 Quantum transport

Quantum transport measurements are a powerful method for studying the
physics of TSSs of 3D-TIs, despite the presence of a bulk conductivity. For
example, Shubnikov-de Haas, Aharonov-Bohm and Altshuler-Aronov-Spivak oscil-
lations, universal conductance fluctuation and weak anti-localization phenomena
allow the investigation of the unique properties of spin-helical Dirac fermions.

The basics of quantum transport focused on the different types of quantum
interferences and energy quantization effects are introduced in this chapter.

2.1 Magnetotransport

For the actual transport measurements, samples of two geometric shapes are
usually used: narrow Hall bars geometry or nearly square/circular van der Pauw
configuration (Figure 2.1). In both types of samples, the Hall voltage is developed
perpendicular to the current and the applied magnetic field. Using these sample
geometries, the longitudinal (parallel to the current direction) and transverse (per-
pendicular to the current direction) resistances Ry, and R, can be determined.
These two quantities allow to analyse the characteristics of the material from
which the sample is made.

@'Uxx
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Figure 2.1: Schematic depiction of a four-probe measurement of the longitudinal
R, and transverse R, resistances.
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In the absence of a magnetic field, an electric field E accelerates the charges,
resulting in a current in the direction of E. A well-known equation that describes
how current flows under the influence of an electric field is called Ohm's law [29)]:

- —

j=0F or E = pj, (2.1)

where vector 5 is the current density, parallel to the flow of charges, and the
proportionality constants o and p are the conductivity and resistivity, respectively.
If a uniform current I flows through a sample of length L and cross-sectional area S

(Figure 2.1a), the current density is equal to j = I/S. Since the potential drop

IpL
along the sample is U = EL, then Eq. (2.1) can be re-written as U = %, and

L
hence R = p—.

In the presence of a magnetic field, in addition to current j, flowing in the
sample due to the electric field E, (z-direction), the Lorenz force acts on the elec-
trons leading to their deflection in the y-direction. Thus, the electrons accumulate
on the side of the sample, and consequently, an electric field £, builds up in the
y-direction. At the equilibrium state, the Coulomb (electrostatic) forces of this
transverse field £, (also called the Hall field) are balanced by the Lorenz force,
and current flows only in the z-direction. As mentioned above, two quantities
such as the ratio of the field along the sample E, to the current density j, (called
magnetoresistance p,, = E;/j;) and the transverse field E, can be extracted
by performing measurements in a magnetic field. Since E, is balanced by the
Lorenz force, it is also proportional both to the applied magnetic field B and to
the current along the sample j,. Thus, the ratio E,/j,B is known as the Hall
coefficient pgy or Ry.

To calculate the magnetoresistance and Hall coefficient, the current densities
Jj» and j, in the presence of electric (with components E, and E,) and magnetic
(applied perpendicularly to the sample) fields need to be found. So, the equation
of electron motion under an external Lorentz force F = —e (E + U X E) acting
on each electron, can be expressed as [29]:

iz P

i F = (2.2)
where p'is the momentum of the electron and 7 is the relaxation time. The Lorentz
force is not the same for each electron, because it depends on the electron veloci-
ty ¥. Therefore, the force in Eq. (2.2) can be replaced by the average force (F)
per electron. Considering (p) = m(v), with (p) and (v) are averaged momentum
and velocity per electron, Eq. (2.2) can be written:

@t = —e (54 20 ) 00 03

m T
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d
In the equilibrium state the current is independent of time <£<p(t)> = 0), and
Eq. (2.3) for p, and p, components will take the form:

0=—elE; —wepy — —

0= *eEy + Wepr — %

(2.4)

B
where w, = P i cyclotron frequency. Multiplying the Eqs. (2.4) by —n.et/m

and introducing the current carrier density as j = —en.v one can obtain:

ooE, = Wchy + Je (2 5)
UOEy = —WcTJy + jya ‘

nee?r

where o9 = is the Drude conductivity. Since the Hall field £, requires that

there be no transverse current, by setting j, to zero in the second Eq. of (2.5) one

can find: B
WeT\ . .
0o Ne€

Thus, the Hall coefficient is

E 1
Ry =4 — _
H JjoB Nee

. (2.7)

It can be found that the Hall coefficient depends only on the properties of the
material such as charge (electrons/holes) and concentration of the conducting
carriers. The Hall coefficient does not depend on the scattering time 7 and is
insensitive to scattering processes occurring in the material.

Considering that j, = 0, from the first Eq. of (2.5) one can recognise the for-
mula of Ohm's law (Eq. (2.1)), where the conductivity is independent of an applied
magnetic field. However, in strong magnetic fields, electrons under the influence of
the Lorentz force form closed orbits (cyclotron radius r. becomes smaller than the
electron mean free path [, in order to prevent its scattering inside the cyclotron
orbit). As a result, a large number of closed loops are formed between the scat-
tering centres interfering with each other, which leads to a quantization of the
electronic states when a strong perpendicular magnetic field is applied.

The dynamics of electrons in a trivial 2DEG at low temperature can be described
by the Schrédinger equation (called the single-band effective mass equation, due
to the fact that only the lowest sub-band (n = 1) is occupied and the higher
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sub-bands do not play a significant role) [30]:

(ihV + eA)®

E,
+ 2m*

+ U (2,y)| ¥ (z,y) = BV (2,y), (2.8)

where U (z,y) is the potential energy due to space-charge, A is the vector potential
and m* is the effective electron mass. In the absence of a magnetic field, the energy
eigenstates can be obtained from the eigenstates of wave function ¥ (z, y), setting

U(z,y)=0and A=0:

E=E,+ % (ke + k7). (2.9)
In a 2D system with dimensions L, and L,, the electrons have the wave numbers
ky = n%: and k, = nZ Every state in 2D k(k,, k,)-space is attributed to
area 5 2r 27 4x?
I X L—y =g (2.10)
h2k?

All states with energy Ep = pyeeey are enclosed by a circle with radius k& = ‘]2) in
m

k-space and area mk2. Thus, the total number of states Z belonging to the energy
Er is:
k> Sk*  m*SEp
C 4w2/S 2 2R?
where g; and g, are the spin and valley degeneracy factors, respectively. Here
gs = 2 according to Pauli's principle, which describes the possibility of occupying

* GsGv, (211)

1
every state with two electrons of opposite spin s = :I:E. The number of electrons
that are allowed to occupy a certain area is Z; = Z/S. Thus, the density of states
D, (E) at energy E, in sub-band n can be calculated by taking a derivative:

dZs m*
B, ~ 9s9vgr3 = const. (2.12)

D, (FE)=

If the number of electrons is large enough to start filling an additional sub-band,
a jump in the density of states occurs (Figure 2.2a). Since it was assumed that
only the first sub-band is occupied, the obtained constant density of states D,, (F)
will be used for all considered energies. Thus, the charge carrier density per unit

area reads as:
Er *

Ne = /Dn (E)dE:gsgv '

——Fp. 2.13
] onh2 b ( )
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However, in high magnetic fields, due to quantum interference of the wave
functions of electrons moving along closed cyclotron loops, the step-like density of
states (Figure 2.2a) breaks down into a sequence of quantized energy eigenvalues
(spaced by fw.) called Landau levels (LLs) (Figure 2.2b). The total energy of
electrons can be written as:

1
E = E, + hw, (n + 5) , (2.14)

where n is a new quantum number called the LL index.

D(E) D(E)
i ; hwc : ﬁwc
(a) “Th=1 E:; n=2 n=3 E (b) n=1 n=2 EIF n=3 E

Figure 2.2: (a) Density of states (DOS) of a 2DEG without a magnetic field. The
step-like increase in the onset of different sub-bands is shown by the blue line. The
red area indicates occupied states at a given Fermi energy. (b) Conversion of DOS to
Landau levels with energy difference hw, in strong magnetic fields.

In the ideal case, the density of states peaks are d-functions, however in practice,
scattering processes and potential fluctuations in the sample broaden them in
energy. Since the LLs are spaced homogeneously with energetic difference fw,
one may calculate the number of states in every LL, also called degeneracy:

m*hw m*heB eB

NL = Dn (E) hwc = Gs9v

2ﬂ_h2c = gsgvm = gsgvT = 9s9v ¢07 (215)
where ¢g = h/e is the fundamental flux quantum. The Eq. (2.15) results in the
fact that for each flux quantum there is one state available in each LL. One can
say that the electrons perform their cyclotron motion around a flux quantum. The
assumption that the flux quanta are distributed homogeneously over the sample
leads to a uniform charge carrier distribution for a completely filled LL. For an
arbitrary number of charge carriers n., a certain number of LLs will be filled:

B 1 n.h
~ Np g9y €B’

e

(2.16)
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Since the energies of Landau levels depend on changes in a magnetic field, the
resistivity p., undergoes one oscillation cycle when the Fermi energy moves from
the centre of one Landau level to the next LL. An increase in a magnetic field
leads to two effects: a linear increase in the energy states separation hw. between
two LLs and a linear increase in the degeneracy of the LLs according to Eq. (2.15).
Consequently, this results in a redistribution of electrons between LLs in order to
occupy the most energetically favourable states. The evolution of the DOS from
a constant (at B = 0) to the spectrum of Landau levels with increasing magnetic
field is shown in Figure 2.3.

D(E) D(E) py, D(E)
o E, E. E,

E
B

Figure 2.3: Evolution of the DOS of a 2DEG in an increasing magnetic field.

Since the charge carrier density and the number of occupied states below the
Fermi energy are constant, further increasing B will cause LL to exceed Fermi
energy. Thus, as B increases, EFr will quickly move from an almost empty LL to
the next filled LL, since the DOS at the edges of the LL is very small compared to
the centre. Once this LL is empty, Er will move to the highest occupied state of
the next underlying LL. and move upwards again, until that LL is also depleted.
This idealized mechanism (Figure 2.3) is valid for a d-shaped LL. However, in
real samples LLs broadening smears out the highly variable DOS at Ep, as LLs
cross Er. Therefore, whenever LL is full and Er is between two LLs, a minimum
of pg will be observed. Thus, p,, will oscillate as a magnetic field changes.
These oscillations in longitudinal resistivity are called Shubnikov-de Haas (SdH)
oscillations.

The distance between ¢ and i+1 resistivity minima can be found from Eq. (2.15),
assuming that the given n,. is constant:

Bi 1 ] sYv
ne:i'NL:i'gsgv'Ljizzgge
h B; hne
eBii1 1 (i+1)g,gve (2.17)
ne=(i+1)-Np=(i+1)-gsgo- = = SEAA)

h Bi+1 hne
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Then

)

1 1 1 e
Al=)= =gy — 2.1

It can be concluded that the Shubnikov-de Haas oscillations are periodic in the
1/B field. The SAH frequency is then defined by:

1 h
fsag = 1 ="Ne - ~
9sGv - €

(2.19)

_ 1

Bit1 B

Previously, 2D-like SdH oscillations accompanied by a quantized Hall effect

were observed in magnetotransport measurements performed in highly doped

n—type BisSes samples [31]. It was shown, that observed 2D magnetotransport

and QHE are attributed not to the topological surface states, but to the bulk of
the sample behaving as many parallel 2D electron systems (Figure 2.4).
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Figure 2.4: (a) Magnetotransport measurements of high-quality exfoliated single-
crystalline BiySes flake (in the bottom inset), performed at 7' = 450 mK. The
black and red lines correspond to four-terminal longitudinal resistance R,, and Hall
resistance R, as functions of a perpendicular magnetic field, respectively. The top
inset shows the positions of the observed minima in R,,(B), plotted against the
assigned LL indices N. (b) Shubnikov-de Haas oscillations ARzz(B), extracted from
R..(B) by subtracting a polynomial background at different temperatures. Arrows
label selected LL indices. Adapted from [31].

The observed results have important implications for 3D-TI transport studies,
because they provide a general caution that observing 2D transport behaviour
does not necessarily indicate the TT surface states. The main challenge is associated
with extracting 2D surface states transport from measurements of 3D samples,
whose bulk is often conductive. It is important to know other (non-TT surface
states) sources of carriers in the TI materials that could also demonstrate
2D transport characteristics. Thus, in addition to magnetoresistance and Hall
measurements, the key task of distinguishing and separating surface state trans-
port from bulk carriers can be solved by performing a full set of analyses, including
Aharonov-Bohm and Altshuler-Aronov-Spivak effects, electrostatic Fermi energy
tuning by gating, as well as weak anti-localization phenomenon investigation.
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2.2 Transport regimes

Transport in electronic systems can be classified by relating its size to some
specific characteristic length scales (. and L) that determine how carriers propa-
gate through the sample. The electron mean free path [, is a measure of the
distance between subsequent scattering events. The phase-coherence length L,
is the relevant length scale, which determines if phase-coherent transport can be
observed in electronic systems. It is a measure of the distance where an electron
propagates coherently before its phase becomes randomized. At low tempera-
tures, the phase-coherence length can be larger than the elastic mean free path
(L, > 1) [32]. By comparing I, and L, with the dimensions L and w of the
sample, different transport regimes can be classified (Figure 2.5).

Diffusive transport Ballistic transport Quasi-ballistic transport
/ . / I
. Y N : s |8 e s
3 Sz |5 S 3 5 Sz
3 Scatteri q = I E Q
clectron ™ ® S—>ENEne &
\ L | \ L | \ L |
(a) (b) (c)

Figure 2.5: Schematic illustration of the different transport regimes: (a) a diffusive
conductor (I, < L,w), (b) a ballistic conductor (L,w < I.), (c) a quasi-ballistic
conductor (w < l, < L). In the diffusive transport regime, many scattering events
occur while the electron crosses the sample. In the ballistic regime, the electron
crosses the sample without any elastic scattering event. Boundary scattering and
internal impurity scattering (black dots) are equally important and can be present in

the quasi-ballistic regime.

For the case where the mean free path is smaller than the dimensions of the
sample (I. < L,w), many scattering events occur, while the electrons propagate
through the structure. The carriers are moving randomly (diffusively) through the
sample (Figure 2.5a) [33]. If the phase-coherence length L, is shorter than the
mean free path /., the transport is considered classical. In contrast, if L, > I., then
quantum effects due to the wave nature of electrons can be expected. This diffusive
regime is called the quantum regime [32]. In case if [, is larger than the dimensions
of the sample (L,w < [l.), the movement of electrons throughout the system
occurs without any scattering; this regime is called ballistic (Figure 2.5b). One
can distinguish an intermediate quasi-ballistic regime, where one of the system's
dimension is shorter than [., while the other is still longer than /. and diffusive
(w <. < L) (Figure 2.5¢).
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2.3 Phase-coherent transport

Interference effects of electron waves due to phase-coherent transport can be
seen even in large samples, where the phase coherence length is much smaller
than the dimensions of the sample. These quantum phenomena can provide a lot
of information on the fundamental properties of the quasiparticles.

According to the classical approach to charge transport in a disordered conduc-
tor, electrons must diffuse from point 7 to point 7’ along an extremely complex
diffusion path (called the Feynman path). Some of these electron trajectories
may contain closed loops (Figure 2.6). Each Feynman path can be expressed by
its own wave function, and the total conductance of the conductor is determined
by the wave functions superposition of all paths [34]. If the sample size is large
enough, the averaging of all the quantum interferences caused by the Feynman
paths will be zero. At low temperatures and small length scales, electrons inter-
fere coherently with each other, slightly changing the probability of an electron
to cross the sample (the interference can no longer be eliminated by the Feynman
path averaging). As a result, the conductance of the sample is affected by inter-
ference effects, and quantum corrections to the classical transport model must be
taken into account. The typical length scale at which these interference effects
are significant is the phase coherence length L., which is the typical length over
which the electronic phase remains deterministic.

Figure 2.6: Schematic view of a classical approach to diffusive transport of electrons,
propagating from point r to r’. The red numbers indicate possible electron propa-
gation trajectories. The trajectory 3’ represents a closed loop. In the presence of a
magnetic field, the closed trajectory 3’ owns magnetic flux ¢ penetrating this loop.

According to the Feynman path description of electron diffusion, the probability
P(r,7’,t) for motion from point r to point r’ in a time ¢ consists of the squared
absolute value of the sum of probability amplitudes (A4, = |A;|e'¥) for each
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trajectory [33, 34]:

Prrt

:Z|A| 3 AL (2.20)

i#j

where the first term on the right-hand side of Eq. (2.20) corresponds to the classi-
cal diffusion probability, while the second term accounts for quantum interference.
If the beginning and end points of path r and 7’ are different, then the inter-
ference term averages out (in the diffusive transport regime), because different
trajectories have uncorrelated phases. In case r and 1’ coincide (closed loop),
the amplitudes AT (for clockwise propagation around the closed loop) and A~

(counterclockwise propagation) of two time-reversed returning trajectories are
equal (AT = A~ = A). Since pT =~

Prrt

(221)
— At A = |4+ \A—\ +2Re (AYA™) = 4]AP,

which is then twice higher than for the non-phase-coherent (classical) transport,
where the probability is |A;|*+]As|* = 2|A|*. The enhanced probability of return
to the point of departure (origin point) implies that the net current through
the sample is reduced. Hence, the carriers are localized within the loop. Such
localization does not depend on the size of the loop as long as its length is smaller
than the phase coherence length L. This effect is called weak localization (WL)
and “it is one of those unique cases where the superposition principle of quantum
mechanics leads to observable consequences at the macroscopic level” [33, 35].

2.4 Weak localization and weak anti-localization

The enhanced propagation probability of coherently back-scattered (returning
to the starting point) electrons leads to a drop in conductivity (increase in resis-
tivity) due to coherence effects. A larger number of scattering centres increase
the probability of back-scattering of the electrons. The magnitude of the weak
localization correction Ao to the classical (Drude) conductivity og can be obtained
quantitatively, and it is proportional to the probability of return to the point of
departure. Since Ao is assumed to be a small correction, the probability can be
estimated by solving the classical diffusion equation. The probability density of
returning to the origin ' = r = 0:

1

P(rr't) = ——,
( ) (47 Dt)"*

(2.22)
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1
where d denotes a d-dimensional space, D = a’UFQT is the diffusion constant, vy is

the Fermi velocity and 7 is the elastic scattering time. The weak localization
correction is given by the time integral of the return probability:

2h 7 ! —t/T\ ,—t/7,
Ao = —%Uoo/dtP (r,r',t) (1 —e ) e e, (2.23)

The correction is negative because the conductivity is reduced due to coherent
back-scattering. Since the electron can be considered as a wave packet with a
linear extension determined by Fermi wavelength A\p = 1/kp, in d-dimensional
space this electron will sweep out the volume )\%’lvpdt over the time inter-
val [t,t 4+ dt]. Thus, the factor (h/m*) o< A& lvp follows in the path integral
formalism from the area covered by a wave packet of width )\le«_l and length vpdt.
The factor (1 — et/ T) indicates that the electron is elastically scattered (at least

once), and the factor e~/ reveals that the phase of the electrons is preserved up
to the phase breaking time 7, (after which the electrons lose the phase coherence
as a result of inelastic scattering).

In total, the correction to the conductance in d-dimensional space for d = 1, 2,3
can be expressed as [33, 36]:

2h T —1/2 - _ e? L, T\ ~1/2

—~ dtw™ (4xDt) V2 (1 — e /et = - =% 1,(1 ﬁ)
m*UOO/ w™ (4nDt) ( ¢ )P i 2rh w + T
o2h T _ % ,

Ag == oy [dt (D) (L e/ T)e e =t (14 72) (2.24)
0
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Since the return probability depends on the dimensionality d, the functions
Ao for various d are different. The characteristic length which is compared with
the size of a particular sample is the phase coherence length L,. Depending on
whether the return probability P (7,) on the time scale 7, is determined by 3D,
2D or 1D diffusion, one can define 3D, 2D or 1D weak localization, respectively.
In terms of the phase coherence length L, = /DT, the criterion for the dimen-
sionality is that 2D weak localization occurs for L, < w and 1D weak localization
for Ly, > w. In the 1D-case, diffusion is effectively reduced to one dimension, so
an additional factor of 1/w must be added to the return probability [33]. The
conditions for implementing dimensionality reduction are rather mild, since the
determination of space configuration operates with scale L, while the diffusion
takes place in scale [.. For example, for nanoribbons/nanowires or thin films with
thickness larger than [, but smaller than L, the diffusion process remains 3D-
dimensional. An electron in the wire/film can move between two elastic scattering
events along an arbitrary direction, including the direction along the wire/film
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normal. However, the quantum correction for such nanostructures is determined
assuming that d =2 [37].

The lower the dimensions, the more the interference effect is pronounced. A
comparison of the 1D and 2D cases reveals that the weak localization correction
to the conductance is much larger for the 1D case. For instance, for the typical
2D electron gas (2DEG) with y, = 10% ecm?/V-s at n, = 3 x 10! cm™2, a conduc-
tance correction of less than 0.1% would be expected, while for the 1D nanowire
based on this 2DEG with parameters w = 200 nm and a phase-breaking time
7, = 107 s the correction is ~ 6% [32]. The maximum conductance correc-
tion in a narrow channel is thus of order e%/h, independent of the properties of
the sample. This “universality” is at the origin of the phenomenon of universal
conductance fluctuation (UCF), which is discussed in the next section.

In the presence of a magnetic field, time-reversal invariance breaks, which leads
to the development of the phase difference ¢ between AT and A~ probability
amplitudes. This phase (called the Aharonov-Bohm phase) results from the fact
that the canonical momentum p = mv — eA of an electron in a magnetic field
contains the vector potential A Thus, during propagation around a closed loop in
clockwise (+) and counterclockwise (—) directions, a phase difference occurs [33]:

= L fpta— s fpra= _2eBS 25 0

@—hz{p di L ar=5 (V x A)ds = Tk (2.25)
Here, A'is the vector potential of the magnetic field, S is the enclosed cross-surface
of the loop, ¢ = B - S is the total magnetic flux through the loop, L,, = \/h/eB
is the magnetic length, and ¢y = h/e is the fundamental magnetic flux quantum.

Since many enclosed trajectories with a wide distribution of loop areas con-
tribute to the weak localization effect, depending on the size of these loops,
different phase shifts Ay develop when a magnetic field is applied. If a magnetic
field is increased starting from zero, the constructive interference is destroyed first
for the largest loops (S > L,?). Finally, if a magnetic field is sufficiently large,
the phase difference will be randomly distributed between the ensemble of loops.
On average, the degree of localization decreases with the increase of a magnetic
field, resulting in a continuous decrease of the resistance [32].

In analogy to the phase coherence length L, = /D7, with phase-breaking
time 7, the characteristic magnetic relaxation time 75 related to L, can be
estimated via the relationship L,, ~ v/ D71g. With a sufficiently strong magnetic
field B,, the magnetic effect replaced the intrinsic scattering (75 2 7,) and
became the limiting factor of WL. The weak localization effect can be studied
experimentally by measuring the positive magnetoconductance peak associated
with its suppression by a magnetic field (Figure 2.7). The significance of such
experiments relies on the possibility of direct determination of the electron phase
coherence length L, using a famous Hikami-Larkin-Nagaoka (HLN) equation
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quantitatively describes this process [38]:

o )00 =yt [ (14 2) -u (%)),

where « is a pre-factor (for the case when neither spin-orbit interaction nor mag-
netic scattering occurs a@ = 1), ¢ (z) ~ In(z) — 1/x is the digamma function,

dB,— I __h
MEEe T 4L, T 4eDr,
dimension of a magnetic field.

So far, the WL mechanism has been observed for systems with electrons in which
the spin orientation is conserved. However, for a material with strong spin-orbit
coupling, where spin is fully locked with momentum, the situation is completely
opposite. The time-reversed scattering loops are equivalent to moving an electron
on the Fermi surface by one cycle. As a result, at zero-field the electron picks
up the Berry phase 7, = 7 instead of 0, which leads to a destructive quantum
interference that suppresses the back-scattering and enhances the conductivity.
This phenomenon is called weak anti-localization (WAL). In contrast to the WL
effect, an enhanced conductivity is found at B = 0. However, if a magnetic field
is applied then the WAL effect is gradually suppressed (Figure 2.7a,b).

(2.26)

is the inelastic scattering strength expressed via the
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Figure 2.7: (a) Schematic view of the conductance changes in a magnetic field.
A weak localization (WL) downward cusp is presented by the blue dashed line. A weak
anti-localization (WAL) curve shows the upward cusp (the pink line). The green line
represents the Drude o (classical) conductivity. Adapted from [39]. (b) Magneto-
conductivity, defined as Ao (B) = o (B) —o(0) of a BisSes single-crystalline thin film
with thickness 10 nm, measured with applied gate voltages of 0, 60, and 150 V at
T = 1.8 K. (¢) Experimental data from (b) for the gate voltage of 150 V with the
Hikami-Larkin-Nagaoka (HLN) fit. Adapted from [40].

The topological surface states can also be treated with the HLN theory as
traditional 2D electron systems with strong spin-orbit interaction. Strong spin-
orbit coupling always results in dominant WAL with a pre-factor a ~ —0.5.
If both surfaces contribute equally to the transport, this would lead to «w &~ —1 [40].

WL and WAL analysis is a very useful tool for characterizing transport proper-
ties in mesoscopic devices because it does not require a specific geometry to
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observe it. Since WL and WAL are not sensitive to ensemble averaging, it is
very convenient to extract a quantitative value of L, and its temperature and
magnetic field dependences, especially in large systems where all other coherence
effects are averaged out.

2.5 Universal conductance fluctuations

As discussed in previous sections, quantum mechanical correlations persist over
a phase coherence length L., which can be much larger than the elastic mean
free path l.. Quantum interference effects lead to significant sample-to-sample
fluctuations in conductance if the sample size is not much larger than L,. An
electron is able to propagate along a certain number of paths in order to cross a
fully coherent mesoscopic conductor. As mentioned above, it is possible to define
different trajectories (Feynman paths) that will interfere (Figure 2.8). Among
these trajectories, a limited number of paths may be found that meet again after
a certain distance. The important fact is that it is necessary to take into account
the absence of a specific well-defined loop geometry. If a magnetic field is applied,
the paths become penetrated by a magnetic flux ¢, and all electronic loops will
contribute to the interference term with a random magnetic frequency. Since only
a limited number of trajectories exist, an effective averaging out of the oscillations
is prevented. Thus, the fluctuation pattern should be aperiodic (without any
specific frequency). Even different samples with the same geometry and made
of the same material demonstrate that each sample has a different fluctuation
pattern. This is why this individual pattern of a sample is called a fingerprint.

B =0 B ;ﬁ 0
ﬂ
Dlsordered Disordered
reglon reglon

Figure 2.8: Electron trajectories in an idealized conductor connecting a disordered
region (blue) to two reservoirs having electrochemical potentials p1 and pg (orange),
through ideal one-dimensional ballistic areas (green). Here, n denotes the incoming
channel, while m is the outgoing channel (transmitted or reflected). In the case of
applying a magnetic field (b), the loops are penetrated by magnetic flux ¢y, ¢a, ¢3.

(a)

The most convenient way to study the effect of fluctuation is to use the Landauer-
Bittiker formalism, to relate the conductance and conductance fluctuations to the
transmission probabilities of the different quantum channels.
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As shown in Figure 2.8a, the conductor is connected to the reservoirs (with
corresponding chemical potentials) through ideal one-dimensional (1D) ballistic
areas. Assume that reservoir 1 can supply electrons to the conductor up to a
maximum energy of i at zero temperature. Since inelastic scattering is prohibited
within ballistic areas, electrons once injected into the conductor maintain their
energy until they reach one of the reservoirs. Thus, each carrier from the ballistic
area that reaches the reservoir is absorbed by the reservoir, regardless of the
phase and energy of the carriers. The current injected from reservoir 1 can be
expressed as:

" 2e

Tinj = e/DlD (B)v(E)E = —pu, (2.27)
0
where Dyp (E) = 2/hv (E) is the density of states of a 1D system, v(E) is the
velocity of the electrons, and py is the electrochemical potential of reservoir 1.
Part of the current supplied by reservoir 1 can be reflected back. Rp; is defined
as the reflection probability for a reflection of carriers from the ballistic area back
into reservoir 1. Then, the current reflected into reservoir 1 can be written as:

2e

In=—5

Rllﬂy (2.28)
Moreover, electrons from reservoir 2 can be transmitted into reservoir 1. The
transmission probability from reservoir 2 into reservoir 1 (1 < 2) is defined as T1o,
then the equation for the current transmitted into reservoir 1 has the form:
2e

IT = —ITH/JQ. (229)
It can be seen that the net current passing by reservoir 1 is given by Landauer-
Biittiker formula [41]:

2e
]:]’inj+IR+IT = E[(l —Rn),ul —T12;,L2]. (230)
Since the conductor is connected on both terminals to reservoirs with the electro-
chemical potentials p; and ps, the following expressions are obtained according
to the Landauer-Bittiker formalism described above:

{(h/Qe) I'= (1= Ru)p — Tapis,

—(h/2e) I = (1 — Rao) ptg — Toypiy- (2.31)

In absence of a magnetic field (B = 0), time-reversal invariance holds,
80 T19 =To; =T =1— Ryj; =1 — Rgy. Thus, the expression for the conductance
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can be presented as follows:

I I 2¢e?
S (2.32)
U M1 — M2 h

here the voltage drop U is given by the difference between the electrochemical
potentials divided by e: U = (u1 — p2)/e. If back-scattering is neglected (T = 1),
the conduction through the sample is given by:

2¢?
G=—. 2.33
= (23)
The constant value of G is a fact of the assumption that the channels are
1D—dimensional (the density of states and velocity in Eq. (2.27) were used for
the 1D case). However, in the case of 2D or 3D systems, the total transmission

probability from reservoir j to reservoir ¢ (i - j) T;; # 0 and can be expressed as:

T = Z Tijmn (2.34)

where T myn the transmission probability from n-th channel of reservoir j to m-th
channel of reservoir ¢, and N is the total number of channels. Thus, according
to the Landauer-Biittiker formalism, the total conductance with N channels is
determined by the expression (the indices 4, j for the reservoirs are omitted here):

262 N

The Drude (classical) conductance of a diffusive conductor for a single spin and
a single valley direction (gs = g, = 1) can be expressed as [33]:

W Ne€>T weXkpl, €%l

e VA R T (236)

where IV equals to the number of transverse channels in a conductor of width w.

For the case when [, < L, each channel N has on average the same transmission
ml

probability given by Q—Le according to Egs. (2.35) and (2.36). The ensemble-

averaged transmission probability does not depend on channel n or m, so the

correspondence between Egs. (2.35) and (2.36) requires [33]:

e
 2LN’

(Ton) (2.37)

Since transmission processes in the diffusive transport regime occur via many
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collisions of impurities (Figure 2.8), the sequence of scattering events can be com-
mon for different channels of the conductor. However, if reflection processes are
considered, it can be assumed that only a few scattering events are responsible for
back-reflection, so reflections in different channels are considered uncorrelated [42].
Taking this concept for granted, reflection and transmission probabilities can be
related by the current conservation law:

N N
Z Ton =N — Z Rypn, (238)

here T, and R,,, denote transmission and reflection probabilities from channel
n into channel m, respectively.

As mentioned above, each sample has different impurity configurations
corresponding to a different Feynman path, and the interference is also different,
80, the conductance G of each sample varies from each other. However, the conduc-
tance fluctuations can be averaged via some statistical distribution G = G— (G),
where the mean value (G) represents the ensemble averaging. The magnitude of
the conductance fluctuations is characterized by its variance:

var (G) = (6G?) = (G — (G))?). (2.39)

Taking Eqs. (2.35), (2.38) and (2.39) into account, the variance of conductance is
equal to:

var (G) = <e;)2va7“ (N - :ZﬂRmn) =

o2 2 N 2 2
= (;) var (Y. Ry | = (E) N%var (Ryn)

and it is assumed that reflections are uncorrelated and var (R,,,) is independent
of m and n. According to the Eq. (2.40), in order to obtain the variance of G, the
variance of reflection probability must be calculated first:

(2.40)

var (Rmn) = < (Rmn - <Rmn>)2> = <Rmn2 - 2Rmn<Rmn> + <Rmn>2> =

= (Rymn2) — 2(Ron) (R + (Ron)® = (Ron2) — (R (2.41)

By analogy to the Feynman concept for describing the probability of propagation
between points r and 1/, as already expressed by Eq. (2.21), the probability of
reflection from channel n to m for all possible paths i(i = 1,2,..., M) can be
expressed as the square of the total amplitude of all possible paths:

2

Pon = , (2.21)

DA
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where A; denotes independent complex random variables representing the prob-
ability amplitude due to the i-th Feynman path that connects channel n to m.
Assuming that the reflections are uncorrelated and neglecting terms of order unity
compared with M (assuming M > 1), to calculate var (Rym) = (Rpn>) — (Ron)”
one may write [43]:

(Run) = 23 |4iP) = 2Ry (2.42)

Thus, the variance of the reflection probability is equal to the square of its average:
var (Rmn) = <Rmn2> - <Rmn>2 = 2<Rmn>2 - <R77m>2 = <R77”L>2' (2'43)
Based on Eq. (2.37) and averaging of (2.38), it follows that:

1 l 1
<Rmn> = N <1 — order (Z)) ~ N’ (244)

l
where the term of order (i) expresses the fact that as long as [, < L (the case for

a sufficient number of scattering centres in the conductor), most of the incoming
electrons are reflected into N reflecting channels (the transmission probability is
small (T',,, — 0)). So, finally one can conclude that the variance of conductance
is equal to:

var (G) = <ij>2 N2var (Rpn) ~ (ij)Q (2.45)

independently of [, and L in the diffusive limit (I < L). This is why it is called
universal conductance fluctuation (UCF). The general formula reads as:

2
9sGv ~€

0G = G) = C— 2.46

var (G) = 0% (2.46)

where g, g, are spin and valley degeneracy factors, C' depends on the sample ge-

ometry (actually, of its effective dimensionality), while 5 = 1 in a zero magnetic

field and S = 2 when the magnetic field breaks time-reversal symme-
try [32, 33, 42, 43].

2.6 Altshuler-Aronov-Spivak oscillations

As was shown in Section 2.4, the presence of closed loops in the conductor is
responsible for reducing the resistance when a magnetic field is applied (WL effect,
Figure 2.8b). However, if the shape of these enclosed loops is restricted by a fixed,
well-defined geometry, the resistance may oscillate due to interference effects.
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If the conductor has the shape of a ring and a magnetic flux penetrates through
this ring, then observed oscillations are called Altshuler-Aronov-Spivak (AAS)
oscillations.

Assuming that the conductor has a series of interconnected ring-shaped loops
of approximately the same geometry, then the phase shift between time-reversed
paths can be written as shown above in Eq. (2.25):

(2.25)

and following the Eq. (2.21), the total propagation probability in a loop is given by:

2
pP=
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(2.47)

From the equation described above, one can conclude that the resistance in this
type of structure should oscillate with a period of ¢o/2 [32, 44].

In order to observe AAS oscillations, the phase-coherence length L, must be
larger than the circumference of a ring. Since all time-reversed trajectories have
the same phase, as long as the phase coherence length remains longer than the ring
circumference, the amplitude of the AAS should not vanish, because these oscil-
lations are insensitive to ensemble averaging. Depending on the type of material,
each ring produces either a maximum or minimum at B = 0, depending on the
absence or presence of spin-scattering. This ensures that after the summation of
the contribution of each element (in the case of a series of interconnected loops),
the Altshuler-Aronov-Spivak oscillations are not averaged out.

The AAS effect can be used to measure the phase coherence length L, which
provides information about decoherence in the system. Moreover, due to its
insensitivity to ensemble averaging, AAS can be approximated very well by
theoretical models. Such approximations quantify the fundamental parameter L,
with good accuracy, similar to another type of quantum correction (also insensitive
to ensemble averaging), such as weak localization.

2.7 Aharonov-Bohm oscillations

The Altshuler-Aronov-Spivak oscillations arise as a result of electron propagation
along time-reversed trajectories and interference at the point of departure. In
contrast to it the Aharonov-Bohm (AB) effect is based on electron waves propagat-
ing along two different branches of a ring structure and interfering on the opposite
side of the ring (Figure 2.9).
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Figure 2.9: Schematic picture of a ring-shaped conductor. The ring is penetrated
by a magnetic flux ¢ = BS, where S is the surface of the ring. The interference of
two time-reversed symmetrical trajectories leads to Altshuler-Aronov-Spivak oscilla-
tions (h/2e-periodic) as a function of a magnetic field (a). The interference of two
electron waves propagating on the opposite side of the ring results in Aharonov-Bohm
oscillations (h/e-periodic) as a function of a magnetic field (b).

Considering the geometry in which electrons are confined on the ring
(Figure 2.9b), they will propagate along either one or the other arm of the ring.
If half the circumference of the ring is smaller than the phase coherence length
(C/2 < L), then the electrons will propagate coherently along both arms of the
ring and interfere on the other side (at point r’). Assuming a fully coherent ring
(C < L), then interference must be taken into account when calculating the
total conductance. By analogy to the Eq. (2.25), the phase difference Ay of two
electron waves propagating along the upper and the lower branches of the ring
(paths 1 and 2 in Figure 2.9b) and interfering at the endpoint 7 of the ring is
given by:

A@:X1—X2—E / A’dﬁ-f / Adl' =
hpa.thl hpa.thQ ¢ (248)
e [ - e

:Awﬁj{Adz :Awﬁ/(v xﬁ)dszAxww%,
where 1 and xo are the phases that acquire electron waves when propagating
along path 1 and path 2. In contrast to the weak localization effect, the propa-
gating paths are different and therefore not time-reversed. Since the impurity
configurations on both branches are different, the accumulated phases in these
branches are also different.

It can be seen from Eq. (2.48), that a phase shift of 27 is achieved if the
magnetic flux is changed by the magnetic flux quantum ¢¢. Thus, the period of
Aharonov-Bohm oscillations is twice as large as the period of Altshuler-Aronov-
Spivak oscillations.
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In contrast to AAS, the AB effect is sensitive to ensemble averaging. Even
within the same ring, the distribution of scattering centres in different arms is
different, which leads to the phase difference Ay. Therefore, in the case of a
series of rings even with the same geometry (operating as an ensemble of N
incoherent rings), a different phase shift Ax will be accumulated. As a result, no
clear maximum or minimum (as for the AAS oscillations) is expected at B = 0.
In addition, the amplitude of the Aharonov-Bohm oscillations decreases if the
signal of many rings is averaged, since the contributions of the interferences of
different rings with the same oscillation period, but with statistically distributed
phase shifts Ax are averaged out [32, 33, 44].

Additional information about the Aharonov-Bohm effect can be obtained by
studying the temperature evolution of oscillations. In the diffusive regime, the
amplitude of AB oscillations is a function of the phase coherence length and
roughly scales with 7-1/2 [45]:

AG(Ly,) ~T7V2, (2.49)

Since L, increases with decreasing temperature, at a certain temperature, the
sample becomes fully coherent (L, > C, where C is the circumference). As a
result, the AB amplitude reaches a maximum and saturates. The observation
of the plateau at L, = C is a way to roughly estimate L,. In addition, due to
the relationship between L, and 7, (L, = /D7), the transport regime (ballistic
or diffusive) and the system dimensionality can be determined. For instance, in
the absence of inelastic scattering with weak electron-electron interaction, the
phase-breaking time can be estimated as 7, ~ i/kpT, where kp is Boltzmann
constant, and then the diffusion constant D can be found in accordance with the
experimental data [33, 45].

The observation of Aharonov-Bohm oscillations in BiySes nanoribbons provides
important information about topological surface states. Despite the influence
of bulk carriers on the overall conductance, the interaction between bulk and
surface electrons does not destroy the phase coherence of surface states. Since the
interference effect requires a full revolution around the perimeter of the ribbon,
the robust surface states not only exist on the top and bottom surfaces, but also
propagate coherently through the side walls of the nanoribbon (Figure 2.10a). The
primary oscillation period corresponds to Aharonov-Bohm (h/e) quantization,
while Altshuler-Aronov-Spivak oscillations (with h/2e period) are suppressed in
the low-magnetic-field region. The absence of the AAS effect is due to a special
property of topological surface states. Electrons with opposite momentum have
opposite spin polarization. For these states, back-scattering events are forbidden
at B = 0, but are present at finite field strengths, even if the flux is an integer
multiple of the flux quanta h/2e. Consequently, the anti-localization behaviour
observed at B = 0 is absent for other integer multiples of flux h/2e, resulting in
a suppression of the AAS effect (Figure 2.10b and c) [46].
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Figure 2.10: (a) Schematic picture of 2D topological surface states of a layered
BisSes nanoribbon under a magnetic field applied along the length of the ribbon.
(b) Normalized magnetoresistance of the nanoribbon as a function of a magnetic
field at 2 K. Modulation of the resistance with a period AB = ¢S is depicted by the
black dotted lines corresponding to one flux quantum (¢g = h/e) threaded through the
cross-section of the nanoribbon S. (c¢) Fast Fourier transform of the derivative dR/dB
over the entire range of magnetic field (£9 T). The locations of h/e and h/2e flux
quantization are labelled by the red arrows. The inset shows the magnetoresistance
curve measured over the entire magnetic field range at 2 K. Adapted from [46].

Along with AB and AAS oscillations, observed in longitudinal (parallel to the
length of TT nanoribbons) magnetotransport, signatures of periodic conductance
fluctuation (magneto-fingerprints), associated with Aharonov-Bohm orbits, were
observed in diffusive devices based on epitaxial BisSes thin film, which was not
explicitly patterned into loops. The periodic magneto-fingerprint arises from
the coherent scattering of electron waves at the step-edges of triangular terraces
found on the surface of these thin film devices. This magneto-fingerprint has
the characteristics expected from the conventional theory of UCF in 2D systems
(Figure 2.11) [47].
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Figure 2.11: (a) Atomic force microscopy (AFM) image of a 1 x 1 um? surface area
of BisSes thin film, with a simplistic circular Aharonov-Bohm orbit, arising from step-
edge scattering at the triangular terrace. (b) Fourier power spectrum of the magneto-
fingerprint from a device with a channel length L = 680 nm, measured at 7' = 0.5 K.
The power spectrum reveals a dominant peak associated with periodic fluctuations.
(¢) The magneto-fingerprint in the temperature range from 0.5 to 10 K demonstrates
the reproducibility of conductance fluctuations and depicts their amplitude reducing
with increasing temperature, which is consistent with standard UCF theory in a
2D system, where L < L,. Adapted from [47].



39

2.8 Quantum confinement in Tl nanoribbons

In this thesis, TT nanoribbons of various geometric sizes were studied. In
general, their length can reach several tens of micrometres, and the transverse
dimensions (thickness and width) in some cases reach values below 10 and 80 nm,
respectively. In the weak-disorder regime (when the electron phase coherence
length is comparable to the circumference C' of the thin/narrow nanoribbon with
a rectangular cross-section (Figure 2.12)), those transverse dimensions are small
enough to induce the quantum confinement of transverse-momenta k; (schemati-
cally shown in Figure 2.12b). This effect modifies the band structure of the TSSs.

The energy dispersion of TSSs within the confined nanoribbon structure is

expressed by [48, 49]:
E (km kl) = :thUF\/k% + le7 (250)
2m (I+1/2 — ¢/ ¢n)

transverse momentum. The A is a reduced Planck cons?ant, vg is Fermi velocity,
and ¢g9 = h/e being the fundamental magnetic flux quantum, the 1/2 term is
present here due to the Berry phase in the TI. The nanoribbon dispersion is
characterized by quantized transverse momentum sub-bands of quantum number
l=0,£1,£2,... (Figure 2.12b).
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Figure 2.12: Energy dispersion relation in TT nanoribbons. The dispersion E (k, k;)
for an ordinary nanoribbon (a) represents a Dirac cone. (b) Schematic view of the
confined nanoribbon: transverse energy modes cutting the Dirac cone into sub-bands
that are parallel to k, and separated by Ak; = 27/C, where C' = 2(w + t), where
w and ¢t are the width and the thickness of the nanoribbon, respectively (panel (d)).
(¢) Schematic projection of the transverse levels in the E (k) plane. Left: for ¢ = 0,
(m-Berry phase), all transverse sub-bands are shifted by Ak;/2, and no transverse
mode intersects the Dirac point. Right: for ¢ = ¢o/2, (the additional Aharonov-
Bohm 7 phase compensates the Berry phase), linear zero-energy states crossing the
Dirac point are recovered. Adapted from [48, 49].

is the confined

where k, is the coaxial momentum and k; =

(@ (b)
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Due to quantum confinement, the quantized transverse momentum k; must
verify periodic boundary conditions around the nanoribbon, as the wave function

2
of the TSSs propagates around the nanoribbon. Thus, k; = n x g, with C' the

circumference of the nanoribbon with a rectangular cross-section C' = 2(w + t)
and n € Z.

The transverse modes quantization has a direct effect on their transmissions,
due to the spin texture of the Dirac cone. Only for an applied magnetic flux
¢/do = 1+ 1/2, there is a state at zero energy, because of the m-Berry phase
picked up by Dirac fermions while circulating around the nanoribbon, so that no
transverse mode at k; = 0 exists under zero field. In order to compensate the
Berry phase and recover the perfectly transmitted mode, a half quantum flux
¢0/2 = h/2e must be applied along the nanoribbon [48]. In this case, a pair of
gapless linear Dirac surface sub-bands is established (Figure 2.12c). When the
magnetic flux further increases, the surface state spectrum will again be gapped.
The topological phase transition can be observed with a period of one full integer
flux quantum.

Without applied magnetic flux or at other values of the magnetic flux applied
(¢ # ¢0/2), the surface states dispersion has a finite energy gap around zero.
The size of this energy gap in the surface state spectrum of quantized transverse
modes is given by [49]:
27TUFh - h’l)F

c C’

Recently, direct evidence of the quantized Dirac sub-bands in TI thin bulk-
insulating (Bij_,Sb,)sTes nanowires has been observed using gate tuning of the
chemical potential across the Dirac point [9]. When the back-gate voltage was
applied to the devices, semi-oscillatory features in the R(Vy) traces were ob-
served (Figure 2.13). These features were identified as the signature of sub-band
crossings.

Crossing a sub-band by the Fermi energy (due to an applied back-gate potential)
implements two contrasting effects on the system. Opening a new conduction
channel reduces the resistivity (since more charge can be transported) and
simultaneously increases the resistivity due to effective scattering from other
bands into a new channel (the contribution to the conductivity from each channel
decreases). The latter effect is dominant and leads to pronounced R peaks even
when only a few channels are present [9)].

Since these sub-bands can be manipulated by a magnetic flux, they are an ideal
platform for the realization of single-electron transistors and charge pumps, as
well as for the generation of stable Majorana zero-energy modes, playing a key
role in topological quantum computing.

A= (2.51)
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Figure 2.13: (a) Schematic of the device based on (Bij_,Sb;)sTes thin nanowire.
(b) The sub-band structure of quantum-confined TI surface states described by
Eq. (2.50) (left panel) and the corresponding density of states (right panel).
(c) Experimental R(V¢) dependence (lower curves), measured at 7' = 2 K. The large
oscillations arising from the sub-band structure and the corresponding maxima are
labelled by arrows. The upper curve is the theoretically calculated resistivity with a
small density of impurities. Pronounced maxima arise at sub-band crossings (dashed
lines). Adapted from [9].



3 Single-electron transport through
quantum dots

As device sizes are reduced to nanoscale, the emergence of quantum mechanical
effects can lead to a different way for devices to operate, opening up new horizons
for applications. In the present chapter the aspects of charge transport, with
emphasis on devices, in which the level spacing and the charging energy play an
essential role, will be observed.

3.1 Single-electron transistor

A single-electron transistor (SET) is a nanodevice that can control the transport
of single elementary charges onto and into a quantum dot. It can also function as a
classic field-effect transistor (FET). The SET can also be used as an ultrasensitive
electrometer. The SETs are promising ultrasensitive devices, that can be used to
study charged nanoscale systems.

A single-electron transistor consists of a quantum dot (a small conductive
island) placed between two tunnelling junctions (barriers), connected to the source
and drain electrodes. It also has a gate electrode, as in a conventional FET
(Figure 3.1). To achieve a transport regime of single elementary charges through
the SET, two requirements should be borne in mind. First, the resistance
of the tunnelling junctions must be larger than the quantum resistance
R, = h/e* ~25.8 k2. Otherwise, the number of electrons in the quantum dot
(QD) fluctuates because of the Heisenberg uncertainty principle. Second, the
energy for adding one electron to the QD must be larger than the thermal energy
Eqqqa > kpT. Otherwise, the heated electrons will continuously tunnel through
the barriers, and the one-by-one electron transfer will not occur. The equivalent
electrical circuit of the SET is shown in Figure 3.1c. Each tunnelling junction
in the SET has intrinsic tunnelling capacitance and resistance (parallel to each
other, for example, Cs and Rg). The equivalent circuit also has a gate electrode,
which is used to adjust the background charge and as the SET input [50, 51].

Even if the SET quantum dot is very small (nanometre scale), it still contains a
large number of electrons (N ~ 10%). However, if relatively high-potential barriers
are created between the QD and the source/drain, tunnelling to and from the dot
will be weak, and the number of electrons on the dot N will be a well-defined
integer. In this case, current can only flow when electrons tunnel one by one from

42
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Figure 3.1: Schematic representations of a conventional FET (a) and SET (b). The
SET consists of a quantum dot (QD) connected to the source and drain electrodes by
tunnelling junctions, and the gate electrode to shift the electrostatic potential of the
dot. (c) Equivalent circuit for the SET.

source to drain. The Coulomb repulsion between electrons on the dot results in
considerable energy required for adding an extra electron. The electron cannot
obtain this additional amount of energy until an increase in bias voltage provides
this energy. This principle is called the Coulomb blockade and is responsible for
the electrons tunnelling one by one [52].

According to the equivalent circuit (Figure 3.1c), electrostatic calculation shows
the relation between different potentials as a function of the number of electrons
in the QD, which can be expressed as:

—eN + CsVs + CpVp + CGvg)
Cs, ’

Vop (N) = ( (3.1)
where Cy, = Cs+Cp+Cy is the total capacitance of the QD. The expression (3.1)
can be written in the form:
Q
Vop = Vet + O (3.2)
b
where Vo = (CgVs + CpVp 4+ CaVi)/Cx, @ = —eN, and e is the elementary
charge. It can be seen, that the potential on the dot is determined by the charge
residing in it and by the induced potential V,,; of the source, drain and gate.
The configuration for which all voltages and charges are equal to zero is taken
as the reference configuration. The total electrostatic energy of the system, with
respect to the reference configuration, after changing the source, drain and gate
potentials and putting IV electrons to the dot is identified as the work required to
place an extra charge on the dot, when the charge @ is already present there:

—Ne, Vet

Uss(N) = [ (VondQ + QdVeur) =
Q=0, Vezt=0

(Ne)*
20y,

— NeVig. (3.3)
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Then total energy, including the “quantum energy” due to the orbital energies is:

2 N
U(N) = (;V 06) — NeVeg + . By, (3.4)
b

n=1

where the energy levels FE,, correspond to states which can be occupied by the
electrons in the device, provided that their total number does not change, since
a change in this number will lead to a change in the Coulomb energy, which is
accounted by the first term. This expression for the total energy is called the
constant interaction model [32].

The second term in Eq. (3.4) arises due to the quantum nature of the dot,
containing a set of quantum states with discrete energies (levels). The density
of states of the device consists of a series of J-functions, corresponding to the
bound-state energies. If the number of electrons within the QD is fixed, the
freedom of electron distribution over the energy spectrum is still preserved. The
only limitation is the fact that, in accordance with the Pauli principle, a quantum
state can contain no more than one electron. The change in the total energy of the
device is mainly determined by the splitting of levels, which is characterized by
the energy scale A = Eni1 — En. According to statistical mechanics, a particle
current is caused by a chemical potential difference, so the chemical potential of
the QD is the relevant quantity driving the current from source to drain. In the
independent particle picture, the energy of an individual particle is identical to
the chemical potential (which is defined as the difference in total energy between
a system with N 41 and N particles). Therefore, the single-particle energy of the
dot can be considered as a “chemical potential”.

To see if the current is flowing through the device, one should compare the
chemical potentials on the source and drain:

M(N):U(N)—U(N—l):(N—l/Q)g;—eVewt—l-EN. (3.5)

From the definition of V,,; it follows that, while maintaining a constant source
and drain voltage, an effective change in the chemical potential occurs due to
a change in the gate voltage. So, the addition of electrons to the QD will be
either favourable or unfavourable depending on the gate charge, which in its turn
depends on the gate voltage. The factor « = C¢/Cy indicates the capacitive
coupling of the SET QD to the gate electrode.

The distance between the different chemical potential levels can be written as:

e? e?
M(N+1)_M(N):C*+EN+1—EN:C*+A~ (3.6)
b b

For typical metallic and semiconductor quantum dots A is significantly smaller
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than the charging energy, so:

62

BN+ D) = ()~

(3.7)
This quantity is called the addition energy FE,4q4, which is required to add or
remove an electron to or from the dot.
The schematic energy diagrams of the SET device are illustrated in Figure 3.2,
which show that the gate effect shifts the QD levels up and down, leaving the
source and drain chemical potentials unchanged.
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Figure 3.2: Schematic energy diagrams of the electrochemical potentials of QD,
connected to the source and drain terminals, across which a small bias voltage Vpg
is applied. The gate voltage is used to shift the electrostatic potential of the energy
levels and achieve a single-electron tunnelling regime. Left: there is no energy level
in the QD between the left and right terminals, and no current flows through the
dot. Right: one energy level is between two terminals, and via tunnelling through the
barriers current is allowed to flow.

The process of carrier transport through the SET device, corresponding to
energy diagrams (Figure 3.2) is shown in Figure 3.3a. When a small positive
voltage Vi is applied to the gate electrode, positive charges are induced there,
the number of which is determined by CVi/e, where Cg is the gate capacitance.
To minimize the free energy of the system, the same number of electrons must be
induced in the QD from the source through the tunnelling junction. In the case
of CqVig/e = N, where N is some integer, the QD receives N electrons. After
that, the movement of electrons no longer occurs and the system goes into the
Coulomb blockade state (the left equivalent circuit in Figure 3.3a). If CqVg/e is
not an integer (for example, N + 1/2), the number of electrons in the QD changes
with time and on average becomes N + 1/2. At first, one electron reaches the
dot from the source, and the number of electrons in the QD becomes N + 1,
and consequently, one electron tunnels to the drain from the QD, resulting in N
electrons remaining on the QD. Thus, the system enters the state of single-electron
tunnelling and the transfer of electrons one after another is repeated. As a result,
a net current arises between the source and drain electrodes (right equivalent
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circuit in Figure 3.3a). So, when the gate voltage is swept, the Coulomb blockade
and the single-electron tunnelling states alternately occur, and the source-drain
current versus gate voltage characteristics show repeating sharp peaks, as shown
in the bottom panel of Figure 3.3a. This phenomenon is called the Coulomb-
blockade oscillations.

A chart with a complete description of the SET operation, in which two voltages
(Vps and Vi) are swept independently from each other and source-drain current
is recorded, is called a stability diagram (Figure 3.3b). The rhombic-shaped areas
coloured in pink represent the region of the Coulomb blockade state (no current
through the SET) and are known as Coulomb diamonds. Outside of Coulomb
diamonds, the number of electrons in a QD fluctuates between certain numbers.
The rate of these fluctuations is determined by how far the V pg voltage conditions
are from Coulomb (pink) diamonds. In the blue diamonds, the fluctuation is
minimal (the number of electrons only changes between two adjacent integers).
These regions belong to states of single-electron tunnelling. The shape and size
of Coulomb diamonds are determined only by the gate and tunnelling junction
capacitances. So, the maximum Vpg voltage for a Coulomb blockade is given
by e/Cy, where Cy, is the total QD capacitance. Each slope of the diamond is
determined by —C¢/Cp and Cg/(Cq + Cs) (Figure 3.3b) [32].
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Figure 3.3: (a) Schematic of transport through the SET device. The top panel
represents the equivalent circuits explaining the Coulomb blockade state (left) and
single-electron tunnelling state (right). The bottom panel is source-drain current
dependency as a function of a number of charges CgVi/e induced by the gate.
(b) Stability diagram of the SET, in which two voltages (Vpg and Vi) are swept
independently from each other. Adapted from [32].

Similar to Figure 3.3b, a plot representing the current or differential conduc-
tance of a device as a function of the bias and gate voltage is called a charge-
stability diagram (Figure 3.4a). The lines in the Vpg, Vo-—plane separating the
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region of suppressed current from the region with a finite current (determined by
the condition that the chemical potential of the source/drain is aligned with the
level potential on the QD (Figure 3.2b)) can be calculated. Assuming that the
drain is grounded (Figure 3.1c¢) and using the Eq. (3.5), the chemical potential
aligned to the source (while maintaining a constant charge on the QD) can be
expressed:
V=8Ve—-Vc), (3.8)
where = Cq/(Cq + Cp) and Vo = (N — 1/2)i + ﬁ . En
Cqog Cqg e
corresponding to the chemical potential on the dot in the absence of an external

potential. If the chemical potential is aligned with the drain:

is the voltage

V= Y (VC — Vg) s (39)
where v = C/Cs. And, irrespective of the grounding, one can conclude:

=1 1,1 (3.10)
Ce o [ vy
Thus, the schematic arrangement of the Coulomb diamonds due to the difference
in chemical potentials of the levels is shown in Figure 3.4a. No current flows inside
these diamonds, and the quantum dot is in a Coulomb blockade state. Current
can flow along the edges of the diamond (here the electrochemical potentials of the
source/drain and quantum dot are equal). From this charge-stability diagram, a
lot of information on the quantum dot can be extracted. For instance, the addition
energy can be derived by measuring the width of the diamond. Considering two
successive states of the QD with chemical potentials Aux and Apn, 1y, and the
fact that both states have the same gate-coupling parameter «, it can be seen
that the upper and lower vertices of the diamond are both at a distance AVpg
from the zero-bias line:

_ E,
AVps = Y S(N“) = el (3.11)

where the difference in chemical potentials is the electron addition energy FE,qq
(Eq. (3.7)). Combining this with the slopes of the sides of the diamond, which
provide the relative values of Cg, Cs and Cp, all of these capacitances can be
determined explicitly (Figure 3.4a).

Figure 3.4b shows the differential conductance dI/dVpg versus (Vg, Vpg) for a
BiyTes single-electron transistor device, measured at a temperature of 40 mK [53].
Such a data set is assembled by taking a trace of dI/dVpg versus Vpg at a fixed
value of Viz. For the next trace, Vi is slightly changed and this is repeated
many times. The recorded dI/dVpg is then displayed in colour as a function
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of two variables. The blue diamond-shaped areas correspond to regions of the
Coulomb blockade (ground states), where dI/dVps =~ 0. The gate voltage fills
the quantum dot with electrons, moving the energy levels, while the bias voltage
shifts the chemical potential of the source and drain electron baths. Pronounced
Coulomb current oscillations as a function of the gate voltage, showing a sequential
tunnelling regime (in which transport is only allowed if the chemical potential of
the source (or drain) crosses one empty level of the quantum dot) are presented
in Figure 3.4c.
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Figure 3.4: (a) Schematic two-dimensional plot of current as a function of bias
and gate voltages (charge-stability diagram). For a small bias, current flows at only
three points (indicated by orange circles), which corresponds to the situation shown
in Figure 3.2 (right panel). The red areas represent a positive current, the purple -
a negative current, and the white areas represent the Coulomb blockade (no current)
state. Adapted from [32]. (b) Charge-stability diagram of a BiyTes single-electron
transistor device, exhibiting Coulomb diamonds. (c¢) Coulomb current oscillations
as a function of the gate voltage at different temperatures. Multiple resonances are
clearly visible. Adapted from [53].

3.2 Single-charge transfer devices

Due to the inability to control the time interval of each individual electron
transfer in a SET due to the stochastic nature of electron tunnelling, more
sophisticated devices synchronized with the gate clock are required for ultimate
single-electronics applications. These devices include single-electron pumps and
single-electron turnstiles with both fixed and tunable barriers. While turnstiles
require a bias voltage to operate, pumps can deliver current even at zero bias. The
operational principle of both types of devices is based on conveying an electron
from the source to the drain in one cycle of the gate clock. Thus, the generated
current is equal to e - f, where e is the elementary charge and f is the clock
frequency [54].
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3.2.1 Turnstile device for single electrons

The quantized current generation was successfully achieved using the scheme
based on a single semiconducting quantum dot, defined by metal gates in a two-
dimensional electron gas (2DEG), where turnstile operation was performed using
barrier modulation by applying radio frequency (RF) signals to the gates. Such
devices were realised on top of GaAs/AlGaAs heterostructures containing a 2DEG
below the surface [55, 56]. The current in these turnstile devices is driven by an
external DC bias Vpg, while the clocked “On” and “Off” switching of the barriers
ensures the desired order of electron transfer events (Figure 3.5a). In order to
obtain quantized current, the number of tunnelling events has to be controlled each
time, which is achieved by employing the Coulomb blockade of tunnelling [57].
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Figure 3.5: (a) Schematic energy diagrams for turnstile operation. The electro-
chemical potentials of the source and drain reservoirs are denoted by pg and pp,
respectively. Vps = (1s—pp)/e is the bias voltage. The level N between the potential
barriers denotes the electrochemical potential (N of the QD with N electrons in it.
(I-IV) are four stages of a RF cycle, where the probability for electron tunnelling is
large when the barrier is low (solid lines), and small when the barrier is high (dashed
lines). Adapted from [55, 57]. (b) Turnstile IV characteristic measured at 10 mK
with RF signals of f = 10 MHz, where DC gate voltages on Gate 1 and Gate 2 are set
at —120 and —195 mV, respectively (see inset). A series of clear steps of quantized
current corresponding to I = nef (n-integer, which is indicated by dotted lines) was
observed. Adapted from [56].

Figure 3.5a (stage I) represent the schematic potential landscape of the QD
connected to the leads in the case of static tunnel barriers. The electron states in
the source and drain reservoirs are occupied up to the electrochemical potentials
ws and pp, respectively, which differ due to the bias voltage Vps = (s — pp)/e.
The line labelled N denotes the electrochemical potential ;1(N) of the QD when it
contains N electrons. The addition of an extra electron to the QD into the lowest
available energy state would increase the electrochemical potential to u(N + 1),
indicated by line N + 1 in the Figure 3.5a (u(N + 1) — u(N) = €*/C, Eq. 3.7).
Further electron tunnelling into the QD will be suppressed if pg, pp < p(N + 2)
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(Coulomb blockade). Tunnelling out of the dot reduces the number of electrons
and the electrochemical potential again, and a new electron can repeat this
process. By varying the voltage on the centre (side) gate (Figure 3.5b inset), the
conductance of the dot is expected to oscillate between zero (Coulomb blockade)
and nonzero (no Coulomb blockade). This operation regime (SET behaviour) is
described in the previous section (Figure 3.2).

The turnstile sequence of operation for a Coulomb blockaded QD is shown in
Figure 3.5a (stages II-IV). For a turnstile operation, the tunnelling probability
(stage I) must be small because it produces an unwanted leakage current. When
the left barrier is reduced, the probability for the N + 1 electron to tunnel into
the dot is strongly enhanced, as illustrated by the solid line. Simultaneously, the
increase of the right barrier suppresses the probability of tunnelling out of the dot.
Tunnelling into the dot of a second electron is prevented by the Coulomb blockade.
At half the cycle time (stage III), the barriers are in their equilibrium position
again, but compared with stage I, one extra electron is confined in the dot. The
N +1 electron tunnels out when the right barrier is reduced, and simultaneously,
the left barrier is increased, which is illustrated in stage IV. Completing the cycle
yields the situation shown in stage I, and exactly one electron has passed through
the quantum dot. Repeating this process with a frequency f results in a current
I = ef. Increasing the bias voltage, thereby increasing the number n of charge
states contained in the energy interval between pug and pup produces a quantized
current I = nef, corresponding to frequency-determined current steps in the
Coulomb staircase (Figure 3.5b) [55-57].

3.2.2 Single-electron charge pump

Another device with single-electron charge manipulation capability, which allows
the transfer of electrons one by one at a rate fixed by an externally controlled
frequency, is called a single-electron charge pump. The main working principle
of a charge pump is similar to that of an SET, however, the design of the pump
is slightly different. As for the SET, the device consists of a QD connected to
the source and drain electrodes by tunnelling barriers. However, instead of only
one QD with barriers, the charge pump consists of two dots connected in series.
In other words, the charge pump is a system of two coupled SETs that can be
controlled by gates independently. The equivalent circuit of the single-electron
pump is shown in Figure 3.6a.

Since a single-electron pump consists of two coupled SETs, the operation of the
device is based on the same principles as for SET. The charge quantization occurs
in QDs isolated by tunnelling barriers of capacitance C; and resistance R;. The
charging energy e2?/Cs,, which prohibits the addition of a second electron, is larger
than the thermal energy kpT'. The resistance of the tunnelling junctions must be
larger than the quantum resistance R, = h/e? ~ 25.8 k().
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Figure 3.6b shows a stability diagram of the pump, consisting of two series-
connected QDs isolated by tunnelling junctions. Each dot is capacitively coupled
to gates (synchronized with frequency f), which are used to control its charge
state. The QD and QD5 consist of n; and no number of electrons, respectively,
while ng is the number of electrons that pass through the pump.

5 y VGZ-(;GZ
C. R C.R ,.\‘ 0. o .
Source 1™ 3/ N3 ) Y E ) e
QD, o, ey e q
O 1 . NEUSIIEY
_T_Cel j_CGz s ‘ . '.‘~. .'.‘~
1 @20® ¢.0® ool ® o™
— Gate §Gate e, e, <
TVoe o el w eVala
'|'VGl TVGZ e T e
@ 0, een 2O e gy
=
8% o 30 O o @
(<1,-2] 0,-2 1,-2]
(a) (b) e Bl 5, R

Figure 3.6: (a) Equivalent circuit of the single-electron charge pump. (b) Stability
diagram of the single-electron charge pump at zero bias voltage. The number of
electrons in the left and right QDs is represented by (n1, ng). The red arrows indicate
the gate-voltage trajectory for the pump operation. Adapted from [54].

At zero bias voltage Vpg, the local stability domain in the diagram is associated
with each (ni, ng) pair located in the (Q1 = Ce1Vig1, Q2 = Cg2Viga)-plane.
Although each domain consists of an elongated hexagon. The translational sym-
metry of this pattern corresponds to a square lattice, as shown in Figure 3.6b.
Three neighbouring domains share a common triple point (for example, the point
surrounded by the red arrows is common for domains (0, 0), (1, 0) and (0, 1)).
The corresponding configurations have the same energy at this point. The pump
cycle can be described as follows: first, a small bias voltage (much less than the
Coulomb gap voltage e¢/C, where C = C; = Cy = Cj is the capacitance of the
tunnelling junctions) and gate voltages are applied, which place the circuit in
parameter space in the vicinity of the triple point. Then, two periodic signals
with the same frequency f, but shifted in phase by ~ 7/2 are superimposed on
the gate voltages. Thus, the circuit adiabatically follows the closed trajectory
indicated by the red arrows in Figure 3.6b. Assuming that the initial configura-
tion of the pump is (0, 0), and that the trajectory follows counterclockwise, the
circuit first moves from (0, 0) to (1, 0), allowing one electron to tunnel through
the leftmost junction. Then the device configuration changes to (0, 1) as one
electron passes through the central junction. Finally, the system returns to its
initial configuration (0, 0), releasing one electron through the rightmost junction.
During a complete cycle, one electron is transferred from the source to the drain.
Thus, two gate voltages induce a current I = e - f to flow through the circuit,
while the direction of the current is determined by the phase shift [54, 58-60].
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The operating principle of the pump can also be illustrated using schematic
energy diagrams (Figure 3.7). The two gates change the energy levels of the
electrons on both QDs individually. To pump an electron through the device, a
sinusoidal signal with a phase shift of ~ 7/2 must be applied to the gates.
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Figure 3.7: Schematic energy diagrams of the charge pump cycle. (a) None of the
QDs allows transport, (0, 0) state. (b) QD; is open and QD2 is closed. The electron
tunnels from the source to the central island, (1, 0) state. (¢) QDy is closed and QDs
is open. The electron tunnels through QDs to the drain, (0, 1) state. (d) None of the
QDs allows transport again, (0, 0) state.

The double-barrier single-electron pumps have been realized with silicon-based
MOSFETS technology [61-63]. The gates were designed to efficiently control both
the barriers and the electrostatic potential of the QD (Figure 3.8a). A map of
drain-source current Ipg as a function of barrier voltages reveals the Coulomb
resonances which correspond to a match in energy between ps = pp and the
electrochemical potential u(N) for electron addition or removal between N — 1
and N electron states on the QD (Figure 3.8b).

The working principle of pumping is illustrated in Figure 3.8c. First, the relative
RF amplitudes on the two gates are tuned to obtain a trajectory parallel to the
Coulomb lines (elliptic contours in the V-V, plane). These contours can be set
to turn around a Coulomb peak without ever crossing a black segment (where
current flows). If the contour can be extended to turn around several Coulomb
lines (as illustrated by the blue ellipse in Figure 3.8c), instead of a net current
I = ef for the green ellipse, one can expect I = Nef, where N is the number of
Coulomb lines enclosed by the contour (N = 4 for the blue ellipse). The sign of
the current can be simply changed by turning in the other direction [62, 63].
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An important feature of the pumping cycle is that it consists of a sequence
of equilibrium states, and the desired operation relies on the device following
this sequence of states sufficiently closely, i.e. adiabatically. The average charge
per cycle transferred between the source and the drain by an adiabatic pump is
determined solely by the equilibrium charge diagram and the pumping contour,
but not the rate at which the contour is traversed. Under strict adiabaticity
conditions, an adiabatic pump requires at least two parameters to produce a non-
zero DC current. In the above example of parametric modulation of Vi, and V,,
the adiabaticity condition requires the pumping contour to enclose a finite area in
order to yield a finite pumped charge per period in the low-frequency limit [57].

-1.16 -1.15
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Figure 3.8: (a) Schematic view of the double-barrier single-electron pump layout.
The single metallic island is controlled by two gate voltages V;, and V,, on which
DC and RF signals are applied. Adapted from [63]. (b) 2D plot of drain-source
current versus both gate voltages at 500 mK. The dashed lines indicate the four
sequences of electron pumping. For the white lines, the potential of the island is kept
constant, hence its population as well. The two red lines cross the Coulomb line and,
therefore, require a population change N <— N + 1. Such transitions involving a
population change happen when one of the two barriers is very high, forcing electron
transfer to occur through the other one. (c¢) Schematics of pumping contours realized
with phase-shifted RF signals on the gates. The Coulomb lines are drawn in black.
Increasing the phase shift results in wider ellipses enclosing several lines: one for the
green ellipse, and four with the blue one. Adapted from [62].

3.2.3 Realisation of a quantum charge pump based on Tls

So far, most charge pumps have been manufactured using conventional semicon-
ducting materials such as GaAs or silicon [4, 56, 57, 61, 62]. Here, a new concept of
a quantum single-electron charge pump based on a topological insulating material
instead of a conventional semiconductor is proposed. The experimental observa-
tion of sub-band signatures in TI nanowires (Section 2.8) makes such structures
a promising platform for the realization of charge pumps. It has been theoreti-
cally predicted that quantum confinement within a defined section of a long TI
nanowire or nanoribbon makes it possible to create a quantum dot, the transport
through which is uniquely based on the nature of the topological surface states.
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By constricting the radius of a TI nanowire, confinement effects open a gap
in the surface states of the material, creating a tunnelling barrier, that can be
controlled either with the gate or by threading half a magnetic flux quantum
(¢ = ¢o/2 = h/2e) along the wire. Two constrictions in series can then be used to
create a quantum dot in the middle, and two radio frequency (RF) gate voltages
can be used to trigger single-electron emission. The geometrical structure of the
constricted TI nanowire is depicted in Figure 3.9a. The different sections of the
nanowire are denoted as “N” and “C”, where “N” is a region of normal radius and
“C” is a region of constricted radius [10].
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Figure 3.9: (a) Geometrical model of the TI charge pump (top panel). Schematic
band structure experienced by an incident electron (bottom panel). (b) Sub-gap
resonances positions as a function of external parameters (gates or flux). Different
colours indicate three different levels of dephasing of the quasi-bound states in the
“NCNCN” structure. Adapted from [10].
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The larger band gap (smaller radius) of the constricted region “C” plays a vital
role in achieving strong bound-states inside the confined region. The electrostatic
potential induced by gates or the external flux threaded along the nanowire axes
can be used to change the band gap profile along the axes of the “NCNCN” system,
which in turn changes the resonant condition and leads to a shift in energy levels
of the quantum dot.

The computed resonances in the transmission probability function of the surface
states in response to applied magnetic flux or gate voltages at the constrictions
“C” of the “NCNCN” TT nanowire are shown in Figure 3.9b. They are a typical
signature of bound-state formation within the middle region. Different line colours
correspond to different levels of dephasing of the quasi-bound states in the
“NCNCN” structure. As can be seen, partial loss of coherence attenuates and
broadens the transmission peak at resonance, however, the quantum dot level
structure is not significantly impacted by dephasing.

In conclusion, electron transport through discrete TI quantum dot states can
be modulated by external magnetic flux and/or gate voltages. This facilitates
the creation of some of the most desirable quantum devices for metrology (single-
electron devices), spintronics, and quantum computing [10].



4 Bulk conduction problem in Tls

An ideal TT has a fully insulating bulk so only the T'SSs contribute to electrical
conductivity. However, in practice, TT materials have a highly conducting bulk
due to crystal defects. The conducting bulk masks T'SSs conductivity and prevents
the exploration of new physics and applications specifically attributed to TSSs.
Thus, the main challenge in TI research has been to suppress parasitic bulk
conduction and implement T'SS-dominated transport.

4.1 Se vacancies in Bi,Se3 crystal

BiySe3 is known to be naturally heavily doped due to crystal defects, such
as chalcogen (Se) vacancies or anti-sites. This native doping effect pushes the
Fermi level Er into the bulk conduction band, making its bulk states conducting
(n—type). If the dopant atom is embedded in the crystal, it forms the Coulomb
potential, resulting in the formation of hydrogen-like bound-states with an effec-
tive Bohr radius ap = £(m./m*) x 0.5 A, where ¢ is the dielectric constant, m,
is the electron mass, m* is the effective mass and 0.5 A is the free space Bohr
radius [64, 65]. For the case of Se vacancy in BisSes, € &~ 110 and m* = 0.15m,,
thus ap =~ 37 nm. As dopant density increases, the average distance between the
dopant atoms decreases and eventually becomes comparable to the effective Bohr
radius. When this happens, electrons that were bound to the dopant sites can
delocalize and move freely to neighbouring sites, causing the insulator to become
a metal. According to the Mott criterion, this critical value was quantified as
ch1/3 ~ 4ap, and in the case of BisSes N, ~ 3 x 10 ¢cm=3. Based on this
calculation, it is clearly seen that any BisSes crystals will have conducting bulk
states. Even the lowest ever reported 3D carrier density for BisSes single crystals
of ~ 10'% cm~3 [66] is already two orders of magnitude higher than N, and has a
conducting bulk [65].

4.2 Two-dimensional accumulation layer/
band-bending effect
In addition, extra interfacial defects tend to form bulk-derived two-dimensional
electron gas near the surfaces [64, 67]. This 2DEG and the bulk conduction

channel compete with TSSs and make it difficult to detect T'SSs through transport
measurements.
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As shown in Section 2.1, the analysis of Shubnikov-de Haas oscillations showed
that these oscillations can originate not only from the TSSs, but also from the
bulk [31]. This effect is explained by the manifestation of the bending of the bulk
bands near the surface, which is due to the fact that Er lies in the bulk conduction
band, although near the surface it lies in the band gap (Figure 4.1a).
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Figure 4.1: (a) Schematic illustration of a band-bending effect in a BipSes nanorib-
bon. At the interface between the bottom surface of the nanoribbon and the sub-
strate, a 2DEG accumulation layer with carrier density of ~ 2 x 10'3 cm~2 is formed.
It leads to downward band-bending at this interface and strongly affects the total
charge carrier density of the nanoribbon. (b) 3D carrier density extracted from the
Hall effect in the magnetic field range of 0 — 2 T and 7' = 2 K (inset) as a function
of the nanoribbon thickness. The pink-shaded region is an eye guide, and the green-
striped region indicates the upper bound for the bulk carrier concentration. Adapted
from [7].

Figure 4.1b shows the 3D carrier density obtained from Hall effect measurements
as a function of the nanoribbon thickness synthesised by our group [7, 68]. It is
clearly seen that the carrier density increases with decreasing nanoribbon thickness
(marked with a pink guide). Qualitatively the same behaviour was observed
by another group [69] for thin films of BisSes. The increase in carrier density
for the thinnest nanoribbons/films indicates a stronger contribution from surface
carriers. In the case where surface states with an electron density larger than the
bulk are formed, the thickness reduction increases the effective carrier density,
since the bulk contribution becomes less dominant [7]. For nanoribbons with the
thickness of 2 40 nm, the three-dimensional carrier density reaches the value of
~ 4 x 10'® ecm™ (green-striped region), which is a hypothetical upper limit for
the concentration of bulk carriers in thin nanoribbons.

The linear fit of the Hall resistance (Figure 4.1b inset) in the low magnetic
field range depicts the deviation from the linearity in higher magnetic fields. This
non-linearity indicates the contributions of different conducting channels with
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different carrier concentrations and mobility to the total Hall conductance. The
trivial 2DEG formed at the nanoribbon-substrate interface extends well inside
the bulk [70] and has low carrier mobility because of increased electron-electron
scattering (since the carrier concentration here is larger compared to the top
surface according to the band-bending effect). Due to this fact, it overlaps with the
bottom surface states and dominates in conductance. The carrier concentration
and mobility of the two channels (2DEG /bulk and surface states) can be extracted
from the two-carrier analysis of the longitudinal and transverse magneto-
conductance measurements. The transition from the R,, and R,, resistances to
longitudinal and transverse conductance is:

(4.1)

Ogx =

The conductance tensor in the perpendicular magnetic field is equal to:
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where ny and py are the carrier density and the mobility of the first channel, and
no and ps — of the second, respectively.

Thus, according to the two-carrier analysis, for nanoribbons with thickness
in range from 21 to 63 nm, the averaged 2D carrier density corresponding to
the top surface states is about ~ 2.4 x 102 ¢cm™2, while the averaged mobility
is ~ 5850 cm?/V-s. The two-dimensional carrier density corresponding to
2DEG/bulk is about ~ 2.7 x 10'® em™2, with the averaged mobility
~ 1000 cm?/V-s. While the Hall two-dimensional carrier density (which includes
all existing types of carriers) is around ~ 1.1 x 103 cm™2, and Hall mobility is
~ 1820 ¢cm?/V's, respectively.

In the case of BisSes thin films with thickness in a range from 8 to 30 nm
the Hall two-dimensional carrier density is ~ 2.0 x 103 em™2, with Hall mobility
of ~ 210 cm?/V's, respectively.

Despite the high mobility (for nanoribbons), the presence of a contribution of
2DEG /bulk in order of ~ 2 — 3 x 10" ¢m™? for both BiySes nanoribbons and
films tends to degrade the transport properties. To take advantage of the peculiar
properties of TI nanodevices, it is necessary to reduce the contribution of the bulk
carriers and/or tune the Fermi energy level close to the Dirac point.
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5 Materials and methods

In this chapter, material growth, device fabrication process and transport
measurement techniques used in this thesis will be discussed. The first section
will examine the growth of BisSes nanostructures in the form of nanoribbons and
thin films using physical vapour deposition (PVD). In the second section, the
nanofabrication process of the devices prepared for quantum transport measure-
ments will be shortly reviewed. And in the third section, the setups for transport
measurements will be described.

5.1 Bi;Se; growth

The physical vapour deposition (PVD) technique refers to a wide range of
technologies, in which material is released from a source and deposited onto
a substrate using mechanical, electromechanical or thermodynamic processes.
BiySe3 nanostructures grown in the form of nanowires, nanoribbons or thin films
were synthesised by the most common PVD method - thermal evaporation, using
a single-zone quartz tube furnace (Figure 5.1).
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Figure 5.1: Scheme of the experimental setup for deposition of BisSes
nanostructures.

The synthesis process of BisSes nanoribbons and thin films is similar, but there
is one significant difference: to form long crystalline nanoribbons, a flow of Ny
gas is introduced during the cooling process, which leads to much faster growth
in the flow direction. So, the whole process can be described as follows: first,

39
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BisSes powder (for nanoribbons growth) or two separate Bi and Se powders (for
films growth) were used as source materials. The target substrate (can be glass,
quartz, graphene, Si/SiOy chips, mica, etc.) was placed downstream from the
source materials, located in the central part of the furnace tube (Figure 5.1). The
tube was then flushed with Ny gas for 5 min to create an inert atmosphere before
synthesis. After this, the furnace was heated from room temperature at a rate
of 13 °C/min for 45 and 10 min at a starting pressure of 2 — 4 and 0.1 Torr
until the temperature in the centre of the furnace reached 585 and 500 °C for the
growth of nanoribbons and films, respectively. The furnace was kept at 585 °C
for 15 min for nanoribbons growth and 1 min at 500 °C for thin films growth,
and afterwards was turned off to cool down naturally. The time at which the
furnace is at maximum temperature can be varied to control the thickness of
nanoribbons/films, and the parameters presented here correspond to standard
growth [68]. When the temperature in the centre of the furnace decreased to
540 °C, an Ny gas flow was introduced in the tube with a dynamic pressure of
25 Torr, initiating the growth of the nanoribbons. The flow was terminated once
the temperature reached 475 °C. For the growth of nanoribbons and films, the
tube was filled with Ny to atmospheric pressure at 475 °C to stop the deposition
process [68, 71](Papers I, II, III, IV).

5.2 Nanofabrication

5.2.1 Hall bars for individual nanoribbons

Most of BisSes nanoribbon-based devices have been fabricated on pre-patterned
Si/SiOy (300 nm) chips. To make such chips, first, a 4-inch Si wafer (with high-
quality thermal SiOy (300 nm)) was coated with S-1813 photoresist on the top
side to protect the top oxide layer during subsequent wet chemical etching (using
buffered oxide etchant (BOE)) of the oxide from the back side. Immediately after
etching, a Ti/Au (5/195 nm) metal bilayer was deposited on the etched back side
using an electron-beam thin film evaporator Lesker PVD 225 to create back-gate
contact. The wafer was then cleaned in acetone and coated with ~ 160 nm of
MMA ELG6 copolymer with a top layer of &~ 180 nm of ARP 6200.13 (1:2) resist for
electron-beam lithography (EBL, JEOL JBX 9300FS) patterning of chip marks.
This recipe uses the lower dose-to-clear property of the bottom layer with respect
to the top layer, thereby creating an “undercut” in the two layers of resist. The
undercut prevents evaporated metals from sticking to the resist during lift-off.
After resist development followed by EBL exposure the Ti/Au (5/45 nm) chip
marks were evaporated. The subsequent lift-off process was carried out in hot
acetone (Figure 5.2). After patterning, the wafer was diced into 5x5 or 7x7 mm?
sized chips.
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1. Coating and prebaking of MMA-EL6 3. Exposure of e-beam resists 5. Deposition of metal film

2. Coating and prebaking of ARP (1:2)

4. Development of e-beam resists
(“undercut” in the two resist layers)

6. Lift-off process of bilayer resist

Figure 5.2: Schematic of the EBL process. On top of the substrate (grey), two layers
of resist with different dose-to-clear are coated. After development, “undercuts” are
formed in two layers of resist. This technology prevents evaporated metals from
sticking to the resist during lift-off.

As described in the previous section, the growth of free-standing stoichiometric
BiySes nanoribbons is made on a glass substrate and nanostructures are randomly
distributed on the surface (Figure 5.3a). Thus, the nanoribbons were transferred
to the pre-patterned chip by slightly pressing this chip (a flip-chip method) to the
glass with nanoribbons. The transferred nanoribbons were analysed using optical
(Figure 5.3b) and atomic force microscopes to distinguish the suitable ones. The
selected nanoribbons were patterned using EBL to create electrical contacts (the
same process as in Figure 5.2) in the Hall bars configuration (Figure 2.1a). Since
the surfaces of BisSes nanoribbons oxidize in the air, the samples were stored in an
inert atmosphere after the synthesis to reduce the thickness of the formed native
oxide layer. To remove the oxide layer and provide a robust ohmic contact, the
surface of the nanoribbon was etched off (approximately 3 — 4 nm) with Ar-ion
milling (Oxford Ionfab 300 Plus) prior to the deposition of the metal electrodes.
After etching, the sample was immediately loaded into a vacuum chamber of a
metal evaporator. To enhance adhesion, an extremely thin adhesion layer of Ti
(5 nm) was deposited before the gold evaporation (80 nm). False-coloured SEM
image of a device with Hall bar electrodes’ geometry based on a single ultrathin
(15 nm) nanoribbon is shown in Figure 5.3c. The six-contacts geometry (two
large electrodes at the ends of a nanoribbon for passing current and two pairs
of Hall bars) allows measurements of the longitudinal V,, and transverse V,
voltages in a four-probe configuration, thus eliminating the contact resistance
effects (Papers III, V, VI).
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Figure 5.3: (a) False-coloured SEM image of as grown free-standing BizSes nanorib-
bons on a glass substrate. (b) Optical image of transferred nanoribbons to Si/SiOq
chip. The red circle highlights the nanoribbon (15 nm thick) selected for further fabri-
cation. (c) False-coloured SEM image of a fabricated device based on the nanoribbon
from panel (b). (d) Zoom-in SEM image of the Hall bars overlapping the nanoribbon.

5.2.2 h-BN encapsulated devices

To fabricate the device encapsulated with h-BN flakes on a Si/SiO, substrate,
local back-gate electrodes Ti/Au (5/25 nm) were patterned via EBL as mentioned
above. Then, using a polydimethylsiloxane (PDMS)-assisted transfer technique
(Figure 5.4), the stamping process of the first exfoliated h-BN flake was carried
out using an alignment microscope with a custom-made attachment.
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Figure 5.4: The scheme of transferring an exfoliated h-BN flake onto a pre-patterned
gate electrode using a PDMS-polymer stamp. A BisSes nanoribbon can be placed
on the top of the transferred h-BN using the same method. Then the device can be
encapsulated with another flake to enable gating from both top and bottom surfaces.
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Next, using the same method, the BisSes nanoribbon was selectively placed
(stamped) onto the gate/h-BN stack. Electrical contacts to the nanoribbon were
then defined using EBL followed by Ti(5 nm)/Au(50 nm) evaporation. The h-BN
for the top gate dielectric was placed with the help of another stamping process,
which is followed by patterning of the top gate electrode (Figure 5.5) [72].
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Figure 5.5: Optical images of various steps involved in the fabrication of the h-BN
encapsulated TI device. (a) A local back-gate electrode deposited onto a Si/SiOq
substrate. (b) The first stamped layer of h-BN for the bottom gate. (c) A BisSes
nanoribbon transferred to the gate/h-BN stack. (d) Electrical contacts to the nanorib-
bon are deposited. (e) The second stamped layer of h-BN for the top gate. (f) The top
gate electrode is deposited. Adapted from [72].

5.2.3 Devices for mechanical bending

To investigate the change in transport properties caused by the bending de-
formation, devices for measurements of the suspended (and further bended) and
supported parts within the same BisSes nanoribbon were fabricated (Figure 5.6).
First, Si/SiO2 (300 nm) chips with marks were patterned via EBL to define
the shape of the trenches. After that, the pre-patterned chips were etched by
reactive-ion etching (Oxford Instruments PlasmaPro Cobra) in a mixture of CHF3
(20 sccm) and Og (5 scem) at 10 °C and 200 W power for 8 min (using Cr mask)
to fully etch a SiOy layer. Next, Ti/Au (5/95 nm) back-gate contacts were evapo-
rated by an e-beam evaporator. Then free-standing BisSes nanoribbons were
transferred to the chip with the trenches using a flip-chip method. The nanorib-
bons transferred across the trenches were patterned using EBL to create electrical
contacts. To remove the native oxide the surface of the nanoribbons was etched
off with Ar-ion milling prior to the deposition of the metal electrodes (Paper VII).
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Figure 5.6: Tilted false-colour SEM images of the fabricated devices based on BisSes
nanoribbons (green) transferred onto Si/SiO9 substrates (violet), containing an etched
trenches with gold back-gate electrodes (light-yellow) inside. The metal electrodes are
shown in yellow. The devices consist of the suspended and supported parts.

5.2.4 SET devices

To fabricate a topological SET device, that consists of two consecutive constric-
tions forming tunnelling barriers, between which a quantum dot could be formed,
thin and wide BisSes nanoribbons were patterned by defining an etching mask in
an ARP 6200.13 (1:1) resist using EBL. The pattern was then transferred to TI
by Ar-ion milling, during which the sample was cooled down to liquid nitrogen
temperature to avoid thermal damage. There are two possible ways to create
constrictions in the nanoribbon using etching: thinning the nanostructure from
the top or, alternatively, from the sides. The former leads to significant damage of
residual materials in the etching area, as well as to an increase in the concentration
of charge carriers (Figure 5.7).

2ol Etched

Figure 5.7: (a) Optical image of the device based on a BizSe3 nanoribbon (transferred
to h-BN), containing a constriction fabricated by etching from the top. Two pairs of
the Hall bars were patterned to compare the properties of the etched and intact parts.
(b) AFM image of the device. The thickness of the h-BN is 58 nm, and the BisSes
nanoribbon is 31 nm (intact) and 18 nm (etched). (c) The Hall effect measurements
revealing nap = —1.3 x 1013 and —2.6 x 10" cm~2 for the intact and etched parts.
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Since only ultrathin nanoribbons (with reduced bulk conductivity) are suitable
for the fabrication of SET devices due to the ability to effectively tune the Fermi
energy, top etching of such thin material results in complete destruction and
makes the device non-conducting. Thus, for BisSes-based SET fabrication the
nanoribbons are constricted only along their width, as shown in Figures 5.8a and b.

To fabricate SET devices, a 13 nm thick (Bi;_,Sb,)sTes film grown by MBE
on a sapphire substrate was also used. The electrodes were first patterned on the
film by EBL, followed by evaporation of a 3/50 nm thick Ti/Au layer, and lift-
off. Single-electron transistors were then carved in the films by another EBL and
Ar-ion milling, using the resist as an etching mask. A plunger (side) gate is also
patterned in the film during the same EBL step to tune the charge state inside
the dot. False-coloured SEM image of the typical device is shown in Figure 5.8¢c
(Paper VIII).

(a)

Figure 5.8: (a) Optical image of a BisSes nanoflake (transferred to Si/SiOs) with an
EBL-mask pattern (the blue contours are the metal contact designs, the red contour
is the etching mask). (b) False-coloured SEM image of the fabricated device from
panel (a). (c) False-coloured SEM image of an SET device based on a (Bi;_;Sb,)2Tes
film with a thickness of 13 nm.

5.3 Low-temperature electrical measurements

After nanofabrication, the patterned devices were contacted to study transport
properties. Magnetotransport measurements were performed either in the physical
property measurement system PPMS (Quantum Design DynaCool) equipped with
external electronics, or in a 3He Oxford Heliox dipstick with a base temperature
of ~ 300 mK, or in Oxoford Trition closed cycle *He/*He dilution refrigerator
with a base temperature of 20 mK. Devices with the Hall bars geometry were
measured in DC bias mode at the temperatures of 300 — 2 K. The biasing circuit
consists of a voltage source V; (Keithley 2400), a bias resistor R} (for current
biasing), and a sampling resistor R, that is used for probing the current supplied
to the device (Figure 5.9a). Both the voltage drops across the longitudinal V,
and transverse V;, contacts of the device as well as IR, are measured using a
setup consisting of three low-noise differential amplifiers (Stanford Instruments)
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connected to the digital multimeters (Keithley 2000), to get voltages and current
across the device, respectively (Figure 5.9b). The gate electrode was connected
to another source meter Vi (Keithley 2400) through a bias resistor with nominal
1M to reduce the noise.

Vp Device

3 D- ?

(a) = (b)

Figure 5.9: (a) Schematic of the current bias circuit and a sample configuration (b),
showing a back-gated Hall bar device used in the electron transport measurements.

The transport in the single-electron transistor devices was measured at a base
temperature of 22 mK. The samples were biased by applying an AC voltage of 1 Hz
to a 1 M bias resistor in series with the device, and measuring the voltage and
current along with a National Instruments DAQ and Stanford Instruments voltage
pre-amplifiers. The conductance is then obtained by numerical differentiation.
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6 Structural characterization of
Bi,Se; nanostructures

Size, crystalline structure, growth direction, surface morphology and chemical
composition of the synthesised nanoribbons and thin films are determined using
scanning electron microscopy (SEM), atomic-force microscopy (AFM), high-
resolution transmission electron microscopy (HRTEM), X-ray diffraction and
reflectometry (XRD and XRR), Raman spectroscopy, selected area (electron)
diffraction (SAED) and energy-dispersive X-ray spectroscopy (EDX) techniques.

6.1 Characterization of Bi;Se; thin films

Figure 6.1a illustrates a typical SEM image of a thin BisSes film deposited on a
fused silica substrate. In general, all synthesised BisSes thin films have a uniform
distribution of Bi and Se chemical elements over an area of 100x100 ym? with a
chemical composition of 40+5 at% for Bi and 60£5 at% for Se, which corresponds
to the stoichiometry of BisSes. Figure 6.1b shows an example EDX spectrum and
the corresponding EDX map of the elements Bi and Se. As can be seen, Bi and Se
have uniform contrasts, which means these elements are distributed uniformly in
the film. A typical Raman spectrum of BisSes, consisting of both Stokes and anti-
Stokes contributions, is shown in Figure 6.1c. According to Group theory, four
Raman active modes (E;, Ai)’ Eg, A%g, where E' modes represent in-plane atomic
vibrations, while A modes are vibrations along the c-axis perpendicular to the
layers) were observed, which indicates the formation of thin BiySes films of good
quality. Thin films grow with the c-axis perpendicular to the substrate surfaces,
which appears to be the most energetically favourable growth direction. The XRD
spectrum analysis (Figure 6.1d) revealed the presence of diffraction peaks related
only to the (003n) family group, thereby confirming the growth of the BisSes thin
film with the crystallographic c-axis. The pronounced XRR intensity oscillations
confirm the presence of smooth interfaces and surfaces of the synthesised films.
The thicknesses of films were obtained from XRR measurements fits, as well as
from AFM measurements. The representative AFM image and height profiles are
presented in Figure 6.1e and f, respectively. An artificial scratch was introduced
to determine the thickness (Papers I, 11, IV).
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Figure 6.1: (a) False-coloured SEM image of a BiySes thin film on a fused silica
substrate. (b) EDX spectrum, revealing a chemical composition of 40+5 at% for Bi
and 60+5 at% for Se. The inset is an EDX map, illustrating a uniform distribution
of the elements Bi and Se. (¢) Raman spectrum of a BisSes film. The inset is the
displacement patterns of phonon modes in the BisSes structure. (d) X-ray diffraction
pattern of a BisSes thin film, in which only the peaks of the (003n) family group are
visible. The inset is X-ray reflectivity (XRR) measurements. (e) AFM image of a
thin BisSes film grown on a fused silica. (f) Height profiles shown in panel (e).

6.2 Characterization of Bi;Se; nanoribbons

The synthesised nanoribbons are stoichiometric (Bi (35+5) : Se (65+5) at%),
single-crystalline with lengths up to 40 — 50 um and thicknesses starting from
8 —10 nm. The widths can vary from 50 nm up to 1 —2 pm and more (Figure 6.2).
Normally, due to the rapid oxidation under ambient conditions, the synthesised
nanostructures are covered with a few nm native oxide layer, which can be either
amorphous or poly-crystalline. Figures 6.2b and c represent false-colour HRTEM
images of a nanoribbon. The bulk area demonstrates a single-crystalline structure,
while the surface of the nanoribbon is covered with a few nm thick native oxide
layer of BisSes - BiO,. SAED pattern of the nanoribbon along the [001]-zone axis
is shown in Figure 6.2d. The growth direction of the synthesised nanoribbons
is [110]. As for the thin films, the thicknesses of nanoribbons transferred to
Si/SiOy substrate were obtained from AFM measurements. The representative
AFM image and height profiles are presented in Figures 6.2e and f, respectively
(Papers III, V, VI).



70 6 Structural characterization of BisSes nanostructures

(c)

Y . 2

—— Profile 3

b —— Profile 1
(f) e

0 100 200 300
X(nm)

Figure 6.2: (a) False-coloured SEM image of a BisSes nanoribbon and the nanoplate
seeds. (b) False-coloured HRTEM image of a nanoribbon. The bulk area demonstrates
a single-crystalline structure (green colour). The inset is FFT image illustrating
a single-crystalline structure of the nanoribbon. The surface of the nanoribbon is
covered with a few nm thick native oxide layer of BizSes - BiO, (pink). (¢) HRTEM
micrograph of BisSes nanoribbon structure illustrating its crystallinity. (d) SAED
pattern of the nanoribbon along the [001]-zone axis. The red arrow marks the nanorib-
bon growth direction [110]. (e) AFM image of BisSes nanoribbon transferred to
a Si/SiOy substrate. (f) Height profiles of the nanoribbon shown in panel (e).



7 Reduction of bulk contribution to
transport in Bi;Ses nanostructures

The main problem encountered when fabricating devices using 3D-topological
insulators is the unavoidable presence of bulk conductivity. These bulk states
often mask the effects of unconventional topological surface states or complicate
transport analysis on these devices. As seen in Chapter 4, PVD-grown BisSes
nanostructures have a significant contribution to the transport arising from con-
ducting bulk states, and in the current chapter, the attempts to solve this issue
will be discussed. In the first section, attempts to reduce bulk carriers with
electrostatic gate effect using various dielectric substrates will be explored. In the
following sections, changes in the growth process leading to increased surface-to-
volume ratio and strain engineering in nanoribbons and films will be examined.

7.1 Electrostatic gating effect

To take advantage of the peculiar properties of TI nanodevices, it is necessary
to reduce the contribution of the bulk carriers and/or tune the Fermi energy level
close to the Dirac point. The possibility to continuously drive the Fermi level from
the conduction to the valence band can be achieved by the electrostatic gating
effect. On the other hand, when an electrostatic field is applied through the gate
electrode to a TI-based device, additional carriers dope the nanostructure, forming
an accumulation layer (2DEG) at the dielectric-topological insulator interface,
again leading to the energy band-bending effect (Section 4.2).

As was demonstrated in Chapter 4, when BisSes nanoribbons transferred onto a
Si/SiOq substrate, a trivial two-dimensional accumulation layer with a high charge
carrier density up to ~ 2 x 10'® ecm™2 is formed at the substrate-nanoribbon inter-
face. This makes it difficult to tune the Fermi level close to the Dirac point due
to the relatively low dielectric constant of the substrate (eg;02 = 4). For instance,
for 65 and 70 nm thick nanoribbons, the 2D carrier concentrations obtained from
the Hall effect measurements changed from 6.25x10'? and 2.44x10* cm™2 to
6.18x10' and 2.38x10' cm~? with an applied back-gate voltage of —40 V,
respectively. Then, 22 and 28 nm thick nanoribbons were transferred to a SrTiO3
substrate with an extremely high dielectric constant (eg.r;03 &~ 20000), and
the tunability of the devices increased from 1.40x10'? and 1.65x10* ecm™2 to
1.15%10'2 and 1.40x10"® ¢cm™? with an applied back-gate voltage of —20 V,
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respectively. However, for nanoribbons with a thickness of 22 nm or more, the
interface accumulation layer was not completely depleted by back-gating through
the substrate. Also, the results of studying BisSes nanoribbons on various oxide
substrates demonstrate that the formation of an accumulation layer is a common
feature characterizing the interface with BiySes. This effect can be explained by
the different densities of oxygen atoms at the interface between the native oxide of
BisSes nanoribbon (Figure 6.2b) and oxygen from the dielectric layer, which leads
to the formation of dipoles. The sign of the dipole can determine the formation
of depletion or accumulation layers at the interface between these two oxides [8].

Alternatively, oxygen-free, high-quality 2D material hexagonal boron nitride
(h-BN) can be used as the gate dielectric to minimize the influence of 2DEG
between the substrate and BisSes. An h-BN flake exfoliated from h-BN powder
can withstand an electric field with a strength of ~ 0.7 V/nm, which allows to
apply sufficient gate voltages, without field screening or leakage.

In this experiment, the BisSes nanoribbon with a width and a thickness of
480 and 70 nm, respectively, encapsulated with h-BN flakes (Figure 5.5) was used.
Measurements were performed in a four-probe configuration (the voltage probes
are spaced by 3 pm) in a 300 mK dipstick at base temperature (Figure 7.1). During
the measurements, the gates were controlled by individual voltage sources. The
thicknesses of the bottom and top h-BN flakes are &~ 25 and & 15 nm, respectively.
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Figure 7.1: (a) Device resistance R, as a function of the back-gate voltage Vi,
with Vg = 0 V. The arrows indicate the sweep direction. (b) Reproducible resistance
oscillations in the range from —8 to —10 V of V}, voltage in both sweep directions
(Vig = 0 V). (¢) Ryy as a function of the top-gate voltage Vig, with Vi = 0 V.
(d) 2D resistance map of the device with both V44 and Vi, applied. Adapted from [72].
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First, the device resistance R,, = 4.2 k) was measured at zero back and top-
gate voltages. Then, R,, as a function of the back-gate voltage was measured,
while the top-gate voltage was maintained at zero (Figure 7.1a). At V;y = —12'V,
the resistance of the device almost doubles compared to the zero-voltage case.
The resistance oscillations, which are reproducible in both forward and backward
sweeps, were observed at high values of the back-gate voltage (Figure 7.1b). These
oscillations might indicate the transverse quantization in our device, as it was
observed in similar TI devices (Section 2.8) [9]. An analogous behaviour of R, as
a function of the top-gate voltage with zero V;y is shown in Figure 7.1c. However,
since the top h-BN flake is thinner, with V;, = —12 V the resistance of the device
has increased by approximately ~ 2.8 times (due to increased electrostatic field
strength). Also, the hysteresis in the top gate response of the device has been
observed. This might be explained by accumulated charges in the thinner h-BN
or in the interface between the nanoribbon and top h-BN flake. In Figure 7.1d,
the 2D plot represents the resistance map of the device in terms of V;, and V.
It is clearly seen that the device resistance increases sharply in the region of high
negative gate voltages and reaches a peak value of 72 k) at Vjy = —17 V and
Vig = —10 V, which is approximately 17 times higher in comparison with the
initial resistance. Such a sharp increase in the device resistance and high sheet
resistance (on the order of 11.5 kQ/0J compared to the initial value of 0.67 kQ/0J)
may indicate that the Fermi energy position is indeed close to the Dirac point.
Unfortunately, due to the increase in leakage current through the dielectric at high
applied voltages, it was not possible to apply even larger negative gate voltages to
show a decrease in resistance after the Dirac point, when the carrier types switch
from electrons to holes. However, a double-gate TI device with h-BN dielectrics
could be a way to study transport around the Dirac point in our devices [72].

7.2 An increase of surface-to-volume ratio

The depth of the accumulation layer D at the dielectric-topological insulator
interface can be estimated by solving the Poisson equation in the full deple-
tion approximation to yield D = <2k60AE/(62n)>_1/2, where k is the dielectric
permittivity of BisSes, AFE is the shift of Fermi energy across the band-bending
region due to the applied gate voltage (AE < 300 meV, BisSes bandgap), and
n is the carrier density. The values of the accumulation layer depth ranging
from 10 to 35 nm for TI samples with carrier density n ~ 10' em™ usually
reported in the literature [70]. To suppress bulk conduction, the sample thickness
should be smaller than D, so that the gate can effectively modulate the charge
carrier density through the entire sample. Thus, in addition to the electrostatic
gating effect, a reduction of the contribution from bulk can be achieved by thinning
the samples (Paper II).
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7.2.1 Synthesis of ultrathin nanoribbons

The advantage of PVD growth is its simplicity and easily adjustable synthesis
parameters, such as the partial pressure of vaporized source material, the heating
and deposition time and rate, and the substrate temperature. The use of ultra-
thin nanoribbons (less than 20 nm thick) obtained by the deposition described in
Section 5.1 is complicated due to their extremely small quantity. Thus, optimisa-
tion of the synthesis process is necessary to achieve an increased yield of ultrathin
nanoribbons.

Here, the basic synthesis parameters (temperature, time and vapour pressure)
of the standard catalyst-free physical vapour deposition method for obtaining
free-standing BisSes nanoribbons (described in Section 5.1) were systematically
optimised to achieve the outcome of the nanoribbons with thicknesses below
15 nm. This value was chosen as an upper limit for optimizing growth parameters,
according to the depth of the accumulation layer D for TI samples with carrier
density n ~ 101 ecm™2, which is close to our nanoribbons (Chapter 4).

The growth of the BisSes nanoribbons during the deposition process is initiated
by the temporary Ny gas flow, which is introduced in the furnace tube during
the cooling stage (Figure 7.2a). During the standard growth process, nanoplates
are deposited on the substrate for a time ¢; + t3. They serve as seeds for the
subsequent formation of nanoribbons during the Ny streaming. As the top surface
of the nanoplate is chemically saturated by selenium atoms, adatoms adsorbed
there from the gas phase cannot form covalent bonds. Thus, they diffuse in the
direction of the gas flow and bond to the nanoplate crystal at the edges, which
leads to a much faster growth rate in the Ny flow direction, forming long crystalline
nanoribbons. Since the cross-section of the nanoribbons is correlated to that of
the seed nanoplates from which they grow (Figure 7.2b), it can be influenced by
changing the conditions in which the nanoplates are grown.
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Figure 7.2: (a) Schematic of the synthesis process. The solid blue line corresponds
to the standard growth described in Section 5.1, and the orange dot-dashed line
corresponds to a modified growth with ¢, = 0 min. (b) False-colour SEM image of a
BisSes nanoribbon and the nanoplate seed.
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The thickness of the nanoribbons is most likely determined by the thickness of
the nanoplates or, in the case of a step-like structure of the nanoplates - by the
thickness of the step. In turn, the growth rate and, consequently, the thickness of
the nanoplates/steps depend on the diffusion rate of the vaporized source material.
The rate of evaporation can be approximated by the Hertz-Knudsen equation:

dN _ aeNA (pe - ph)

an _ ’ 7.1
dt 2 MRT (1)

where N is a number of evaporated atoms per surface area, t is time, a. is the
coefficient of evaporation, N4 is Avogadro number, p. is equilibrium pressure,
pr, is hydrostatic pressure, M is molecular weight of the evaporated species, R is
the universal gas constant, T' is absolute temperature. Considering the constant
initial mass of the source material and its heating rate in all syntheses, the amount
and diffusion rate of the vaporised source BisSes is governed by the three variable
parameters: maximal heating temperature of the source material T;,, the initial
pressure in the furnace tube p;, and time ¢5 during which the source material is
kept at maximum temperature T, (Figure 7.2a). Thus, the nanoribbon thickness
can be changed by adjusting only these parameters.

To determine the optimal growth conditions for the nanoribbons with thick-
nesses below 15 nm, the parameters T,,, p; and ty were varied in the ranges
575 — 590 °C, 0.1 — 18 Torr and 0 — 30 min, respectively. Variation of T}, did
not result in the increased outcome of the ultrathin nanoribbons compared to the
standard parameter T}, = 585 °C. Thus, this value was selected as the constant
parameter. Furthermore, only parameters to and p; were varied (Figure 7.3).
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Figure 7.3: A BiySes nanoribbon mean thickness (t) as a function of time ¢, at
constant initial pressure p; = 5 Torr (a), and as a function of the initial pressure p; at
constant time ¢, = 0 min (b). The orange dashed lines correspond to a linear fit of the
experimental data. Insets: BisSes nanoribbon thickness distribution histograms for
ts = 0 min and 30 min at constant p; = 5 Torr (left), and for p; = 5 Torr and 9 Torr
at constant {, = 0 min (right). Solid lines correspond to the Gaussian distribution of
experimental data, from which the mean thickness (t) was calculated.
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Generally, the mean thickness of the nanoribbons linearly decreased with the
decrease in the source material heating time ¢o while the pressure p; was kept
constant (Figure 7.3a). It is most likely related to the decreased amount of
the evaporated source material and, consequently, the thickness of the nanoplate
seeds. In contrast, an increase in the initial pressure p; (while t2 was constant)
resulted in a slight decrease in the mean thickness (¢) of the nanoribbons from
~ 50 nm down to ~ 30 nm when the p; increased from 0.1 to 13 Torr, while
further increasing p; results in the absence of nanoribbons (Figure 7.3b).

According to all statistical calculations of the nanoribbons thickness distribution
as a function of synthesis parameters, the initial pressure p; = 5 Torr and time
to = 0 min were found to be optimal for obtaining the highest yield (up to 18%)
of the nanoribbons in 10 — 15 nm range (Paper V).

7.2.2 Transport properties of ultrathin nanoribbons

The synthesis parameters not only influence the geometry of the nanoribbons
but also determine their growth mechanism, affecting their transport properties.
BiySes nanoribbons synthesised using parameters p; = 5 Torr and ¢ = 0 min
were transferred to a Si/SiOy (300 nm) substrate for transport measurements.

For all measured devices, the sheet resistance linearly decreased with the
decrease in temperature (a metallic transition, due to bulk defects), reaching
saturation at about 30 K (Figure 7.4a).
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Figure 7.4: (a) Sheet resistance of different nanoribbons as a function of temperature.
(b) Sheet resistance as a function of nanoribbon thickness measured at 2 K. Purple
marks are data from this work, and the coloured marks (blue, orange, green and
red) are data from Kunakova G., et al. (2018) [7], Sondors R. et al. (2021) [71],
Kunakova G., et al. (2019) [73] and Hong S. et al. (2012) [74], respectively.
The light-blue-shaded region is a guide to the eye, indicating a dramatic increase
in sheet resistance as thickness decreases. (c¢) The three-dimensional concentration of
charge carriers n3p_pgqy as a function of nanoribbons thickness. Orange marks are
data from this work, the blue marks are data from Kunakova G., et al. (2021) [§],
respectively. The light-blue-shaded region is a guide to the eye, and the pink-shaded
region indicates the upper bound for the bulk carrier concentration [7].
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Reduction of the nanoribbons’ thickness increases their surface-to-volume ratio,
which in turn reduces the metallic bulk conduction of BisSes nanostructures. This
is evidenced by the increase in the sheet resistance of the nanoribbons with the
decrease in their thickness (Figure 7.4b). The value of the three-dimensional
charge carrier concentration (extracted from the Hall effect measurements)
increases as the thickness of the nanoribbons decreases, indicating a stronger
contribution from TT surface carriers, since the bulk contribution becomes less
dominant. The dependence of nzp_pga; as a function of the nanoribbon thickness
is presented in Figure 7.4c.

Transport properties of the obtained BisSes nanoribbons with thicknesses below
15 nm showed that the values of the sheet resistance for these nanoribbons are ap-
proximately an order of magnitude higher in comparison with the values reported
previously for the thicker BisSes nanoribbons synthesised using catalyst-free PVD.
However, an increase in carrier concentration and sheet resistance is not the only
effect observed after nanoribbon thinning. Further, coherent transport in ultra-
thin nanoribbons, observed due to the peculiar morphology as a result of changes
in the growth mechanism, will be considered.

Figure 7.5 shows AFM images and surface profiles for 12 and 22 nm thick
nanoribbons, grown during the same process (p; = 5 Torr and ¢2 = 0 min). The
thin nanoribbon (Figure 7.5a) shows the presence of small grains on the surface,
while the thicker one (Figure 7.5b) has an atomically flat surface. These images
indicate that the growth kinetics of thin nanoribbons differ from that of thick ones.

Figure 7.5: (a) AFM image of a 12 nm thick nanoribbon grown with the rough
mechanism. The inset is the surface profile with RMS roughness around ~ 670 pm.
(b) AFM image of a 22 nm thick nanoribbon in which the rough-to-smooth growth
transition mechanism occurred. The inset is the surface profile with RMS roughness
around ~ 130 pm. The y-axis range is identical to the one of the inset on the panel (a)
to emphasize the significant difference.
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Now a possible growth scenario that can occur when time ¢5 is changed from
15 to 0 min will be proposed. During the vapour-solid deposition process, the
formation of nanoribbon-like nanostructures is determined by growth kinetics.
As mentioned earlier, the top surface of the nanoplates (seeds) is chemically
saturated. As a result, newly arriving growth species (adatoms) will diffuse to
side edges with atomic steps, ledges, and kinks. The two-dimensional nucleation
probability on the surface of nanoribbons can be described as [75]:

2

e
Py = Aexp <—> , 7.2
N kp”T2 1 (p/po) (72)

where Py is the nucleation probability, A is a constant, ¢ is the surface energy,
kp is the Boltzmann constant, T is the absolute temperature, p is the actual
vapour pressure, and pg is the equilibrium vapour pressure corresponding to the
temperature T'. If the vapour pressure p < pg, the chemical potential of the crystal
is larger than that of the vapour and the crystal should sublimate. However, if
p > po the vapour should crystallise. In our experiment, the deposition of nano-
structures proceeds in the supersaturated state (p/pg) > 1. Therefore, the super-
saturation ratio (p/pg) and temperature are two dominant factors in controlling
the morphology of the products in the vapour-solid growth process [76].

The amount of evaporated material at the start of nanoribbon growth in the
case of to = 0 min is much less than in the case of the standard growth, where
to = 15 min. Nanoplates (seeds) deposited only over time ¢; have smaller thick-
nesses in comparison with flakes deposited during time ¢, +t¢5. However, their side
edges with atomically rough steps, regardless of the plate thickness, act as effective
“catalyst” that initiates the growth of nanoribbons in the lateral direction. As
in the case of the vapour-liquid-solid growth mechanism, the edge side area of
the “catalyst” plate, from which the nanoribbon growth occurs, can be saturated
with adatoms more easily for thinner seeds compared to thicker ones [77]. The
value of supersaturation at the edge surface tends to decrease for plates with
higher thicknesses. A decrease in supersaturation may lead to the rough-to-
smooth transition of the crystal growth mechanism [78]. In our case, during the
same deposition process, nanoribbons less than 15 nm thick have a rough surface,
while ribbons more than 15 nm thick have a smooth morphology, indicating a 2D
growth mechanism. This suggests that a transition from rough to smooth growth
takes place in our experiment. Moreover, this growth scenario is consistent with
the appearance of a high yield of thin nanoribbons. At some point, the growth
particles from the vapour cannot saturate the side edge of very thick seeds, and
the chemical potential of the crystal itself becomes larger than that of the vapour
(po > p). In this case, the growth of the thickest nanoribbons may stop, while
the growth rate of crystals from saturated seeds increases with a decrease in their
thickness. The difference in morphology between thicker and thinner nanoribbons
strongly affects the charge transport properties of the topological surface states.
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The magnetoresistance R, as a function of the magnetic field (up to 12 T)
applied perpendicularly to the surface of the nanoribbons at low temperatures
(2 K) was measured. Thin BisSes nanoribbons with thicknesses below 15 nm show
well-pronounced magnetoresistance oscillations in the entire range of the magnetic
fields, while for thicker nanoribbons they are only visible at high fields (B > 5 T)
(Figure 7.6a). This difference can be explained by the coherent scattering of
electron waves from surface irregularities associated with the peculiar morphology
of the thin nanoribbons (due to different growth mechanisms compared to the
thicker ones), which leads to the appearance of Altshuler-Aronov-Spivak
(AAS)-like orbits. The Hall resistance Ry, was also measured to estimate the
sheet carrier density nop of individual nanoribbons (Figure 7.6b). The values
of ngp extracted from the data are respectively 1.2 x 10 cm™2 for Device I
(thickness ¢ = 12 nm, and width w = 360 nm), and 8.8 x 10'? em~2 for Device II
(t = 22 nm, and w = 310 nm), while the negative slope indicates n-type carriers
for both devices.
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Figure 7.6: The magnetic field dependence of the longitudinal R,, (a) and
transverse Ry, (b) resistances for 12 nm (blue, Device I) and 22 nm (orange, Device II)
thick ribbons measured at 2 K, respectively. The insets in (b) represent the metallic
temperature dependence of R, for the two devices.
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For the thick nanoribbon (¢ = 22 nm, Device II), pronounced oscillations were
found by subtracting a polynomial background from the magnetoresistance data
and plotting the obtained results in 1/B (inset of Figure 7.7a). The observed
oscillations are associated with a quantum phenomenon known as Shubnikov-de
Haas oscillations. Fourier transform (FT) analysis on the SdH oscillations was
carried out to determine the oscillation frequencies. However, due to the small
number of oscillation periods observed in the field range of the measurements,
the resolution of the FT power spectrum is low. So, the experimental FT data-
points were fitted with a Gaussian approximation to determine the frequency
more accurately. One standard deviation of the fitting parameter defines the
error bars when determining the frequency. Thus, the FT data fit of the oscilla-
tions reveals a dominant frequency F{! =17.54£4.3 T and an additional (second)
frequency FJ! = 35.144.0 T, corresponding to nil, | = 4.2341.04 x 10" cm~2
and ndl, , = 8.4940.97 x 10" cm~2 according to the Onsager relationship [7, 79,
respectively.

70
1.0 1.0
20
pos © 0.8 € o
5 S 3
€06 €06 20
& &
g g -
304 0.08 012 0.16 020 0.4 0 2 4 6 8
s VB (T-1) N B(M
w w
0.2 0.2
0.0 0.0 A “ J W P00%90000000020 000000 0000000
80 120 160 0 1 2 3 4 5 6
(a) Frequency (T) (b) Frequency (T~1)

Figure 7.7: FT power spectra of (a) AR, (1/B) (shown in the inset) for a 22 nm
thick (Device II) nanoribbon and (b) AR, (B) (in the inset) for a 12 nm thick ribbon
(Device T) measured at 2 K, respectively. A 5t"-order polynomial was subtracted to
remove the magnetoresistance background from the data. The dot marks correspond
to the experimental data extracted from the FT power spectra. The black dashed
lines represent the Gaussian fits of the experimental points for two observed peaks
(panel (a)). The solid line represents the sum of Gaussian fits. The red dashed
line in the inset of panel (a) represents the multi-frequency Lifshitz-Kosevich fit of
experimental data.

The oscillatory component of AR, was also fitted by the Lifshitz-Kosevich
expression with a Berry phase included to take into account the topological
character of the system [79-85]:
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| B F o1
ARTZL ~ ARQ ﬁRTRD COS [QW(E + 5 + 99):| s (73)

where the first pre-factor ARy is the amplitude of the oscillation in the high-
field limit 1/B — 0. The second pre-factor is the temperature reduction factor
Am*T/B ) 2m2kpT  2m%kpTm*
r=————— with A= =
sinh(Am*T/B) hw, heB
mass, T is the temperature, kp is Boltzmann’s constant. The third pre-factor is
the Dingle reduction factor representing the exponential decrease of AR, with
2mikyTp  2m2kpTpm* mm*

decreasing field B: Rp = e 7, with \p = o = heBB = el

where Tp is the Dingle temperature, 7p is the DiIclglC scattering time, which is
related to the quantum mobility by u = erp/m*. The oscillation of AR, is
described by the cosine term with a frequency F' and phase factor ¢ = 5 — 6.
The value of the phase offset 8 = 1/2 should correspond to Dirac fermions with
a m Berry phase, and § = 0 (or equivalently 1) should correspond to trivial
fermions. In turn, the phase shift correction ¢ is associated with the Fermi-
surface dimension (§ = 0 for the 2D Fermi surface and 6 = —1/8 or +1/8 for the
3D system (— for electrons and + for holes), respectively) [84].

The matching of the fit and the raw data is remarkable (inset of Figure 7.7a).
Moreover, two fitted frequencies (F{L,, =23.6 0.7 and F{{, , =359+0.6 T)
converged to the values obtained from the FT analysis. In conclusion, the presence
of two frequency peaks in a high magnetic field leads to the beating pattern of
SdH oscillations caused by two different electron densities, originating from the
top surface states and the bulk.

As shown in Figure 7.6a, thin nanoribbons (less than 15 nm) exhibit instead a
strong oscillatory pattern in the entire range of a magnetic field. The phenomenolo-
gy of these oscillations is compatible with that of universal conductance fluctua-
tion. However, the FT calculated from AR,, (B) below 7 T (to exclude the pos-
sible impact of SAH on the magnetoresistance) shows instead a single (dominant)
peak at Flop = 0.4140.07 T~ (Figure 7.7b). A well-defined periodicity is un-
usual for conventional UCF. However, it can be explained if the fluctuations
originate from AAS-type orbits, with similar characteristic areas that become
accessible because of the specific surface morphology of the thin nanoribbons [47].

The characteristic AAS area of these orbits can be calculated as S = ¢ x Ffop,
where ¢ = h/2e is the magnetic flux quantum relevant for AAS oscillations.
From the extracted orbit area S = 0.0008 ym? one can estimate a characteristic
path length for the electrons as L ~ 2v/7S = 100 nm. The calculated value
2Ra4s = 32 nm (for circular orbits L = 2mRa4¢ is in good agreement with the
characteristic size of the surface irregularities of about 29.4+1.6 nm, which was
extracted using the two-dimensional fast Fourier transform (2D-FFT) of AFM
image presented in the inset of Figure 7.5a (Figure 7.8).

, where m* is the cyclotron




82 7 Reduction of bulk contribution to transport in BisSes nanostructures
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Figure 7.8: AFM measurements of a nanoribbon surface (Device I). (a) Scan size of
310 x 310 nm?. (b) 3D AFM plot of the image presented in panel (a). White dashed
circles delimitate possible AAS orbits. (c) The frequency spectrum image of the data
from panel (a). (d) Profile 1 taken from 2D FFT-map from panel (c): the frequency
value at the peak corresponds to 0.03440.002 nm™*.

The transport properties of Device III based on a BisSes nanoribbon with a
maximized surface-to-volume ratio (thickness ¢ = 12 nm, and width w = 85 nm)
will be reviewed further. The R,, (B) pattern changed after warming up to
room temperature (typical behaviour for UCF phenomenon), which excludes that
the magnetoresistance oscillations can be only attributed to SdH oscillations
(Figure 7.9a). The onset of SAH oscillations requires the condition uB > 1,
where g is the electron mobility. This condition is not usually satisfied below
5 - 6 T considering the typical Hall mobility values in our nanoribbons are between
1200 - 2100 cm?/V-s as shown in Chapter 4. Indeed, the estimated values of
Hall mobility for Device I and Device II are py = 1075 and g = 1210 cm?/V's,
respectively.
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To determine whether the UCF come from interference effects in the bulk or
the 2D topological surface, the angular dependence of R,, with respect to the
out-of-plane magnetic field was studied. In an ideal 2D electron system, the
interference pattern depends only on the normal component of the magnetic field
B, = Bcosf, where 6 is the angle between the direction normal to the nano-
ribbon plane and the orientation of a magnetic field. After subtracting a 5t"-order
polynomial background the resulting oscillation patterns AR, (B) (measured at
various angles #) superimpose if plotted against 1/B, below 5 T, which confirms
the 2D origin of UCF (Figure 7.9b). However, the analysis becomes more compli-
cated at higher fields due to the coexistence of UCF and SdH oscillations.
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Figure 7.9: (a) The magnetoresistance of Device III (thickness ¢ = 12 nm, and width
w = 85 nm) as a function of a magnetic field after the first and second cooldowns,
measured at 2 K. (b) Background-removed resistance AR, as a function of 1/B cos 6.
The z-axis is plotted on a logarithmic scale to show a clear data superimposition
at low magnetic fields. The vertical dashed line denotes a magnetic field of 5.5 T.
(¢) Filtering data to exclude UCF (Device III, § = 30 deg): the red curve is the original
data, and the cyan dashed curve is low-pass filtered data (using as cut-off frequency
FHT from the top panel in (d)). (d) Fourier analyses of AR,,(B) (top panel) from
the low magnetic field region (in the inset) and the obtained oscillations after filtering
AR,.(1/B) (bottom panel (inset)).
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In general, the coherence of the AAS-like orbits associated with the specific
morphology of the samples is also observable at higher magnetic fields. To remove
the contributions of UCF from the magnetoresistance, a low-pass Butterworth
filter with a cut-off frequency FHI = I, — 256 was applied (Figure 7.9¢). Here
FlH,=083+0c T 'is FT frequency extracted from UCF oscillations in a low
magnetic field (below 5.5 T, upper panel of Figure 7.9d) and g = 0.19 T~ is the
standard deviation of the Gaussian distribution.

The filtered curve was subtracted by a 5"-order polynomial background in the
1/B field. Since the interference between UCF and SdH oscillations is observed
above 5 — 6 T, the subtracted curve was considered at magnetic fields above 5.5 T.
As in Figure 7.7a, the power spectrum data points obtained from the FT of the
filtered curve were fitted by the Gaussian approximation. The resulting data fit
gives one dominating frequency F{'L, = 21.9 4+ 6.8 T and a second frequency
FHL,. =386+39 T, with the corresponding 2D carrier concentrations about
niH | =53+£1.64x 10" em™2 and ndH , =9.34£0.94 x 10! cm~2, respectively
(Figure 7.9d). The presence of two peaks with different frequencies results in a
beating pattern of SAH oscillations.

The same filtering procedure of magnetoresistance oscillations was applied to
Ry, (B) measured at different 6 angles. It should be noted here that due to
the different periodicity of the observed phenomena (B-periodic UCF, associated
with AAS-orbits [47], and 1/B-periodic SAH [86]) the low-pass filter can cut off the
high-frequency component of SdH oscillations when filtering UCF. However, the
Fourier spectrum after filtering shows a similar pattern as compared to a thicker
nanoribbon (Device II, Figure 7.7a) in which the UCF is not so pronounced, and
no filtering was applied for this analysis. This legitimates our procedure.

Finally, to show that the SAH oscillations extracted using the UCF filtering
procedure can be attributed to the 2D quantum phenomena, the dependence of
R, at high magnetic fields (B > 5 T) as a function of the angle 8 was studied.
The plots of AR, in 1/B (measured at 2 K) for several angles after applying
the filtering procedure are presented in Figure 7.10a. Since the resolution of the
FT spectrum is low, the filtered AR, curves for different angles of the magnetic
field were fitted by the multi-frequency Lifshitz-Kosevich function (Eq. 7.3) using
the least-squares method. The fitted curves are presented by red dashed lines in
Figure 7.10a. The frequencies FI{ ;. = 25.02+£0.09 T and F/{ . =46.4+0.11 T
are very similar to the frequency values obtained using FT (F{!f., =21.94+6.8 T
and Fi'h.,. =38.6+3.9 T, Figure 7.9d bottom panel). The carrier mobility:

pit = 8980 and pd!! = 1830 cm?/V-s was obtained from the Dingle scatter-
1ng time (4 = erp/m*). Such a high quantum mobility (up to 10000 cm?/V-s)
was previously observed in BisSes nanoribbons with a thickness below 30 nm [7].
The angular dependence of the obtained frequencies is presented in Figure 7.10b.
It is clearly visible that F{{ . follows the 1/cosf trend (typical for 2D electron
systems), while F/T - exhibits a weak angular dependence, which is typical for
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bulk electrons [7, 82]. Thus, the high mobility, angular dependence 1/cos@
together with the phase factor ¢ ~ 0.5 allow to conclude that the frequency F{Zf .-
corresponds to carriers from surface states, and the frequency Fy{ - represents
bulk carriers. This assumption is further confirmed by measurements with an

applied back-gate voltage.
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Figure 7.10: (a) Shubnikov-de Haas oscillations of a Bi;Ses nanoribbon (Device I1T)
after subtracting the background and UCF. The curves are fitted by the multi-
frequency Lifshitz-Kosevich function (Eq. 7.3, red dashed lines). (b) SdH oscilla-
tion frequencies obtained from the Lifshitz-Kosevich fit as a function of the applied
magnetic field angle (the colour of the dots corresponds to the colour in panel (a)).
The measurements were carried out at a temperature of 2 K. The red dashed lines
represent the 1/ cos 6 fit. Insets are the zoom-in region to show a clear dependence of
F/IL . as a function of angle and a weak angular dependence for F{'7 ..

The R,; as a function of the gate voltage has been studied for Device III.
When the back-gate voltage V;, = —8 V is applied to the nanoribbon, frequency
FHE | o = 21.740.01 T changed slightly to F{*L g, | = 21.340.02 T, while the
second frequency Fy'l, | = 49.140.01 T shifted to Fi1 ¢, ;; = 38.840.03 T.
Due to screening effects, the gate voltage should first be able to deplete the layers
closest to the interface. Indeed, it has been recently reported that for BisSes
nanoribbons as thin as 9 nm [8] the effect of the back-gate on the top surface
electrons becomes visible only after full depletion of the bottom surface states
and the accumulation layer. This fact confirms that the SdH oscillations with
frequency F}!! observed in the measurements belong to the top surface states,
while the second frequency F{!! is attributed to the bulk states.
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In addition to the expected increase of the resistance due to the depletion of the
nanoribbon carriers by the gate, the reproducible oscillations of R,, as a function
of back-gate voltage V;, were observed (Figure 7.11a). Further, it will be shown
that size quantization effects are essential in the fabricated devices.
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Figure 7.11: (a) R,, as a function of back-gate voltage. The blue (0.. — 16 V) and
orange (—16..0 V) curves represent two scan sweeps with different directions. During
the measurements, the leakage current was monitored and kept below 3% of the
measured current (the inset). The measurements were carried out at a temperature
of 2 K. (b) The charge carrier concentration as a function of the Fermi energy. The red
line is the energy dependence in the case of regular 2DEG, the blue line is the energy
dependence in the case of Dirac states, and the yellow one is the energy dependence
at the substrate/nanoribbon interface, where both types of carriers exist.

The band structure of surface carriers in TT nanoribbons is described by the
momentum vector k along the nanoribbon axis and the angular momentum !

(Section 2.8): i
zmm:immW+ﬂg, (7.4)

1 3
where [ is half-integer :t?ia,. .., h is the reduced Planck constant, vg is Fermi

velocity (for BigSes is 5 x 10° m-s™1), S is the cross-sectional area of the nano-
ribbon. The oscillations observed in R, (Vy) could be a sign of the sub-band
formation (Eq. (7.4)): when the chemical potential crosses one sub-band, a new
conduction channel becomes accessible, leading to pronounced resistance dips.

The charge carrier concentration of a trivial 2DEG is given by nappg = k%/27.
The corresponding Fermi energy can be calculated as:

W23 hm

2m* m*

Ereprec) = N2DEG, (7.5)
where kr is Fermi wavevector, m* is effective mass, for the BiySez case m* = 0.15m,..
For Dirac fermions the carrier concentration is ngg = k% /47, and the Fermi energy
can be written as:

EF(SS) = hkFUF = th\/47mSS. (7.6)
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Considering that the bottom of the conduction band is located 180 meV above
the Dirac point [87], one can estimate the position of the Fermi level from the
total charge carrier concentration at the substrate/nanoribbon interface using
Egs. (7.5) and (7.6). Thus, for a typical carrier concentration in our nanoribbons
on a Si/SiOy substrate of n ~ 1.2 x 10'® em~2, the calculated Er is ~ 270 meV.
The contributions to the total carrier concentration as a function of the chemical
potential measured from the Dirac point are shown in Figure 7.11b, where the
blue line represents the bottom TSSs, the red line is the trivial 2DEG, and the
yellow one is the sum of the two.

To estimate the carrier concentration change induced by the applied gate voltage,
the capacitance between the back-gate electrode and the bottom surface of the
3D-TT nanoribbon was numerically computed using COMSOL Multiphysics. So,
considering a simple asymmetric metallic parallel plate geometry, where one
electrode is given by the doped silicon and the other is the nanoribbon, the static
surface charge carrier density per applied gate voltage o ~ 1.5 x 107* C/m?V was
numerically calculated. Considering this o, one can estimate the change of the
carrier concentration at the bottom interface as An = oV, /e = 1.5x 10'* cm =2 for
the maximum applied voltage (V, = —16 V). It can be assumed that the change
of carrier concentration occurs mainly in the bottom TSSs, which is justified by
the fact that the trivial 2DEG at the bottom extends well inside the bulk, and
therefore is screened by the TSS [87]. In this case, the An corresponds to a change
in the chemical potential of ~ 45 meV (Figure 7.11b). For the dimensions of the
nanoribbon in this study (Device III), the distance between the sub-band minima
A = hvp/C =~ 9 meV, where h is the Planck constant and C' = 2(w + ¢) is the
circumference of the nanoribbon with a rectangular cross-section (Section 2.8) was
found. The change in the chemical potential would therefore correspond to the
crossing of approximately 5 sub-bands which is very close to the 5 to 6 Ry, (V)
oscillations observed in Figure 7.11a.

In the presence of a magnetic field applied along the topological insulator
nanoribbon, Eq. (7.4) can be re-written as (Section 2.8):

[ —¢/o)?

Ei(k) = j:pr\/k2 L S (7.7)
where ¢ = BS is a magnetic flux threading the cross-section area S of the
nanoribbon, and ¢y = h/e is the fundamental flux quantum. According to

Eq. (7.7), the energy-momentum relation is periodic in ¢/¢g, which leads to
the appearance of Aharonov-Bohm oscillations of G, [88]. In the quasi-ballistic
regime, h/e AB oscillations are predicted to dominate over h/2e AAS oscillations.
AAS oscillations originate from interference between time-reversed paths, due
to weak anti-localization and, thus, differ from AB oscillations in their physical
origin. In the quasi-ballistic regime, the circumference of the nanoribbon should
not be much longer than the mean free path l.. The pattern of these oscilla-
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tions also depends on the carrier density, which can be changed by applying a
gate voltage. At the Dirac point, magnetoconductance minimum at ¢/¢y = 0
and maximum at ¢/¢y = 0.5 should be observed. However, even away from the
Dirac point, the AB phase can alternate with applied gate voltage, when Ep
is crossing the sub-bands [88]. Figure 7.12a presents the magnetoconductance
as a function of two different back-gate voltages (0 and —8 V), demonstrating
that maxima and minima at finite magnetic flux alternate with an applied gate
and the oscillations period at V;, = 0 V is close to ¢, as shown by the FT
of 0Gyz/0(¢/dp) (Figure 7.12b). However, there is also a component in the
FT at approximately twice the frequency, that can be attributed to AAS. This
can be explained by the presence of a strong WAL peak (Figure 7.9a), which
indicates that a fraction of the modes has a more diffusive character. Since the
gate voltage was not high enough to tune the chemical potential to the Dirac
point, the alternating maxima and minima of G,, as a function of gate voltage
indicate the crossing of sub-bands by the Fermi level. This behaviour has not
previously been observed in non-topological systems. The fact that by decreas-
ing the gate voltage the ratio between the AB and AAS inverts (Figure 7.12b)

can be explained by more diffusive modes contributing at V;, = —8 V.
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Figure 7.12: (a) The magnetoconductance as a function of ¢/¢y for two different
back-gate voltages 0 and —8 V. The measurements were carried out at a temperature
of 2 K. (b) Fourier transforms of 0Gy,/9(¢/¢do) from panel (a).

In summary, the observed phenomena originate from the TSSs and dominate
the ultrathin (¢ < 15 nm) nanoribbon transport. Ultrathin nanoribbons show
pronounced conductance oscillations as a function of gate voltage, which can be
attributed to the ballistic transport and quantized sub-bands. The results high-
light the importance of material growth and quantum confinement to exploit
the unique properties of TSSs, establishing 3D-TI nanoribbons as a promising
platform for a variety of novel applications (Paper VI).
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7.3 Strain engineering in Bi;Se3; nanostructures

Another effective approach to continuously tune the energy spectrum of TT is
strain engineering. Applying strain to a crystal will cause lattice stretching or
compressing in different directions, resulting in the change of lattice constants.
This results in the change of overlapping and hybridisation of electron orbitals
and may be responsible for the modified electronic properties. In experiments,
mechanical strain can be applied through the bending of samples or via lattice
mismatch between substrates and epitaxy layers. Since the crystal structure of
BisSes consists of covalently bonded quintuple layers, which are weakly bonded
via van der Waals forces (Figure 1.2), their band structure and especially the
Dirac states at the surface are considered to be very sensitive to uniform uniaxial
strain. The opportunity to externally tune the Dirac states by applying strain
could lead to further improvement in future TT devices [89].

While the synthesis of reduced-size nanostructures or the compensating doping
approaches allow optimization of TI material properties before device fabrication
and are irreversible, strain engineering provides a reversible route for modifying
the electronic structure in TI-based devices. Thus, strain is a particularly exciting
way to manipulate and control the Fermi level in TIs, since different types of
deformations can lead to different properties [90]. For example, strain may lead
to phase transitions from topological to trivial states and vice-versa [91]. It has
been theoretically calculated that the electronic band gap of BisSes decreases with
tensile in-plane strain and increases with compressive in-plane strain [92].

7.3.1 Applying strain via mechanical bending

Taking into consideration the sensitivity of T'SSs to external strain, the magneto-
transport measurements of the suspended and supported parts within the same
BiySe3 nanoribbon were performed to investigate the change in transport properties
caused by the bending deformation effect. To implement this experiment, devices
based on a BisSes nanoribbon, containing the supported and suspended (over a
trench with a gate electrode) parts were fabricated (Figures 5.6 and 7.13).

To study the electronic properties and distinguish the difference in source-
drain transport between the suspended and supported parts of the device, the
magnetotransport measurements with a magnetic field applied perpendicularly to
the nanoribbon were performed at 2 K. Figure 7.14a represents the longitudinal
sheet resistance, calculated as R, (€2/0) = Ry (Q) X w/L, where w is the actual
nanoribbon width and L is the distance between the longitudinal contacts, as
a function of a magnetic field. The value R,,(2/0) is slightly different for the
suspended and supported parts. This difference can be attributed to the influence
of contact resistance in the case of supported part measurements (three-probe
configuration, Figure 7.13a).
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(b)

Figure 7.13: Tilted false-colour SEM images of the device, containing the suspended
and supported parts. (a) The device (with the measurements scheme) in the “OFF”
configuration (the unstrained suspended ribbon above the back-gate electrode).
(b) The device in the “ON” configuration (the ribbon is touching the gate).

For both suspended and supported parts of the device, the AR, oscillations
were found by subtracting a polynomial background. This effect is associated with
the SdH oscillations. The FT of the d?AR,,/dB? for the supported part reveals
only two frequencies at F; Slupp =423 T and F, fupp =70.6 T. Following the Onsager
relation [79, 93], these frequencies correspond to n%Dfsupp = 1.02 x 102 cm™2
and n3p_,,,, = 1.71 x 10" cm™2, respectively (Figure 7.14b). A similar multi-
frequency pattern (with two dominating frequencies) was previously observed for
BiySes nanoribbons with thickness above 30 nm by our group [7]. Since the
surface states (at the substrate-nanoribbon interface) are overlapped with the
charge accumulation layer having lower charge carrier mobility, the bottom surface
SdH oscillations do not usually appear in the magnetoresistance. Moreover, these
frequencies (previously observed in [7]) were unaffected by the applied gate voltage
(up to =75 V), indicating that they correspond to either bulk or surface state
carriers at the top surface (at the nanoribbon-vacuum interface). Thus, observed
Fslupp and Ffupp can be attributed to the top surface states at the interface with
vacuum and to the bulk, respectively.

For the suspended part, the FT of the d?AR,,/dB? oscillations demonstrates
three frequencies: Fslusp =131 T, Ffusp = 45.8 T, and Fgusp = 70.5 T, which
correspond to n%Dfsusp = 3.16 x 10" cm™2, n%Dfsusp = 1.11 x 10" cm™2, and
n%’D_Susp = 1.70 x 10" cm™2, respectively (Figure 7.14c). The appearance of the
third (lowest) frequency is attributed to the states from the bottom surface, which
are no longer masked by the accumulation layer. Since the SdH frequencies of T1
are sensitive to external strain [89], the fact that the frequencies corresponding
to the top surface states for the suspended and supported parts remain almost
the same is in good agreement with the absence of deformation at the suspended
part, as shown in Figure 7.13a.
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Figure 7.14: Magnetotransport measurements of the device presented in
Figure 7.13a. (a) The longitudinal sheet resistance R,;,(€2/0) as a function of a
magnetic field for the suspended and supported parts. Shubnikov-de Haas oscilla-
tions analysis: the Fourier transform power spectra of d?AR,,/dB? (presented in the
insets) for the supported part shown in (b), and for the suspended part shown in (c),
respectively.

After examination of the suspended and supported parts in a relaxed state, the
R, as a function of the gate voltage has been studied. According to existing
analytical models of bending [94, 95|, the strain of a bent nanoribbon in the
thickness direction can be divided into three types: pure elastic, elastoplastic, and
pure plastic deformations (Figure 7.15). In the case of pure elastic deformation,
the top surface (inner side) of the nanoribbon experiences compressive stress, while
the bottom surface (outer side) is under tensile stress, and there is no stress in the
middle (neutral layer (NL)). After removing the bending moment M, the elastic
deformation will be restored. As shown in [96], if the radius of bending curvature
R is much larger than the substrate thickness ¢ and the dominant deformation
occurs in the longitudinal direction, the bending strain can be calculated using
the formula of the continuum mechanics model for elastic beams: ¢ = t/2R.
In the case of elastoplastic deformation, the NL is displaced from the centroid of
the cross-section due to mass conservation effects, which induces a transition of
tensile/compressive stresses across the thickness of the nanoribbon. The direction
of NL displacement is related to the material properties and the bending curvature.
In most cases (for materials with similar behaviour under compressive/tensile
stresses), the neutral layer is shifting towards the centre of curvature. After
releasing the bending moment M, the elastic deformation is restored, but the
plastic deformation remains, which leads to deviations in the dimensions of the
nanoribbon. If large enough stretching is applied during the bending process, NL
can extend beyond the cross-section, thus the stress gradient across the thickness
of the nanoribbon will be reduced and elasticity will decrease sharply (plastic
deformation) compared to the pure bending effect [95].
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Figure 7.15: Scheme of the distribution of various types of deformation along
the thickness of the nanoribbon. (a) A nanoribbon before bending (relaxed state).
(b) A nanoribbon under elastic deformation. The predominant deformation occurs
in the longitudinal direction. (¢) A nanoribbon in elastoplastic deformation regime.
(d) Shift of NL beyond the nanoribbon cross-section (the entire cross-section is under
tensile strain) (plastic deformation).

Applying a negative voltage to the gate electrode first of all leads to the
formation of oppositely charged carriers (depletion layer) at the bottom surface
of the nanoribbon. As far as a depletion layer is formed, electrostatic attrac-
tive forces (between a negatively charged gate electrode and positively charged
bottom surface of the nanoribbon) uniaxially bend the nanoribbon towards the
gate. During such bending, the top surface of the nanoribbon experiences com-
pressive stress, while the bottom surface is under tensile stress (Figure 7.15b).
When a negative voltage is applied to the device, there is a clear increase in the
resistance of the suspended part (Figure 7.16a bottom panel), while the resistance
of the supported part remains unchanged (Figure 7.16a top panel (inset)). As the
dielectric constant of SiOs (eg;02 =~ 4) is higher than that of vacuum (gy4. = 1),
the effect of changing Fermi energy via the gating effect (at the initial moment
when the distance to the ribbon is the same) should be more effective in the case
of the supported ribbon, even in the presence of the accumulation layer. Thus,
the change in resistance when the nanoribbon is suspended is attributed to the
mechanical deformation (bending towards the gate).

During the gate voltage sweep, the current between the gate electrode and the
nanoribbon Igp (leakage current) also was monitored (Figure 7.16a top panel).
At a certain point (—1.45 V) the Igp starts increasing because the distance
(separation) between the nanoribbon and the gate becomes small and a tunnelling
effect appears. A further increase in the potential at the back gate leads to the
emersion of pronounced peaks in the gate-drain current and resistance curves.
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Figure 7.16: (a) Igp and R, of the suspended and supported (in the inset) parts
of the nanoribbon as a function of back-gate voltage. The blue, red, and green lines
represent experimental data. The black lines depict filtered data. The vertical orange
lines indicate rapid changes due to mechanical deformation. The change in the slope
of R, as a function of gate voltage, depicted by two purple dashed lines, indicates
the point of the initial action of additional van der Waals forces to the electrostatic
attractive force, resulting in faster deformation of the nanoribbon. (b) AFM image of
the device in “ON” mode. (c) Height profile of the bent nanoribbon, presented in (b).

This may be due to the logarithmically increasing tunnelling current with decreas-
ing distance [97], as well as the action of additional attractive van der Waals
forces that come into play when the distance between the nanosized objects is
several nanometres [98]. The change in the resistance slopes (purple dashed lines
in Figure 7.16a bottom panel) indicates the point of initial action of additional
van der Waals forces. At —1.84 V (left orange line in Figure 7.16a), Igp starts
to increase sharply, which is a sign of the device switching to the “ON” mode.
To prove the fact that the increase in source-drain resistance (with gate range
from 0 to —1.84 V) is a result of mechanical deformation and not of the tuning
of the Fermi energy due to the field effect, the back-gate voltage was further
increased to —2 V. After this the gate-drain current value increased linearly from
~ —0.6 nA to —1.7 pA, which means the device is in stable “ON” mode. Even
after that, the increased resistance of the suspended part remains at the same
value (does not decrease to the initial value before gating/bending). It is a sign
of the deformation effect, since the influence of the electric field does not affect
the nanoribbon anymore. AFM image and height profile of the bent nanoribbon
in “ON” mode are presented in Figures 7.16b and c, respectively.
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To investigate the strain-induced rearrangement of the electronic properties
after bending the nanoribbon to the gate contact, magnetotransport was remea-
sured in “ON” mode at a fixed voltage on the back gate of —2 V. The longitudinal
sheet resistance as a function of a magnetic field is presented in Figure 7.17. It is
clearly seen, that R, (Q/0) value of the supported part remains unaffected by the
gate voltage, while the suspended part reveals an increase in resistance (3.84%)
in comparison with the data presented in Figure 7.14a. Following the analysis of
SdH oscillations described above, no difference was found for the supported part
before and after applying gate voltage, as expected. However, the suspended part
exhibits a slight shift of F2,-2V =41.5 T (n35 2., = 1.00 x 10'> cm~2) towards

susp 2D—susp —
lower frequency in comparison with F7,. =458 T (njp,, = 1.11 x 10" cm™?),
as well as F}, 2V =224 T (’I’Léﬁ:ﬁs‘; = 5.38 x 10" ¢cm~2) towards higher value
comparing to F},,, = 13.1 T (nyp e = 3.16 x 10" cm™2), while the third
frequency remains the same F3.~2V ~ F3  All values of the SAH frequencies

susp susp*
and 2D carrier concentrations in relaxed and deformed states are summarized in

Table 7.1.
Table 7.1: Results of the SAH analysis.

State Deformation

Design

“OFF”
(0V)

1.02 x 1012
Supported | Bottom surface - - relaxed
Bulk 1.70 x 10'2

Top surface relaxed

relaxed

(=2V)

1.02 x 1012
Supported | Bottom surface - - relaxed
Bulk 70.6 | 1.70 x 10'2 relaxed

Top surface relaxed

The observed results are consistent with [89, 99], where the tensile strain shifts
the Dirac point towards lower energies, while compressive strain causes a shift
to higher energies. So, the SAH frequencies experience upshift/downshift with
tension/compression of the nanoribbon on the bottom/top surface. The downshift
of F2,?V frequency (top surface states) is attributed to the induced compressive

deformation on the top surface of the nanoribbon. The upshift of F}, ;2" (bottom
surface states) frequency is attributed to the induced tensile deformation on the
bottom surface of the nanoribbon. The fact that the SAH frequency representing

bulk charge carriers remains unchanged after the performed measurements and
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is identical to the value of the relaxed (supported) part, indicates that the NL
is not displaced from the centroid of the nanoribbon cross-section, and there is a
balance of stresses on the top and bottom surfaces, which is a clear sign of elastic
deformation regime. Taking into consideration an elastic deformation regime, the
formula e = t/2R can be used to estimate the amount of nanoribbon deformation.
For a given device, the radius of curvature R = 21.5 um (calculated based on AFM
measurements (Figure 7.16¢)), and therefore the strain ¢ = 0.22%.

After completing the magnetoresistance measurements, the gate swept from
—2 10 0.25 V. The gate-drain current as well as the gate dependence of resistance
for the suspended part are shown in Figure 7.17c. The linear behaviour of
the current-voltage characteristic (IVC), as well as the absence of a change in
resistance during the sweep, indicate that the balance between attractive van der
Waals (Fuaw) + electrostatic (Fe.) and repulsive elastic Fj,s forces is violated
(Foaw + Fetee > Feas), which results in strong attachment of the nanoribbon to
the gate electrode (Figures 7.13b and 7.17¢ bottom inset) [100].
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Figure 7.17: Magnetotransport measurements of the device in “ON” mode (with
a fixed gate voltage of —2 V). (a) The longitudinal sheet resistance R, (€/O)
as a function of a magnetic field for the suspended and supported parts.
(b) Fourier transform power spectra of d?AR,,/dB? (presented in the insets) for
the suspended part. (c) The gate-drain current of the suspended part as a function
of back-gate voltage after magnetotransport measurements. The top inset is R, as
a function of gate voltage. The bottom inset is the schematic of “ON” mode, when
deW + Felec > Felas-

In summary, uniaxial electrostatic bending of the nanoribbon towards the gate
results in compressive strain on the top surface and tensile strain on the bottom
surface, as evidenced by a shift in the SAH oscillations frequencies corresponding
to these surfaces. The bulk frequency remains the same for the supported part,
suspended and suspended deformed parts, which is a sign of the elastic deforma-
tion regime. During the bending process, an increase in the source-drain resistance
of 3.84% was observed. It is associated with the effect of deformation, since after
the switching to “ON” mode the resistance value remained unchanged (Paper VII).
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7.3.2 Applying strain via lattice mismatch

Now mechanical strain applied to BisSes thin films via lattice mismatch between
graphene substrates and BiySes layers will be observed. Although the physical
properties of 2D materials are rather well understood, their wide practical
applications are still challenging due to the extreme sensitivity of these materials
to the substrates they are supported by. Strain is one of the most prominent
phenomena occurring at the interface of the contacting materials, which can
change their band structure. Therefore, strain can be considered not only as
a problem that must be taken into account when designing a device, but also as
an opportunity to tune the properties of the material. As mentioned above, in
the case of topological insulators, theoretical studies indicate that the bulk band
gap and the spin-polarized Dirac surface states can be tailored by strain.

Strain, defined as the lattice parameter deviation of a material from its bulk
value, is quantitatively expressed as ¢ = (a — ag)/ag, where a is the lattice
parameter of the strained material and ag is the value of the bulk. It is most
commonly caused by the lattice mismatch between the deposited material and
the substrate.

Since BiySes is a Raman-active material, Raman spectroscopy can be used as
a powerful and non-destructive tool for the determination of mechanical strain
in this material with micrometric spatial resolution. The correlation analysis of
Raman modes positions can be used not only to separate the impact of strain and
charge carrier density on the phonon spectrum, but also to calculate the absolute
values of these parameters [101]. This fact makes the correlation analysis of
Raman modes a unique tool for studying the properties of materials. In this
work, a systematic study of mechanical strain in single-layer graphene/BisSes
(SLG/BiaSes) heterostructures with different BisSes layer thicknesses, and in
BisSe; films of the same thicknesses deposited on quartz substrates (Q/BizSes)
was performed.

BisSes films of various thicknesses (3—400 nm) were synthesised by the physical
vapour deposition technique (Section 5.1). SLG was synthesised using a First
Nano Easy tube 101 CVD reactor and transferred from copper foil onto quartz
(fused silica) slides by the methyl methacrylate (PMMA) polymer-assisted method.
Raman spectra of SLG, SLG/BisSes and Q/BisSe; structures were obtained at
room temperature, by scanning sample areas of 20 x 20 um? with 785 nm
(for BisSes films) and 473 nm (for graphene) excitation wavelengths and
100x objective. Throughout these measurements the edge filter cutting at
~ 85 cm ™! was used, so only two of the four Raman active modes were observed.

To perform the correlation analysis of BisSes films deposited on quartz and
graphene the experimental Raman datapoints of BisSes were plotted in the
coordinates of a higher frequency mode vs lower frequency mode (A%g Vs Eg)
Figure 7.18a indicates the pronounced scattering of datapoints of the BiySes ultra-
thin films deposited on quartz along the straight lines with the slope ~ 0.85 (this
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value was obtained from a linear fitting of datapoints for BisSes films deposited on
quartz, Figure 7.18a, inset). The deviation of experimental data from their linear
fit is less than 0.5 cm™', which is comparable with the spectral resolution of the
Raman measurements and reveals strong reliability of the claimed dependency.
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ultrathin films deposited on quartz (a) and graphene (b). The inset in panel (a) is
a linear fit of A%g Vs Eg2 dependency for 11 nm BisSes. (c¢) The top view of the
SLG/BisSes interlayer stacking pattern. (d) BigSes strain distribution scheme based
on A%g band as a function of Eg2 Raman band positions scattered along different
slopes. The solid line with the slope of ~ 0.85 corresponds to the hydrostatic strain
of BisSez. The dashed line with the slope of ~ —0.85 corresponds to the biaxial

in-plane tensile strain of BisSes.

The Raman frequency vibrations in topological insulators such as BisSes are
governed by various thickness-dependent factors, including spin-orbit coupling,
charge carrier concentration, and strain. The linear scattering of A%g on Eg2
experimental points is most probably related to the distribution of strain value
in the films. Indeed, for the experimental values of Raman hydrostatic pressure
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experimental data presented above. That scatter of the experimental datapoints
along solid lines with a slope of ~ 0.85 (Figure 7.18a) indicates that BisSes films
deposited on quartz experience strain distributed hydrostatically throughout the
film (i.e. crystal lattices are strained or expanded both in-plane and out-of-plane
simultaneously as it is illustrated in Figure 7.18d). Presumably, this distribution
of the strain may be related to the growth process specifics as different thermal
expansion coefficients of the quartz substrate and PVD-grown BisSes, and Volmer-
Weber thin films growth mode, where growth occurs not layer-by-layer, but by the
formation of separate islands, which subsequently coalesce. Indeed, the Volmer-
Weber growth mechanism of BisSes films leads to the appearance of strain which is
mainly concentrated in the grooves between the grains. In case of strong interac-
tion of the deposited material with the substrate, this type of strain is considered
to be hydrostatic [103].

In contrast to the scatter of the Afg Vs Eg datapoints of Q/BisSez samples, the
scatter of these datapoints for BisSeg thin films deposited on SLG does not show
a pronounced linear shape (Figure 7.18b), but rather the rhomb-shaped spots
with an additional scatter of experimental datapoints along the dashed line with
a negative slope (~ —0.85) are observed. This could be explained by the red-shift
of the in-plane Eg Raman mode positions and the simultaneous blue-shift of the
out-of-plane A%g mode positions, which are related to the in-plane tensile strain,
originating from the lattice mismatch between the SLG and BiySe;. Assuming
the same absolute values of Raman pressure coefficients for both compressive
and tensile strains, in the case of biaxial strain a scatter of the experimental
datapoints along the line with the slope ~ —0.85 should be obtained, in contrast
with the hydrostatic strain (Figure 7.18a). As the hexagonal lattice constant
of the SLG is smaller than BisSes lattice constant (Figure 7.18c¢), the BisSes
epitaxial film should experience in-plane tensile strain and compressive strain
parallel to the c-axis. Indeed, due to the hexagonal honeycomb lattice of graphene
(the lattice constant ag, = 2.46 A), the stacking pattern between single-layer
graphene and BisSes with surface Se atoms in the hollow centres of carbon
hexahedral rings (Figure 7.18¢) has the lowest binding energy and thus is a stable
structure [104]. The relation between BisSes and graphene lattice parameters
reads api,Se; = AGr - v/3. For this stacking order, the lattice mismatch for BisSes
(tensile strain) is 2.9%. Thus, the approach to the separation of the origin of strain
in PVD-deposited ultrathin BisSes films on quartz and SLG substrates based on
the correlation analysis of Raman mode behaviour is as follows (Figure 7.18d):
a scatter of the experimental A}, vs E; datapoints along the solid line with a
positive slope (~ 0.85) is associated with simultaneous compression or extension
both in-plane and along the c-axis (hydrostatic strain), in turn, the scatter of these
datapoints along the dashed line with a negative slope (~ —0.85) is associated with
the biaxial in-plane strain caused by the lattice mismatch of the heterostructure
layers.
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As was appointed above, the Raman technique has an advantage as non-contact
probing of physical properties and provides access to simultaneous measurements
of materials in heterostructures. Therefore, the developed theory of Raman
scattering in SLG allows to calculate the lattice parameter of graphene in studied
heterostructures based on the correlation analysis of 2D and G graphene bands
positions [101]. In its turn, the BisSes in-plane lattice parameter can be calcu-
lated according to the atomic arrangement presented in Figure 7.18c. Thus, the
in-plane strain in BisSes film deposited on graphene can be evaluated.

Using the proposed strain separation method (Figure 7.18d), the phonon
deformation potential (PDP), which quantitively connects strain and Raman shift
can be calculated. For the thinnest BisSez (3 nm) film deposited on graphene,
where the film is fully strained by the substrate and strain considered to be
coherent across the thickness, the PDP will be estimated. This calculation is
based on a simple idea. The in-plane tensile strain in 3 nm thin BisSes associated
with the negative ~ —0.85 slope originates only from the lattice mismatch between
the graphene and BisSes. Therefore, the change in the BisSes lattice parameter
is directly related to the change in the graphene lattice parameter (Figure 7.18c).
Thus, the variation of the graphene lattice parameter can be easily transformed
into variations of the BisSes plane lattice parameters. In combination with the
variations of the A%, and E} shifts, the PDP values of these modes for the BisSes
in-plane strain can be obtained.

For the strain evaluation of the graphene layer in SLG/BisSes heterostructure
with 3 nm thick BisSes layer, Awsp/Awe Raman data differences were plotted
in Figure 7.19a. Two dashed lines with a slope of ~ 0.7 were drawn through the
upper and lower points of the 2D vs G plot to the intersection with the bold
solid line (with a slope of ~ 2.2), representing a fixed biaxial strain in the ideal
graphene [101]), as shown in Figure 7.19a. The strain range variation of the
graphene layer can be calculated by determining the difference Awg between the
intersection points of thin dashed lines (with a slope of ~ 0.7) with the bold solid
line and the G band position for the ideal SLG (Figure 7.19a, purple star mark),
and then dividing the calculated Awg values by the averaged sensitivity factor for
the G band (—69.1 & 3.4 cm~!/%) [101]. Following the strain calculation proce-
dure for the graphene layer in the SLG/BisSes heterostructure described above,
the graphene strain range from —0.165% to —0.078% for the SLG /BisSes hetero-
structure with 3 nm thin BiySe3 layer was determined. The lattice parameter
of the strained graphene ™ was found to be varying from 2.456 to 2.458 A
Using these values, the lattice parameter for the BisSes layer in the SLG/BisSes
heterostructure aji’y,, = a@i™ - /3 was found to vary from 4.254 to 4.258 A,
which equals to the 2.80 — 2.89% tensile strain in a 3 nm thick BisSes film
(afplk,, = 4.138R). A3, vs E2 plot for a 3 nm thick BiySes film deposited on
SLG is shown in Figure 7.19b. The dashed line with a slope of ~ —0.85 indicates
the in-plane tensile strain introduced by the BisSes and graphene lattice mismatch
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and is associated with the blue and red shift of A}, and E modes, respec-
tively. Raman shifts AE? and AA?, estimated from Figure 7.19b are equal to
0.68 and 0.62 cm ™!, respectively. This results in PDP values for biaxial in-plane
strain for 3 nm thin BiySes film deposited on graphene of —7.64 cm~!/% for
the in-plane mode and —6.97 cm~!/% for the out-of-plane mode. The obtained
results are in good agreement with values reported in the literature [105, 106],
but obtained by different methods (Paper II).
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Figure 7.19: (a) 2D vs G dependency of the graphene layer in SLG/BisSes (3 nm)
heterostructure. The purple star mark is the position for unstrained and undoped
graphene. The bold solid line (with a slope of ~ 2.2) passing through the purple star
mark is responsible for the biaxial strain in the ideal graphene. The bold dashed line
(with a slope of ~ 0.7) passing through the purple star mark is responsible for the
charge carrier concentration in the ideal graphene [101]. The dashed lines (with a
slope of ~ 0.7) parallel to the bold dashed line are responsible for the charge carrier
concentration with fixed biaxial strain. (b) A%g Vs Eg dependency for 3 nm BisSes
film deposited on graphene. The solid line (slope ~ 0.85) is related to the hydrostatic
strain distribution. The dashed line (slope ~ —0.85) is related to the strain caused
by graphene (lattice mismatch).

In summary, despite the improved charge transport properties of strained nano-
ribbons and thin films, their use in single-electron devices is still challenging
and requires sophisticated designs and complex fabrication processes. However,
the results presented above in the case of bent nanoribbons may find applica-
tion, for example, in nanoelectromechanical switches operating in low tempera-
tures, which is suitable for cryogenic mechanics [107], quantum computing [108]
and space applications [109]. In the case of thin films, graphene/BisSes hetero-
structures are excellent for applications, where an electrically conductive substrate
is required (for example electronic [110], spintronic [111], and even domestic waste
heat conversion [112] applications can be realised based on graphene/TI hetero-
structures).



8 Suppression of bulk conductivity
in Tls via compensation doping

The bulk conductivity of TIs can be successfully suppressed by introducing
chemical compensating dopants into nanostructures. One of the ways to suppress
bulk defects in TIs is to compensate doping by growing ternary or quaternary
components like (Bi;_,;Sb, )2 Tes or Bis_;Sb,; Tes_,Se,. Such alloys based on BisSes,
SboTes and BiyTes lead to a significant improvement in the quality of topological
materials, especially in bulk crystals. These compounds are useful for tuning the
bulk defects chemistry of the material, resulting in a decrease in charge carrier
density and suppression of bulk conductivity. In addition, the use of electrostatic
gating helps to further deplete carriers and lower Er towards the Dirac point.

In this thesis, 13 nm thick (Bi;_,Sb,;)oTes films grown by molecular-beam
epitaxy (MBE) on a sapphire substrate, provided by the group of Prof. Xufeng
Kou (ShanghaiTech University, China) were used.

8.1 Structural characterization of (Bi;_,Sb,),Te;
thin films

Despite the ultra-high claimed quality of MBE-grown films, some basic
characterisations were performed before the device fabrication process began.

Figure 8.1a shows a representative SEM image of a (Bij_,Sb,)2Tes thin film.
The thin film exhibits a crack-free, continuous and uniform area over 5 x 5 mm?.
Figure 8.1b illustrates an example of the Raman spectrum of (Bij_,Sh,)sTes.
During these measurements, the edge filter cutting at ~ 85 cm™' was used. So,
only two of the four (Eg and A%g) Raman active modes were observed because
the E; and A} , modes have energies below this limit. However, observed in-plane
E? and out-of-plane A7, modes (the inset shows the displacement patterns of
these modes) designate the high quality of thin films. The thickness (13 nm) and
morphology of the film were obtained using AFM measurements. The representa-
tive AFM image and height profiles are presented in Figures 8.1¢ and d, respec-
tively. An artificial scratch was introduced to determine the thickness.

101
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Figure 8.1: (a) False-coloured SEM image of a (Bij_;Sb;)2Tes thin film on a
sapphire substrate. The thin film exhibits a crack-free, continuous and uniform
area over 5 x 5 mm2. (b) Raman spectrum of a (Bi,_,Sb;)sTes film. The inset
shows the displacement patterns of Eg and A%g phonon modes, which were observed.
(¢) AFM image of a thin (13 nm) (Bij_,Sb;)2Tes film. An artificial scratch was
introduced to determine the thickness. (d) Height profile shown in panel (c).

8.2 Electrical characterization of (Bi;_,Sb,),Te;
thin films

In the case of (Bij_,Sh,)sTes, the substituting of Bi with Sb pulls the Dirac
point of BisTes from beneath the bulk valence band into the bulk band gap
(Figures 1.3b and c). Since BisTes is n-type and SheTes is intrinsically p-type, the
Er in the solid solution of (Bij_,Sb,)sTes with z in the range 0.75 < x < 0.96
is tuned into the bulk bandgap with the sheet carrier density in the order of
~ 1 x10'% cm~2 [65].

Before the fabrication, the sheet resistance of the film Ry = 4 k) per square
area, its sheet carrier density nop = 5.3 x 10'? cm™2 with n-type carriers, and
its Hall mobility a2 200 — 250 cm?(V-s)~! were measured in the Van der Pauw
configuration at 2 K (Figure 8.2). The longitudinal resistance shows the expected
weak anti-localisation dip, but no visible Shubnikov-de Haas oscillations. This
is due to the low carrier mobility, for which the onset of oscillations would be
beyond the available magnetic field range (£ 14 T). The 3D carrier concentration
extracted from the Hall effect data is ~ 3.9 x 10'® ¢cm™3, which is lower than in
BiySes nanoribbons of the same thickness (~ 9 x 10*® ¢cm™3) (Figure 7.4c). Like
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BiySes, this material is easily damaged by heating or etching processes. Figure 8.2¢
shows the carrier density at 300 K measured by the Hall effect on the film between
successive 3-min annealings at increasingly higher temperatures. The annealing
time was chosen to be the same as what one can use to bake the resist layers
for lithography. Figure 8.2c demonstrates that the carrier density remains stable
until at least 90 °C. It starts to increase at 110 and 130 °C, but the relative
change is only a few percent. This means that while one should not bake the
sample repeatedly, annealing it a few times in order to lift off contacts and cure
the etching mask, resist does not significantly degrade the quality of the material.
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Figure 8.2: (a) Magnetoresistance and (b) Hall effect of the (Bi;_,Sb,)sTes film
measured before patterning. Measurements were performed at 2 K. The low-field
(£ 2 T) carrier concentration is 3.9 x 10'® cm™3. (c) The carrier concentration in the
same film at 300 K after successive annealings of 3 min on a hotplate.

The two-carrier analysis (for carriers corresponding to T'SSs and bulk states)
of longitudinal Gz, and transverse G, magnetoconductance was also carried out
(Figure 8.3a and b). The parameters n; = 1.8x10"2 em~2 and p; = 711 em?(V-s)~!
correspond to charge carrier density and mobility of surface states, and
no = 3.2 x 102 em™2 and py = 467 cm?(V-s)~! correspond to the bulk. The
obtained carrier concentrations in good agreement with results reported in the
literature (n =~ 2 x 10" em™2 and p ~ 500 cm?(V-s)~1) [28]. WAL cusp was fit-
ted with the Hikami-Larkin-Nagaoka (HLN) curve (Figure 8.3c). In the result, a
pre-factor @ = —0.97 was obtained, indicating two conducting channels (T'SSs and
bulk). The value of electron coherence length L, = 76 nm at 2 K was extracted.
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Figure 8.3: The two-carrier analysis of G, (a) and G4, (b) magnetoconductance for
a 13 nm thick (Bi;_,Sb,)2Tes film, respectively. (¢) WAL cusp with HLN fit, revealing
a pre-factor a = —0.97, indicating two conducting channels, and L, = 76 nm.



9 Single-electron transport: towards
T1 single-electron charge pump
9.1 BIQSGg SET

Nanoribbons with a thickness of 10 — 15 nm are most favourable for device
fabrication due to the ability of efficient tuning of the Fermi energy, however, top
etching of such a thin material leads to complete destruction and makes the device
non-conducting. Thus, to create tunnelling barriers, between which a quantum
dot could be formed, the BisSes nanoribbons are constricted only along their
width were used for the fabrication of SET devices. The typical constriction sizes
that were achieved using this method were 40 — 50 nm in width and 80 — 100 nm
in length (Figure 9.1a)0.
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Figure 9.1: (a) False-colour SEM image of a quantum dot device patterned in a
BisSes nanoribbon. The left barrier is 40 nm wide and 80 nm long. (b) The differential
conductance map of the device taken at 300 mK. (¢) The conductance curves reveal
a kink (non-linearity) feature that becomes pronounced at higher gate voltages and
indicates the onset of a quantum dot behaviour.

Figures 9.1b and ¢ show the differential conductance map measured at 300 mK
in the *He cryostat of the device shown in panel a. In this experiment, the gate
voltage was applied through the back of a Si/SiOy substrate. For two similar
devices with a constriction width of 50 nm or less, the appearance of non-linearity
in the IV curves/differential conductance was observed at low bias voltage. For
the sample with the narrowest barriers, shown in Figure 9.1a, an enhancement
of these non-linearity features was noted near —37 V. This indicates the onset of
the Coulomb blockade in the device. However, the resistance of the devices was
typically in the 10 — 20 k) range (at zero back-gate voltage), which is still below
the Ry ~ 25.8 k(2 per barrier, required to observe a single-electron transistor
behaviour. Other devices with constrictions wider than 50 nm showed fully linear
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IV curves. This suggests that if the non-linearity feature is observed due to the
Coulomb blockade, the constrictions need to be made longer than 80 nm and/or
narrower than 50 nm to achieve a fully developed Coulomb blockade regime.

9.2 (BllfISbI)QTe?) SET

Single-electron transistors based on a 13 nm thick (Bij_,Sh,)sTes film grown
by MBE on a sapphire substrate were also fabricated. SEM image of the device
is shown in Figure 9.2a. It is a 150 nm wide by 1.3 gm long nanoribbon, in which
two constrictions (170 nm in length and 22 nm in width) were made. These
constrictions serve as tunnelling barriers to define a central island of 100 nm in
length, where a quantum dot should form. To tune the charge state inside the
quantum dot, a plunger (side) gate electrode was also fabricated from the film
material during the same fabrication (lithography) step (Figure 9.2a).

The electron transport properties of the devices were measured in a 3He/*He
dilution refrigerator with a base temperature of 20 mK. Figure 9.2b presents a
colour plot of the differential conductance dI/dV of the device pictured in panel a,
plotted against source-drain voltage V' (measured in the 4-points configuration)
and the applied gate voltage V. It exhibits small diamond-like regions near zero
bias, in which the conductance of the device is strongly attenuated. The diamonds
have a regular periodicity AVg = 15.2 mV in gate voltage, but have a width in
source-drain voltage that varies smoothly from diamond to diamond. Outside of
these regions, the conductance background is mostly constant in this range and
has a value around one-half of the quantum conductance Gy = ¢2/h, where e and
h are respectively the electron charge and the Planck constant.

These diamond features are typical manifestations of the Coulomb blockade,
which indicates charging effects occurring in a region of the device that behaves
as a quantum dot (Section 3.1). The size of the dot can be estimated from the
diamond periodicity in gate voltage as follows. First, the gate capacitance can
be calculated from the diamond periodicity as Co = e¢/AVy = 11 aF. Then,
the effective size of the dot can be roughly approximated to an isolated disk
of radius R, for which the capacitance is given by Cg = 8cpe,. R, where gq is
the permittivity of vacuum and e, ~ 5.5 is the relative permittivity of the gate
dielectric. The latter value is taken as the average permittivity of vacuum (g, = 1)
and the sapphire substrate (e, ~ 10). This yields a radius of R = 27 nm, which
is consistent with a dot being formed in the central island. The obtained effec-
tive size of the quantum dot is smaller than the actual size of the island, but
significantly exceeds the actual size of the constricted region. This discrepancy
can be explained by the approximation of the rectangular shape of the island to
the disk, as well as by the native oxidation of the TI material and possible damage
to the side edges of the film during etching. Also, the value is likely underesti-
mated though, as the formula does not take into account the screening effects of
the leads nearby, which also contribute to the measured value.
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Figure 9.2: (a) False-coloured SEM image of the BST single-electron transistor on
sapphire. (b) A small-scale differential conductance map of the same device at 20 mK,
showing the Coulomb diamonds. The dotted white lines indicate the slopes used
for estimating the capacitance of the barriers. (c¢) The same conductance map on a
larger gate and voltage scale, the dotted square indicates the diagram region shown in
panel (b). The colour scale is shared for both plots. (d) Zero-bias conductance curve
as a function of gate voltage from the same data set as (c), with the normalized peak
spacing distribution of the small diamonds in the inset. The red curve is a Gaussian
fit with a mean value of AVg = 15.2 mV, and a standard deviation ¢ = 2.6 mV.

The tunnelling capacitance of the barriers Cr can also be obtained from the
slopes of the diamond using Cr = Cg(dVg/dV+1/2), where dV/dV is the slope of
the diamond boundaries (white lines in Figure 9.2b). This yields Cr ~ 310 aF for
both constrictions because the diamond pattern is symmetrical around V' =0 V.
Lastly, the charging energy of the QD E, = €2/2Cx, = 0.13 meV was calculated,
where Cyx, = 2C7 + Cg = 631 aF is the total capacitance of the island.
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As mentioned earlier, the width of the diamonds is modulated in source-drain
voltage, which becomes more visible when scanning over a wider range of gate
voltages, as shown in the map presented in Figure 9.2c. The measurement reveals
that the diamond width varies in a smooth but aperiodic manner that is very
reminiscent of a beating pattern. The corresponding zero-bias conductance curve
as a function of gate voltage is plotted in Figure 9.2d and exhibits a series of
broad peaks with irregular spacing. These peaks correspond to the points where
the large modulation patterns close in the map (Figures 9.2c and d). Additionally,
a small 15 mV Coulomb oscillation from the island dot is superimposed.

The observed beating pattern can be explained by considering multiple quantum
dots in series. The typical size of these features in gate voltage is 150 — 250 mV,
which suggests that these dots should be small, about 3 — 5 nm in radius using
the same formula as for the island capacitance. This is consistent with additional
dots being formed in the barriers. For a Coulomb peak to be visible, all the
dots must be in or near the tunnelling state at a given value of Vi;. This also
results in the extinction of all the other peaks, as the current cannot flow if one
or more dots are in the blockade regime. Lastly, as the Coulomb oscillation from
the central island seemingly has a much shorter periodicity than the width of
these peaks, it does not lead to extinction but strongly modulates the pattern. In
earlier studies, this phenomenon was called “stochastic Coulomb blockade” and
was attributed to the different capacitances C; and Cy for quantum dots. Unless
the ratio C/Cy is negligible, this results in both the peak-to-peak spacing and the
activation energies of the conductance at the peaks that persist are random [113].

How the dots themselves are formed, can be understood by considering the
band structure of the TI. In the leads and the island, the linear dispersion of
the surface states makes the Dirac electrons effectively massless, thus insensitive
to localization by defects or local electric fields thanks to Klein tunnelling (the
absence of normal backscattering of electrons even under the case of potential
barriers). However, in the constrictions, the size-induced quantization opens a
gap (A) at the Dirac point (Section 2.8). In the absence of magnetic fields and
for a cylindrical nanowire of equivalent radius R = 10 — 15 nm, value A is given
by 2hvpl/R =~ 20 — 25 meV, where vp ~ 4.3 x 10° ms™! is the Fermi velocity
in BST, and ! = 1/2 is the angular momentum of the lowest-lying sub-band. It
is not negligible, and results in a band curvature that makes the Dirac electrons
massive again in the constrictions. As a consequence, these regions can act as
tunnel barriers due to the suppression of Klein tunnelling, and be used to define
a dot in the central island. This comes with a trade-off though, as it also enables
again trapping by charge puddles or conductance-limiting segments, which can
cause the formation of quantum dots in narrow semiconductor nanowires [114].

As the different possible mechanisms have different sensitivities to magnetic
fields, the effect of an out-of-plane field B on the Coulomb blockade features was
also investigated (Figure 9.3).
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Figure 9.3: (a) Small conductance maps for a perpendicular field of 3 and 8.5 T,
respectively. (b) Zero-bias conductance of the device for several values of the out-of-
plane magnetic field. The curves are offset from the lowest to the highest field for
clarity. The inset shows the mean peak spacing for the island dot (15 mV oscillation)
as a function of a magnetic field. Error bars represent one standard deviation.

To see whether the Coulomb diamond patterns are affected by the field, smaller
conductance maps for several values of the field were measured, two of which
are shown in Figure 9.3a. In these maps, the larger patterns change drastically
in shape and periodicity upon applying the field. The zero-bias traces of these
maps, plotted in Figure 9.3b, reveal that the amplitude of individual peaks is
erratically affected by the field. The series arrangement of the dots makes it
difficult to disentangle effects. The presence of quantized dot levels is known
to be affected by magnetic fields either through orbital or Zeeman shifts [115],
which could lead to attenuation if the peaks from both barriers become out of
tune. Another possibility is that the dot formation mechanism is interference-
based, such as a mesoscopic Coulomb blockade, in which the conductance of the
peaks can be attenuated through weak-(anti)localization [116]. In contrast, the
oscillations related to the central dot are still visible at all fields in the maps and
in the zero-bias curves. Their periodicity and regularity seem to be preserved,
which is also seen when plotting the evolution of mean peak spacing AVg with
a magnetic field, in the inset of Figure 9.3b. This suggests that the central dot
behaves in a more conventional way.

The evolution of the zero-bias conductance at Vi = 0, which is presented in
Figure 9.4a for several values of the temperature was also investigated. For these
parameters, the conductance is almost equal to that at V > ¢/Cys, meaning that
the three dots are simultaneously in the tunnelling state. At 20 mK, a broad zero-
field peak was observed, that seems to reduce upon increasing the temperature,
as well as conductance fluctuations for |B| > 2 T. These are not exactly periodic,
but reproducible for consecutive magnetic field sweeps, and weakly affected by
increasing the temperature from 20 to 400 mK. The patterns do change if the
charge inside the dot is changed either by the gate voltage or by the electrostatic
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background though. Lastly, all these features vanish as the voltage is increased
further away from e/Cy, meaning that they are related to the occurrence of
the Coulomb blockade and do from the magnetoresistance in the portion of the
TT nanowire that is measured in series. On top of these, one can observe a small
weak anti-localization peak in the range where |B| < 250 mT, which is also
observed in the film before patterning (Figure 8.2a). A possible cause for this,
is universal conductance fluctuation (UCF) inside the dot, in a similar fashion
to what has been observed in gate-defined dots in 2D electron gases [117] and
graphene billiards [118]. As sketched in Figure 9.4b, when an electron enters a
dot, it can scatter elastically at the boundaries or on impurities multiple times
before exiting, which results in a chaotic motion. If there is an out-of-plane
magnetic field, a magnetic flux is threaded through the area A enclosed by these
scattering paths, along which the electron acquires a finite Aharonov-Bohm phase.
This leads to an oscillation of the conductance with a periodicity AB = ¢o/A,
where ¢ = h/e is the fundamental flux quantum. All of these paths contribute to
the conductance with a different periodicity, the sum of which leads to aperiodic
but reproducible fluctuations with the magnetic field.
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Figure 9.4: (a) dI/dV of the device at Vg = 0 and 7" = 20 mK, showing
UCF superimposed on a decreasing magnetoconductance background. (b) Schematic
picture of electron trajectories inside the dot, in which electrons are scattered against
edges and impurities and can enclose a finite area.

To summarise, functional TI-based single-electron transistors were fabricated
using a top-down electron-beam lithography approach. The Coulomb diamonds
measured at 20 mK indicate the formation of a QD inside the central island as
intended. However, the opening of the gap in the constrictions that enables to lift
Klein tunnelling and confine electrons also re-introduces trapping mechanisms by
local potential barriers. This leads to the formation of additional small QDs in the
barriers, which strongly influence the transport properties of the device. This is an
intrinsic limitation of the presented approach, but may be mitigated by patterning
shorter or slightly wider constrictions to minimize the chances of forming dots
there. The fluctuations in the conductance of the device with a magnetic field
were also observed, which can be qualitatively explained by a chaotic motion of
the electrons inside the dot. While these results are a promising first step towards
TI-based single-electron sources, the challenges highlighted in the present work
are still to be overcome before successfully realizing such a device (Paper VIII).
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1. The rough-to-smooth transition in the growth dynamic of BisSes nanoribbons
with increasing thickness is demonstrated. The rough growth regime of
ultrathin nanoribbons (less than 15 nm thick) leads to a peculiar surface
morphology, which strongly affects the transport properties of topological
surface states. Magnetotransport measurements of ultrathin nanoribbons
show that the transport features are affected by Altshuler-Aronhov-Spivak-
like coherent orbits at low magnetic fields, while Shubnikov-de Haas oscilla-
tions take over at high fields.

2. Ultrathin nanoribbons (with thicknesses close to 10 nm) exhibit pronounced
conductance oscillations as a function of gate voltage, that can be attributed
to ballistic transport and quantized sub-bands.

3. The tunability effect of Dirac surface states in a suspended BiySes nanoribbon
due to external bending deformation (dynamically introduced by an electro-
static field) is demonstrated. With a dynamic increase in bending, the
Shubnikov-de Haas oscillation frequencies, representing the carriers of the
top and bottom surface states, experience downshift/upshift with compres-
sive/tensile strain, while the bulk frequency remains unchanged.

4. Correlation analysis of vibration modes in physical vapour deposited BisSes
thin films probed by the Raman mapping technique is developed to determine
the type and amount of strain. A BisSes film grown on a quartz substrate,
experiences hydrostatic strain, while the same film deposited on
quartz/graphene experiences additional in-plane tensile strain, originating
from the lattice mismatch between graphene and BisSes, accompanied by
compression in the c-axis.

5. Functional topological insulator (BizSes and (Bij—,Sb,)2Tes)-based single-
electron transistors are fabricated using a top-down electron-beam lithogra-
phy approach. The Coulomb diamonds measured at 20 mK indicate the for-
mation of a quantum dot and single-electron transport through the devices.
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quality thin films grown by the molecular beam epitaxy method. Performance of the best BiSe3 and
SbyTes ultrathin films is tested in the two-leg prototype of a thermoelectric generator.
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1. Introduction and background

Thermoelectric materials and based technologies, enabling the
direct conversion of heat to electricity, are expected to play an
important role in solving one of the biggest global challenges,
which is increase of energy efficiency of domestic and industrial
processes by waste heat capturing and conversion to useful energy.
A simplest thermoelectric generator (TEG) for heat-to-electricity
conversion consists of two semiconductors with different (n- and
p-) types of electrical conductivity, joined at their ends. The per-
formance of thermoelectric materials and devices is characterized
by a dimensionless figure of merit ZT, defined as S?0T/k, where S is
the Seebeck coefficient of the material, o is its electrical conduc-
tivity, T is absolute temperature, and k is thermal conductivity of
the material. S? is usually referred as the power factor (PF) of

* Corresponding author.
E-mail address: donats.erts@lu.lv (D. Erts).

https://doi.org/10.1016/j.mtener.2020.100587
2468-6069/© 2020 Elsevier Ltd. All rights reserved.

thermoelectric material. The common approaches in enhancement
of ZT is maximizing of PF and/or reduction of thermal conductivity
of the material [1]. However, interdependency of electrical and
thermal conductivities hampers breakthrough enhancement of ZT
of materials.

Bismuth and antimony chalcogenides (BiySes, BipTes, SbyTes),
layered narrow—band-gap semiconductors with recently discov-
ered 3D topological insulator (TI) properties [2—4], are widely
known as the best near—room temperature thermoelectric mate-
rials with n-type (Bi,Ses, Bi;Te3) and p-type conductivity, useful for
domestic waste heat conversion applications. These materials
consist of charge neutralized layers (QLs) bonded together by van
der Waals interaction. Each QL is formed by five covalently bonded
atomic sheets (for example, Se—Bi—Se—Bi—Se) and is ~1 nm thick.

Recently, it was predicted that quantum confinement intro-
duced by downsizing of the thermoelectric materials may result in
enhancement of ZT of thermoelectric materials [5,6]. For example,
it has been shown theoretically that the multiple sub-band struc-
ture, small band gap, and vicinity of materials with TI properties to
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a metallic state associated with an electronic topological transition
are responsible for their superior TE performance [7]. Theoretical
calculations performed for TI bismuth chalcogenide films [8,9]
proved that the reduction of the thickness of thin film below 10 nm
will result in noticeable quantum tunneling between the top and
bottom surfaces and inducing of hybridization band gap near the
Dirac point, resulting in improvement of existing ZT of the material
by nearly an order of magnitude due to the disengagement of
electrical and thermal conductivities of this material. At the same
time, the other research groups predicted that the parallel
contributing of coexisting in such TI systems surface and bulk states
to the thermoelectric properties of the Tl material may tend to
cancel each other out, and ZT cannot be enhanced dramatically;
however, some improvement of thermoelectrical properties of
material could still be observed at optimal positions of Fermi levels
[10]. Experimental investigation of properties of nanostructured
materials of the bismuth and antimony chalcogenide family also
showed different results. For example, properties of nanostructured
n-type BiTe showed coexistence of distinct topological quantum
phases in this material resulting on potential decoupling of thermal
and electronic transport properties, which is the fundamentals for
efficient thermoelectrics [11].

On the other hand, while the theoretically proposed thicknesses
for the hybridization gap opening, leading to the disengagement of
electrical and thermal conductivities and consequent improvement
of ZT of the material are below 6 nm and 3 nm for Bi,Se3 and Bi,Tes,
respectively [10], the experimental investigation of grown by mo-
lecular beam epitaxy (MBE) ~5 nm thin (BijSbx),Tes and
~5-30 nm thin BiySe; films did not show any significant
improvement from the bulk values of ZT [12,13]. Regarding Sb,Tes
thin films, while theoretical studies predicted significant sensitivity
of Seebeck coefficient and electrical conductivity of these thin films
to the thickness reduction down to 2 nm, the experimental mea-
surements were performed only for the SbyTes; thin films with
thicknesses down to 30 nm fabricated by atomic layer
deposition and revealed increase of the electrical conductivity but
at the same time decrease of the Seebeck coefficient, resulting to
reduction of thermoelectric efficiency of the material related to the
contribution of surface states [14]. The method for gaining a ther-
moelectrical benefit from the SbyTes; thin film proposed by the
aforementioned research was gapping the surface states and tuning
the charge carrier concentration. However, the theoretically pro-
posed thickness for hybridization gap opening in SbyTes is 4 nm
[10], and, to the best of our knowledge, the experimental research
of the thermoelectric properties of Sb,Tes thin films with thick-
nesses below 30 nm has not been yet performed.

This work is focused on development of a simple and cost-
effective physical vapor deposition (PVD) method of synthesis of
BiySes and Sb,Tes ultrathin films of thicknesses down to 5 nm on
different (natural mica, quartz, graphene) substrates. Mica is
recognized as an excellent non-electrically conductive substrate for
the growth of layered materials as bismuth and antimony chalco-
genides. Mica is a chemically inert substrate with atomically flat
surface ideal for ultrathin films growth by van der Waals epitaxy.
For example, the minimal reported thicknesses of the separate
Bi,Ses nanoplates PVD-deposited on synthetic fluorophlogopite
mica were as small as 2—3 nm [15]. In this work, natural muscovite
mica is used, which is much cheaper alternative to the synthetic
mica. However, the drawbacks of mica substrates for thermoelec-
tric measurements are its relatively high thermal conductivity,
masking the real thermal conductivity of ultrathin films deposited
on its surface. A good alternative to mica substrates for the ther-
moelectric measurements is fused quartz substrates, having low
thermal conductivity. However, deposition of the ultrathin films on
quartz substrates is challenging because of the presence of variety
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of chemical and mechanical defects on its surface. Finally, graphene
is a very attractive substrate for the epitaxial growth of ultrathin
Bi,Ses and SbyTes films because of the small lattice mismatch with
these materials (2.9% [16] and 4% [17] for Bi,Ses and Sb;Tes,
respectively). Moreover, because of high electrical conductance
graphene has a potential to be used simultaneously as the substrate
for ultrathin films deposition and as the electrode for the mea-
surements. Electrical and thermoelectric properties of BiSe; and
Sb,Tes ultrathin films of thicknesses ranging from 5 to 15 nm are
investigated, discussed, and compared with the properties of thin
films grown by the MBE method. Performance of BiSes and Sb,Tes
ultrathin films with the best thermoelectric performance is tested
in a prototype of the two-leg TEG.

2. Results and discussion
2.1. Synthesis

Previously, our group developed the PVD method for the Vol-
mer—Weber growth of Bi,Se; thin films on mica, glass,
and graphene surfaces, using Bi,Se3 compound as a source material
[18—20]. However, the minimal thicknesses of thin films grown by
this method exceeded 50 nm. In this work, to achieve deposition of
thinner thin films, the BiySes source material was replaced with
separate Bi and Se sources. The use of separate sources allowed to
differentiate their evaporation rates by placing them in different
temperature zones as shown in Fig. 1a.

The substrate was placed in the temperature region ensuring
formation of stoichiometric Bi,Ses [18,20]. Presumably, the layer-
by-layer growth of BiySes ultrathin films when separate Bi and Se
sources are used instead of Bi,Sesz powder can be explained by
specifics of evaporation and deposition processes of different
source materials. The evaporation of Bi,Se3 at temperatures above
427 °C has dissociative nature: Bi;Se3 < 2BiSe(gas) + 1/2Sey(gas)
[21]. Because of the higher heat of formation of BiSe (~167 k] mol ')
than BiySes (~140 k] mol ') [22], the adsorbed on the substrate BiSe
molecules diffuse across the surface until they reach the energeti-
cally favorable position. This process results in nucleation and
further growth of Bi,Ses islands [18]. In case of the use of separate
Bi and Se sources, heat of vaporization of Se is nearly five times
smaller than of Bi (37.7 and 179 kJ mol~", respectively) [22]. The
deposition process starts with evaporation and impinging of Se
atoms on the whole substrate surface followed by evaporation of Bi
and formation of the Bi;Se; compound over all the surface of the
substrate. Using this method, Bi,Ses ultrathin films with thick-
nesses 5, 6, and 15 nm on mica substrates were prepared.

For the deposition of Sb,Tes ultrathin films, the source material
was placed in the center of the furnace hot zone (Fig. 1b). The
mechanism of the Sb,Te3 growth differs from that of Bi,Ses, where
Bi is mainly in the atomistic form. The dissociative evaporation of
the Sb,Te; compound can be described by the equation SbyTe; <1/
2Sby(gas) + 3/4Tey(gas) [21]. Because of the high stability of Sbs
tetramers and their lower sticking coefficient to the substrate than
Sb,Tes [21,23], the SbyTes deposition process occurs in three steps.
Initially, the optimal for Sb,Tes; nucleation substrate temperature
must be lower than the threshold for Sb,Tes nucleation (~190 °C),
but high enough to avoid Sb clustering. In the developed synthesis
method, this condition is fulfilled when the temperature in the
center of the quartz tube reaches 405—410 °C and the nucleation of
Sb,Tes on the substrate takes place and may be visually observed.
However, after the nucleation stage the substrate temperature can
be increased by 10—20 °C to improve the SbyTes film quality [21,23].
At this step, the further increase of the temperature in the furnace
tube center up to 415 or 420 °C and consequent increase of the
substrate temperature resulted in formation of 5 nm and 7 nm thin
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Fig. 1. a—b) Schematics of the experimental setup for Bi,Ses (a) and Sb,Tes (b) ultrathin films synthesis; c—f) The SEM (c,d), AFM (e) image and thickness profile (f) of 6 nm thin
Bi,Se; film; g—h) The AFM (g) image and thickness profile (h) of 5 nm thin Sb,Te; film. AFM, atomic force microscope; SEM, scanning electron microscope; RMS, root mean square

roughness.

Sb,Tejs films, respectively. This step is followed by immediate rapid
cooling of the substrate in the inert atmosphere to preserve the
Sb,Tes ultrathin film of desired thickness.

The described methods of deposition of Bi;Se3 and Sb;Tes films
are effective for obtaining of ultrathin films with thicknesses down
to 5 nm on the mica surface (Fig. 1 e-h) and down to 8—10 nm on
fused quartz and graphene substrates (Fig. S1).

2.2. Structural characterization

Low- and high-magnification scanning electron microscope
(SEM) images (Fig. 1c,d; an artificial scratch in Fig. 1c is introduced
for the thickness measurements) show that the obtained ultrathin
films are uniform and fully fused. Surface scans (Fig. 1 e,g) and
thickness profiles (Fig. 1 f,h) performed by the atomic force mi-
croscope (AFM) for 6 nm thin Bi;Ses film and 5 nm thin Sb,Tes film
show that these ultrathin films have smooth surface with the root
mean square roughness (RMS) ~1.4 nm and ~1.7 nm, respectively
(insets in Fig. 1 e,g). Energy-dispersive X-ray spectroscopy (EDX)
measurements of the ultrathin Bi,Se3 and Sb;,Tes films deposited on
quartz substrates confirmed within the standard deviations the
stoichiometric composition (40 [Bi, Sb]: 60 [Bi, Te] at %) of these
films. These results were supported by the X-ray photoelectron
spectroscopy (XPS) analysis and Raman spectroscopy of ultrathin
BiySes and SbyTes films.

An example of XPS spectra of the 6 nm thin Bi,Sej3 film is shown
in Fig. 2 a,b. The XPS analysis showed the presence of Bi and Se in
the material. In high-resolution spectra, the peaks corresponding to
Bi4f7); and Bi4fs), are located at 158.5 eV and 163.8 eV, while the
positions of Se3ds/; and Se3ds); peaks are located at 53.8 eV and
54.6 eV, respectively.

The analysis of the presented in Fig. 2 c¢,d representative XPS
spectra of the 5 nm thin Sb;Tes film showed the presence of Sb and
Te in the material. The detailed study of the spectra revealed the
positions of Sb3ds;; and Sn3ds; peaks located at 529.1 eV and
538.5 eV, respectively, identified as metallic Sb. The analysis of the

Te signal revealed the presence of metallic Te3ds; and Te3dsp
peaks located at 573.2 and 583.6 eV, respectively.

For the both BiSe; and SbyTes ultrathin films, the detailed
analysis of the XPS spectra revealed the presence of peaks related to
the oxidized material. Shoulders in Bi4f spectra located at 159.3 eV
and 164.6 eV (Fig. 2 a) corresponded to the oxidized surface of the
BiySes film. A similar small intensity feature corresponding to
oxidized Se is present in the spectrum of Se3d in the region of 59 eV
(Fig. 2 b). For Sb,Tes, the oxidized Sb peaks located at 530.8 eV (3ds;
2) and 540.2 eV (3d3p;) with the additional peak located at 531.5 eV
corresponding to O1s signal (Fig. 2 c), as well as oxidized Te3ds»
and Te3ds; peaks located at 576.8 and 587.2 eV and Te monoxide
located at 575.0 eV and 585.5 eV (Fig. 2 d) were identified. The
presence of oxidation-related peaks in the XPS spectra of ultrathin
BiySes and SbyTes films is related to the susceptibility of these
materials to rapid oxidation in air [24,25], as the synthesized ul-
trathin films were stored under ambient conditions for several
months.

Chemical composition of the samples based on the measured
XPS deconvoluted peak intensities has been evaluated to confirm
the stoichiometry of the material (Table 1).

Raman spectroscopy of the deposited on different substrates
ultrathin Bi;Ses and Sb,Tes films identified typical characteristic EZg
and Azlg vibration modes appearing at the peak positions of
~130 cm ! and ~173 cm~! corresponding to BiySes (Fig. 3 a), and
~117 cm ™' and ~165 cm ™ corresponding to SbyTes (Fig. 3 b), which
is consistent with the previous reports [26,27]. No significant de-
viations in the positions of the peak maxima were observed.

The X-ray diffraction (XRD) characterization of the ultrathin
Bi,Ses and Sb;Tes films deposited on mica revealed that because of
the very small thickness of the deposited BiySes films, the XRD
diffraction peaks related to both Bi,Se3 and mica are overlapping,
which greatly complicates spectra analysis (Fig. S2), while the XRD
spectra of the ultrathin films deposited on quartz and graphene
substrates allow to distinguish diffraction peaks related to the
reflection planes of BiySes and Sb;Tes. Fig. 4 shows the represen-
tative XRD spectra of 6 nm thin Bi,Ses film and 10 nm thin Sb,Tes
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Fig. 2. Representative deconvoluted XPS spectra of a-b) 6 nm thin Bi,Se; film and c-d) 5 nm thin Sb,Te; film deposited on mica substrates. XPS, X-ray photoelectron spectroscopy.

Z?)I:l:;:rison of the chemical compositions of the Bi,Ses and Sb,Tes source materials and ultrathin films deposited on mica substrates revealed by the XPS measurements.
Chemical element Bi,Ses source material Bi,Se3 6 nm thin film on mica Chemical element Sb,Tes source material Sb,Te; 5 nm thin film
at% at% at% at%
Bi 371 36.7 Sb 416 449
Se 62.9 63.3 Te 584 55.1
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Fig. 3. Representative deconvoluted Raman spectra of a) 5 nm and 30 nm thin Bi,Ses films deposited on quartz substrates, and b) 7 nm and 20 nm thin Sb,Te; films deposited on
mica substrates.

film deposited on graphene substrates. The XRD spectra of thicker absence of peaks characteristic for polycrystalline BiSe3 (015) and

(20 nm) BizSe3 and Sb,Tes thin films are shown for the comparison. (1010) reflection planes for both 6 nm and 20 nm thin films (ref.
The XRD analysis of the BiySes; thin films spectra (Fig. 4 a) code 00-033-0214 [28]). This indicates well-oriented growth of
revealed the presence of peaks related the (003n) group and the Bi,Ses, with crystallographic c-axis oriented perpendicularly to the
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Fig. 4. Representative XRD spectra of a) Bi;Se; and b) Sb,Tes ultrathin films deposited on quartz and graphene substrates. XRD, X-ray diffraction.

substrate surface [20,29]. The intensity ratios for the peaks related
to (006) and (009) reflection planes are 4.2 and 6.3 for the 20 nm
thin film deposited on quartz and 6 nm thin film deposited on
graphene, respectively, indicating a more uniform orientation of
the ultrathin films grown on graphene in comparison with the ul-
trathin films grown on quartz, which is related to the epitaxial
growth [20].

Similarly to the Bi,Ses, the most of peaks presented in the XRD
spectra of the Sb,Tes thin films (Fig. 4 b) were related to the (003n)
group (ref. code 01-071-0393, calculated from ICSD 002084 using
POWD-12++). Besides these peaks, a peak located at 2Theta ~27.7
deg was observed in both Sb,Tes; spectra. This peak may be
attributed to the (222) reflection plane of the Sb,053 oxide (ref. code
01-075-1565, calculated from ICSD 031102 using POWD-12++) and
confirms the XPS data, where slight excess of Sb presented in the
oxidized form on the surface of the Sb,Tes thin film was identified.

2.3. Electrical and thermoelectric characterization

Despite the same deposition method and similar growth
orientation and chemical composition, the in-plane electrical and
thermoelectric properties of the deposited under identical condi-
tions on mica and quartz substrates Bi;Se; and Sb,Tes ultrathin
films differ (Table 2).

As it is seen fromTable 2, the ultrathin films deposited on quartz
are few nm thicker and have higher Seebeck coefficients. However,
because of the higher resistivity of these films, the resulting PF of
these ultrathin films is lower than BiSe3 and Sb,Tes ultrathin films
deposited on mica. The reason for such a difference in properties
may be mechanical and chemical defects of the quartz substrates,
serving as multiple nucleation centers and resulting in formation of
the film having more grain boundaries (boundaries between the
coalesced nanoplates) than the ultrathin films deposited on mica,
which is supported by the difference in intensity ratios of the XRD
peaks, as well as by the previously reported structural investigation
of the thicker films deposited on mica, quartz, and graphene
[18,20]. While measurements of in-plane thermoelectric properties
of ultrathin films deposited on graphene are challenging due to the

high electrical and thermal conductivity of graphene, it is expected
that because of the epitaxial growth they will be similar to the
ultrathin films deposited on mica. Multiple grain boundaries
reduce electrical conductance of the ultrathin films, but at the same
time may serve as energy filters for the charge carriers, which re-
sults in an increase of the Seebeck coefficient. The following sec-
tions of the manuscript are focused on the in-detail investigation of
the properties of showing better thermoelectric performance
BiySes and SbyTes ultrathin films deposited on mica substrates.

2.4. Thickness-dependent electrical properties of ultrathin films
deposited on mica

Fig. 5 a illustrates temperature dependence of the resistivity of
the Bi;Se3 and Sb,Tes ultrathin films. The Bi,Ses ultrathin film with
thicknesses 6 and 15 nm exhibit metallic behavior typical for thin
BiySes nanostructures (Fig. 5 a) [30]. For these thin films, the higher
decrease rate of resistivity of the latter possibly indicates higher
concentration of contributing to the conductivity defects as Se va-
cancies [31]. In turn, the resistivity of the Bi,Ses ultrathin film with
thickness 5 nm reaches its minimal value at temperature 257 K and
then increases with decreasing temperature.

Such upturn in the resistivity of 5 nm thin BiySes film is
consistent with some previous reports related to the opening of an
energy band gap in very thin Bi;Se; samples due to the quantum
confinement effects resulting in reduction of electrical conductance
at low temperatures [32,33]. While the precise determination of
the band gaps of the BiySes ultrathin films was outside the scope of
this work, the relation of the band gap value to the thickness of the
thin film can be roughly evaluated by the estimation of the Fermi
energy and the assumption that in the non-doped semiconductor
the band gap energy approximately equals to the double of it. The
Fermi energy can be estimated from the experimentally deter-
mined Seebeck coefficient by the simplified formula Ez = m?kgT/
3eS [34], where kg is Boltzmann constant, T is the background
temperature, e is the elementary charge, and S is the absolute value
of the Seebeck coefficient. As it is seen from Fig. 6, the Fermi energy
of the BiySes thin films tends to increase with the decrease of the

Table 2
Representative comparison data between the properties of ultrathin Bi,Se; and Sb,Te; films deposited on mica and quartz substrates.
Compound Substrate Film thickness, nm Seebeck coefficient, pv-K~! Resistivity, @-m PF, pW-K2.cm™!
BiySes mica 6 —55 1.23:10°° 246
BiySes quartz 8 -75 1.7-104 033
SbyTes mica 7 132 08-107° 23
Sb,Tes quartz 10 154 2.1:10°° 11

PF, power factor.
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Fig. 6. Estimated values of the Fermi level for deposited on mica substrates Bi,Se; and
Sb,Tes thin films of different thicknesses.

film thickness, proving the influence of the film thickness on the
band gap size.

In contrast with the Bi,Ses ultrathin films, the 5 nm and 7 nm
thin Sb,Tes; showed the semiconductor type of conductivity (Fig. 5
d), with 5 nm thin film showing more pronounced temperature-
dependent increase of resistivity and at a higher rate than 7 nm
thin film. Accordingly to Hinsche et al. [14], such behavior of the
resistivity may be attributed to significant contribution of surface
states to the total conductivity of the thin films, whose hole con-
centration is in the order of 10'® cm~3. Increase of the Fermi level
with the reduction of the film thickness was not observed for the
5—7 nm Sb,Tes ultrathin films, which is in agreement with Oste-
rhage et al. [ 10] which proposed opening of the hybridization gap in
Sb,Tes when its thickness is reduced below 4 nm.

2.5. The Seebeck coefficient and power factor of the ultrathin films
deposited on mica

At 300 K, the Seebeck coefficient of the Bi,Ses ultrathin films
varied from —67 pV K~ for 15 nm thick film to —40 pV K~ for 5 nm

thick film (Fig. 5b). Negative values of Seebeck coefficients indicate
n-type of conductivity of Bi,Ses. The PF calculated for 300 K varied
from 3.4 yW K2 cm ™' for 15 nm thick film to 0.8 pW K2 cm ™! for
5 nm thick film. These values are comparable with the values ob-
tained for the MBE-grown Bi,Ses thin films (S = —85 v K~ and
PF =4 uW K2 cm™! for 15 nm thin film and S = —64.6 uV K~ ! and
PF = 1.4 yW K2 cm~" for 5 nm thin film) [13] and indicate usability
of our PVD method for obtaining of high-quality Bi;Ses ultrathin
films. For the SbyTes ultrathin films, Seebeck coefficients were
positive, indicating p-type conductivity as is expected for this
material. 7 nm thin film showed significantly higher Seebeck co-
efficient than the 5 nm thin film (S = 130 pvV K 'vs.S=82 wv K.
The calculated PF for 7 nm and 5 nm thin SbyTe; films were
23 yW K2 cm ! and 15 pW K2 cm ™, respectively. These values
are comparable with ones reported for ~1 pm thick SbyTes thin
films grown by MBE (S = 130 pV K™, PF = 29 pW K2 cm™ ') [35],
co-evaporation technique (S = 160 pV K™, PF = 20 pW K2 cm™ 1)
[36], and bulk SbyTes; grown by the Bridgman method
(S =79 uv K™\, PF = 30 pW K2 cm™ ') [35]. There is a lack of
experimental data on thermoelectrical properties on the ultrathin
(below 30 nm) Sb;Tes films; however, accordingly to the theoretical
studies, the significant difference in Seebeck coefficients of 5 nm
and 7 nm thin SbTes films may be related to the larger contribution
of topological conductive surface states in thinner films [14]. For
easier reading, Table 3 summarizes Seebeck coefficient and PF of
the thin films obtained in this work and reported by other research
groups, including data for bulk BiSe; and Sb,Te; materials.
Temperature dependence of experimentally determined See-
beck coefficients and estimated PF of Bi;Ses and Sb,Tes ultrathin
films of different thicknesses are shown in Fig. 5 b,c,e,f. All BiSes
films showed quasilinear decrease of the Seebeck coefficient and PF
with the decrease of temperature (Fig. 5 b,c), which indicates
prevailing degenerate electron state [13]. Determined from the
slopes of the PF curves decrease rates showed clear dependence of
PF on the ultrathin films thickness, and ranged from
0.0113 yW cm™! K2 per K for 15 nm thin film down to
0.0038 W cm ™! K2 per K for 5 nm thin film. Lower PF decrease
rates of thinner Bi,Ses films indicate their better applicability for
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Table 3
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Comparison between the Seebeck coefficients and PF of Bi,Se; and Sb,Tes thin films obtained in this work and by other research groups.

Sample Seebeck coefficient, pV-K~! PF, pW-K2-cm™! Research group

5 nm thin Bi,Ses film —40 0.8 this work

6 nm thin Bi,Se; film —55 245 this work

15 nm thin Bi,Se; film —67 35 this work
MBE-grown 5 nm thin Bi,Ses film —64.6 14 Guo etal. [13]
MBE-grown 15 nm thin Bi,Ses film -85 4.0 Guo et al. [13]
Bulk Bi,Se; (Bridgman method) -59 94 Navritil et al. [37]
5 nm thin Sb,Tes film 82 15 this work

7 nm thin Sb,Tes film 130 23 this work
MBE-grown 1 pum thin Sb,Te; film 130 29 Peranio et al. [35]
Co-evaporated 1 pm thin Sb,Tes film 160 20 Huang et al. [36]
Bulk Sb,Tes (Bridgman method) 79 30 Peranio et al. [35]

MBE, molecular beam epitaxy.

wide-range temperature applications. Observed for the considered
temperature range systematic decrease of the Seebeck coefficient
and PF with the decrease of BiySes ultrathin film thickness is
consistent with the previous report on thermoelectrical properties
of Bi;Ses MBE thin films with thicknesses 5-30 nm [13]. It can be
attributed to the increase of the contribution of Dirac-like topo-
logical surface states, whose linear dispersion is not optimal for the
increase of the Seebeck coefficient [13]. The possible measures for
improvement of the power factor of ultrathin films may include
further decrease of the film thickness below 5 nm to completely
gap the surface states, as well as tuning of the Fermi level by
doping. Temperature dependencies of Seebeck coefficient of Sb,Tes
ultrathin films showed slight deviations from linear behavior, but
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their PF exhibited power-law increase (especially for the 7 nm thin
SbyTes film) with the increase of temperature (Fig. 5 e,f). The non-
linear behavior of Seebeck coefficient and PF of ultrathin SbyTes
films is consistent with the remarkable contribution of topological
surface states of the nanoscale SbyTes; with charge carrier concen-
trations in the order 10'®—10'° [14]. However, further experimental
work is required for clarification of the observed dependencies.
Significant increase of the PF of the 7 nm thin Sb,Tes film above the
room temperature makes it attractive for application in thermo-
electrical devices for domestic waste heat conversion.

Showing the best PF Bi,Ses and SbyTes ultrathin films of 15 nm
and 7 nm thickness, respectively, were tested in a prototype of two-
leg TEG as described in the Experimental section.
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Fig. 7. Characterization of load-dependent behavior of the TEG prototype: a) thermally generated open circuit voltage vs. temperature gradient b) output voltage vs. output current;
) output power vs. output current; red triangles represent maximal power for each temperature gradient; d) output power vs. external load.



J. Andzane, A. Felsharuk, A. Sarakovskis et al.

Performance of the TEG prototype was characterized by
measuring the load-dependence behavior [38]. The open circuit
output voltage generated by the TEG showed linear dependence on
the temperature gradient (Fig. 7 a) that can be described by func-
tion Ugye [MV] = 0.2-AT[K]. This result is roughly 2 times lower in
comparison with the Ugpen(AT) function obtained for commercial
thermoelectric module TEC1-12707 (Ugpen[mV] = 53.17-AT for 127
leg couples, which equals Ugpen[mV] = 0.42-AT per one leg pair)
[38]. Most likely, the poorer performance of the demonstrated
prototype in comparison with the commercial device is related to
the heat dissipation at the ultrathin film—mica substrate interface
and in the electrical contacts to the ultrathin films, which should be
optimized in future. The output voltage vs. output current of the
TEG at different external loads and temperature gradients is shown
in Fig. 7 b. Dependencies of output voltage vs. output current are
linear and of equal slope, proving stable operation of the device and
allowing to extract the thermopower and internal resistance of the
TEG from the linear fittings (Fig. 7 b), as well as to calculate the
output power vs. output current (Fig. 7 c¢) and vs. the external load
(Fig. 7 d) (Table 4). It was found that the maximal output power
produced by the TEG prototype shows power-law increase with the
increase of the temperature gradient (Fig. 7 c), which makes these
devices attractive for applications involving low temperature gra-
dients, for example, for domestic waste heat conversion. As the
maximal power generated by the two-leg TEG prototype was in the
range of nW for the nanosized cross-section, the comparison of its
performance with the performance of the commercially available
thermoelectric module was performed per cross-section unit. The
maximal powers per cross-section area generated by the two-leg
TEG prototype and 127 leg couple TEC1-12707 [38] were found to
be 1.2 mW cm 2 and 6.25 mW cm 2, respectively, indicating a
high potential of the demonstrated TEG prototype for further
development and application in domestic waste heat conversion
devices.

As it can be seen from Table 4, the main drawback of the
developed two-leg TEG prototype is high internal resistance in
comparison with the bulk materials because of the very high
length-to—cross-section ratios of the ultrathin films. This puts
limitation to the resistance of the external devices as it is well
known that power transfer between a voltage source and an
external load is at its most efficient when the resistance of the load
matches the internal resistance of the voltage source. However,
such TEGs may find application for powering of potential devices
having the resistance in the range 1-10 kQ as their operation at
such external loads is quite stable (Fig. 7 d). Comparison of the
properties (measured at room temperature) of ultrathin films used
for development of two-leg TEG prototype with the properties of
the thin films used for development of the superlattice-based thin
film thermoelectric modules, capable of producing a cooling flux of
double that of the current state-of-the-art value [39]; however, not
tested under different external loads is shown in Table 5.

As it is seen from the data in Table 5 and also supported by the
research performed by other groups [40], the improvement of the
thermoelectric efficiency of thin films may be achieved by
consecutive deposition of different materials having the same type

Table 4
The main parameters of the ultrathin films—based two-leg TEG prototype.

Temperature Thermopower, Internal Maximal output Optimal load
gradient, K uv/K resistance, Q power, n\W resistance, Q

6 204.9 2195 0.184 2188
9 203.6 2158 0.406 2136
11 205.5 2061 0.666 2057
16 200.6 2081 1316 2087
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Table 5
Comparison between properties of thin films synthesized in this work and reported
by the other group.

Type of the Electrical Seebeck PF, Reference
thin film resistivity, coefficient, PW-K2.cm ™!
HQ-m naes
p-type Bi;Tes/  10.2 238 55 Bulman
Sh,Tes etal. [39]
p-type SbyTe; 7.5 132 23 This work
n-type d-doped 13.7 -276 56 Bulman
BiyTes xSex etal. [39]
n-type Bi,Ses 13 —67 35 This work

of conductivity and similar crystal lattices, which is in the scope of
the following work of our group.

3. Conclusions

In summary, the PVD method for obtaining of Bi,Se3 and Sb,Tes
ultrathin films of thicknesses 5—10—15 nm on different substrates
as mica, fused quartz, and monolayer graphene has been devel-
oped. 5—7 nm thin Sb;Tes films were synthesized for the first time.
Deposited on mica 5—15 nm thin Bi,Ses films and 5—7 nm thin
Sb,Tes films showed thermoelectrical properties comparable with
MBE-grown thin films. 5 nm thin BiySes film showed pronounced
unusual upturn in resistance at temperatures below 257 K. These
results are consistent with recent theoretical research gapping of
topological surface states in BiySes thin films with thicknesses
below 6 nm, which may potentially result in enhancement of
thermoelectrical efficiency of this material. However, the observed
systematic decrease of the Seebeck coefficient and power factor
with the decrease of thickness of the Bi,Ses ultrathin films indicates
necessity of additional downsizing measures for effective
enhancement of thermoelectric properties of this material. In turn,
7 nm thin Sb,Tes film showed significant thermoelectric properties,
which are comparable with 1 um—thick MBE-grown film. Perfor-
mance of 15 nm thin Bi,Ses film and 7 nm thin SbyTes; film was
tested in the two-leg prototype of the TEG. It showed stable oper-
ation under different external loads and temperature gradients and
performance comparable with the commercial thermoelectric
module; however, because of the high internal resistance it was
found useful for powering devices with resistances in the range
1-10 kQ. Potential routes for the improvement of the thermo-
electric performance of the ultrathin films—based TEGs include
replacement of the single ultrathin film with multilayered struc-
tures, the use of substrates with low thermal conductivity, and
optimization of the electrical contacts to ultrathin films.

4. Materials and methods
4.1. Deposition of ultrathin films

The ultrathin films were deposited using a single-zone quartz
tube furnace GCL-1100X (MTI Corp.). Bismuth (Bi) (>99.99%, CAS:
7440-69-9, Sigma Aldrich), selenium (Se) (99+, CAS: 7782-49-2,
Emsure) and antimony telluride (SbyTes) (99.999%, CAS: 1327-50-
0, Alfa Aesar) powders were used as source materials. Evaporation
temperatures were 500 °C for Bi, 480 °C for Se, and 415—420 °C for
SbyTes. The substrate — freshly cleaved natural mica sheets — of
thickness ~60 um (Agar Scientific) or fused quartz 2 cm x 2 cm x
1 mm (Agar Scientific) or grown by chemical vapor deposition and
transferred to the quartz substrate monolayer graphene [29] was
placed downstream from the source materials located in the
central area of the furnace tube. After the placement of the source
materials and the substrate, the furnace tube was ventilated with
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the nitrogen flow and pumped down to the base pressure of 150
mTorr, which was kept constant during the deposition process.
The heating rate of the source materials was 48 "C/min. The
maximal substrate temperature during the deposition process was
400 °C for deposition of BiySes selenide and 220 °C for deposition
of SbyTes. The furnace was held at the maximal source materials
evaporation temperature for 1-3 min for deposition of Bi,Se3 of
different thicknesses, followed by natural cooling down to the
room temperature. For obtaining of the ultrathin SbyTes films,
after reaching the maximal temperature in the center of the
furnace hot zone, the substrate and the source material were
rapidly cooled down by extracting the quartz furnace tube out of
the hot zone of the furnace and simultaneous filling it with ni-
trogen up to the atmospheric pressure.

4.2. Characterization

Morphology, thickness, and structure of the deposited ultrathin
films were inspected using the field emission SEM Hitachi S-4800,
AFM Asylum Research MFP-3D, and X-ray diffraction spectroscopy
(powder diffractometer X’PERT MRD with Cu K, radiation source).
XPS analyses were carried out using the ThermoFisher ESCALAB Xi*
instrument using a monochromatic Al K, X-ray source. The in-
strument binding-energy scale was calibrated to give a binding
energy at 932.6 eV for Cu 2p3); line of freshly etched metallic
copper. The charge compensation system was used on all non-
conductive specimen samples. The surface of each sample was
irradiated with a flood of electrons to produce a nearly neutral
surface charge. The spectra were recorded by using an X-ray beam
size 900x10 pm, a pass energy of 20 eV, and step size 0.1 eV. Data
from all materials have been referenced using the main signal of the
carbon 1s spectrum assigned to occur at 285.0 eV. The carbon 1s
spectrum was collected using high energy resolution settings.
Raman spectra were recorded at the room temperature using
scanning laser confocal micro-Raman spectrometer Confotec NR
500 with 785 nm excitation wavelength, 0.86 mW power, and 100x
objective. The accumulation time of the signal for each spectrum
was 10 s. The laser beam diameter was about 600 nm. Raman
spectra were registered using 1800 l/mm grating, and spectral
resolution ~0.2 cm™~. Throughout these measurements, the edge
filter cutting at ~85 cm ™! was used.

Electrical and thermoelectric characterization: Resistance and
Seebeck coefficients of the ultrathin films were performed using
thermal transport option of Physical Property Measurement System
DynaCool9T (Quantum Design) in 4-point configuration for elimi-
nation of the influence of contact resistance. For determination of
the Seebeck coefficient, the temperature difference between the
sides of the ultrathin films did not exceed 3% from the measure-
ment temperature.

4.3. Fabrication and testing of a TEG prototype

For the fabrication of the TEG prototype consisting of one p-type
and one n-type leg, the 5 mm x 15 mm large stripes of Bi,Ses and
Sb,Tes ultrathin films deposited on mica were used. 5 mm x 5 mm
gold contacts (thickness ~ 100 nm) were deposited over the sides of
the thermoelectric stripes using the thermal deposition method
(SIDRABE SAF EM sputtering vacuum system), leaving
5 mm x 5 mm of the ultrathin film between the electrodes free.
Copper wires were attached to the gold electrodes using electrically
conductive adhesive (EPO-TEK®H20E). Thermally generated by the
TEG prototype voltage was measured using a homemade device for
thermoelectrical measurements [20] under temperature gradients
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from 6 up to 12 K, as open circuit and under different (from 1 kQ up
to 100 kQ) external loads.
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In this work, the Raman spectroscopy mapping technique is used for the analysis of mechanical strain in
Bi,Sez thin films of various (3-400 nm) thicknesses synthesized by physical vapour deposition on
amorphous quartz and single-layer graphene substrates. The evaluation of strain effects is based on the
correlation analysis of in-plane (ES) and out-of-plane (Afg) Raman mode positions. For BiySes films
deposited on quartz, experimental datapoints are scattered along the line with a slope (AMA}Q/A“)EZ) of
~0.85, related to the distribution of hydrostatic strain. In contrast to quartz/Bi,Ses samples, for
graphene/Bi,Ses heterostructures with the same thicknesses, an additional negative slope of ~—0.85,
which can be associated with the distribution of the in-plane (a—b) biaxial tensile strain due to the film—
substrate lattice mismatch, is observed. The algorithm of phonon deformation potential (PDP) calculation
based on the proposed strain analysis for the 3 nm thick Bi,Ses film deposited on the graphene
substrate, where the strain is considered to be coherent across the thickness, is demonstrated. The PDPs
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Introduction

Linear energy-momentum dispersion in graphene and topo-
logical insulators (TIs) has made these materials as well as van
der Waals heterostructures based on them the focus of scientific
interest for the last decade. Various devices for electronic,
spintronic and even domestic waste heat conversion applica-
tions can be realised based on graphene/TI heterostructures.'™®
Although the physical properties of these 2D materials are
rather well understood, their wide practical applications are still
challenging due to the extreme sensitivity of these materials to
the substrates they are supported by. Strain is one of the most
prominent phenomena occurring at the interface of the con-
tacting materials which can change their band structure.”*"
Therefore, strain can be considered not only as a problem that
must be taken into account when designing a device, but also as
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cm™*/% and —6.97 cm~Y/%, respectively.

an opportunity to tune the properties of the material. In the case
of topological insulators, theoretical studies indicate that the
bulk band gap and the spin-polarized Dirac surface states can
be tailored by strain.'*** It was experimentally demonstrated
that compressive strain in the out-of-plane direction reduces
the bandgap of the surface state of Bi,Se; films on epi-graphene
on SiC.” Previously, it was also theoretically indicated that
variations in the concentration of charge carriers caused by
doping and the presence of mechanical strain in TIs can affect
the thermoelectric power of these materials.*

Strain, defined as the lattice parameter deviation of a mate-
rial from its bulk value quantitatively expressed as ¢ = (a@ — a,)/
a,, where a is the lattice parameter of the strained material and
a, is the value of the bulk, is most commonly caused by the
lattice mismatch between the deposited material and the
substrate.'**> However, as the growth of materials is usually
performed at elevated temperatures, the difference in the
thermal expansion coefficients (TECs) of the deposited material
and the substrate is also a source of strain.'® Separation of the
impact and control of strain sources are required for precise
engineering of the physical properties of TI materials.

Besides the measurement techniques commonly applied for
the ex situ and in situ structural characterization of 3D materials
such as X-ray diffraction (XRD) or reflection high-energy elec-
tron diffraction (RHEED), micro-Raman spectroscopy is
considered as a powerful and non-destructive tool for the
determination of mechanical strain in materials with

Nanoscale Adv, 2021, 3, 6395-6402 | 6395
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micrometric spatial resolution.'”” The micro-Raman spectros-
copy technique is especially useful for the structural charac-
terization of graphene and ultrathin films deposited by PVD as
it is not subject to the technical limitations typical of the XRD
and RHEED methods.'®" For example, in the case of graphene
the correlation analysis of G and 2D Raman mode positions can
be used not only to separate the impact of strain and charge
carrier density on the phonon spectrum, but also to calculate
the absolute values of these parameters.?** This fact makes the
correlation analysis of Raman modes a unique tool for studying
the properties of materials.

In Raman spectroscopy, the phonon deformation potential
(PDP) is the quantity connecting strain and Raman shift. It
strongly depends on the thickness of the material, and
sophisticated experiments have been performed to extract this
dependency for bismuth chalcogenides.*** In these studies
strain was introduced via either artificial** or natural bending®
in the transferred film and nanoribbons, respectively; the
Raman shift coefficients were evaluated for thickness in the
range of 79-260 nm, limiting their applicability to the case of
epitaxial ultrathin films. The theoretically estimated value of
PDP for a 2 nm thin chalcogenide film is expected to be ~5
em/%.1

In this work, a systematic study of mechanical strain in
single-layer graphene/Bi,Se; (SLG/Bi,Se;) heterostructures with
different Bi,Se; layer thicknesses, and in Bi,Se; films of the
same thicknesses deposited on quartz substrates (Q/Bi,Se;) is
performed. The methodological approach based on the corre-
lation analysis of the experimental Raman data was applied to
evaluate the nature of strain in the deposited films. To the best
of our knowledge, such a kind of correlation analysis for topo-
logical insulator ultrathin films has been performed for the first
time. In addition, an original method is proposed for esti-
mating the phonon deformation potential in Bi,Se; ultrathin
films based on the correlation analysis approach presented in
this work.

Methods

Bi,Se; films of various thicknesses (3-400 nm) were synthesized
by the physical vapour deposition technique (PVD)"*****” using
a single-zone quartz tube furnace (GCL-1100X, MTI Corp.). SLG
was synthesized using a First Nano Easy tube 101 CVD reactor
and transferred from copper foil (GoodFellow) onto quartz
(fused silica) slides (Agar scientific) by the methyl methacrylate
(PMMA) polymer-assisted method.*® Based on the results of the
structural analysis of graphene performed by the reflection high
energy electron diffraction (RHEED) technique and the results
of the structural analysis of copper foil performed by X-ray
diffraction (XRD) we conclude that the graphene synthesized in
our work can be described as a set of differently oriented
domains with limited azimuthal angle distribution (see ESI
S17). These graphene as well as quartz samples were used as
substrates for Bi,Se; film deposition.

The structure, morphology and stoichiometry of the depos-
ited Bi,Se; films were inspected using a field emission scanning
electron microscope (FESEM), Hitachi S-4800, equipped with

6396 | Nanoscale Adv, 2021, 3, 6395-6402
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a Bruker XFlash Detector 5010 for energy dispersive X-ray
spectrometry (EDS).

Thicknesses of SLG/Bi,Se; heterostructures and Q/Bi,Se;
samples were measured using an atomic force microscope
(AFM), Asylum Research MFP-3D. To measure the thickness of
the films an artificial scratch was introduced. The mechanical
hardness of the tool for creating a scratch exceeds the hardness
of Bi,Se;, but is softer than quartz, which excludes deformation
of the substrate.

XRD patterns of SLG/Bi,Se; were obtained using CuKo
radiation with an Ultima IV (Rigaku) diffractometer (1 =
0.15406 nm). XRD patterns of the copper foil were obtained
using CuKo radiation with a DRON-3 diffractometer (2 =
0.15406 nm).

RHEED patterns of graphene were recorded in a custom-
made (Chalmers University of Technology) pulsed laser depo-
sition system, the base pressure is 2 x 107 mbar and the
electron energy is 30 keV.

Raman spectra of SLG (see ESI S2t), SLG/Bi,Se; and Q/Bi,Se;
structures were obtained at room temperature using a scanning
laser confocal micro-Raman spectrometer, Confotec NR 500, by
scanning sample areas of 20 x 20 pm?* with 785 nm (for Bi,Se;
films) and 473 nm (for graphene) excitation wavelengths and
100x objective. The accumulation time of the signal for each
spectrum was 10 seconds. The laser beam diameter was about
600 nm. Raman spectra were recorded using 1800 | mm " and
1200 | mm™ " gratings, and spectral resolution of ~0.2 cm ™
~1 em™" for Bi,Se; thin films and graphene, respectively.
Throughout these measurements the edge filter cutting at ~85
cm™ " was used.

*and

Results

Bi,Se; thin films with thicknesses 3-400 nm deposited on SLG
and on quartz substrates were found to have uniform distri-
bution of Bi and Se chemical elements over the area of ~100 x
100 mm? at a chemical composition of 40 at% for Bi and 60 at%
for Se, which corresponds to a stoichiometry of Bi,Se;. Fig. 1a
illustrates an example of the EDS spectrum and SEM image of
the 11 nm thick Bi,Se; film deposited on SLG. The XRD spec-
trum analysis of the SLG/Bi,Se; structures revealed the presence
of diffraction peaks related only to the (0 0 3n) family group,
thus confirming the epitaxial growth of the Bi,Se; thin film with
the crystallographic c-axis oriented perpendicularly to the
substrate surface.** The XRD spectrum of the SLG/Bi,Se; het-
erostructure with Bi,Se; thickness of 11 nm and the pole figure
taken from the diffraction maximum (0 0 6) are shown in
Fig. 1b. The pole figure was recorded in a sweep from 0 to 70
degrees. The presence of only one (central) broad maximum on
the pole figure means that the crystals of Bi,Se; are coherently
oriented in the c-direction, revealing good quality of epitaxial
growth. All Bi,Se; films were continuous with the relatively
smooth surface. The representative AFM images and height
profiles of Bi,Se; (11 nm) film deposited on quartz and gra-
phene are shown in Fig. 1c and d, respectively. AFM images of
all samples as well as values of root mean square (RMS)
roughness are presented in ESI S3.7

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Energy-dispersive spectroscopy (EDS) spectrum of Bi,Ses film (11 nm); inset — scanning electron microscopy (SEM) image of Bi,Ses (11
nm) film deposited on SLG; (b) 26 X-ray diffraction pattern of Bi,Ses thin film (11 nm) deposited on SLG; inset —

pole figure along the (0 0 6) plane;

(c) atomic force microscopy (AFM) image of BiSes (11 nm) film on quartz and (d) on graphene with artificial scratches introduced to determine

the thickness; insets — the height profiles of these films.

A typical Raman spectrum of the SLG/Bi,Se; (3 nm) in the
range of 85 to 350 cm ™ for Bi,Se; and of 650 to 3000 ecm ™" for
SLG is presented in Fig. 2a. It should be noted that the D band
intensity of graphene, which is responsible for defects, is at the
noise level before deposition of Bi,Se; films (ESI S2+). And there
is an appearance of insignificant peak D (still close to the noise
level) after the deposition of Bi,Se; films (ESI S471). Two char-
acteristic peaks at ~131 em ' and ~174 cm ™'
correspond  to the in-plane (Ep) out-of-plane
(A3,) vibrational modes of the rhombohedral crystal structure of
BiySe; (Fig. 2a, inset).*® Raman E; and Aj, band mappings

respectively
and

performed for SLG/Bi,Se; and Q/Bi,Se; samples with Bi,Se;
layer thicknesses of 3-400 nm showed Bi,Se; peaks (without
distortion and additional peaks) at each mapping point, which
are well fitted by Lorentzian functions. This fact is consistent
with the XRD data and confirms the uniformity, continuity and
high quality of homogeneous ultrathin Bi,Se; films grown on
graphene and quartz substrates. The representative Raman
mappings for the SLG/Bi,Se; heterostructure with a 3 nm thin
Bi,Se; layer are shown in Fig. 2b and c.
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(a) Raman spectrum of graphene and 3 nm Bi,Ses film synthesized on it; inset — the displacement patterns of phonon modes in the Bi,Ses

structure; (b and c) Raman mapping images of the 3 nm Bi,Ses film with the corresponding histograms (insets): (b) Eé band position; (c) Afg band

position; the colour scales represent the amplitude of measured values.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Discussion

To perform the correlation analysis of Bi,Se; films deposited on
quartz (Fig. 3a) and graphene (Fig. 3b) the experimental Raman
datapoints of Bi,Se; were plotted in the coordinates of a higher
frequency mode vs. lower frequency mode (Afg Vs. Eg)

Fig. 3a indicates the pronounced scattering of data points
(A%, on E; positions) of the Bi,Se; ultrathin films deposited on
quartz along the straight lines with the slope of ~0.85 (this
value was obtained from a linear fitting of datapoints for Bi,Se;
films deposited on quartz, Fig. 3a, inset). The deviation of
experimental data from their linear fit is less than 0.5 cm ™",
which is comparable with the spectral resolution of the Raman
measurements and reveals strong reliability of the claimed
dependency. The Raman frequency vibrations in topological
insulators such as Bi,Se; are governed by various thickness-
dependent factors, including spin orbit coupling,® charge
carrier concentration,® and strain.** The linear scattering of
Afg on E§ experimental points is most probably related to
the distribution of strain value in the films. Indeed, for the

experimental values of Raman hydrostatic
. dwy,
pressure coefficients dP& =268 cm™ GPa' and
r
dwpg . . .
dPg =3.13 cm™ Gpal} their ratio is
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de%x d(uEi -~ hich s i d
ap . & . = 0.856, which is in good agreement
with the experimental data presented above. The scatter of the
experimental datapoints along solid lines with a slope of ~0.85
(Fig. 3a) indicates that Bi,Se; films deposited on quartz expe-
rience strain distributed hydrostatically throughout the film (i.e.
crystal lattices are strained or expanded both in-plane and out-
of-plane simultaneously as illustrated in Fig. 3d). Presumably,
this distribution of the strain may be related to the growth
process specifics such as different TECs of the quartz substrate
(~0.5 x 107° K" (ref. 35)) and PVD-grown Bi,Se; (~11-19 x
107° K" (ref. 36)) and Volmer-Weber thin film growth mode,
where growth occurs not layer-by-layer, but by the formation of
separate islands, which subsequently coalesce.®**** Indeed, the
Volmer-Weber growth mechanism of Bi,Se; films leads to the
appearance of strain which is mainly concentrated in the
grooves between the grains. In the case of strong interaction of
the deposited material with the substrate, this type of strain is
considered to be hydrostatic.*”

In contrast to the scatter of the Aj, vs. Eg datapoints of Q/
Bi,Se; samples, the scatter of the datapoints for Bi,Se; thin
films deposited on SLG does not show a pronounced linear
shape (Fig. 3b), but rather rhomb-shaped spots with additional
scatter of experimental datapoints along the dashed line with
a negative slope (~—0.85) are observed. This could be explained

5) 4784
< 774
1
G
- 1761
u
i
c 1754 o .
o © Graphene/Bi,Se, (3 nm)
174
g Graphene/Bi,Se, (8 nm)
o 1734 Graphene/Bi,Se, (11 nm)
131 132 133 134
Position Ezg, cm’
d)
- %,, <
3 -0.85. %, & 0.85
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> e S
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<
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k=S
®
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o
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Fig.3 The positions of the Afg band as a function of Es band positions for Bi,Ses ultrathin films deposited on quartz (a) and graphene (b); the inset
in Fig. 3a is a linear fit of Afg Vs. Eé dependency for 11 nm Bi,Ses; (c) top view of the SLG/Bi,Ses interlayer stacking pattern. (d) BiSes strain
distribution scheme based on the Afg band as a function of Eg Raman band positions scattered along different slopes. The solid line with the slope
of 0.85 corresponds to the hydrostatic strain of Bi,Ses. The dashed line with the slope of —0.85 corresponds to the biaxial in-plane tensile strain
of Bi>Ses (see the text for more details).
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by the red-shift of the in-plane Eé Raman mode positions and
simultaneous blue-shift of the out-of-plane Afg mode positions,
which are related to the in-plane tensile strain, originating from
the lattice mismatch between the SLG and Bi,Se;. Assuming the
same absolute values of Raman pressure coefficients for both
compressive and tensile strains, in the case of biaxial strain
a scatter of the experimental datapoints along the line with the
slope ~—0.85 should be obtained, in contrast with the hydro-
static strain (Fig. 3a). As the hexagonal lattice constant of the
SLG is smaller than the Bi,Se; lattice constant (Fig. 3c), the
Bi,Se; epitaxial film should experience in-plane tensile strain
and compressive strain parallel to the c-axis." Indeed, due to the
hexagonal honeycomb lattice of graphene (the lattice constant
ag; = 2.46 A), the stacking pattern between single layer gra-
phene and Bi,Se; with surface Se atoms in the hollow centres of
carbon hexahedral rings (Fig. 3c) has the lowest binding energy
and thus is a stable structure.* The relationship between Bi,Se;
and graphene lattice parameters is agi,se, = @grv/3. For this
stacking order the lattice mismatch for Bi,Se; (tensile strain) is
2.9%. The experimental value of lattice parameter ¢ for 11 nm
Bi,Se; film deposited on graphene, extracted from the most
intensive XRD peaks 006 (200 = 18.584°) and 0015 (20y015 =
47.615°) (Fig. 1b), is equal to 28.624 A, which is less than the
lattice constant for the relaxed bulk value (28.636 A).* However,
it is worth mentioning here that the obtained experimental
value may differ from the real crystal lattice parameter. The
accurate evaluation of lattice parameters in our case cannot be
performed because amorphous quartz used as the supporting
substrate for the graphene/TT heterostructure does not possess
any XRD reflections which can be used for the precise posi-
tioning of the sample in the XRD goniometer.

Thus, the approach to the separation of the origin of strain in
PVD-deposited ultrathin Bi,Se; films on quartz and SLG
substrates based on the correlation analysis of Raman mode
behaviour is as follows (Fig. 3d): scatter of the experimental
Afg Vs. Ez, datapoints along the solid line with a positive slope
(~0.85) is associated with simultaneous compression or exten-
sion both in-plane and along the c-axis (hydrostatic strain); in
turn, scatter of these datapoints along the dashed line with
a negative slope (~—0.85) is associated with the biaxial in-plane
strain caused by the lattice mismatch of the heterostructure
layers.

It is important to note here that the scattering of experi-
mental datapoints for thicker Bi,Se; films synthesized on quartz
and graphene substrates retained the claimed behaviour and is
discussed in ESI S5.}

As was pointed out above, the Raman technique has the
advantage of providing non-contact probing of physical prop-
erties and provides access for simultaneous measurements of
materials in heterostructures. Therefore, the developed theory
of Raman scattering in SLG allows calculation of the lattice
parameter of graphene in the studied heterostructures based on
the correlation analysis of 2D and G band positions.* In turn,
the Bi,Se; in-plane lattice parameter can be calculated accord-
ing to the atomic arrangement presented in Fig. 3c. Thus, the
in-plane strain in Bi,Se; film deposited on graphene can be
evaluated. It is worth mentioning that this approach is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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applicable only to thin coherently strained films. Indeed, the
crystal size calculation for 11 nm thick film from the 006 XRD
reflection (ESI S67) is in good agreement with AFM thickness
measurements. Thus, the coherence condition is satisfied.

Fig. 4 shows the dependency of the 2D band on G band
positions for graphene with Bi,Se; ultrathin films of different
thicknesses deposited on it.

It was previously shown that the position of the G band of
graphene does not depend on the wavelength of the excitation
laser," whereas the 2D band has dispersion dPos(2D)/dwy, ~ 100
cm ' eV '.* Considering the nondispersive behaviour of the G
band and using the dispersion together with the known posi-
tion of the 2D band for the ideal unstrained and undoped
graphene excited with 514 nm wavelength, ~2677 cm™" 4
Raman shifts of G and 2D bands (the purple star mark (X =
1577.5 em ™', Y = 2698 cm ")) for the ideal graphene excited
with 473 nm wavelength were obtained.

The Raman band shift related to the biaxial strain in the
ideal graphene with a fixed charge carrier concentration is
represented by the bold solid line (the slope of ~2.2). In turn,
the change of charge-carrier concentration at a fixed biaxial
strain in ideal graphene is represented by a bold dashed line
(the slope of ~0.7).2

It is important to note that the strain and charge carrier
concentration in CVD-grown graphene transferred on the
surface of a solid substrate depend on transfer conditions and

Charge carrier concentration (10" cm?)

3 6 9 1
£
] T |+ A%, on graphens. £
2735 & eroa g
H -1 %
3
A2
I3
3
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o
E
o
o
£
z
"
o
["® Graphene/BizSe; (3nm) | | 2
Graphene/Bi,Se; (8 nm) | | @
2695 F Graphene/BijSe; (11 nm))

15‘76 15‘80 15‘34 15’88 15‘92 15‘96 16’00
Position G, cm"

Fig.4 Position of the 2D band as a function of the G band position for
graphene/Bi,Ses heterostructures with different thicknesses of Bi,Ses
(listed in the inbox) deposited on graphene. The purple star mark is the
position of unstrained and undoped graphene.2*4° The central large
symbols of the same color as the marks of the samples represent the
averaged value for 400 spectra recorded for each sample and its
standard deviation in AG and A2D, respectively. The bold solid line
(with a slope of ~2.2) passing through the purple star mark is
responsible for the biaxial strain in the ideal graphene. Solid lines (with
a slope of ~2.2) parallel to the bold solid line are responsible for the
biaxial strain with fixed charge carrier concentrations. The bold dashed
line (with a slope of ~0.7) passing through the purple star mark is
responsible for the charge carrier concentration in the ideal graphene.
Dashed lines (with a slope of ~0.7) parallel to the bold dashed line are
responsible for the charge carrier concentration with fixed biaxial
strain.

Nanoscale Adv, 2021, 3, 6395-6402 | 6399



ed on 08 October 2021. Downloaded on 3/5/2024 10:03:40 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Pul

(ec)

Nanoscale Advances

may vary from experiment to experiment, and even within the
same sample.>* In accordance with the experimental Raman
data (Fig. 4), SLG from the sample with 8 nm Bi,Se; deposited
on it is the most strained (yellow datapoints); then for the 3 nm
thick film (red datapoints) graphene is slightly relaxed, whereas
for the 11 nm thick film (cyan datapoints) graphene can be
considered as completely unstrained. In compliance with the
atomic arrangement presented in Fig. 3c, the in-plane strain in
Bi,Se; films behaves in the opposite manner (11 nm thick film
on graphene is the most tensile strained, then 3 nm and, finally,
8 nm thick film).

The larger tensile in-plane strain should lead to the larger
red-shift of the E; Raman mode (in-plane vibrations). Indeed,
that kind of a pattern is observed in the experimental data
(Fig. 3b). In line with this logic, the 11 nm thick film on gra-
phene should have the most blue-shifted Afg Raman mode (out-
of-plane vibrations), but the experimental observation contra-
dicts this prediction. This contradiction can be resolved by
taking into account the thickness dependency of the
Aj, position, see the inset of Fig. 4. Indeed, such dependency is
usually observed for Bi,Se; films and explained by mechanisms
other than strain such as charge transfer, spin-orbit coupling,
confinement effect, and intersurface coupling.*** It means that
these mechanisms have a much stronger influence upon the
position of the Afg mode than the strain itself.

Even though the absolute value of the Raman shift cannot be
directly linked to the strain in the films, the deviation of the
strain can be calculated from the approach discussed above. In
the framework of this approach, the distribution of the experi-
mental data points along the negative slope in Fig. 3b should be
associated with the distribution of graphene lattice parameter.

Using the proposed strain separation method (Fig. 3d), the
PDP for the thinnest Bi,Se; (3 nm) film deposited on graphene,
where the film is fully strained by the substrate and strain is
considered to be coherent across the thickness,'?"*** can be
calculated. This calculation is based on a simple idea. The in-
plane tensile strain in 3 nm thin Bi,Se; associated with the
negative (~—0.85) slope originates only from the Ilattice

)
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Fig. 5

View Article Online

Paper

mismatch between the graphene and Bi,Se;. Therefore, the
change in the Bi,Se; lattice parameter is directly related to the
change in the graphene lattice parameter (see Fig. 3c). Thus, the
variation of the graphene lattice parameter can be easily
transformed into variations of the Bi,Se; plane lattice parame-
ters. In combination with the variations of the A7, and E; shifts,
the PDP values of these modes for the Bi,Se; in-plane strain can
be obtained. The detailed step-by-step description of the PDP
calculation is presented below.

For the strain range evaluation of the graphene layer in the
SLG/Bi,Se; heterostructure with the 3 nm thick Bi,Se; layer
such a Aw,p/Awg Raman data difference is plotted in Fig. 5a.

Two dashed lines with a slope of ~0.7 were drawn through
the upper and lower points of the 2D vs. G plot to the inter-
section with the bold solid line (with a slope of ~2.2) as shown
in Fig. 5a. The strain range variation of the graphene layer can
be calculated by determination of the difference Awg between
the intersection points of the lines with a slope of ~0.7 with the
bold solid line, and the G band position for the ideal SLG
(Fig. 5a, purple star mark), followed by dividing the calculated
Awg values by the averaged sensitivity factor for the G band
(—-69.1 + 3.4 cm '/%%). Following the strain calculation
procedure for the graphene layer in the SLG/Bi,Se; hetero-
structures described above, the graphene strain range from
—0.165% to —0.078% for the SLG/Bi,Se; heterostructure with
the 3 nm thin Bi,Se; layer was determined. The lattice param-
eter of the strained graphene ag,> ™ was found to vary from
2.456 to 2.458 A. Using these values, the lattice parameter for
the Bi,Se; layer in the SLG/Bi,Se; heterostructure
Agiyse,® "™ = ag> "My/3 was found to vary from 4.254 to 4.258
A, which is equal to 2.80 to 2.89% tensile strain in the 3 nm
thick Bi,Se; film (aly’k, = 4.138 A). The Af;vs. E plot for the 3
nm thick Bi,Se; film deposited on SLG is shown in Fig. 5b. The
dashed line with a slope of ~—0.85 indicates the in-plane
tensile strain introduced by Bi,Se; and graphene lattice
mismatch, and is associated with the blue and red shift of
Al and E; modes respectively, which is consistent with other
reports.! Raman shifts corresponding to AE; and

178,8- o Graphene/Bi,Se, (3 nm)

<« 178,2

g 177,6 2 =

5

K
177,0

176,44

175,84

Position A?

175,24 I
1321,7 13‘2.0 13‘2,3 13‘2,6 13‘2.9
Position Ezg, cm”’

133,2

(a) 2D vs. G dependency of the graphene layer in the SLG/Bi,Ses (3 nm) heterostructure. The purple star mark is the position of unstrained

and undoped graphene.?*4° The bold solid line (slope ~2.2) is related to the biaxial strain in the ideal graphene. Dashed lines (slope ~0.7) are the
change of charge-carrier concentration while biaxial strain is fixed; (b) Afg VSs. Eé dependency for 3 nm Bi,Ses film deposited on graphene. The
solid line (slope ~0.85) is related to the hydrostatic strain distribution. The dashed line (slope ~—0.85) is related to the strain caused by graphene

(lattice mismatch).
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AA7, estimated from Fig. 5b are equal to 0.68 cm™' and 0.62
em™?, respectively. This results in PDP values for biaxial in-
plane strain for 3 nm thin Bi,Se; film deposited on graphene of
—7.64 cm™ /% for the in-plane mode and —6.97 cm™'/% for the
out-of-plane mode.

Finally, let's compare our findings for PDP in Bi,Se; with the
literature results. In ref. 24 the Aj,, EZ, and Aj, modes are red-
shifted with increase of applied strain and the Raman shift
strain coefficient of the Afg mode is —1.68 cm™ /%, for the 79
nm thick film. A similar value for a 100 nm thick nanoribbon
value has been reported in ref. 25 where the authors found the
PDP (or the Raman shift strain coefficient) of Afg to be —1.78
cm™'/%. As mentioned by the authors of ref. 24 and 25 these
values are already much larger than those reported for bulk
materials,* which implies strong inverse dependence of PDP on
thickness.> Therefore, our results for the 3 nm thick film
correspond to this tendency. Moreover, we evaluated the Raman
shift strain coefficient ofAfg for the 2 nm Bi,Se; thick film based
on the estimated deformation given in ref. 24, which varies with
the film thickness, ~—4.83 cm™'/%. Considering the strong
dependence of PDP (Raman shift strain coefficient) on the
thickness together with 2 times difference in the out of plane
strain for the same applied in-plane stress, e5™@ — 2 x
egniaxial ‘(please see the ESI of ref. 24 and 45), we conclude a very
good correlation of our results with those reported in the cited
literature. It is worth mentioning that in both references
considered, ref. 24 and 25, single spectra have been measured
which may cause uncertainty in the measured value. In
contrast, the proposed approach of strain separation using
datapoint scatter along the straight lines with certain slopes is
more statistically reliable than those presented previously****
since the tensile in-plane strain applied to the Bi,Se; ultrathin
film originates from the lattice mismatch between the film and
graphene, as well as the calculation process uses all data
recorded from a large area by the Raman mapping technique.
The application of the proposed method of PDP calculation
makes it possible to estimate this coefficient regardless of the
deformation type (both under compression and tension) in the
system (Fig. 3d).

Conclusion

The method of separation of two different origins of strain
(hydrostatic and in-plane tensile caused by lattice mismatch)
using Raman data analysis is developed and applied to Bi,Se;
films PVD-grown on quartz and CVD-graphene substrates. All
samples were investigated using the Raman mapping technique
over a 20 x 20 pum?” area. The correlation analysis of A3, and
Eé position modes revealed that films grown on a quartz
substrate experienced a hydrostatic strain distribution, which is
evidenced by the location of A7, vs. EZ points along the line with
a slope of ~0.85 which is in good quantitative agreement with
the ratio of Raman shift hydrostatic pressure induced coeffi-
cients reported in the literature. The Bi,Se; films deposited on
SLG substrates experience additional in-plane tensile strain,
originating from the lattice mismatch between the graphene
and Bi,Se;, accompanied by compression in the c-axis. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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approach for the separation of these two types of strain, based
on the analysis of Afg vs. E:, datapoint scatter, is proposed.
Application of the proposed strain separation approach for the
calculation of phonon deformation potential for the thinnest
Bi,Se; (3 nm) film on graphene, where the film is fully strained
by the substrate and strain is considered to be coherent across
the thickness, is demonstrated. The PDPs for biaxial in-plane
strain of the Bi,Se; 3 nm film in in-plane and out-of-plane
modes were calculated to be —7.64 cm™ /% and —6.97 cm™ /%,
respectively.
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Abstract: The majority of proposed exotic applications employing 3D topological insulators require
high-quality materials with reduced dimensions. Catalyst-free, PVD-grown BiySes nanoribbons are
particularly promising for these applications due to the extraordinarily high mobility of their surface
Dirac states, and low bulk carrier densities. However, these materials are prone to the formation
of surface accumulation layers; therefore, the implementation of surface encapsulation layers and
the choice of appropriate dielectrics for building gate-tunable devices are important. In this work,
all-around ZnO-encapsulated nanoribbons are investigated. Gate-dependent magnetotransport mea-
surements show improved charge transport characteristics as reduced nanoribbon/substrate interface
carrier densities compared to the values obtained for the as-grown nanoribbons on SiO, substrates.

Keywords: Bi,Se3 nanoribbons; ZnO; magnetotransport

1. Introduction

Three-dimensional topological insulators (3D-TIs) are among the major materials
in the class of topological materials. 3D-TIs have attracted significant research interest
due to their unusual surface properties. Carriers originating from topological surface
states exhibit a Dirac cone in the band structure [1] and charge transport via these states is
protected against backscattering from non-magnetic impurities [2,3]. If proximitized with
an s-wave superconductor, superconductivity induced in the topological surface states is
unconventional and predicted to host Majorana fermions [4,5]. The exploitation of these
exotic surface properties is advantageous for a variety of applications, for example, in
topological quantum computing [6], spintronics [7,8], and in the development of new-
concept electronic devices [9]. The surface states of TIs are metallic while the bulk of the
material, which is expected to be an insulator, is highly doped due to the formation of
native defects [10]. This aspect remains the main challenge in accessing the surface-state
charge transport, hampering progress towards the development of applications beyond
fundamental studies.

Owing to their large surface-to-volume ratio, 3D-TI nanowires and nanoribbons are
promising candidates with which to achieve truly topological surface-state-dominated
charge transport without any contribution from the bulk. Their nanosized geometry pro-
vides even more functionalities because of the low number of transport modes [11], which
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is particularly important for probing Majorana states [6]. Remarkable improvements in
material quality have been demonstrated in 3D-TIs doped with native-defect-compensating
substitutions. Nearly insulating bulk with a charge carrier density of ~10!% cm~3 has
been reported in single crystals of BiSbTeSe; [12] (BSTS), but this approach is not fully
successful in nanowires and nanoribbons. Here, precise and reproducible concentrations of
dopants are challenging to obtain, and they are achieved at the expense of charge carrier
mobility [13].

Nanoribbons of Bi;Se3 have been reported to be nearly ideal 3D-TTs, practically with-
out any bulk conduction, and with exceptionally high carrier mobilities [14,15]. However,
BiySes is prone to the formation of surface accumulation layers [16]; this is particularly
evident in thin nanoribbons, where the thickness is comparable with the Debye screening
length [14,17,18]. The majority of the proposed 3D-TI-nanoribbon-based electronic devices
require good tunability of their chemical potential for accessing surface Dirac carriers in
a controlled manner. This can be achieved by employing electrostatic gating techniques.
However, additional trivial carriers with large densities form at the nanoribbon surfaces,
or at the interface with the substrate, which cannot be effectively depleted by common
electrostatic gating techniques. Therefore, more effort is needed to prevent the uncontrolled
formation of surface accumulation layers in Bi;Sez nanoribbons.

The use of surface-capping layers for Bi;Se3 and Bi, Tes has proven to be beneficial
to protect against environmental doping [19] and to probe surface state transport. Widely
used capping layer materials are Te or Se, and the oxide layers of ZnO or Al,O3 [13,20,21],
deposited on the top surface of the material. This allows more efficient electrostatic tuning
of the Fermi level [21], while in the case of Bi;Se; nanoribbons, where the accumulation
layer is formed at the nanoribbon/substrate interface [14,17], other approaches have to
be considered.

In this work, we used atomic layer deposition (ALD) to fabricate all-around ZnO-
capped or -encapsulated Bi;Se3 nanoribbons. The choice of selecting ZnO as an encapsula-
tion layer material was based on the fact that thin layers of high-quality ZnO are possible
to grow at moderate temperatures. This is particularly important for preserving the stoi-
chiometry of BiySes, as elevated temperatures may cause the unwanted out-diffusion of
Se, which increases the doping of the bulk. Comparative magnetotransport studies of
individual encapsulated and as-grown Bi;Se3 nanoribbons from the same batch synthesis
show that the encapsulation layer of ZnO helps to minimize the impact of the accumulation
layer at the nanoribbon/substrate interface and improves the tunability of the chemi-
cal potential using a back-gate. These findings are important for the implementation of
3D-TI-nanoribbon-based topological quantum devices.

2. Materials and Methods

Free-standing Bi,Se; nanoribbons were grown on glass substrates using catalyst-
free physical vapor deposition (PVD). The growth procedure is described in detail else-
where [22]. As-grown nanoribbons were mechanically transferred to prepatterned Si/
300 nm SiO; chips by bringing the chip and the glass substrate into contact with each other.
The glass substrate with the remaining free-standing nanoribbons was then covered with
2 nm of ZnO, using ALD at ~100 °C, in a home-built set-up.

Flakes of hexagonal boron nitride (h-BN) were exfoliated from h-BN single crystals (2D
semiconductors) and transferred to prepatterned Si/300 nm SiO, chips. ZnO-encapsulated
Bi;Se3 nanoribbons were then transferred to the chips partially covered with thin flakes of
h-BN. Standard electron beam lithography processing was used to define electrical contacts
to individual BiySe3 and ZnO/Bi,Se; nanoribbons. After developing the resist, the samples
were etched for 60 s in H,O/HCl/H,0O,/CH3COOH solution [23] at room temperature to
remove the surface oxide layer, and layers of Ti (3 nm) and Au (80 nm) were evaporated
shortly after the etching to ensure formation of ohmic contacts.

Charge transport measurements were conducted in a Physical Property Measurement
System (PPMS) Dynacool, equipped with a 9 T magnet, at a base temperature of 2 K. In
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magnetoresistance measurements, a magnetic field B was applied perpendicularly to the
nanoribbon surface. Electrode pair I'* /I~ (see Figure 2a) was used as the current electrodes
to ensure a uniform flow of current in the nanoribbon, while the remaining electrodes V;
to Vg were employed as the voltage probes. Longitudinal resistance Ryx was recorded
using, for example, electrode pair V3/V7 while the transversal resistance Ryy was measured
across the pair V5/Vj. For this particular nanoribbon device, voltage electrodes V; to V4
are positioned where the nanoribbon is on top of the h-BN flake (~30 nm in thickness),
while the other voltage electrodes are located on the nanoribbon part, which is in direct
contact with the SiO;.

In order to determine whether the ZnO had covered the free standing Bi;Se3 nanorib-
bons, the nanoribbons were transferred to Cu grids and imaged through high-resolution
transmission electron microscope (HR-TEM Technai, Fei, Eindhoven, Netherland).

3. Results and Discussion

Simplified schematics illustrating the free-standing nanoribbons and encapsulation
with a thin ZnO layer are shown in Figure 1a. The HR-TEM studies of the ZnO/Bi;Se3
nanoribbons reveal a crystalline layer, with a thickness of ~2 nm, at the nanoribbon surfaces.
In total, five different nanoribbons of various geometries were examined, and a crystalline
surface layer was formed in all of them. The d-spacing value estimated from the lattice
fringes of BiySez is 0.21 nm, which is in good agreement with the previous studies [22].
The d-spacing value determined for the ZnO of 0.28 nm corresponds to (100) planes of
hexagonal wurtzite [24]. The interface between the BiySe3 and ZnO is separated by a layer
of amorphous material, with a thickness of ~1.5-2 nm. This layer corresponds to native
oxide of BiySe3, BiOx (see Figure 1b), which is always present on surfaces of BiSez [19].

nanoribbons

Figure 1. (a) Schematic representation of catalyst-free PVD-synthesized free-standing BiSe3 nanorib-
bons on glass substrate; (b) false-colored HR-TEM image of a BiSe3 nanoribbon after encapsulation
with a thin layer of ZnO.

One of the fabricated nanoribbon Hall-bar devices used in the magnetotransport
measurements is depicted in Figure 2a. The measured Ryy(B) at zero back-gate voltage is
shown in Figure 2b. In order to minimize the error from misaligned electrodes, the data
were anti-symmetrized as a function of the magnetic field (see inset of Figure 2b). The
Ryy(B) dependences for all the measured nanoribbons were nonlinear. The absolute value
of the slope calculated from the high magnetic field range 7-9 T was always smaller than
the value determined from the 0-2.5 T range. This nonlinearity points to the charge carriers
originating from two or more carrier bands characterised by different densities /mobilities.
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The initial carrier density n3p can be calculated from the low or high magnetic field slope
of Ryy(B) as:

1 _ MRy v 6
nspe dB wy,

Here, t is the nanoribbon thickness, w is the nanoribbon width, wy, is the distance
between the Hall contacts, and e is the elementary charge. The calculated values for the 2D
carrier densities (1yp = n3p-t) from both the 0-2.5 T and 7-9 T regions for the as-grown
and ZnO-encapsulated nanoribbons from the same batch synthesis are listed in Table S1
(see Supplementary Information (SI)). The values estimated from the 7-9 T range are about
20-30% higher than those obtained from the 0-2.5 T range.
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Figure 2. (a) SEM image of a Bi;Sez nanoribbon Hall-bar device; (b) Hall resistance Ryy (B) for the
ZnO/BiySe3 nanoribbon device A3t (see Table S1), measured at back-gate voltage Vg = 0 V. The inset
shows anti-symmetrized Ry, (B) data with linear fit in the 0-2.5 T range (black solid curve), and in
the 7-9 T range (black dashed curve); (c) Hall carrier density of BiySez and ZnO/Bi;Se3 nanoribbons,
plotted versus the nanoribbon thickness. In the case of the ZnO/Bi,Ses nanoribbons, total thickness ¢
is reduced by 4 nm, accounting for the two ~2 nm thick ZnO layers. Gray data points correspond to
the data from [14]; here, the carrier density is calculated from the same magnetic field range (0-2.5 T).

Figure 2c shows the n3p of the as-grown BiySe3 and ZnO/Bi,Se3 nanoribbons, plotted
as a function of the nanoribbon thickness. The data correspond to the values calculated from
the 0-2.5 T range, since in high magnetic fields, some nanoribbons showed the presence of
Shubnikov-de Haas oscillations in Ryy(B), additionally impacting the Ry, (B) dependence.

The charge carrier density n3p for the as-grown BipSe; nanoribbons with thicknesses
of ~30-40 nm is about ~3.5 x 10!8 em~3, and it increases to ~9 x 108 em=3 for the
28-nanometer-thin nanoribbon. This peculiar n3p (t) dependence of the catalyst-free PVD-
grown BiySe; nanoribbons has been reported previously [14]. The increased 3D charge
carrier density for nanoribbons of thicknesses below ~30 nm is due to the accumulation
layer of a large carrier density of ~1.3 x 10! cm~2 (see Table 1), formed at the nanoribbon’s
bottom surface/substrate interface [14]. Figure 2c also includes the values of the carrier
densities reported in [14] (gray points). In this work, the obtained n3p(t) for the as-grown
ribbons is similar to those previously reported in the literature.

The n3p values for the ZnO-encapsulated BiSe3 nanoribbons are close to those deter-
mined for the as-grown nanoribbons with thicknesses of ~30-40 nm, and are also about
~3.5 x 10'8 em 3. A pronounced increase of n3p of the thin ZnO-encapsulated nanoribbons
(t < 30 nm) is not observed, indicating that the overall carrier density in the accumulation
layer could be smaller compared to the as-grown Bi,Se; nanoribbons.

The charge carrier density nyp as a function of the back-gate voltage V, for a 28-
nanometer-thin ZnO-encapsulated BiSez nanoribbon on h-BN is plotted in Figure 3a.
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The applied back-gate voltage directly affects the nanoribbon bottom surface/substrate
interface, and at higher V, values, some parts of the nanoribbon bulk as well. The
slope of the nyp (V) gives an indication of the capacitance of this field-effect device, and
C~ 6.2 x 107% F/m?. In order to effectively deplete the majority of the initial carriers of
~9 x 10" cm~2, one would need to apply approximately twice as high a voltage to the
back-gate, which is not feasible for this device. Nevertheless, the n,p (V) data are helpful
for the study of the properties of the nanoribbon/substrate interface. The Ry (V) data of
the same ribbon reflect the 15p (V) characteristics (see inset of Figure 3a). The absence of
maxima or saturation in the Ry, (Vg) indicates that the Fermi energy Er remained above
the Dirac point in the entire measured V; range. To tune the Ef to the Dirac point, which
is important for accessing the charge carriers exclusively from the surface Dirac states,
ultra-thin (f ~ 10 nm) Bi;Se3 nanoribbons would be needed. Another aspect for improving
the gate tunability is the thickness and permittivity of the gate dielectric, i.e., a thinner
dielectric layer than the 32 nm of h-BN on 300 nm of SiO, could be used (¢ ~ 3-4), or,
alternatively, one could choose a SrTiOj3 substrate, in which the relative dielectric constant
at low temperatures is in the order of 103-10*.

(a) b)20 2 Two-carrier mod., fit &'\(C)
10 ™ € o
* Ry o 6 oBand 1 (Surfaces)
e % Ry % (] oBand 2 (Bulk) o
Y9 115 ole
S ) 2
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o -7 = 10 701 B o
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Figure 3. (a) Charge carrier density np (= n3pt) as a function of the back-gate voltage Vy. Here, nap
is calculated from the anti-symmetrized Ryy(B) data in the 0-2.5 T range. Ryy1 and Ry, represent the
Hall resistances measured using two different pairs of transversal electrodes, on the same nanoribbon.
Black dashed line is the linear fit, and the capacitance estimated from the slope is 6.2 x 1075 F/m?. In
the inset—longitudinal resistance Ryy as a function of the Vj; (b) conductance tensor element Gyy (B)
at different applied Vg, fitted with the two-carrier model, inset shows fitted Gyx(B) curves; (c) from
the two-carrier model extracted parameters of the two bands: carrier densities 711; 115, and mobilities
M1; g2 (in the inset) versus the back-gate voltage. All the data shown correspond to the ZnO/Bi;Ses
nanoribbon A3t.

Since the Ryy(B) curves clearly indicate the presence of charge carriers from several
carrier bands, we analysed the magnetotransport data using the two-carrier model.

Here, the conductance tensor elements Gy, and Gyy as a function of the magnetic field
can be written as [25,26]:

2 2
npy naps
Gy(B)=eB —1L_ 4 202 2
wB) =B T ep 1+ﬁm> (22)
nip M2
Gu(B)=e —EL_ 4 202 2b
xx(B) 1+ u3B2 1+ﬁm> (2b)

with parameters 111, 115 and pq, i representing the carrier densities and mobilities of the
two bands, respectively. Gy, and Gy, from the measured resistances are calculated as:
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Y 2
R/xy + R/xx

R}, is the Hall resistance, corrected considering the geometry of a nanoribbon Hall-
bar device, and is equal to Ryy w/we. R, is the sheet resistance, equal to Rxy w/L. The
calculated conductance tensor elements as a function of magnetic field for different applied
back-gate voltages are fitted with Equations (2a) and (2b) and plotted in Figure 3b. For
the nanoribbon A3t, the extracted value of the charge carrier density of band 1 is 17 =
6.43 x 102 cm~2 and the mobility y; = 3530 cm?/Vs, while the carrier density and
mobility of band 2 are ny = 4.74 x 102 cm~2 and p, = 990 cm?/Vs, respectively. These
parameters of the two bands are similar to those estimated for other ZnO-encapsulated
Bi,Se; nanoribbons (see Table 1).

The extracted carrier density values 17 and 7, of the two bands change with the
applied back-gate voltage. The value 1 scales linearly with the applied back-gate voltage
and is reduced by ~50% at Vy = —100 V. Instead, 5 is practically insensitive to Vg in the
0-—50 V range, while at V, > —50, V starts to decrease more rapidly.

Table 1. Summary of the carrier densities (cm™2) and mobilities (cm?/Vs) extracted from the two-
band analysis and from the SdH oscillations for ZnO-encapsulated BipSe3 nanoribbons on h-BN and
SiO; substrates, and comparison with the literature data (refs. [14,15,17]).

Surfaces (Band 1) Bulk (Band 2) Top Surface * Bulk *
ZnO/Bi;Se3 NR on
h-BN: tNR, NM ny m ny H2 Mo, SdH M3p, SdH
A3t 29 6.43 x 1012 3540 4.74 x 10'2/1.64 x 10'8 930
Alb 35 7.18 x 1012 4700 531 x 10'2/1.52 x 108 2052 2.40 x 1012 1.44 x 108
D3b 34 6.24 x 1012 4800 4.99 x 10'2/1.46 x 10 1350
BizSe; NR on SiO,, 12 12
sample E5 [14] 30 15.0 x 1012 ** 2.40 x 10
BizSe3 NR on SiO,, 12 18
sample BR3-10R2 [14] 63 - 2,50 x 10 1.70 x 10
BizSes NR on SiO;, 79 13.0 x 1012 * 2.90 x 1012 6.60 x 1017
sample E [17]
BizSe3 NR on STO, 9 555 x 1012 1232

sample B51-10 [15]

* Extracted from analysis of the SdH oscillations. ** These values account only carrier density of the nanoribbon
bottom surface/substrate interface.

In what follows, we discuss a possible scenario that would account for this behaviour.
Band 1 is affected by the back-gate voltage much more strongly; therefore, the carrier
density n; can most likely be associated with the surface states. As the nanoribbons are
fully encapsulated by the ZnO protection layer, the mobilities of the nanoribbon top and
bottom surfaces can be expected to have similar values, and carriers from both surfaces
would appear in the same channel (1) of the two-band model. The bulk mobilities are
typically reported to be of much lower values [27], and the y; of 3530 cm?/Vs is more than
three times larger than the value of y,. For nanoribbon Alb, where the 4 is 4700 cm?/Vs,
SdH oscillations with two dominating frequencies are observed (see Figure S2, SI). One of
the frequencies of ~99 T is similar to that observed in the catalyst-free PVD-grown Bi,Se3
nanoribbons, which have previously been reported to represent the surface Dirac states
from the nanoribbon top surfaces [14,22,28]. This gives the carrier density of the nanoribbon
top surface of nys s4;~2.4 x 1012 cm™2. The carriers from the top surface are most likely
insensitive to the back-gate voltage, as the nanoribbon is of a relatively large thickness. The
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References

bottom surface/interface ngs, 1, carrier density at Vo = 0 V would be then 11 — nrg sgpy =~
4 x 102 cm~2, which would not be very different from all the ZnO/Bi,Se3 nanoribbons
transferred onto the h-BN (4.03, 3.84 and 4.78 x 10'2 cm~2 for the nanoribbons A3t, D3b,
and Alb, respectively). These low values corroborate that the ZnO encapsulation of Bi;Sez
nanoribbons mitigates the creation of an accumulation layer.

Band 2 with carrier density 1, can be assumed to correspond to the bulk carriers.
Above —50 V, when the bottom surface/interface carriers are partly depleted, a fraction of
the bulk carriers also starts to be affected by the back-gate voltage, and at Vg = —100 V, the
ny is reduced to ~3.5 x 1012 cm 2. At Ve=0V, the 1 is 4.74-5.31 x 10'2 cm 2 (see Table 1),
and if rescaling to the 3D values: 1.46-1.64 x 10'® cm~3. Peculiarly enough, the second
frequency of the aforementioned SdH oscillations of the nanoribbon Alb (Figure S2, SI),
with the highest yy, gives 1.44 x 10'® cm~3. This value is close to the 3D bulk carrier
densities determined from band 2.

4. Conclusions

To conclude, the application of a ZnO encapsulation layer to topological insulator
BiySe; nanoribbons and the use of h-BN as a substrate help to improve the nanorib-
bon/substrate interface properties. Thin layers of crystalline ZnO have no degrading
impact on the overall transport characteristics of Bi;Se3 nanoribbons. The 3D charge carrier
densities for nanoribbons of different thicknesses are of the same order as the values de-
termined for as-grown nanoribbons with thicknesses of 30-40 nm. The reduced surface
carrier density extracted from two-band Hall analysis points towards a reduction in the
interface accumulation layer when encapsulating BiySe; nanoribbons with a thin ZnO
layer. Moreover, the ZnO-encapsulated nanoribbons show excellent Hall mobility. The
presence of the Shubnikov—de Haas oscillations confirms that the high quality of catalyst-
free PVD-grown Bi,Se3 nanoribbons stays preserved if ZnO is used as an encapsulation
layer. This approach of all-around encapsulation in combination with ultra-thin Bi;Se3
nanoribbons, transferred to mono or few layer h-BN substrates, would be beneficial to
controllably achieve ambipolar transport in Bi,Sej3.
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Synthesis and Properties of Bismuth Selenide Based
Nanolaminates for Application in Thermoelectrics

Jana Andzane,* Andrei Felsharuk, Krisjanis Buks, Anatolijs Sarakovskis, Kiryl Niherysh,

Jevgenijs Gabrusenoks, and Donats Erts

In this work, simple and cost-effective phyiscal vapor deposition method

is applied for deposition of single Bi,Ses, Bi; 925SN0.0755€3, Bi;Se;.975T€q.025
ultrathin films of average thickness 10~12 nm, and for the fabrication of
n-type 5-layer nanolaminates. The rinates are composed from
alternating doped and undoped ultrathin films. Electrical and thermoelectric
properties (Seebeck coefficient, resistivity, electron thermal conductivity,
charge carrier concentration, and mobility) of nanolaminates as well as single
ultrathin undoped and doped films are studied at room temperature under
ambient conditions. Both types of nanolaminates show 75-125% increase of
the Seebeck coefficient accompanied by the 65-85% reduction of the electron
thermal conductivity in comparison with the nanostructured bulk materials of
similar chemical compositions. The mechanisms underlying such improve-
ment of properties of studied nanolaminates in comparison with the nano-

of TE performance of materials is of great
importance for boosting TE technology.
The efficiency of TE materials is deter-
mined by a dimensionless figure of merit
(ZT). In a typical definition, ZT is defined
as S26T- k™!, where S is the Seebeck coef-
ficient of the material, 6 is its electrical
conductivity, T is the absolute tempera-
ture and x is the thermal conductivity of
the material, which is the sum of contri-
butions from charge carriers k. and from
lattice vibrations k;. Expression $%6 is usu-
ally referred as power factor (PF) of the TE
material. The common approaches in the
enhancement of ZT are maximizing of
PF and/or the reduction of thermal con-

structured bulk counterparts are discussed.

1. Introduction

Thermoelectric (TE) materials-based technologies enable
direct conversion of heat to electricity and are expected to play
an important role in waste heat capturing and conversion to
useful energy. The architectures of TE devices are diverse and
include flat bulk devices, thin- and thick-film devices, as well
as flexible TE devices, which are of great importance for devel-
opment of wearable electronics."? However, up to now the
application of TE devices is limited to niche fields due to the
low efficiency of the conventional TE materials. Improvement
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ductivity of the material.’l An effective for
tuning the PF of the TE materials is the
introduction of dopants in it.

Bismuth chalcogenides (Bi,Se;, Bi,Te;),
layered narrow band gap semiconductors with recently discov-
ered 3D topological insulator (TI) properties,*® are known as
one of the best near-room temperature n-type TE materials,
useful for domestic waste heat conversion applications. Despite
the lower TE efficiency of Bi,Se; in comparison with Bi,Te;,
it is significantly less rare, less expensive, and less toxic near-
room temperature TE material. In addition, in contrast with
the Bi,Tes, the growth mechanism of Bi,Se; during the physical
vapor deposition (PVD) allows to synthesize uniform ultrathin
films on fused quartz substrates.”!

Recently, it has been shown that introduction of tellurium
(Te) in the Bi,Se; polycrystalline bulk material may result in
reduction of its thermal conductivity up to 40% depending on
dopant concentration.l®! Introduction of tin (Sn) in concentra-
tion of 3-8% or Te in concentrations 6-50% in Bi,Se; material
resulted also in an increase of the Seebeck coefficient of these
thin films up to 90% and 35% respectively in comparison with
undoped bulk Bi,Se;.*? However, such an increase of the See-
beck coefficient and reduction of thermal conductivity of the
doped material did not result in significant increase of its ZT
of the doped material in comparison with the undoped bulk
due to the simultaneous reduction of its electrical conductance.
However, has been proposed theoretically that introduction of
Sn into Bi,Se; in concentrations 1-2%, or the 0.5% change in
the amount of Te or Se vacancies in the Bi,Se; or Bi,Te; mate-
rial may result in formation of resonant impurity levels (RL) in
their electronic structures near the Fermi level, which hybridize
with the host electronic states, creating a redistribution of the

© 2022 Wiley-VCH GmbH
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electronic states around a valence or conduction band, which
may lead to the enhancement of the Seebeck coefficient without
affecting the electrical conductance of the material, and thus, to
the PF of the material.0-12]

Regarding reduction of thermal conductivity of TE materials,
it was predicted theoretically that a significant decrease of the
thermal conductivity due to the phonon scattering at the bound-
aries/interfaces is expected when the thickness of the material
is reduced down to few tens of nm, as well as when the mate-
rial consists of periodic thin-film structures with in the direc-
tion parallel to the film plane.'>"% Recently, it also has been
shown on an example of Bi,Se; nanowires that downsizing of
the Bi,Se; below 20 nm results in significant suppression of the
bulk conductance of this material ' while further downsizing
of the TE materials-TT below 10 nm was proposed to result
in enhancement of ZT of TE materials due to the opening of
hybridization gap between the surface states.') However,
the experimental investigation of properties of ultrathin films
of bismuth chalcogenide family did not show any significant
improvement from the bulk values of ZT, but at the same time
identified significant sensitivity of Seebeck coefficient and elec-
trical conductivity of these thin films to thickness reduction and
position of Fermi level.”2°22] Also, it has been shown recently
on an example of PbX (X = Se, Te) nanolaminates deposited by
atomic layer deposition method, such structures showed signif-
icant enhancement of ZT in comparison with the single films
due to the enhancement of the Seebeck coefficient and reduc-
tion of thermal conductivity owing to the processes occurring
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at the interfaces between the nanolaminate layers.™ To the
best of our knowledge, the TE properties of multi-layered peri-
odic structures fabricated by PVD and composed of ultrathin
(=10-12 nm) layers of TE materials (nanolaminates) have not
been yet studied. Development of simple and economically
affordable technique as PVD for fabrication of high-quality
ultrathin films based nanolaminates would significantly con-
tribute of the application of such structures at industrial scale.
In this work, the previously demonstrated simple and cost-
effective PVD method for deposition of ultrathin films” is
applied for synthesis of single Bi,Se; ultrathin films doped
with low concentrations of Sn (1.5%) or Te (0.5%) for potential
inducing of the RL in the material, and for the fabrication of
n-type nanolaminates, composed of 5 intermittent doped and
undoped ultrathin (=10-12 nm) layers. Electrical and TE prop-
erties of single ultrathin undoped and doped films, as well as
of 5-layer nanolaminates obtained by consecutively deposited
doped and undoped layers are investigated and discussed.

2. Results and Discussion

2.1. Structural Characterization of Undoped and Doped Single
Ultrathin Films and Nanolaminates

Figure 1 illustrates the representative images of the depos-
ited on quartz substrates Te-doped (Figure 1a) and Sn-doped
(Figure 1b) Bi,Se; ultrathin films. 5-layer nanolaminates were

30 d) 70— iaperizem
500 —— 2layer (13 nm)
450 60 ——31ayer (13 nm)
——4layer (11 nm)
400 £ 504 —5tayer (12nm)
350 B
& 40
300 2
250 230
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0 [ 2 4 6 8
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Figure 1. Representative scanning electron microscopy (SEM) images of 10-12 nm thin a) Te-doped and b) Sn-doped Bi,Se; ultrathin films deposited
on quartz substrates; insets—closer look on the surfaces of these ultrathin films; c) representative atomic force microscopy (AFM) image of the 5-layer
Bi,Se;:Te nanolaminate and d) height profiles of each layer of a 5-layer Bi,Se;:Sn nanolaminate.
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Figure 2. a—d) Representative deconvoluted X-ray photoelectron spectroscopy spectra of Bi,Se; g75Teq 055 and Biy 955N 755€;3 ultrathin films; e) Raman

spectra of Bi,Se; and Bi; 9555n0 0755€;3 ultrathin films.

fabricated by consecutive deposition of 3 undoped (layers No 1,
3, and 5, Figure 1d) and two Sn- or Te- doped layers (layers No
2 and 4, Figure 1d). Depending on the dopant used, the nano-
laminates are further in the text referred to as Bi,Se;:Sn and
Bi,Se;:Te.

The concentration of Sn and Te dopants in the Bi,Se; was proved
by the energy-dispersive X-ray diffraction which showed chemical
composition of doped films within the standard deviation as Bi
(=40 + 4):Se (=60 + 3):Sn (=15 % 0.5)/Te (=0.5 % 0.2) at%. Bi,Se;
ultrathin films doped with 1.5 at% of Sn and ~0.5 at% for Te are
further referred to as BijgysSnggsSe; and BiySe; o75Tegos. The
presence of dopants in the Bi,Se; ultrathin films was confirmed by
complementary methods such as Raman and X-ray photoelectron
spectroscopy (XPS) spectroscopy (Figure 2).

In high resolution Bi 4f and Se 3d spectra of the
Bi;Se;g75Tegps ultrathin film the peak corresponding to Bi
4f;, is located at 1579 eV (Figure 2a), while the peaks Se
3ds; and Se 3ds); are located at 53.4 and 54.2 eV respectively
(Figure 2b). An additional peak in the Bi 4f spectrum located
at 158.9 eV corresponds to the oxidized Bi,Se; arising from the
1-2 nm thin native oxide formed under the air impact.?*l In
turn, two low intensity peaks at 54.2 and 54.8 eV in the Se 3d
spectra (Figure 2b) may be related to selenium in an elemental
or Bi,SeO, environment, while the very low intensity peak
located at 59 eV corresponds to the Se in a SeO, chemical envi-
ronment. The obtained data are in good agreement with the
previously reported XPS measurements of 13 nm thin Bi,Se;
nanosheets.” The high-resolution Te 3d spectrum pointed
to the presence of Te in Bi,Se; (peak located at 572.9 eV cor-
responding to Te 3ds,, Figure 2c), as well as to the presence
of Te in TeO, chemical environment (peak located at 576.3 eV).
The oxidation of the surface of Bi,Se,g5Teg s most likely
is related to the sample handling and storage in the air?’!
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Presumably, the presence of the =1-2 nm thin native oxide on
the surface of ultrathin films has no negative effect on their TE
properties due to the TE properties of these oxides, comparable
with the TE properties the not-oxidized materials.?*?” Based on
the XPS measurements, the chemical composition of the Te-
doped Bi,Se; ultrathin film was determined to be Bi (38 + 4):Se
(=62 + 4):Te (=0.6 % 0.2), which supports the energy-dispersive
X-ray diffraction measurements. XPS analysis of Bi; 955510 755€3
ultrathin film showed the presence of Sn in a concentration =1%
at% (Bi (36 £ 3):Se (64 + 4):Sn (14 0.5). High resolution spectra
of Sn revealed presence of two bands 486.6 and 495.0 eV corre-
sponding to 3ds;, and 3d; ,, respectively. The bands are consid-
erably shifted from the positions corresponding to metallic Sn
(485.2 and 493.9 eV),*®] suggesting that the observed Sn forms
bonds within Bi,Se; structure. In addition, Raman spectra
obtained for Bijgy5Sng¢s5Se; ultrathin films showed left-shift
(Figure 2e) of the Bi,Se; characteristic peaks in comparison
with the typical characteristic E%, and A%, vibration modes of
undoped Bi,Se; appearing at the peak positions =134 cm™ and
=177 cm™ (Figure 2e) and consistent with the previous reports
for stoichiometric Bi,Se; nanostructures.?” The left-shift of
peak positions of Bij gy5Sng g75Se3 in comparison with undoped
Bi,Se; ultrathin films indirectly proves the substitution of Bi
atoms with Sn atoms in the doped material %

2.2. TE Properties of Undoped and Doped Ultrathin Films and
Nanolaminates

Values of the Seebeck coefficient indicate n-type conductivity
of all Bi,Se;-based ultrathin films and nanolaminates (Table 1).
Properties of the Bi,Se; ultrathin film (Seebeck coefficient
—50 uV K7, resistivity 1.2-10° Q m, PF =0.2 mW m™ K?) at
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Table 1. Charge carrier concentration, mobility, electron thermal conductivity, Seebeck coefficient (S), resistivity (p), and power factor (PF) of single

doped and undoped Bi,Se; ultrathin films and 5-layer nanolaminates at 300

K.

Sample n,x10" cm™ 1, cm? Vs K Wm™ KT S, uvk! £,x10°Qm PF, mW m™ K2
Single Bi,Se; ultrathin film 2.35+0.05 32.8+04 0.52 -50+2 1.20 £0.05 0.21+0.02
Single Biy g25Sng 0755€3 ultrathin film 3+0.1 213+0.6 0.82 -70+3 0.75+0.05 0.65+0.03
Single Bi;Se, g75Teg oz5 ultrathin film 28+0.6 N3+£25 0.016 —68+2 39.5£0.05 0.012 £ 0.003
S-layer Bi,Ses:Sn nanolaminate - - 0.176 —124+4 3.10+0.05 0.5+0.03
S-layer Bi,SeyTe nanolaminate - - 0.08 —153+5 6.7+0.05 0.35+0.02
Ref. Bi,Se; pellets sintered from 13 nm thin - - - -105 43 0.25
sheets!l

Ref. Bij 9555N0 075Se3 nanomateriall2‘l 134 239 0.5 -100 16 0.6

Ref. Bi,Se; o75Teq 05 polycrystalline bulkl® 22 209 0.54 74 1 045

room temperature are in good agreement with previously
reported by our group.”) Comparison of the properties of Bi,Se;
ultrathin films with the properties reported for the bulk nano-
structured pellets consisting of sintered 13 nm thin Bi,Se;
nanosheets synthesized by solvothermal method®!! showed
that the Seebeck coefficient of the former is approximately two
times smaller than that of the latter (Table 1). However, the
Bi,Se; ultrathin films also showed significantly lower resistivity
in comparison with these nanostructured pellets, presumably
due to the lower impact of the interfacial charge carrier scat-
tering.*?l This resulted in PF of 0.2 mW m™ K2, which is sim-
ilar to the previously reported for the nanostructured pellets PF
of 0.25 mW m™ K2 (ref. [31], Table 1).

Doping of the Bi,Se; ultrathin film with low amounts of Sn
or Te resulted in an increase of the Seebeck coefficient of the
ultrathin films at room temperature by =40% from 50 pV K
for Bi,Se; ultrathin film to =~70 uV K for both Bi; 955500 0755€3
and Bi,Se; ¢75Teg gp5 ultrathin films (Table 1). Such an increase
of the Seebeck coefficient was accompanied by the decrease of
the resistivity of the BijgysSngsSe; =40% from 1.2-10° Q m
down to 0.75-10° Q m in comparison with the undoped
Bi,Se; film, presumably due to the increase of the charge car-
rier concentration from 2.35-10" cm™ to 3-10" cm™ (Table 1)
as a result of the Sn doping, which was previously observed
also for the Sn-doped Bi,Se; thin films.[¥l This resulted in a
significant increase of the PF of the Bijg)5Sngy5Se; ultrathin
film in comparison with Bi,Se; ultrathin films (0.65 mW m™
K2 versus 0.2 mW m™ K2, Table 1). The increase of the See-
beck coefficient and simultaneous decrease of the resistivity of
the Bijgp55n0 g75Se; ultrathin film may also indicate the forma-
tion of the RL in the Bi,Se; band gap, and thus, optimal Sn
dopant concentration for the enhancement of the PF of Bi,Se;
ultrathin films.

In contrast, despite the increase of the charge carrier con-
centration from 2.35-10" cm™ to 2.8-10" cm™ (Table 1), the
resistivity of the Bi,Se;gs5Teggps increased by =30 times in
comparison with undoped Bi,Se; ultrathin film, resulting
in significant decrease of the resulting PF (0.01 mW m™ K~
for BiySeyqgrsTeggys vs 0.2 mW m™ K2 for Bi,Ses, Table 1).
Such decrease in the electrical conductivity upon introduction
of Te in the Bi,Se; ultrathin film may be related to a signifi-
cant decrease of charge carrier mobility from =33 cm? V' s7!
down to =11.3 cm? V! s7' (Table 1) due to the enhanced
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scattering at the introduced point defects caused by the different
mass and size between Te and Se atoms.[! Comparison calcu-
lated from the experimental data electron thermal conductivi-
ties k, of the single ultrathin films showed that while x; of the
undoped and Sn-doped ultrathin films are close to the values
reported for nanomaterials of the same chemical compositions,
the K, of Bi;Se; g75Teq s single ultrathin film (0.016 W m™ K™)
was =33 times lower in comparison with the x, values for the
Bi,Se; ultrathin film and Te-doped polycrystalline bulk material
(0.54 W m™ K7) (Table 1). Presumably, the lower values of
K. of the Bi,Se;q;5Tegoys in comparison with Bijg,5Sn0755€3
and Bi,Se; ultrathin films may be related to the difference in
morphologies of these ultrathin films (Figure 1a,b), resulting
in more pronounced electron scattering at the boundaries
between the randomly oriented nanostructures, composing the
Bi,Se; g75Teg oz5 ultrathin films.

The 5-layer Bi,Se;:Sn and Bi,Ses:Te nanolaminates showed
an increase of the Seebeck coefficient by 75 and 125% in com-
parison with the single ultrathin films, and significantly higher
in comparison with the Seebeck coefficient values reported
for bulk nanostructured materials of similar compositions
(Table 1). Most likely, the increase of the Seebeck coefficient
is related to the phonon scattering and carrier filtering at the
inner interfaces between the layers in the nanolaminates.’
Simultaneously, the resistivity of the Bi,Se;:Sn nanolaminate
increased by =2 times, while the resistivity of the Bi,Se;:Te nan-
olaminate decreased by approximately five times in comparison
with single doped films (Table 1). Increase of the resistivity of
the Bi,Se;:Sn nanolaminate presumably may be related to the
significant electrical resistance of grain and interlayer bounda-
ries in it In turn, decrease in the resistivity of the Bi,SesTe
nanolaminate may be related to the presence of Te atoms with
low electronegativity at the interfaces between the nanolami-
nate layers as Te atoms preferentially substitute Se atoms in
the outer atomic sheets of Bi,Se; quintuple layers.l23¢ Con-
sequently, the PF of the Bi,Se;:Sn nanolaminate was found to
be slightly lower than the PF of Bij ;5810 75Se; ultrathin film,
while the PF of the Bi,Se;:Te showed a dramatic increase by
35 times in comparison with the Bi,Se;q5Teggys ultrathin
film (Table 1). Calculated from the experimental data, electron
thermal conductivity k, of both types on Bi,Ses;-based nanol-
aminates was also found to be significantly reduced in com-
parison with the . reported for nanostructured bulk materials

(4 of7) © 2022 Wiley-VCH GmbH
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of similar chemical compositions (Table 1), presumably due to
the electron scattering/filtering at the interfaces between the
nanolaminate layers, as well as at the boundaries between the
nanostructures, composing the layers. Reduced contribution of
K, to the total thermal conductivity &, of the nanolaminates
may result in an increase of ZT of these materials in compar-
ison with their nanostructured bulk counterparts, which makes
the nanolaminates perspective for application in thin films TE
generators.

3. Conclusions

In summary, PVD method was applied for deposition of single
Bi,Ses, Bijgy5Sn0075Ses, and Bi,Se; g75Teg p5 ultrathin films of
average thickness 10-12 nm, and for consecutive deposition of
alternating doped and undoped layers for fabrication of 5-layer
nanolaminates employing Sn- or Te-doped layers. To the best
of knowledge, thermoelectrical properties of PVD-deposited
5-layer n-type nanolaminates were studied for the first time. It
was found that the Seebeck coefficient of both types of nanol-
aminates increases by =75-125% and the calculated from the
experimental data electron thermal conductivity k. decreases
by 65-85% in comparison with the single ultrathin films and
the values reported for the nanostructured bulk materials of
similar chemical compositions, presumably due to the filtering
and scattering of the charge carriers at the interfaces between
the nanolaminate layers. Although the electrical resistivity of
the nanolaminates was 3-6 times higher in comparison with
the data reported for the nanostructured bulk materials of
similar chemical compositions, resulting in power factors,
not exceeding these of the nanostructured bulk materials, the
reduced contribution of electron thermal conductivity of the
nanolaminates to their total thermal conductivity points to
significant potential of PVD-deposited nanolaminates for the
applications in thin film TE devices.

4. Experimental Section

Sample Preparation: Deposition of ultrathin undoped and doped
ultrathin films and fabrication of nanolaminates. The thin films were
deposited using single-zone quartz tube furnace GCL-1100X (MTI
Corp.) using PVD method initially developed for deposition of Bi,Se;
nanowires®’ and further modified for deposition of ultrathin films.:333%
Bismuth (Bi) (299.99%, CAS: 7440-69-9, Sigma Aldrich) and selenium
(Se) (99+, CAS: 7782-49-2, Emsure) powders were used as basic
source materials. Tin (Sn) (99.998%, CAS: 7440-31-5, Sigma Aldrich)
and Tellurium (Te) (99.999%, CAS: 13494-80-9, Alfa Aesar) were used
as dopants. Evaporation temperatures were 500 °C for Bi and Te, and
480 °C for Se. The substrate fused quartz 2 cm x 2 cm x 1 mm (Agar
Scientific) was washed in 2-propanol and distilled water and placed
downstream from the source materials located in the central area of
the furnace tube. After the placement of the source materials and the
substrate, the furnace tube was ventilated with nitrogen flow and pumped
down to the base pressure of 150 mTorr, which was kept constant during
the deposition process. The heating rate of the source materials was
48 °C min~'. The maximal substrate temperature during the deposition
process was 400 °C. For the deposition of Bi,Se;, the furnace was held at
maximal source materials evaporation temperature for 1 min, followed
by natural cooling down to the room temperature. For the deposition
of Sn-doped Bi,Se; films, the dopant source was prepared by thermal
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evaporation of Sn layer of size 3 mm x 3 mm X 1 nm on a quartz
substrate, which was placed together with the Bi source material. For the
deposition of Te-doped ultrathin Bi,Se; films, the 0.8 mg of the dopant
source in a form of powder was placed together with the Se source
material. The amount of dopant in the ultrathin film was controlled by
the amount of the source dopant. For the deposition of nanolaminates,
consecutive syntheses were performed, where the deposition of a doped
ultrathin film on the surface of previously deposited undoped ultrathin
film after its cool-down.

Structural Characterization: Morphology, thickness, and structure
of the deposited thin films were inspected using field emission SEM
Hitachi S-4800 and AFM Asylum Research MFP-3D. XPS analyses
were carried out using ThermoFisher ESCALAB Xi+ instrument using
monochromatic Al K X-ray source. The instrument binding energy
scale was calibrated to give a binding energy at 932.6 eV for Cu 2py),
line of freshly etched metallic copper. The charge compensation system
was used on all non-conductive specimen samples. The surface of each
sample was irradiated with a flood of electrons to produce nearly neutral
surface charge. The spectra were recorded by using an X-ray beam size
900 x 10 microns, a pass energy of 20 eV, and step size 0.1 eV. Data from
all materials have been referenced using the main signal of the carbon
1s spectrum assigned to occur at 285.0 eV. The carbon 1s spectrum was
collected using high energy resolution settings.

Raman spectra were recorded at room temperature using scanning
laser confocal micro-Raman spectrometer Confotec NR 500 with 785 nm
excitation wavelength, 0.86 mW power, 100x objective and spectral
resolution =0.2 cm™, and by TriVista CRS Confocal Raman Microscope
system equipped with triple spectrometer setup (750 mm focal
length) and cooled CCD camera, with 532 nm excitation wavelength,
0.5 mW power and the ultimate resolution of the spectrometer
=0.1cm™.

Electrical and TE Characterization: Resistance and Seebeck coefficient
of the thin films were measured at room temperature using thermal
transport option of physical property measurement system (PPMS)
DynaCool9T (Quantum Design) in 4-point configuration for elimination
of the influence of contact resistance, and MultiVu software. The sample
size was 15 mm x 5 mm, with the 7 mm distance between the inner
electrodes, as described elsewhere.l) For determination of Seebeck
coefficient, the temperature difference between the sides of the thin
films did not exceed 3% from the measurement temperature.

Hall mobility and sheet resistance were measured using electron
transport option of the PPMS at magnetic field values from —9T to +9T.
For these measurements, square samples of 10 mm x 10 mm were
prepared and supplied by Cr (5 nm)/Au (70 nm) electrodes in the Van
der Pauw configuration. The measurements were carried out following
the methodology described by Werner et al.[*!l

Determination of Thermal Conductivity: The total thermal conductivity
of the material K, was the sum of contributions of lattice (phonon)
thermal conductivity & and electron thermal conductivity k. The
ultrathin films and nanolaminates were deposited on the quartz glass
substrates without the lift-off possibility, thus, the direct measurement of
the total thermal conductivity using the PPMS system was not possible
as the main contribution to the measured K, of the sample would be
from the quartz substrate. The contribution of the electron thermal
conductivity K, to the total thermal conductivity was evaluated using
the Wiedemann—Franz law: k., = L6T, where L is the Lorentz number,
6 is the electrical conductivity, and T is the absolute temperature. For
the most materials with metallic type of conductance, L equals to
2.4410°8 (W Q K2). However, for the considered in this work materials
having charge carriers between non-degenerate and degenerate states,2)
the use of the above value of L can result in errors of up to 40%.14’]
Thus, for the estimation of L the equation proposed by Kim et al.l was
used: L = 1.5 + exp(-[S|/116), where S was the experimentally determined
Seebeck coefficient of the material.

Statistical Analysis: The resistance and Seebeck coefficient of the
samples was calculated as the mean of 5 consecutive measurements
(£ standard deviation (SD) estimated from these 5 measurements). The
values of the Hall resistance at each magnetic field value correspond
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to the average of 50-250 measurements, depending on the stability
of the measurement, determined prior to the measurement. Charge
carrier mobility was calculated using weighted linear regression of the
normalized Hall resistance and magnetic field strength in RStudio, using
the inverse standard deviation of the data point as statistical weights.
Error propagation was considered using the general formula for error
propagation.
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Abstract: In this work, a simple catalyst-free physical vapor deposition method is optimized by
adjusting source material pressure and evaporation time for the reliable obtaining of freestanding
nanoribbons with thicknesses below 15 nm. The optimum synthesis temperature, time and pressure
were determined for an increased yield of ultrathin BiSe3 nanoribbons with thicknesses of 8-15 nm.
Physical and electrical characterization of the synthesized Bi;Sez nanoribbons with thicknesses
below 15 nm revealed no degradation of properties of the nanoribbons, as well as the absence of the
contribution of trivial bulk charge carriers to the total conductance of the nanoribbons.

Keywords: bismuth selenide; ultrathin nanoribbons; bulk-free topological insulator; catalyst-free
physical vapor deposition; magnetotransport properties

1. Introduction

Bismuth selenide (BiySe3) is a semiconducting material that belongs to the 3D topo-
logical insulators (3D TIs) [1-3]. The properties of BiySez nanostructures have been ex-
tensively studied for potential applications in a variety of fields, including spintronic
devices [4,5], sensors [6-8], photodetectors [9-11], battery electrodes [12-14], as well as
thermoelectric [15-19] and nanoelectromechanical devices [16]. While unique surface states
have made Bi,Sej3 an attractive candidate for the realization of various quantum phenom-
ena, they are often masked by the contribution of bulk charge carriers [20]. It has been
reported that the bulk conductivity of TIs was successfully suppressed by introducing
chemical compensating dopants into nanostructures [21-23]. However, due to scattering
on dopant impurities in such doped materials, the mobility of charge carriers often does
not exceed ~500 cm?-(Vs)~! [23,24]. Thus, undoped BiySe; nanostructures as ultrathin
films, nanoribbons (elongated nanostructures with a rectangular cross-section in which the
width is much larger than the thickness) [3,25] and nanoplates are great candidates for the
effective utilization of their topological surface states due to the high surface-to-volume
ratio, suppressing the bulk charge carriers [26] and high mobility.

On the other hand, the use of TIs nanoplates, nanowires, and nanoribbons in various
types of electrical applications requires the transfer of the nanostructures to a dielectric
substrate. While applying an electrostatic field via gate electrode to the TI-based device, the
additional carriers dope the nanostructure, forming an accumulation layer at the dielectric—
topological insulator interface. As a result, the energy band bending effect occurs [22].
The depth of the accumulation layer D can be estimated by solving Poisson equation in
the full depletion approximation to yield D = (2kggAE/ (e?n))~1/2 [22,24], where « is the
dielectric permittivity, AE is the shift of Fermi energy across the bang-bending region due
to the applied gate voltage (AE < 100-300 meV (TIs bandgap [27])), and n is the carrier
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density. The values of the accumulation layer depth ranging from 10 to 35 nm for samples
with carrier density n ~10'® cm~3 were reported in the literature [22-24,28-32]. To fully
suppress bulk conduction, the sample thickness should be smaller than D so that the gate
can effectively modulate the charge carrier density of the entire sample. Considering the
slight variation of carrier density between the nanoribbons, as well as the non-ideality in
the samples, such as compositional inhomogeneity and the possible presence of the defect
states, the thickness of 15 nm can be chosen as a top limit reference for optimizing growth
parameters in order to achieve an increased yield of such nanoribbons. In addition, some
unique effects, such as the formation of a hybridization gap, resulting in the disengaging
of electrical and thermal conductance, may occur in topological insulators with thickness
reduced below 10 nm [33].

The physical vapor deposition (PVD) method is attractive for the synthesis of Bi;Se3
nanoribbons due to its simplicity and easily adjustable synthesis parameters such as partial
pressure of vaporized source material, heating and deposition time and rate, substrate
temperature, which make it an ideal candidate for high-yield synthesis of chemically pure
nanostructures. Another advantage of the catalyst-free PVD is no need for expensive single-
crystalline substrates. Previously, the successful synthesis of Bi;Se3 nanoribbons has been
demonstrated via catalyst-free [34,35] and catalyst-assisted [36-38] PVD techniques. Both
catalyst-free and catalyst-assisted methods allowed for freestanding Bi,Se3 nanoribbons
to be obtained, permitting their easy handling and transfer to the desired substrates and
positions [26,34,36]. However, the thicknesses of the vast majority of these nanoribbons
ranged from ~20 to ~100 nm, with a negligible number of nanoribbons with thicknesses
below 15 nm [39]. The nanoribbon thicknesses above 20 nm are too large for utilizing TT
properties of the nanoribbons as the increased thickness increases the contribution of bulk
conductivity. In turn, the use of the ultrathin nanoribbons obtained in these syntheses
is complicated by their extremely small number. Previously, our group reported strong
gate tunability of the Fermi level (ambipolar transport) for a 9 nm-thick Bi,Se3 nanoribbon
occasionally formed during the catalyst-free physical vapor deposition [38]. These findings
became a trigger for the optimization of the synthesis process to achieve an increased yield
of ultrathin nanoribbons.

In the present work, the main parameters (synthesis temperature, time, and vapor
pressure) of previously developed catalyst-free physical vapor deposition method for the
obtaining of freestanding BirSes nanoribbons [34] were systematically optimized to achieve
the outcome of the Bi;Se; nanoribbons with thicknesses below 15 nm. The optimum
parameters were determined for maximizing the yield of ultrathin nanoribbons. To reveal
their topological states, magnetotransport properties were investigated for the ultrathin
(<15 nm) Bi;Se3 nanoribbons obtained using the optimized synthesis parameters.

2. Materials and Methods
2.1. Synthesis of BiySez Nanoribbons

Bi,Se3 nanoribbons were synthesized via catalyst-free physical vapor deposition, simi-
larly as reported in [34] in a GSL-1100X tube furnace (length 60 cm, diameter 46 mm) (MTI
Corporation, Richmond, CA, USA). The calibration curve for the temperature profile along
the furnace tube was taken prior to the synthesis of the Bi;Se3 nanostructures under the
same conditions (temperature, time, and pressure) as for the synthesis of the nanostructures
using a K-type thermocouple installed in the flange of the furnace tube and allowing to
monitor the temperature in different locations inside it. The pressure inside the furnace
tube was measured using NIST Traceable Digital Convection Vacuum Gauge (Stinger,
InstruTech, Inc., Longmont, CO, USA), which passed the certified calibration for direct
readout of nitrogen. The maximum expected error for the pressure readout does not exceed
0.1 Torr). Bi,Ses flakes (99.999%, Sigma Aldrich, St. Louis, MO, USA) were used as the
source material, and 25 x 75 mm glass microscope slides were used as the substrate. 90 mg
of the source material was placed in the center of the tube furnace, where the tempera-
ture during the synthesis reached 585 °C. The substrate was placed downstream from the
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source material in a zone where the temperature (based on the calibration curve) during
the synthesis reaches 320 °C at the cold side of the substrate to 450 450 °C at the hot side
of the substrate. The temperature in the center of the substrate during the synthesis was
400410 °C. The furnace tube was first flushed with N gas for 5 min to create an inert
atmosphere. The initial temperature in all syntheses was 25 °C. The furnace heating rate
from the room temperature to 575-590 °C was ~12.5 °C/min (45 min). The start pressure in
the furnace tube varied from 0.1 to 18 Torr. During the deposition process, the furnace was
kept at a temperature of 575-590 °C for a time ranging from 0 up to 30 min, after which the
furnace heater was turned off to cool down naturally. After the temperature in the furnace
center had decreased to 540 °C, an N, gas flow was introduced with a dynamic pressure of
~25 Torr. After the temperature had decreased to 475 °C, the flow was terminated, and the
tube was rapidly filled with N to an atmospheric pressure.

2.2. Characterization of Morphology of Bi,Se3 Nanoribbons

Field emission scanning electron microscope (SEM, Hitachi 5-4800, Hitachi Ltd., Chiy-
oda, Tokyo, Japan) equipped with an energy-dispersive X-ray (EDX) analyzer Bruker
XFLASH 5010 (Bruker Corporation, Billerica, MA, USA) was used for the inspection of
morphology and chemical composition of nanostructures grown on the substrate. The
as-grown BiySes nanoribbons were mechanically transferred from the glass substrate to
flat Si substrates, and an atomic force microscope (AFM, Bruker Dimension ICON, Bruker
Corporation, Billerica, MA, USA) was used to measure the thicknesses of more than
1000 individual Bi;Ses nanoribbons. The R language for statistical computing was used for
data analysis and visualization [40].

2.3. Magnetotransport Measurements

Electron beam lithography (JEOL JBX 9300FS, JEOL Ltd., Akishima, Tokyo, Japan), Ar-
ion beam etching (Oxford Ionfab 300 Plus, Oxford Instruments, Abington, UK) and vacuum
evaporator (Lesker PVD 225, Kurt J. Lesker Company, Pittsburgh, PA, USA) were used to
create electrical contacts to individual nanoribbons. Magnetotransport measurements were
performed in the four-terminal configuration using the physical property measurement
system (Quantum Design DynaCool (14T), Quantum Design, Inc., San Diego, CA, USA) in
the temperature range 2-300 K.

3. Results and Discussion
3.1. Optimization of Synthesis Parameters for Obtaining Ultrathin BiySe3 Nanoribbons

As reported previously [34], the growth of the Bi,Se3 nanoribbons during the catalyst-
free vapor-solid deposition is initiated by the temporary N, gas flow, which is introduced
in the furnace tube during the cooling stage. The real-time temperature profiles in the
center of the furnace tube and in the center of the substrate during the synthesis and at
the moment of N flow introduction are shown in Figure 1a. Later, it was demonstrated
in [41] that the growth of the Bi;Se3 nanoribbons in the catalyst-free PVD process occurs
from the edges of the Bi,Ses nanoplates seeds (Figure 1a, inset). The stoichiometry of the
obtained nanoribbons was confirmed by the EDX analysis, showing a Bi:Se proportion of
37 £ 3 (Bi):62 £ 4 (Se). The representative AFM image and related height profiles illustrate
the rectangular cross-section of the nanoribbon with the width exceeding the thickness of
the nanoribbon by a factor of ~13 (Figure 1b). Height profiles obtained at three different
positions across the nanoribbon match well with each other, indicating uniform shape and
thickness of the nanoribbon’s cross-section.



Nanomaterials 2023, 13, 2484 40f 14
(a) (b)
u =) ! 20.0 nm
@ ‘ 1 B
10.0
500
0.0
400 15
uL) Temperature of the = Profla 1
- source material == Profie 2
E 300 £ = Profile 3
< 10 |
@«
0
200 o
=z
2 5
100 Temperature of the I‘E
substrate center
Ty 0

00 01 02 03 04 0.5 0.6
t, min Width, pm

Figure 1. (a) An example of temperature profiles measured in real-time prior to the synthesis of BiSe3
nanostructures under the same conditions (temperature, time, and pressure) as for the synthesis of
the nanostructures: at the center of the furnace (location of the BiySe; source material—solid red
line) and at the center of the substrate (the region where the stoichiometric Bi;Se3 nanoribbons are
obtained—solid black line); Inset—secondary electron SEM image of a Bi;Se3 nanoribbon growing
from the edge of BiySe; nanoplate-seed; (b) atomic force microscope image of ~10 nm thin Bi;Ses
nanoribbon (top) and height profiles at three different positions demonstrating an identical shape
and thickness of the cross-section of the nanoribbon (bottom).

The growth of the BiSe; nanoribbons from the edges of the nanoplates can be ex-
plained by the Bi;Se; deposition kinetics. As BiySes is a highly anisotropic layered material,
its growth occurs much faster in the lateral direction (perpendicular to the crystallographic
c-axis) compared to the vertical. As the top and bottom surfaces of the BipSe3 nanoplates
are chemically saturated with selenium [42], the Bi and Se adatoms cannot form covalent
bonds with the atoms on the surface and diffuse to the edges of the growing nanoplate,
having a number of dangling bonds. Without the carrier gas flow, the growth of the Bi,Se3
nanoplates is a result of a natural diffusion of the vaporized source material to the sub-
strate and following the motion of the adatoms to the energetically favorable edges of the
nanoplates. This leads to the formation of symmetrical nanoplates or stacks of nanoplates
(Figure 1a, inset). However, the introduction of the N, gas flow provides a rapid increase in
the concentration of the evaporated source material near the substrate, accompanied by the
change of the temperature gradient along the substrate due to the approaching hot carrier
gas from the center of the furnace tube (Figure 1a, black solid line) as well as an insignificant
change of the temperature of the source material (Figure 1a, red solid line). The introduction
of the gas flow results in directed diffusion of the adatoms, leading to a much faster growth
rate in the N flow direction and to the formation of long crystalline nanoribbons starting
from the edge of the nanoplates [41]. The rapid decrease in the temperature after the N,
gas flow is turned off (Figure 1a) is related to the filling of the furnace tube with N, up to
atmospheric pressure for the termination of the nanoribbon growth process. The thickness
of the nanoribbons is most likely determined by the thickness of the nanoplates or, in the
case of a step-like structure of the nanoplates, by the thickness of the step. In turn, the
growth rate and, consequently, the thickness of the nanoplates/nanoplate steps depend on
the amount and diffusion rate of the vaporized source material. The rate of evaporation
can be approximated by the Hertz-Knudsen evaporation equation [43]:
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d7N _ %eNa (pe - ph)
dt V27nMRT

where N—number of evaporated atoms per surface area, t—time, x.—the coefficient of
evaporation, No—Avogadro number, pe.—equilibrium pressure, p,—hydrostatic pressure,
M-—molecular weight of the evaporated species, R—is universal gas constant, T—absolute
temperature. Considering the constant initial mass of the source material and its heating
rate in all syntheses, the amount and diffusion rate of the vaporized source BiySe; is
governed by the three variable parameters of the synthesis: maximal heating temperature
of the source material Tr,, (Figure 1a), the initial pressure in the furnace tube p; (Figure 1a),
which determines the pressure p; at the end of the heating stage (Figure 2a), and time t;,
during which the source material is kept at T, (Figure 1a). In the synthesis process, t,
determines the pressure p3 at the end of the heating stage (Figures 1a and 2b).
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Figure 2. Charts illustrating relation between the (a) pressure p; at the end of the furnace heating to
maximal synthesis temperature and the initial pressure p;, and (b) between the heating time t, of the
source material at maximal temperature Ty, and the pressure increase during the t; time. All py, pa,
and p3 measurement errors did not exceed 1% of the measured value.

In the previously demonstrated syntheses of the Bi;Se3 nanoribbons on glass [34,39]
and anodized alumina [41] substrates, these parameters were T, = 585 °C, p; = 0.5-5 Torr
and tp = 15 min. The syntheses based on these parameters resulted in the formation of free-
standing nanoribbons with thicknesses starting from 7-9 nm [39] and up to 100 nm [34,39,41]
within one batch of nanoribbons. However, the vast majority of the Bi;Se3 nanoribbons had
thicknesses between 25 nm [26] and 80 nm [41], with the number of ultrathin nanoribbons
being negligible, which makes their use for practical applications extremely challenging.

To optimize the synthesis parameters to reach a sufficient outcome of the BiySe3
nanoribbons with reduced thicknesses, the parameters Tr,, p; and t, were varied in the
ranges 575-590 °C, 0.1-18 Torr and 0-30 min, respectively, to determine the optimal growth
conditions for the nanoribbons with thicknesses below 25 nm, and especially for obtaining
ultrathin nanoribbons with thicknesses below 10-15 nm. The tested synthesis parameters
and the outcome of nanoribbons of different thicknesses are summarized in Table 1, with
emphasis on the proportions of nanoribbons with thicknesses in the ranges of <10 nm,
10-15 nm, 15-20 nm, 20-25 nm, and >25 nm.
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Table 1. Synthesis parameters, percentage of Bi)Sez nanoribbons with thicknesses <10 nm, 10-15 nm,
15-20 nm, 20-25 nm, and >25 nm, and mean thickness (nm). In all experiments, the initial temperature
T; =25 °C and heating time t; = 45 min.

Synthesis Parameters: Results:
Temperature Time . . Mean
No. ° . Pressure [Torr] Nanoribbon Thickness, nm/% Thickness
[°Cl [min]
[nm]
Tm t p1 P2 Ps <10 10-15 1520  20-25 >25
1. 575 15 5.00 11 0% 0% 0% 0% 100% 52
2 590 15 5.00 14 Poor quality of nanoribbons: defects in
crystal structure

8 585 30 5.00 12.8 16.2 0% 0% 2.8% 8.5% 88.7% 51
4 585 25 5.00 13.2 17 0% 0% 7.8% 7.7% 84.5% 53
5 585 20 5.00 12.4 15.2 0% 0% 20% 20% 60% 50
6 585 15 5.00 12.4 14.7 0% 2.7% 8% 16% 73.3% 36

7 585 10 5.00 13 14.8 0% 6.3% 188%  43.8%  31.1% 38

8 585 5 5.00 12.3 13.1 0% 18.2%  27.3%  45.5% 9% 27
9 585 0 5.00 12.9 — 1.7% 13.6% 28.8% 42.4% 13.5% 24
10 585 0 0.10 2.3 — 0% 2.7% 9.5% 27% 60.8% 53
11 585 0 1.00 4.13 — 0% 0% 10% 20% 70% 49
12 585 0 3.00 7.85 — 0% 0% 20% 20% 60% 35
13 585 0 9.00 17.9 — 0% 11.1% 111%  222%  55.6% 33
14 585 0 13.0 31.2 — 0% 0% 0% 125%  87.5% 30
15 585 0 18.0 40.5 — No nanoribbons observed

Variation of Ty, did not result in the increased outcome of the ultrathin nanoribbons
compared to the standard Tr, = 585 °C (yellow part of Table 1). Reduction of Tr, by 10 °C
(from 585 °C down to 575 °C) resulted in the outcome of nanoribbons with thicknesses
above 25 nm, with the mean value of the nanoribbon thickness of 52 nm (Table 1, row 1),
which is higher in comparison with the value of 36 nm obtained for the similar synthesis
performed with the Ty, = 585 °C (Table 1, row 6). In turn, an increase in Ty, by 5 °C up
to 590 °C resulted in the poor quality of the nanoribbons, expressed in a high number
of defects in their crystal structure, presumably due to the excess of Bi (Table 1, row 2),
which was confirmed by the EDX analysis which showed Bi:Se proportion of (45 + 3)%
(Bi):(55 & 3)% (Se). Thus, Ty, = 585 °C, which was used in the previously developed
synthesis, and resulted in a reliable outcome of stoichiometric nanoribbons, was selected
as the constant parameter. Furthermore, only parameters t, (green part of Table 1) and p;
(blue part of Table 1) were varied.

Generally, the mean thickness of the nanoribbons linearly decreased with the decrease
in the source material heating time t, while keeping the pressure p; constant (Figure 3a,
and the green part of Table 1, including row 9), which is most likely related to the decreased
amount of the evaporated source material, and consequently, the thickness of the nanoplate
seeds. In contrast, an increase in the initial pressure p; while keeping t, constant resulted
in a slight decrease in the mean thickness (t) of the nanoribbons from ~50 nm down to 0 nm
when the p; increased from 0.1 to 18 Torr (Figure 3, blue part of Table 1, including row 9).

As can be seen from the inset in Figure 3a, an increase in the t, at constant pressure
p1 impacts not only the mean thickness of the nanoribbons (t), but also the distribution
of the actual thicknesses of the nanoribbons. The thickness distribution at t; = 0 min
has a majority of the nanoribbons within the range 10-40 nm with the maximum at the
nanoribbon thickness values of ~20 nm (Figure 3a (inset), red pillars). In contrast, the
thickness distribution of the nanoribbons obtained in the synthesis with t; = 30 min is
more uniform and has maximum shifted to the thicknesses 50 nm (Figure 3a (inset), blue
pillars). Consequently, t; = 0 min is an optimal choice for obtaining the highest number of
ultrathin nanoribbons. The thickness distribution for most of the nanoribbons obtained
in the synthesis with p; = 5 Torr is mainly between 0 and 40 nm, with the maximum
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at the nanoribbon thickness 10-20 nm (Figure 3b (inset), red pillars). In contrast, the
thickness distribution for the nanoribbons obtained in the synthesis with p; =9 Torr was
wider and shifted to the higher thickness values, covering the range 10-60 nm (Figure 3b
(inset), blue pillars), with the maximum shifted to the 20-30 nm-thick nanoribbons, which
may be related to the formation of thicker nanoplates seeds as explained further in the
text. Thus, the p; of 5 Torr may be considered as optimal pressure for the obtaining
of ultrathin nanoribbons.
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Figure 3. Bi,Se3 nanoribbon mean thickness (t) vs. (a) time t, at a constant initial pressure py = 5 Torr,
and (b) vs. the initial pressure p; at constant time t, = 0 min. The orange dashed lines correspond to a
linear fit of the experimental data. Insets: BiySe3 nanoribbon thickness histograms for t; = 0 min and
30 min at constant py = 5 Torr (left), and for p; = 5 Torr and 9 Torr at constant t, = 0 min (right). Solid
lines correspond to the Gaussian distribution of experimental data, from which the mean thickness
(t) was calculated.

The ranges of the synthesis parameters t, and p; suitable for obtaining ultrathin Bi;Se3
nanoribbons of thicknesses <10 nm, 10-15 nm, 15-20 nm, and 20-25 nm are illustrated
in Figure 4a and b, respectively. While nanoribbons with thicknesses 20-25 nm may be
obtained within the wide range of parameters with t, ranging from 0 to 25 min and p;
ranging from 0.1 to 13 Torr (Figure 4a,b, blue area), the optimal parameters, resulting in a
yield of ~42-46% of nanoribbons with these thicknesses are Ty, = 585 °C, t; = 0-10 min, and
p1 =5 Torr (Table 1, rows 7-9). These synthesis parameters also result in narrow nanoribbon
thickness distributions, with most of the nanoribbons having thicknesses below 25 nm.
As suggested by the Hertz—-Knudsen evaporation equation, increasing the initial pressure
effectively reduces the diffusion rate of the source material, resulting in slower nucleation
and growth of the nanoplate seeds; however, this does not hamper their formation.

However, increasing the time t, above 10 min while keeping p; = 5 Torr results in an
increase in the yield of Bi;Se3 nanoribbons with thicknesses above 25 nm up to ~60-89%
(Table 1, rows 3-6), which indicates that the growth of nanoplates seeds starts before the
heating stage at constant T, (Figure 1) and continues during the full period of the heating
time tp. A similar increase in the outcome of the nanoribbons with thicknesses above 25 nm
was observed with the decrease in p; below 5 Torr (Table 1, rows 10-12) or its increase
above 5 Torr (Table 1, rows 13-14) while keeping t, = 0 min. The decrease in p; may
lead to the formation of thicker nanoplate seeds due to the increased evaporation and
diffusion rate of the source material. In turn, the increase in p; may result in the formation
of nanoplates with a high number of surface defects, hampering the diffusion of adatoms
to the edges of the nanoplates and promoting the formation of the step-like structure of the
nanoplates with high step thicknesses. The evaporation equation suggests that no more
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evaporation occurs when the hydrostatic pressure exceeds the equilibrium pressure of
the source material. This was experimentally confirmed by observing that synthesis at a
pressure pq = 18 Torr did not yield any nanoribbons (Table 1, row 15), indicating that the
synthesis pressure was close to or above the equilibrium pressure of the source material.
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Figure 4. Stacked area plots of BiSe; nanoribbon mean thicknesses (a) from syntheses with
p1 = 5.0 Torr with various heating times tp, and (b) t, = 0 min with various starting pressure p;.
(c) The secondary electron scanning electron microscope image of ultrathin BiSez nanoribbons
grown from the step-like structure at the top surfaces of Bi;Sez nanoplate seeds.

While the nanoribbons with thicknesses of 15-20 nm may also be obtained in quite
wide range of synthesis parameters: t, ranging from 0 to 25 min and p; ranging from
0.1 to 13 Torr (Figure 4a,b, green area), the range of synthesis parameters for obtaining
nanoribbons with thicknesses 10-15 nm required reduction of t, below 20 min and p; falling
in the range 3-13 Torr (Figure 4a,b, yellow area). For both 10-15 nm and 15-20 nm thickness
ranges, the initial pressure p; = 5 Torr was found to be optimal for obtaining the highest
yield of the nanoribbons. However, for obtaining maximal yield (~27-29% of 15-20 nm
thin nanoribbons and ~13.5-18% of 10-15 nm thin nanoribbons, Table 1, rows 8. and 9), the
time t, had to be reduced to 0-5 min with the optimal value of t, = 0 min. While there was
no significant difference in the yields of the 15-20 nm thin nanoribbons obtained in the
syntheses with t being 0 min and 5 min (28.8% vs. 27.3%), the difference in the yields of the
10-15 nm at these values of t, was noticeable (13.6% vs. 18.2%). Presumably, this effect may
be related to the dynamics of the formation of the step-like structure of the nanoplates seeds
formed before the start of the second stage of the synthesis—heating the source material at
constant temperature Ti,—and further initiation of the nanoribbon growth from the edges
of these steps. In the synthesis with t; = 0, the step-like morphology starts its formation,
and at t; = 5 min, more step-like structures are formed, resulting in an increased yield of
the nanoribbons. This hypothesis is indirectly supported by the fact that the nanoribbons
with thicknesses below 10 nm (Figure 4a,b, red area) can be formed in the narrow range of
the synthesis parameters of t, varying from 0 to 5 min and p; varying between 3 and 9 Torr
with the optimal parameters p; = 5 Torr and t; = 0 min when the yield of 1.7% of the total
number of characterized nanoribbons can be reached (Table 1, row 9). These nanoribbons
were grown from the edges of newly formed step-like structures on the surfaces of the
BiySez nanoplates seeds, as illustrated in Figure 4c. It should be noted that the minimal
detected thickness of the nanoribbons obtained under these synthesis parameters was
8 nm, which presumably may be the lower limit for the controlled synthesis of ultrathin
nanoribbons by physical vapor deposition.
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3.2. Magnetotransport Properties of Ultrathin BiySez Nanoribbons

The freestanding stoichiometric Bi;Se3 nanoribbons synthesized with adjusted param-
eters on a glass substrate (Figure 5a) were transferred to Si/SiO; (7 x 7 mm) substrates
with marks via simple flip-chip (slight pressing of the chip to the glass with nanoribbons)
method. The transferred nanoribbons were analyzed using an optical (Figure 5b) and
atomic force microscope (Figure 1b) to distinguish the thinnest ones. The selected ultrathin
nanoribbons were patterned using electron-beam lithography to create electrical contacts in
a four-terminal measuring configuration. Since the surfaces of Bi;Se3 nanoribbons oxidize
in the air faster than a cleaved single crystal [44], and for our nanoribbons, synthesized by
the standard method, ~1 nm oxide layer formed in one week, but after 3 years, their surface
is covered with a 10 nm-thick oxide layer [45] (other groups also show higher oxidation
rates ~2 nm oxide layer is formed in 2 days of exposure to air [46]), the samples were stored
in an inert atmosphere after the synthesis to reduce the thickness of the formed native oxide
layer. To remove the oxide layer and provide an ohmic contact, approximately 3—4 nm
thin layers were etched off the nanoribbon surfaces with Ar ions prior to the formation
of the metal electrodes to the nanoribbons by the evaporation method. After etching, the
sample was immediately loaded into a vacuum chamber of a metal evaporator. To enhance
adhesion, an extremely thin adhesion layer of Ti (3 nm) was deposited before the gold
evaporation (80 nm). SEM image of a device with Hall bar electrodes geometry based on a
single ultrathin (15 nm) nanoribbon is shown in Figure 5c. The six-contacts geometry (two
large electrodes at the ends of nanoribbon for passing current and two pairs of Hall bars)
allows measurements of the longitudinal (Vxx) and transverse (Vyy) voltages in a four-probe
configuration, thus eliminating the contact resistance effects. However, the overlapping
of the nanoribbon with gold electrodes (Figure 5d) results in an error in Hall voltage
measurements due to the non-ideal Hall bar geometry. Thus, similarly to reported in [39],
the measured value of Vyy must be corrected using a numerically calculated geometrical
correction factor for the specific device geometry.

For all measured devices, the sheet resistance linearly decreased with the decrease in
temperature (a metallic transition), reaching saturation at about 30 K (Figure 6a). Such be-
havior was also observed previously for Bi;Se; nanoribbons with different thicknesses [26,34]
since the PVD-grown Bi;Se3 nanostructures are usually excessively doped with selenium
vacancies (electron donors), which contribute to the conducting states from the bulk [2].
Such a phenomenon complicates tuning the Fermi level close/through the Dirac point
via applying electrostatic gate potential to the nanostructures. Reducing the thickness
of nanoribbons increases their surface-to-volume ratio, which can effectively reduce the
metallic bulk conduction of Bi;Sez nanostructures. This is evidenced by the increase in the
sheet resistance of the nanoribbons with the decrease in their thickness (Figure 6b) and may
help to reveal the topological surface states (TSSs) transport signatures [2].

To estimate the three-dimensional concentration of charge carriers n3p._p,y of individ-
ual nanoribbons, the Hall resistance Ryy was measured as a function of the magnetic field
at the base temperature of 2 K. The negative Ryy(B) slope indicates n-type carriers for all
measured devices (Figure 6e). The values of the carrier concentration were calculated from
the Hall resistance as [39]:

1 dRyy
— =t X g,
N3D - Hall '€ dB

where e is the elementary charge, t is the thickness of the measured nanoribbon, and
g ~ 4 (for this experiment) is a correction factor for the shunting of the Hall effect by
the gold electrodes (Figure 5d) [39]. The n3p.jay values as a function of the nanoribbon
thickness are presented in Figure 6¢. The increase in the n3p_,;) while the thickness of the
nanoribbons is decreasing indicates a stronger contribution of TI surface carriers since the
bulk contribution becomes less dominant [26].
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Figure 5. (a) Secondary electron SEM image of grown freestanding Bi;Se3 nanoribbons on a glass
substrate. (b) Optical image of transferred nanoribbons to Si/SiO, substrate. The red circle highlights
the nanoribbon (15 nm thick) selected for further fabrication. (¢) SEM image of Bi,Se3 nanoribbon-
based (from (b)) device with patterned electrodes for the Hall-effect measurement; (d) Hall bars
overlapping the BiySe3 nanoribbon; this configuration requires a correction factor g when calculating
the ngp.ya concentration.

To probe the TI properties of obtained nanoribbons, the magnetoresistance Ryx as a
function of the magnetic field applied perpendicularly to the nanoribbon’s surface was
measured. All devices exhibited pronounced oscillations in high magnetic fields. This effect
is associated with the Shubnikov-de Haas (SdH) oscillations. After subtracting a poly-
nomial background, the strictly periodic residual magnetoresistance ARy was obtained
in 1/B (Figure 6d). The Fourier transform of the oscillations gives a single frequency at
F=96T (inset of Figure 6d), which, according to the Onsager relationship, corresponds to
nyp =2.32 x 1012 cm~2 [26]. Any deviation from periodicity should lead to the appearance
of another (additional) frequency (corresponding to the bulk) in the Fourier transform spec-
trum. This was not observed, so a clear signature of a bulk-free transport nature was found
in the obtained nanoribbons. Moreover, the observed SdH frequency can be attributed to
the top Dirac surface states (at the interface of nanoribbon with vacuum). This is supported
by our previous results [26,39], where it was shown that the charge accumulation layer
formed at the nanoribbon-substrate interface dominates in the Hall conductance. Due to
the overlapping of the bottom topological surface states with the accumulation layer hav-
ing lower charge carrier mobility [26], the bottom surface SAH oscillations do not usually
appear in the magnetoresistance. Moreover, the linear fit of Hall resistance (blue dashed
line in Figure 6e) in the low magnetic field range depicts the deviation from the linearity
at higher magnetic fields. This non-linearity indicates the contribution of another band
(accumulation layer) with different concentrations of carriers and mobility. Indeed, the
values of the 2D carrier concentrations extracted from the SdH oscillations analysis and Hall
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effect measurements (which include all existing types of carriers) showed a large discrep-
ancy (nop sap = 2.32 X 1012 em =2 and npp .y = 8.93 x 102 cm~2). Applying the two-band
model analysis for the longitudinal and transverse magnetoconductance to extract the
carrier concentration and the mobility of the two types of carriers [26,39], it can be assumed
that one band is represented by the Dirac electrons (at the interface of the nanoribbon with
vacuum) and the other band includes both the charge accumulation layer and the Dirac
electrons at the bottom surface of the nanoribbon. In the fits, the value of n; was set equal
to nop.sary = 2.32 x 1012 cm ™2 extracted from the SAH measurements. Figure 6f shows the
fitting results with the experimental data, which yields py = 1.08 x 10% cm?2-(Vs) ! for the
mobility of the carriers from the topological surface states at the nanoribbon top surface,
and ny =7.89 x 102 em~2 and p, = 5.11 x 10? cm?-(Vs)~! are representing parameters
for second band. The extracted top surface mobility is in good agreement with previously
published results [39,47], while the mobility of the second band is slightly lower than that
published in the literature. This may be due to the possible non-uniformity of the oxide
layer on the surface of the substrate, the presence of local defects, and the non-homogeneity
of the accumulation layer, and may also vary from device to device.
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Figure 6. Magnetotransport of Bi;Se3 nanoribbons with thickness below 15 nm. (a) Sheet resistance
as a function of temperature; (b) Sheet resistance as a function of nanoribbon thickness measured
at 2 K. Purple marks are data from this work, the colored marks (blue, orange, green and red) are
data from Kunakova G, et al. (2018) [26], Sondors R. et al. (2021) [36], Kunakova G, et al. (2019) [41]
and Hong S. et al. (2012) [24], respectively. The light-blue shaded region is a guide to the eye (1/1),
indicating a dramatic increase in sheet resistance as thickness decreases; (c) The three-dimensional
concentration of charge carriers n3p.,) as a function of nanoribbons thickness. Orange marks are
data from this work; the blue marks are data from Kunakova G, et al. (2021) [39], respectively. The
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light-blue shaded region is a guide to the eye, and the pink-shaded region indicates the upper bound
for the bulk carrier concentration [26]; (d) Shubnikov—de Haas magnetoresistance oscillations as a
function of 1/B for the 15 nm-thick nanoribbons measured at 2 K. The inset: the Fourier transform
power spectra of ARxx(1/B) shown in (d); (e) Anti-symmetrized Ryy(B). The blue dashed lines are the
linear fit in the range of 0 to 4 T. The orange dashed lines are the linear fit in the range of 7 to 12 T.
(f) Longitudinal (Gxx) and transverse (Gxy) magnetoconductance as a function of the magnetic field.
The solid red lines correspond to the fit of the two-carrier model. All the data refer to the same
nanoribbon as shown in (d).

4. Conclusions

A systematic study of the correlation of the main parameters (synthesis pressure and
time) of the catalyst-free physical vapor deposition synthesis and the thickness of the
synthesized Bi;Se3 nanoribbons showed that the optimal combination of these parameters
allows the successful synthesis of ultrathin Bi;Se; nanoribbons with thicknesses below
15 nm. Decreasing the time of heating the source material at maximal temperature during
the synthesis correlated with an increased percentage of ultrathin nanoribbons, as well
as a lower mean nanoribbon thickness overall. The optimal synthesis parameters for
obtaining the highest yield of the Bi;Se3 nanoribbons with thicknesses below 15 nm were the
temperature of the source material of 585 °C, initial pressure of the inert gas in the synthesis
tube of 5 Torr, and time of heating of the source material at a maximal temperature of
0-5 min, meaning that for obtaining the ultrathin nanoribbons cooling process should start
immediately or within 5 min from the moment when the maximal synthesis temperature of
585 °C has been reached.

Investigation of the transport properties of the obtained Bi,Se3 nanoribbons with thick-
nesses below 15 nm showed that the values of the sheet resistance for these nanoribbons
are by approximately an order of magnitude higher compared to the values reported previ-
ously for the thicker Bi,Se; nanoribbons synthesized using catalyst-free PVD. Potentially,
this could lead to better tuning of the chemical potential through electrostatic gating and
help access transport through topological surface states. The single frequency extracted
from SdH oscillations corresponded to the topological surface states at the top surface
of the nanoribbon (at the interface with the vacuum). There is no signature of 3D bulk
carriers. The presence of the accumulation layer (with lower mobility) was observed at
the nanoribbon—substrate interface. The topological surface states observed in the studied
nanostructures confirmed that the Bi,Ses thin (below 15 nm) nanoribbons synthesized with
modified parameters do not result in a degradation of the transport properties.
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In recent years much progress has been made in realizing topological insulator (TI) nanostructures
where the reduced dimensions should help to diminish the contributions from bulk carriers and en-
hance quantum confinement. Though nm thick 3D-TI nanoribbons exhibiting topological properties
are still difficult to reproducibly synthesize. Here we demonstrate the growth of ultrathin BizSes
nanoribbons by a simple catalyst-free physical-vapour deposition, where the tuning of the material
evaporation time plays a crucial role in determining the ultimate thickness of the nanoribbons. Mag-
netotransport and Hall effect measurements show that at thicknesses close to 10 nm the transport
features are affected by Altshuler-Aronhov-Spivak like coherent orbits at low magnetic fields, while
Shubnikov-de Haas oscillations take over at high fields. The observed phenomena originate from the
topological surface states and dominate the nanoribbon transport. Ultrathin nanoribbons also show
pronounced conductance oscillations as a function of gate voltage, that can be attributed to bal-
listic transport and quantized sub-bands. The results highlight the importance of material growth
and quantum confinement to exploit the unique properties of topological surface states, establishing

3D-TT nanoribbons as a promising platform for a variety of novel applications.

DOI:

I. INTRODUCTION

The properties of the topologically protected Dirac sur-
face states in 3D topological insulator (3D TI) nanostruc-
tures are promising for a variety of applications includ-
ing quantum computing [1-4], spintronics [5-8], thermo-
electric device [9-12], and realization of single-electron
charge pumps with high accuracy for metrology [13].
However, the contribution from the trivial bulk charge
carriers often masks the exotic properties of the topolog-
ical surface states. To take full advantage of the protected
surface states, one needs to tune the chemical potential
inside the band gap and close to the Dirac point. One
effective way to eliminate the bulk contribution is chem-
ical compensation doping of nanoribbons [14-16]; how-
ever, this procedure significantly reduces the mobility of
surface Dirac electrons [17, 18]. An alternative approach
to reduce the bulk contribution maintaining high mobil-
ity is to increase the surface-to-volume ratio by growing
3D-TI materials with reduced dimension such as nanorib-
bons [19, 20].

In our previous work we demonstrated the growth
of BisSes nanoribbons using our standard catalyst-free
physical-vapour deposition (PVD) [21]. However, in this
study, we had a lower yield of nanoribbons with a thick-
ness of less than 15 nm. Here we show that by properly
tuning the deposition conditions of our PVD technique,

* e-mail: kiryl.niherysh@lu.lv

T e-mail: floriana.lombardi@chalmers.se

we can identify a regime of growth that allows to ob-
tain BizSez nanoribbons with thicknesses below 15 nm
and lengths up to 5-10 pm. For the thinnest nanorib-
bons, the growth mechanism changes from a layered to
rough regime, varying the morphology of nanostructures,
which affects the transport properties of the topological
surface states of nanoribbons. We show that quantum
oscillations in a magnetic field can be clearly detected
even in the thinnest nanoribbons and that therefore the
transport properties are dominated by the surface states.
By combining magnetoresistance and Hall effect mea-
surements, we have discovered a regime of thicknesses
(below 15 nm) where Altshuler-Aronhov-Spivak (AAS)
like orbits dominate the transport at low magnetic fields,
while Shubnikov-de Haas (SdH) oscillations are observed
at high fields. In addition, we demonstrate a clear sig-
nature of quantized energy band structure in the form
of an oscillatory behaviour of the longitudinal zero-bias
resistance as a function of back-gate voltage. The re-
sults highlight the importance of material growth and
geometrical confinement for the correct use of the unique
properties of topological surface states.

II. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Synthesis of ultrathin Bi>Ses nanoribbons
BisSes nanoribbons were synthesized via catalyst-free

physical vapour deposition in a GSL-1100X tube furnace
(MTT Corporation). BisSes powder was used as a source



material, and placed in the center of the furnace tube
where the temperature reaches 585 °C during the syn-
thesis. A glass substrate (2575 mm) was placed down-
stream from the source material. Before the synthesis,
the tube was first flushed with Ny gas for 5 min to create
an inert atmosphere. The scheme of the synthesis process
is shown in Fig. 1.

First, the furnace was heated up from room temper-
ature to 585 °C in a time interval t; = 45 min. The
substrate temperature at this moment was from 430 to
230 °C at its “hot” and “cold” ends, respectively. Af-
ter that, the furnace was kept at the temperature of
585 °C for a time ty that was varied between 15 (standard
growth [21]) and 0 min (modified growth, these work),
and afterwards the furnace was turned off to cool down
naturally. When the temperature in the furnace center
decreased to 540 °C, an Ny gas flow was introduced in
the tube with a dynamic pressure of 26 Torr, initiating
the growth of the nanoribbons. The flow was terminated
once temperature reached 475 °C, and the tube was filled
with Ny to atmospheric pressure.
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FIG. 1. Schematic of the synthesis process. The solid blue
line corresponds to the standard growth described in [21], and
the orange dot-dashed line corresponds to a modified growth
with to = 0 min.

During the standard growth process [21], nanoplates
are deposited on the substrate for a time t;+te. They
serve as seeds for the subsequent formation of nanorib-
bons during the Ny streaming. As the top surface of the
nanoplate is chemically saturated by selenium atoms [22],
adatoms adsorbed there from the gas phase cannot form
covalent bonds. Thus, they diffuse in the direction of
the gas flow and bond to the nanoplate crystal at the
edges, which leads to a much faster growth rate in the No
flow direction, forming long crystalline nanoribbons [21].
Since the cross-section of the nanoribbons is correlated
to that of the seed nanoplates from which they grow, as
shown in Fig. 2, it can be influenced by changing the con-
ditions in which the nanoplates are grown. The amount
of deposited material is proportional to the partial pres-
sure of the evaporated source and evaporation time [23],
and then the thickness of nanoribbons can be changed
by adjusting only these parameters. In this work, the

deposition time ty was reduced from 15 to 0 min, and
the pressures p; and py which represent respectively the
value measured when the heater is switched on and when
the heater reaches the set temperature of 585 °C, were
kept constant.

nanoplate-seed g

Bi,Se;

nanoplates \b
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nanoribbon  Bi2Ses
nanoplates
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FIG. 2. False-color SEM image of a BizSes nanoribbon and
the nanoplate seed.

The synthesis parameters not only influence the ge-
ometry of the nanoribbons, but also determine their
growth mechanism, affecting their transport proper-
ties [24]. Fig. 3a and 3b show atomic force microscopy
(AFM) images and surface profiles for 12 and 22 nm
thick nanoribbons, respectively. The thin nanoribbon
(Fig. 3a) shows the presence of small grains on the
surface, while the thicker one (Fig. 3b) has an atomi-
cally flat surface. The average surface roughness for the
thin nanoribbon is ~ 0.67 nm, while for the thicker rib-
bon this parameter is ~ 0.13 nm. These images seem
to indicate that the growth kinetics of thin nanorib-
bons differ from that of thick ones. Here we propose
a possible growth scenario that can occur when time to
is changed. During the vapour-solid (VS) process, the
formation of nanoribbon/nanowire-like nanostructures is
determined by growth kinetics [25, 26]. As mentioned
earlier, the top surface of the nanoplates (seeds) is chem-
ically saturated. As a result, newly arriving growth
species (adatoms) will diffuse to side edges with atomic
steps, ledges, and kinks [27, 28]. Previously, it was shown
that the two-dimensional nucleation probability on the
surface of nanoribbons can be described as [25-27]:

P = Bexp{ <_ kQT;lTr(lT(zp/po)) } W

where Py is the nucleation probability, B is a constant,
o is the surface energy, k is the Boltzmann constant, 7" is
the absolute temperature, p is the actual vapour pressure,
and pg is the equilibrium vapour pressure corresponding
to temperature 7. If the vapour pressure p < pg, the
chemical potential of the crystal is larger than that of
the vapour and the crystal should sublimate. However,
if p > po the vapour should crystallize. In our experi-
ment, the deposition of nanostructures proceeds in the
supersaturated state (p/pg) > 1. Therefore, the super-
saturation ratio (p/po) and temperature are two domi-
nant processing factors in controlling the morphology of
the products in the VS growth process [27].



FIG. 3. a) AFM image of a 12 nm thick nanoribbon grown with the rough mechanism. The inset is the surface profile with
RMS roughness around ~ 670 pm. b) AFM image of a 22 nm thick nanoribbon in which the rough-to-smooth growth transition
mechanism occurred. The inset is the surface profile with RMS roughness around ~ 130 pm. The y-axis range is identical to
the one of the inset in panel a) to emphasize the significant difference.

The amount of evaporated material at the start of
nanoribbons growth in the case of to = 0 min is much
less than in the case of the standard growth, where
to = 15 min. Nanoplates (seeds) deposited only over
time t; have smaller thicknesses in comparison with flakes
deposited during time tq+t2. However their side edges
with atomically rough steps, regardless of the plate thick-
ness, act as effective “catalyst” that initiates the growth
of nanoribbons in the lateral direction. As in the case
of the vapour-liquid-solid growth mechanism, the edge
side area of the “catalyst” plate, from which the nanorib-
bon growth occurs, can be saturated with adatoms more
casily for thinner seeds compared to thicker ones [29].
The value of supersaturation at the edge surface tends
to decrease for plates with higher thicknesses. Previ-
ously, it was also shown that a decrease in supersat-
uration may lead to the rough-to-smooth transition of
the crystal growth mechanism [30-32]. We have experi-
mentally found that during the same deposition process,
nanoribbons less than 15 nm thick have a rough surface,
while ribbons more than 15 nm thick have a smooth mor-
phology, indicating a 2D growth mechanism. This sug-
gests that a transition from rough to smooth growth takes
place in our experiment. Moreover, this growth scenario
is consistent with the appearance of a high yield of thin
nanoribbons. At some point, the growth particles from
the vapour cannot saturate the side edge of very thick
seeds, and the chemical potential of the crystal itself be-
comes larger than that of the vapour (py > p). In this
case, the growth of the thickest nanoribbons may stop,
while the growth rate of crystals from saturated seeds in-
creases with a decrease in their thickness [29]. As we will
show below, the difference in morphology between thicker
and thinner nanoribbons strongly affects the transport
properties of the topological surface states.

B. Transport measurements of BizSes nanoribbons

BisSes nanoribbons synthesized using the parameter
t = 0 min were transferred to a Si/SiOs (300 nm)
substrate for transport measurements. After the trans-
fer, several nanoribbons were selected using optical and
atomic force microscopies. The electrical leads were pat-
terned via electron-beam lithography to create contacts
for magnetoresistance and Hall effect measurements.
Ar*-ion beam etching was used to remove the native ox-
ide from the top surface of the nanoribbons prior to the
deposition of Ti/Au contacts (3/80 nm) (Fig. 4). The

FIG. 4. False-color SEM image of a fabricated device based
on a BisSes nanoribbon (green) transferred to a Si/SiO2 sub-
strate (grey). The metal electrodes are shown in yellow.

longitudinal resistance R,, was measured from the room
temperature down to 2 K (shown in the insets of Fig. 5a).
For all measured devices, R,, decreases with tempera-
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ture and saturates at about 30 K. The metallic behavior
is observed for both thin and thick ribbons as well as for
previously reported BisSes nanoribbons/nanowires with
different thicknesses [21, 33]. This dependence is ex-
pected since the BipSes nanostructures grown by PVD
method usually have native defects such as selenium
vacancies, which act as electron donors (n—type dop-
ing) [34, 35]. We measured the magnetoresistance Ry,
as a function of a magnetic field (up to 12 T) applied
perpendicularly to the surface of the nanoribbons at low
temperatures (2 K). Thin BisSes nanoribbons with thick-
ness below 15 nm show well-pronounced magnetoresis-
tance oscillations in the entire range of the magnetic
fields, while for thicker nanoribbons they are only vis-
ible at high fields (Fig. 5b). As we will discuss, this
difference can be explained by the coherent scattering of
electron waves from surface irregularities associated with
the peculiar morphology of the thin nanoribbons (due
to different growth mechanisms compared to the thicker
ones), which leads to the appearance of AAS-like orbits.
The Hall resistance R,, was also measured to estimate
the sheet carrier density nap of individual nanoribbons
(Fig. 5a). The latter is given by:

1 dR,,
= 2
nape dB * 9, )

where e is the elementary charge, and g is geometrical
correction factor. Due to overlapping of the nanoribbon
with contact electrodes (the non-ideal Hall bar geome-
try, see Fig. 4), the measured Hall voltage needs to be
corrected [36]. Using a finite element simulation method
(COMSOL Multiphysics), we numerically solved the cur-
rent continuity equation and obtained the correction fac-
tor g &~ 4 for our Hall bar geometries and contact re-
sistances [19]. The values of nap extracted from the
data are respectively 1.2 x 10'® em™2 for Device I
(thickness ¢t = 12 nm, and width w = 360 nm), and
8.8 x 10'2 cm~? for Device II (thickness ¢t = 22 nm,
and width w = 310 nm), while the negative slope indi-
cates n-type carriers for both devices.

For the thick nanoribbon (¢ = 22 nm, Device II), pro-
nounced oscillations were found by subtracting a polyno-
mial background and plotting the data in 1/B (see in-
set of Fig. 6a). The observed oscillations are associated
with a quantum phenomenon known as Shubnikov-de
Haas oscillations and can be related to the extreme cross-
sectional area of the Fermi surface in momentum-space
via the Onsager relation [33, 37]. Fourier transform (FT)
analysis on the SAH oscillations was carried out to deter-
mine the oscillation frequencies. Due to the small num-
ber of oscillation periods observed in the field range of the
measurements, the resolution of the FT power spectrum
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TABLE I. The parameters obtained by fitting of the spectrum shown in the inset of Fig. 6a (Device II) by the multi-component

Lifshitz-Kosevich function. Error bars represent one standard deviation of the fitting parameters.

ARo_1, Q TD—1, 8 01 Fl, e, T ARy_2, 0 Tp—2, 8 02 FH e, T
24.040.04  (3.64£0.4)x107"%  0.4440.09  23.6+0.7 42.040.02  (2.4+0.2)x107"%  —0.21£0.07  35.940.6
is low. So, the experimental FT datapoints were fitted ___wm'T/B . _ 2n%kpT _ 2m%kpTm*
. . . . X . = —— s, With A\ = ————— = —————
with a Gaussian approximation to determine the oscil- sinh(Am*T/B) hw, heB

lation frequency more accurately. The least-square al-
gorithm (chi-square minimization) iteratively minimized
the deviation of the experimental data from the theo-
retical (Gaussian) model. One standard deviation of the
fitting parameter defines the error bars when determining
the frequency (Fig. 6a). The FT data fit of the oscilla-
tions reveals a dominant frequency F{! = 17.5+4.3 T
and an additional (second) frequency Fi! = 35.1+£4.0 T,
corresponding to nif | = 4.23+£1.04 x 10 ecm~2 and
nih , = 8.49+0.97 x 10" cm™2 according to the On-
sager relationship, respectively. The presence of two fre-
quency peaks in a high magnetic field leads to the beating
pattern of the SAH oscillations.

The oscillatory component of AR, was also fitted by
the Lifshitz-Kosevich expression with a Berry phase in-
cluded to take into account the topological character of
the system [37—43]:

B F 1
AR, ~ ARyy/ ﬁRTRD cos [277(5 + 3 + 90)] , (3)

where the first pre-factor ARy is the amplitude of
the oscillation in the high-field limit 1/B — 0. The
second pre-factor is the temperature reduction factor

where m* is the cyclotron mass, T is the temperature,
kp is Boltzmann’s constant. The third pre-factor is the
Dingle reduction factor representing the exponential de-
crease of AR,, with decreasing field B: Rp = e 7,

ith A 2m2kgTh 22k Tpm* Tm*
W A = T T T heB | mpeB
Tp is the Dingle temperature, 7p is the Dingle scat-
tering time, which is related to the quantum mobility
by u = erp/m*. The oscillation of AR, is described
by the cosine term with a frequency F' and phase factor
¢ = [ — 4. The value of the phase offset 5 = 1/2 should
correspond to Dirac fermions with a = Berry phase, and
B = 0 (or equivalently 1) should correspond to trivial
fermions. In turn, the phase shift correction § is associ-
ated with the Fermi-surface dimension (§ = 0 for the 2D
Fermi surface and § = —1/8 or +1/8 for the 3D system
(— for electrons and + for holes), respectively) [42].

To approximate the complex AR;, data, shown in
Fig. 6a (inset), the multi-frequency Lifshitz-Kosevich
function fit was applied. A fixed value of the cyclotron
mass m* = 0.15m, [33] was used for the fitting process.
The matching of the fit and the raw data is remarkable.
Moreover, two fitted frequencies converged to the values

, where



obtained from the FT analysis. All obtained fitting pa-
rameters are collected in Table I.

The quantum mobility obtained from the quantum
relaxation time is: g = 4275 and po = 2855 cmz/V-s,
respectively.

The values of the 2D carrier densities extracted from
the Hall effect measurements and SAH oscillations show
almost an order of magnitude discrepancy. In our pre-
vious works we have shown that a charge accumulation
layer with noprpg ~ 1.0 x 10 cm™2 is formed at the
nanoribbon-substrate interface and dominates in the Hall
conductance [19, 33]. Since the bottom topological sur-
face states (TSSs) overlap with the accumulation layer
with much lower mobility [33], SAH oscillations due to
this 2DEG do not usually appear in the magnetoresis-
tance. Therefore, we attribute the observed SdH fre-
quency F{! - =23.6+0.7 T to the top Dirac surface
states (at the interface of the nanoribbon with vacuum)
and Ff1,  =35.9+£0.6 T to the bulk carriers.

As shown in Fig. 5b, thin nanoribbons (less than
15 nm) exhibit instead a strong oscillatory pattern in
the entire range of a magnetic field. The phenomenol-
ogy of these oscillations is compatible with that of uni-
versal conductance fluctuation (UCF). The latter repre-
sents quantum interferences of electron diffusion paths
with different lengths, leading to aperiodic oscillations
in magnetic field [44]. However, the FT calculated from
AR, (B) below 7 T (to exclude the possible impact of
SdH on the magnetoresistance) shows instead a single
(dominant) peak at Ffp = 0.41£0.07 T~ (Fig. 6b,
Device I). A well-defined periodicity is unusual for con-
ventional UCF (Appendix A). However, it can be ex-
plained if the fluctuations originate from AAS-type or-
bits, with similar characteristic areas that become acces-
sible because of the specific surface morphology of the
thin nanoribbons [45, 46].

The characteristic AAS area of these orbits can be
calculated as S = ¢ x F[§CF7 where ¢ = h/2e is the
magnetic flux quantum relevant for AAS oscillations.
From the extracted orbit area S = 0.0008 pm? one
can estimate a characteristic path length for the elec-
trons as L ~ 2v/7S = 100 nm. The calculated value
2Rsas = 32 nm (for circular orbits L = 27rRaag) is
in good agreement with the characteristic size of the
surface irregularities of about 29.4+1.6 nm, which was
extracted using the two-dimensional fast Fourier trans-
form (2D—FFT) of AFM image presented in the inset of
Fig. 3a (Appendix B).

For Device III fabricated using a BisSes nanorib-
bon with a maximized surface-to-volume ratio (thickness
t = 12 nm, and width w = 85 nm), the R,, (B) pattern
changed after a warming up to room temperature, which
excludes that the magnetoresistance oscillations can be
only attributed to SdH oscillations (Fig. 7a).

In fact, the onset of SAH oscillations requires the
condition uB > 1, where p is the electron mobility.
This condition is not usually satisfied below 5 — 6 T,
since typical Hall mobility values in nanoribbons are

6

between 1200—2100 cm?/V-s as reported in our previ-
ous works [19, 33]. Indeed, the estimated values of
Hall mobility obtained for Device I and Device II are
p1 = 1075 and po = 1210 cm?/V's, respectively.

To determine whether the UCF comes from interfer-
ence effects in the bulk or from the 2D topological sur-
face, we have studied the angular dependence of R,
with respect to the out-of-plane magnetic field. In an
ideal 2D electron system, the interference pattern de-
pends only on the normal component of the magnetic
field By = Bcosf, where 6 is the angle between the
direction normal to the nanoribbon plane and the ori-
entation of the magnetic field [47]. After subtracting a
5t"_order polynomial background, the resulting oscilla-
tion patterns AR, measured at various angles 6 super-
impose if plotted against 1/B below 5 T, which confirms
the 2D origin of UCF [46] (Fig. 7b).

However, the analysis becomes more complicated at
higher fields due to the coexistence of UCF and SdH oscil-
lations. In general, the coherence of the AAS-like orbits
associated with the specific morphology of the samples is
also observable at higher magnetic fields. To remove the
contributions of UCF from the magnetoresistance, we ap-
plied a low-pass Butterworth filter to the R, (B) curve
with a cut-off frequency FI! = FEL . — 26¢ (Fig. 7c)),
where Fégp =0.83+ g T~ ! is FT frequency extracted
from UCF oscillations in a low magnetic field (below
5.5 T, upper panel of Fig. 7d)) and dg = 0.19 T~! is
the standard deviation of the Gaussian distribution.

The filtered curve was subtracted by a 5“*-order poly-
nomial background in the 1/B field. As the inter-
ference between UCF and SdH oscillations is observed
above 5 —6 T, the subtracted curve was considered
at magnetic fields above 5.5 T. As in Fig. 6a, the
power spectrum data points obtained from the FT of
the filtered curve were fitted by a Gaussian approxima-
tion. The resulting data fit gives one dominating fre-
quency FilL, = 21.9+6.8 T and a second frequency
FIL . =38.6 +£3.9 T, with the corresponding 2D carrier
concentrations about niH_ | =5.34+1.64x 10" cm~2 and
ndH ) =9.34£0.94 x 10" cm™2, respectively (Fig. 7d)).
The same filtering procedure of magnetoresistance os-
cillations was applied to R, (B) measured at different
0 angles.

It should be noted here that due to the different period-
icity of the observed phenomena (B-periodic UCF, asso-
ciated with AAS-orbits [46], and 1/B-periodic SAH [48])
the low-pass filter can cut off the high-frequency com-
ponent of SAH oscillations when filtering UCF. However,
the Fourier spectrum after filtering shows a similar pat-
tern as compared to a thicker nanoribbon (see Device II,
Fig. 6a) in which the UCF is not so pronounced, and no
filtering was applied for this analysis. This legitimates
our procedure.

Finally, to show that the SAH oscillations extracted
using the UCF filtering procedure can be attributed to
the 2D quantum phenomena, we have studied the depen-
dence of R,, at high magnetic fields (B > 5 T) as a
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function of the angle 6. The plots of AR, in 1/B (mea-
sured at 2 K) for several angles after applying the filtering
procedure are presented in Fig. 8a. Since the resolution
of the FT spectrum is low, the filtered AR, curves for
different angles of the magnetic field were fitted by the
multi-frequency Lifshitz-Kosevich function (Eq. 3) using
the least-squares method. The fitted curves are presented
by red dashed lines in Fig. 8a, and the corresponding fit-
ting parameters are listed in Table II.

The frequencies F{! 25.02 £ 0.09 T and
FJIL . =46.4+0.11 T are very similar to the frequency
values obtained using FT (F/!L. = 21.9+6.8 T and
FJIL.. =38.6+39 T, Fig. 7d bottom panel). The car-
rier mobility: pi!! = 8980 and 4! = 1830 cm?/V's was
obtained from the Dingle scattering time (u = erp/m*).
Such a high quantum mobility (up to 10000 cm?/Vs) was
previously observed in our nanoribbons with a thickness
below 30 nm [33]. The angular dependence of the ob-
tained frequencies is presented in Fig. 8b. It is clearly vis-

ible that F{I1 . follows the 1/ cos 6 trend (typical for 2D
electron systems), while FJ% . exhibits a weak angular
dependence, which is typical for bulk electrons [33, 40].
Thus, the high mobility, angular dependence 1/ cos 6 to-
gether with the phase factor ¢ ~ 0.5 allow us to conclude
that the frequency FY!I .- corresponds to carriers from
surface states, and the frequency FZ,I 1 IL x represents bulk
carriers. This assumption is further confirmed by mea-
surements with an applied back-gate voltage (Fig. 9).
The R,, as a function of the gate voltage has been
studied for Device III (Fig. 9). When the back-
gate voltage V, —8 V is applied to the nanorib-
bon, frequency F{,{]I\/,LK = 21.7 £ 0.01 T changed
slightly to F{g, = 21.3 £0.02 T, while the sec-
ond frequency FILE | . 49.1 £ 0.01 T shifted to
FHIG, | =38.8£0.03 T. Due to screening effects, the
gate voltage should first be able to deplete the layers clos-
est to the interface. Indeed, it has been recently reported
that for BizSes nanoribbons as thin as 9 nm [19] the effect
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TABLE II. The parameters obtained by fitting of the spectra shown in Figs. 8a and 9b (Device III) by the multi-component
Lifshitz-Kosevich function. Error bars represent one standard deviation of the fitting parameters.

0, deg ARo_1, Q TD-1, 8 ©1 Fl . T ARy 2, Q TD-2, 8 P2 i, T
0 6.0£0.002 (7.740.51)x10™* 0.36£0.01 21.740.01 39.9£0.003 (1.6:£0.09)x10~" —0.23+0.011 49.1£0.01

10 51.6+0.001 (7A7ﬁ:0.07)><10713 0.49+0.09 22.1+£0.08 192.8£0.03 (1.6:t0.07)><10*13 0.084+0.013  46.5+0.02

20 98.5+0.009 ('7.7fc(].(]9)><10713 0.42+0.06 23.24+0.06 397.440.05 (1.610,06)x10"3 0.29+0.092 44.3£0.08

30 118.64+0.021 (7.7i0.48)><10713 0.37+£0.09 25.040.09 546.14+0.08 (1.5:‘:0.09)><10713 0.26+£0.108 46.440.11

0 (—8V) 77.3+0.006 (7A9ﬁ:0.57)><10713 0.26+£0.02 16.7£0.01 199.9£0.03 (23:‘:0.14>><10713 —0.194+0.013 28.7+0.01

of the back-gate on the top surface electrons becomes vis-
ible only after full depletion of the bottom surface states
and the accumulation layer. This fact confirms that the
SdH oscillations with frequency F{!!, observed in our
measurements belong to the top surface states , while the
second frequency Fy!! is attributed to the bulk states.

‘We now argue that size quantization effects are essen-
tial in our devices. In addition to the expected shift of
frequency FJ!! and the increase of the resistance due to
the depletion of the nanoribbon carriers by the gate, we
also observe reproducible oscillations of R, as a function
of back-gate voltage (Fig. 9c).

The band structure of surface carriers in TI nanorib-
bons is described by the momentum vector k along the
nanoribbon axis and the angular momentum I: [49, 50]

o, m(0)?
R

El<k') = iﬁ?}p (4)
where [ is half-integer i%,i%,..., h is the reduced Planck
constant, vp is Fermi velocity (5 x 10° ms™1), S is the
cross-sectional area of the nanoribbon. In the following,
we will argue that the oscillations observed in R, (V)
can be related to the sub-bands formation (Eq. 4).
When the chemical potential crosses one sub-band, a
new conduction channel becomes accessible, leading to
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pronounced resistance dips [49]. To show that R, (V)
oscillations are a sign of sub-band structure, we first will
calculate the carrier concentration as a function of chem-
ical potential, and in the second step, we will estimate
the change in carrier concentration with an applied gate
voltage. Finally, we will compare the change in chemical
potential due to the applied gate voltage to the number
of resistance oscillations we observe in our measurements.
The charge carrier concentration of a trivial 2DEG is
given by neppa = ki /2m. The corresponding Fermi en-
ergy can be calculated as:
k% Rw

—M2DEG, (5)

Er@prec) = ot m

where kp is Fermi wavevector, m* is effective mass, for
the BisSes case m* = 0.15m, [33]. For Dirac fermions
the carrier concentration is ngs = k%/4ﬂ', and the Fermi
energy can be written as:

Ep(ssy = hkpvp = hupyVimnss. (6)

Considering that the bottom of the conduction band is
located 180 meV above the Dirac point [51] one can esti-
mate the position of the Fermi level from the total charge
carrier concentration at the substrate/nanoribbon inter-
face using equations 5 and 6. Thus, for a typical carrier
concentration in our nanoribbons on a Si/SiO substrate
of n = 1.2 x 10" cm~2, the calculated E is ~ 270 meV.
The contributions to the total carrier concentration as
a function of the chemical potential measured from the
Dirac point are shown in Fig. 10, where the blue line rep-
resents the bottom TSSs, the red line is the trivial 2DEG,
and the yellow one is the sum of the two.

To estimate the carrier concentration change induced
by the applied gate voltage, we have numerically com-
puted the capacitance between the back-gate electrode
and the bottom surface of the 3D-TI nanoribbon using
COMSOL Multiphysics. So, considering a simple asym-
metric metallic parallel plate geometry, where one elec-
trode is given by the doped silicon and the other is the

nanoribbon, the static surface charge carrier density per
applied gate voltage 0 ~ 1.5 x 107* C/m?V was nu-
merically calculated. Considering this o, one can esti-
mate the change of the carrier concentration at the bot-
tom interface as An = oV, /e = 1.5 x 10'? cm~? for
the maximum applied voltage (V;, = —16 V). We can
assume that the change of carrier concentration occurs
mainly in the bottom TSSs, which is justified by the fact
that the trivial 2DEG at the bottom extends well in-
side the bulk, and therefore is screened by the TSS [51].
In this case, the An corresponds to a change in the chem-
ical potential of ~ 45 meV (see Fig. 10). For the di-
mensions of the nanoribbon in this study (Device III),
we find that the distance between the sub-band minima
A = hvp/C ~ 9 meV, where h is the Planck constant
and C = 2(w +t) is the circumference of the nanoribbon
with rectangular cross-section [52, 53]. The change in
the chemical potential would therefore correspond to the
crossing of approximately 5 sub-bands which is very close
to the 5 to 6 Ry, (V) oscillations observed in Fig. 9c.
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In the presence of a magnetic field applied along the
topological insulator nanoribbon, Eq. 4 can be rewrit-
ten as:

™

Ei(k) = £hopy/ k> + (7)

where ¢ = BS is a magnetic flux threading the cross-

section area S of the nanoribbon, and, ¢o = h/e is the

fundamental flux quantum. According to Eq. 7, the

energy-momentum relation is periodic in ¢/¢g, which

leads to the appearance of Aharonov-Bohm (AB) oscil-
lations of G, [50].

In the quasi-ballistic regime, h/e AB oscillations are
predicted to dominate over h/2e AAS oscillations [50].
AAS oscillations originate from interference between
time-reversed paths, due to weak anti-localization and,
thus, differ from AB oscillations in their physical origin.
In the quasi-ballistic regime, the circumference of the
nanoribbon should not be much longer than the mean-
free path [.. The pattern of these oscillations also de-
pends on the carrier density, which can be changed by
applying a gate voltage. At the Dirac point, magneto-
conductance minimum at ¢/¢p = 0 and maximum at
¢/¢o = 0.5 should be observed. However, even away from
the Dirac point, the AB phase can alternate with applied
gate voltage, when Er is crossing the sub-bands [50].
Fig. 11a presents the magnetoconductance as a function
of two different back-gate voltages (0 and —8 V), demon-
strating that maxima and minima at finite magnetic flux
alternate with an applied gate and the period oscillation
at Vy =0 V is close to ¢ as shown by the Fourier trans-
form of 0Gy,/0(¢/P0) (Fig. 11b).

However, there is also a component in the FT at ap-
proximately twice the frequency that can be attributed
to AAS. This can be explained by a presence of a strong
weak anti-localization peak (Fig. 7a) which indicates that

(1= ¢/¢0)?
< ,

a fraction of the modes has a more diffusive character.
Since the gate voltage was not high enough to tune the
chemical potential to the Dirac point, the alternating
maxima and minima of G,, as a function of gate volt-
age indicate the crossing of sub-bands by the Fermi level.
This behavior has not previously been observed in non-
topological systems [50]. The fact that by decreasing the
gate voltage the ratio between the AB and AAS inverts
(Fig. 11b) might be due to more diffusive modes con-
tributing at V, = -8 V.

IIT. CONCLUSIONS

In summary, we have presented the growth and trans-
port characterization of ultrathin 3D-TI BiySes nanorib-
bons synthesized by physical vapour deposition. We show
that the nanoribbon growth kinetics can be changed from
a 2D layer-by-layer to rough mode by tuning the synthe-
sis parameters. We also find a strong correlation be-
tween morphology of the nanoribbons and their trans-
port properties. The oscillatory pattern of magnetore-
sistance observed over the entire range of the magnetic
field for ultrathin nanoribbons is explained by coherent
Altshuler- Aronov-Spivak like orbits with the similar char-
acteristic area, which become accessible due to the spe-
cific surface morphology. In addition, an interference ef-
fect is observed between AAS and SdH oscillations at
high magnetic fields. Finally, the ultrathin ribbons also
show signatures of size quantization effects, manifesting
as an oscillatory behaviour of the magnetoresistance as a
function of back-gate voltage. Our ultrathin nanoribbons
represent a promising platform to exploit the properties
of topological surface states.
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APPENDIX A: UCF ANALYSIS

Due to the specific surface morphology of our thin
nanoribbons, unusually strong periodic conductance os-
cillations were observed across the entire range of mag-
netic fields. Here, we performed a more deep analysis of
the unconventional behaviour of UCF, to show that these
periodic oscillations originate from AAS-type orbits with
a similar characteristic area, existing due to the peculiar
morphology of the nanoribbons.

Since the conductance G of each sample varies
from each other, the root mean square (RMS) of
the statistical distribution of conductance fluctuations
AGRrus=+/((AG?)) ~ e%/h with AG = G — (G) where
(G) represents the ensemble averaging, is independent
of material, size and degree of disorder and called Uni-
versal Conductance Fluctuation (UCF) [54]. Fig. 12a
represents AG data measured for Device I. It is well
known that UCF amplitudes decrease on average when
the sample dimensions are longer than dephasing length
L, [54, 55], for example UCF in range from 6 to 0.01 e2/h
have been reported in BipSes [47]. The values of
AGL s = 0.049 and AGH! ¢ = 0.01 €2/h were calcu-
lated for Device I and Device III, respectively. Con-
sidering simple 1D mesoscopic nanoribbon [54] (where
only the length of the device is longer than L) for our
device’s geometries we find that the expected AGgrys
ranges between 0.015 and 0.03 ¢2/h (for L, of the order
of 300 nm (see ref. [19]), which is comparable with what
we calculated above.

As can be seen from Fig. 6b, Device I with the excep-
tion of the dominant frequency Ffop = 0.41£0.07 T~
attributed to AAS-type orbits also demonstrates faster
oscillations. To investigate the origin of these oscilla-
tions, the following analysis was carried out. The con-
tribution to the conductance AG(B) = AGn(B) +
AG,(B) consists of static fluctuations, associated with
interference (UCF) AG;n:(B), and noise components
AG,,(B), which are determined by the measuring equip-
ment and the sample. To illustrate the effect of noise
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FIG. 12. a) The conductance fluctuations AG = G — (G)
after subtraction of quadratic polynomial background as a
function of magnetic field (Device I). b) Splitting the con-
ductance fluctuations from panel a) into the symmetrical
AGs(B) and anti-symmetrical AG,(B) components. To
show the significant difference, the anti-symmetrized curve
is shifted by —0.1 e?/h. «c¢) The Fourier transform of
the conductance fluctuations (Device III) after subtrac-
tion of polynomial background as a function of a magnetic
field (inset) measured after first (purple) and second (blue)
cooldown. The measurements were carried out at a temper-
ature of 2 K. The dashed orange line represents frequency
Ffeiop = Fipcp =072402 T
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FIG. 13. AFM measurements of a nanoribbon surface (Device I). a) Scan size of 310 x 310 nm*. b) 3D AFM plot of image
presented in panel a). White dashed circles delimitate possible AAS orbits. ¢) The frequency spectrum image of data from

panel a). d) Profile 1 taken from 2D FFT-map from panel ¢): the frequency value at the peak corresponds to 0.034+0.002 nm ™.

on the measured fluctuations, the fluctuations remaining
after subtracting the quadratic background (Fig. 12a)
have been converted to AG(B) = AG4(B) + AG,(B),
where AG,(B) is symmetrized and AG,(B) is anti-
symmetrized components. In its turn, the symmetric
part is AG4(B) = 1/2(AG(B)+AG(—B)) and the anti-
symmetric part is AG.(B) =1/2(AG(B) — AG(—B)),
respectively. Since interference-related conductance
fluctuations must be symmetrical in the magnetic
field [56], AGint(B) can only occur in the sym-
metrical part of AG,(B), while the noise com-
ponent AG,(B) will be present equally in the
symmetric AG,4(B) and anti-symmetric component
AGq(B). Therefore AG4(B) = AGn(B)+ AGE(B),
and AG.(B)=AG%(B) [57]. 1In Fig 12b the con-
ductance fluctuations AG = G — (G) measured for
Device I are presented as a function of a magnetic field
AG(B) converted to symmetric (UCF+noise) and anti-
symmetric (noise) components. It is clearly seen, that
after splitting the noise component, device still experi-
ences huge oscillations with period ~ 2.5 T (which we

1

classified as AAS-type oscillations) and the conventional
aperiodic UCF.

Another possible mechanism explaining B-periodic os-
cillations of transport modes is the Sondheimer size ef-
fect [58, 59]. However, Sondheimer oscillations (SO)
should influence both longitudinal and transverse mag-
netotransport channels. Due to the significantly larger
value of R, than the Hall resistance R, the SO should
be more clearly visible against the background during
Hall measurements, and should also be present in the
longitudinal channel [58]. Nevertheless, in our particular
case (Device I), the measured Hall effect is linear, while
pronounced oscillations are observed only in the R, (B)
dependence (Fig. 5a). Although derived to describe sur-
faces, the Fuchs-Sondheimer theory [60, 61] does not con-
sider the influence of surface states and quantum size ef-
fects in the case of topological insulators [62, 63]. All the
above-mentioned facts allow us to exclude the SO mech-
anism from the explanation of the transport properties
of thin TI nanoribbons.



Since we associate periodic UCF fluctuations with
the peculiar morphology of the nanoribbon surface,
which may differ from sample to sample, we spec-
ified the UCF frequency for each measured device.
For instance, FZ{'CF = 0.41 £+ 0.07 T~! for Device I
and F. =0.72+£02 T for Device III, respec-

tively. ~ We also checked the change in UCF fre-
quency after the first and second cooldowns for
Device ITII.  As can be seen from Fig. 12¢ (inset),

the oscillation pattern looks completely different for
different cooldowns, however the FT of oscillations
in a magnetic field below 5.5 T shows the same
frequency  Fftlp_1op # Fiep_scp =0.72£0.2 T
Moreover, a shift of the above-mentioned frequency
following 1/cos® trend, when angle 6 increases
from 0 up to 30 deg (F{itip_ggey =0.72£0.2 and
Fip_304eg = 0-83£0.19 T~ (Fig. 7d)) was observed.
This fact together with a clear alignment (superposi-
tion) of magnetoresistance fluctuations associated with
the UCF as a function of the perpendicular component
of the magnetic field B, = Bcos6 (Fig. 7b) indicates the
2D nature of the UCF [46, 64] and is consistent with the
hypothesis about Altshuler-Aronov-Spivak like orbits as-
sociated with the morphology of nanoribbons.
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APPENDIX B: AAS-TYPE ORBITS SIZE
DETERMINATION

To calculate the averaged size of AAS orbits an addi-
tional high-resolution AFM measurement was performed
for a nanoribbon from Device I (Fig. 13a-b). To deter-
mine the characteristic size of the irregularities, the sur-
face morphology was analyzed using the two-dimensional
fast Fourier transform (2D-FFT).

Fig. 13c shows the frequency spectrum image. In the
case of isotropic material, the power spectrum is radi-
ally symmetric, and a radial distribution can be distin-
guished. From the averaged distribution of the power
spectrum intensity one can extract the averaged fre-
quency and, therefore, the averaged diameter of the or-
bits. From the profile shown in (Fig. 13d), we determined
the dominant frequency of 0.034+0.002 nm~! using a
Gaussian fit. This frequency corresponds to a charac-
teristic length scale in the real space of the original im-
age [65]. The extracted averaged size (diameter) of pos-
sible orbits L = 29.44+1.6 nm is in good agreement with a
characteristic diameter of AAS orbits (2R445 = 32 nm),
extracted from the transport measurements.
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ARTICLE INFO ABSTRACT

Keywords: Nanodevices consisting of the suspended and supported parts of topological insulator Bi;Se3 nanowires were
Topological insulator fabricated and measured at low and room temperatures. Probing of topological surface states, accompanied by
Deformation

the electrostatic field effect used to dynamically manipulate bending deformation, was carried out to monitor the
external strain introduced into the suspended and supported parts within the same Bi;Se3 nanowire. Depending
on the device geometry, pure elastic and elastoplastic types of concave deformation, as well as convex buckling
deformation, were realized in the suspended parts of the nanowires. For various types of observed deformations,
different magnitudes of increase in the Source-Drain resistance of the deformed part compared to the relaxed part
of the same devices were determined. All suspended devices exhibit external strain-sensitive Shubnikov-de Haas
oscillation frequencies representing the carriers of top and bottom surface states and bulk, whereas, in the case of
supported devices, the bottom surface states are masked by a trivial 2DEG. The obtained results may be useful for
strain engineering of TI materials, as well as for applications in NEMS and other areas related to suspended

Nanoscale electromechanical (NEM) switch

nanostructures.

1. Introduction

Suspended devices based on nanosized structures in the form of
nanowires (NWs), nanobelts, nanoribbons, and thin films (TF) are suc-
cessfully implemented in a wide field of various applications in elec-
tronics [1-4], biosensing [5-7], gas sensing [10,8,9], photonics [11],
thermoelectric performance devices [12,13], nanomechanical resona-
tors [14-16], devices for fundamental phenomena investigations [17,
18], and nanoelectromechanical switches [19-22] due to their small
size, low mass, high crystalline quality, significant anelasticity, plas-
ticity, and ultra-high strength [23,24]. Indeed, the coupling of me-
chanical and other degrees of freedom, such as electrical, spin or optical,
allows the creation of novel devices with improved characteristics.

One class of these devices is nanoelectromechanical (NEM) switches,
which exploit mechanical and electrical interaction between movable
and static elements [22,25,26]. Most of the NEM switches based on
suspended TF (graphene) [27,28] or NWs [21,29,30] have previously
been demonstrated at room temperature. However, the use of a material
with a high melting point, such as molybdenum or silicon carbide, in
NEM switches makes it possible to implement devices at high

temperatures (up to 800 K) [31,32]. Thus, NEM switches have already
proven their superiority as low-voltage [33-35], low standby-power
devices [36], and suitability for harsh environment applications [31,
32]. These energy-efficient devices can be used as memory, logical and
sensing elements, endowed with high sensitivity and speed. Moreover,
the use of a material with suitable physical properties at low tempera-
tures (e.g. graphene, or topological insulators (TIs)) as the active
element of NEM switches will lead to new applications in space in-
stallations [37] or quantum computing applications [38]. Recently, a
NEM switch operating at temperatures as low as 5 K has been demon-
strated by our group using a layered topological insulator material —
bismuth selenide (BisSes) [39].

Three-dimensional topological insulators (3D TIs) are a novel class of
quantum materials that are insulating in the bulk, but host conducting
topological surface states (TSSs) protected by time-reversal symmetry.
Due to spin-momentum locking of Dirac fermions originating from TSSs,
the material provides an opportunity to realize a broad range of appli-
cations inaccessible in ordinary materials [40,41]. Experimentally
accessing TSSs has been a challenge due to a significant contribution
from the bulk carriers that place the Fermi level in the bulk conduction
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band [42-44]. To overcome this problem (reduce the concentration of
bulk carriers), efforts have been aimed at: a) synthesis of 3D TIs with an
increased surface-to-volume ratio [45,46], b) introduction of chemical
compensating dopants into TI materials [43,47,48], and c) control of
Dirac states in TIs by introducing various strain (strain engineering)
[49-53]. While the synthesis of reduced-size nanostructures and the
compensating doping approaches allow optimization of TI material
properties before device fabrication and are irreversible, strain engi-
neering provides a reversible route for modifying the electronic struc-
ture in TI-based devices [54]. Since 3D TI materials as BipSes, BioTes and
SbyTes have a tetradymite structure formed by five covalently bonded
atomic sheets (e.g., Se-Bi-Se-Bi-Se) defined as a quintuple layer (QL),
which are weakly bonded between each other (van der Waals) [40], the
bulk band topology of TIs would be expected to be sensitive to uniaxial
in-plane stain [54]. Thus, strain is a particularly exciting way to
manipulate and control the Fermi level in TIs, since different types of
deformations can lead to different properties [55]. For example, strain
may lead to phase transitions from topological to trivial states and
vice-versa [56,57]. It has been theoretically calculated that the elec-
tronic band gap of BizSes decreases with tensile in-plane strain and in-
creases with compressive in-plane strain [58].

TI-based NEM switches could take advantage of both the strain
tunability of electronic properties of BisSes and the suitable electro-
mechanical properties for undergoing electromechanical «ON/OFF»
switching. Typically, the moment of «<ON/OFF» switching is determined
by a significant and sharp change in current after closing or opening the
contact: in the case of a Source-Drain current a nanorelay configuration
is implemented, and in the case of a Gate-Drain current a two-terminal
switch is realized. The disadvantage of currently implemented 2-ter-
minal switches based on BiSes nanowires is the large distribution of the
geometric dimensions of the synthesized nanostructures, which causes
differences in the elastic properties of nanowires. As a result, the balance
between «ON» state adhesion and nanowire elastic force is different for
individual nanowires, so often when the gate voltage is released, the
elastic force of the nanowire does not exceed the adhesion force, and the
nanowire can remain in the «ON» state. However, the strain-induced
rearrangement of the electronic properties of BizSez makes it possible
to continuously control the Source-Drain current not only at the moment
of switching but also at all stages of nanowire bending, as well as to
monitor the state of the nanowire under different bending modes.

The active element in the form of nanowires used in NEM devices can
be repeatedly exposed to external mechanical stress (compression, ten-
sion, bending and buckling), which requires excellent resistance to
bending fatigue. However, as was recently shown by Kong at al. [23],
previous studies (theoretical and experimental) have mainly focused on
the loading behavior of nanowires (tensile/compressive) in NEMS, while
the bending deformation behavior of nanowires remains less studied
[59-65].

In this study, based on the sensitivity of TSSs to external strain, we
exploited the magnetotransport properties of the suspended and sup-
ported parts within the same BiySe3 nanowire to investigate the effects
of nanowire bending/buckling deformation for further use in NEM ap-
plications. Temperature dependence of resistance, magnetoresistance as
a function of a magnetic field, and Hall effect measurements are used to
describe the properties of TI nanowires in relaxed and strained states.
The electrostatic field effect was used to deform the nanowire at room
and low temperatures. Our results may pave the way towards a single
device in which «ON/OFF» switching would be complemented by the
possibility of dynamical manipulation of the Fermi level and topological
states via electrostatically induced strain.

2. Materials and methods
The free-standing BizSes nanowires were synthesized by vapor-

liquid-solid (VLS) growth in a quartz tube furnace on a glass substrate
using the Au catalyst nanoparticles, formed by a dewetted ultrathin Au
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film as described in [66]. For better comparability, nanowires from the
same batch were used to fabricate samples for bending experiments. The
7 x 7 mm sized Si/SiOz (300 nm) chips were patterned via
electron-beam lithography (EBL) to define the shape of the trenches.
After that, the pre-patterned chips were etched either by reactive ion
etching (RIE) in a mixture of CHF3 (20 sccm) and Oz (5 scem) at 10°C
and 200 W power for 8 min (using Cr metal mask) (Device 1) or in
buffered hydrofluoric acid 7 : 1 (BOE) (HF : NH4F = 12.5 : 87.5%) for
approx. 3 min to fully etch a silicon oxide layer (Device 2 and 3). Next,
Ti/Au (5/95 nm) back-gate contacts were formed by the e-beam evap-
orator. Then the NWs were transferred to the substrate with the
trenches, slightly pressing this chip (a flip-chip method) to the glass with
nanowires (Device 1 and 2). For Device 3 the NWs were suspended in
isopropyl alcohol for alignment across the trenches with the gates using
floating-electrode dielectrophoresis [39,67]. Supercritical CO, drying
was used to remove the isopropyl residuals and avoid capillary forces
between the nanowire and the gate electrode.

Then, the nanowires transferred across the trenches were patterned
using EBL to create electrical contacts. To remove the native oxide layer
and provide a robust ohmic contact, the surface of the nanowires was
etched off (approximately 3-4 nm) with Ar-ion milling prior to the
deposition of the metal electrodes.

The width, thickness and suspended/supported length of the devices
were determined using an atomic force microscope (AFM, Bruker
Dimension ICON). In-situ transport measurements (2-probe configura-
tion) of Device 3 at room temperature were carried out using a scanning
electron microscope (SEM, Hitachi FE-SEM S-4800) equipped with a
nanomanipulator.

Tilted SEM images of the devices were obtained using SEM-Zeiss
Supra 60 VP. Electron-beam lithography (JEOL JBX 9300FS), Reactive
Ton Etcher (Oxford Instruments PlasmaPro Cobra), Ar-ion beam etching
(Oxford Ionfab 300 Plus), and vacuum evaporator (Lesker PVD 225)
were used to fabricate the trenches and create electrical contacts to the
individual nanowires in a cleanroom environment. Magnetotransport
measurements were performed in the physical property measurement
system PPMS (Quantum Design DynaCool (14 T)) equipped with
external electronics at the temperature of 2 K. All devices were measured
in DC bias mode. The biasing circuit consists of a voltage source Vj
(Keithley 2400), a bias resistor R, (for current biasing), and a sampling
resistor R; that is used for probing the current supplied to the device
(Figs. 1a and 6b). Both the voltage drops across the supported Vg, and
suspended Vg, parts of the device as well as I,R; are measured using a
setup consisting of two low-noise differential amplifiers (Stanford In-
struments) connected to the digital multimeters (Keithley 2000), to get
voltages and current across the device, respectively. The gate electrode
was connected to another source meter Vf (Keithley 2400) through a
bias resistor Rf with a nominal 1 MQ to reduce the noise. The Gate-
Drain current was simultaneously monitored during applying the
back-gate voltage.

3. Results and discussion
3.1. Magnetotransport properties of synthesized BizSez nanowires

After synthesis, several nanowires of different thicknesses
(30-120 nm) were characterized in terms of electron transport proper-
ties. All nanowires demonstrate nearly linear behavior of the longitu-
dinal magnetoresistance as a function of temperature, which indicates
metallic conduction frequently observed in BiySes due to conductive
bulk states [68]. Magnetoresistance as a function of a magnetic field
measured at 2 K exhibits oscillations at the magnetic field above ~5 T
attributed to the Shubnikov-de Haas (SdH) oscillations (quantum
transport phenomena representing magneto-oscillations of the resis-
tance in systems with high-mobility electrons at sufficiently low tem-
peratures). They arise as a result of the cyclotron motion of electrons and
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(b)

Fig. 1. Tilted false-color SEM images of fabricated Device 1 based on a Bi,Se3 nanoribbon (green) transferred onto a Si/SiO, substrate (violet), containing an etched
trench with a gold back-gate electrode (light-yellow) inside. The metal electrodes are shown in yellow. The device consists of the suspended and supported parts. (a)
The device (with the measurements scheme) in the «OFF» configuration (an unstrained suspended wire above the back-gate electrode). (b) The device in the «<ON»
configuration (a wire is touching the gate). The inset is a zoom-in region showing that the suspended nanowire is deformed by the electrostatic force and attached to
the gate.
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Fig. 2. Magnetotransport measurements of Device 1 presented in Fig. la. (a) The longitudinal sheet resistance Ry (€/[]) as a function of a magnetic field for the
suspended and supported parts. (b) Magnetoresistance MR = (Rxx(B) — Rxx(0))/Rxx(0)) as a function of a magnetic field. Shubnikov-de Haas oscillations analysis: the
Fourier transform power spectra of 0?ARy/0B? (presented in the insets) for the supported part shown in (c), and for the suspended part shown in (d), respectively.



K. Niherysh et al.

the sequential crossings of the discrete Landau Levels through the Fermi
energy [69]. These observed oscillations are not strictly periodic in 1/B,
and the Fourier transform (FT) of them reveals a few frequencies, which
leads to a beating pattern of the SdH oscillations. Such multiple fre-
quencies for BizSes nanowires with thicknesses above ~30 nm have
previously been reported by our group in [46,66,70] and also by other
groups [71,72]. The complex pattern of the SAH oscillations originates
from the coexistence of the 3D bulk carriers and the 2D topological
surface states. Thus, the nanowires synthesized in this study exhibit
features of both surface states and bulk carriers, which is consistent with
previously observed phenomena in BiySes synthesized by various
methods. In general, the transport behavior of measured nanowires is
qualitatively the same with transport of the supported parts of the de-
vices presented below.

3.2. Magnetotransport properties of an elastically deformed suspended
nanowire

To implement a micron-sized long NEM switch based on a BisSes
nanowire, Device 1 containing the supported and the suspended over
the trench with the gate electrode parts was fabricated (Fig. 1).

To study the electronic properties and distinguish the difference in
Source-Drain transport between the suspended and supported parts of
Device 1, the magnetotransport measurements with a magnetic field
applied perpendicularly to the nanowire were performed at 2 K. Fig. 2a
represents the longitudinal sheet resistance, calculated as Ry (Q/[1)=
Ry () xw/L, where w is the actual nanowire width and L is the distance
between the longitudinal contacts, as a function of a magnetic field. The
value R (Q/[) is slightly different for the suspended and supported
parts. We attribute this difference to the influence of contact resistance
in the case of supported part measurements (three-probe configuration).
Since the values of Ry are different, we plot magnetoresistance MR=
(Rxx(B)—Ryxx(0))/Rxx(0)) as a function of a magnetic field to show the
difference between two parts within one nanowire (Fig. 2b).

For both suspended and supported parts of the wire, the ARy o0s-
cillations were found by subtracting a polynomial background. This
effect is associated with the Shubnikov-de Haas oscillations. The Fourier
transform of the 9?ARy,/0B? for the supported part reveals only two
frequencies Fy,,, =423 T and F2,,=70.6 T. Following the Onsager
relation [73], these frequencies correspond to nél,i_mppzl.02><1()12 em™2

and n%D},W:I.ﬂxlOlz cm 2, respectively (Fig. 2¢). A similar multi-

frequency pattern (with two dominating frequencies) for Bi;Sez nano-
ribbons with thicknesses above 30 nm was previously observed by our
group [46]. Since the surface states (at the substrate-nanowire interface)
are overlapped with the charge accumulation layer having lower charge
carrier mobility, the bottom surface SdH oscillations do not usually
appear in magnetoresistance. Moreover, these frequencies (previously
observed in [46]) were unaffected by the applied gate voltage (up to
—75 V), indicating that they correspond to either bulk or surface state
carriers at the top surface (at the nanoribbon-vacuum interface) [45,46,
74]. Thus, we attribute observed Fy,,, and F2,,, to the top surface states
at the interface with vacuum and to the bulk, respectively.

For the suspended part, the FT of the 0?ARyy/0B? oscillations dem-
onstrates three frequencies: Fy,;,=13.1 T, F2,,—45.8 T and F3,,,=70.5 T,
which correspond to nl, ,,=3.16x10"" em ™2, n3, ., =1.11x10'
cm 2 and ngpisuspzl.70><1012 cm 2, respectively (Fig. 2d). We attribute
the appearance of the third (lowest) frequency to the states from the
bottom surface, which are no longer masked by the accumulation layer.
Since the SdH frequencies of TI are sensitive to external strain [53], the
fact that the frequencies corresponding to the top surface states for the
suspended and supported parts remain almost the same is in good
agreement with the absence of deformation at the suspended part, as
shown in Fig. la.

After examination of the suspended and supported parts in a relaxed
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state, the Ry as a function of the gate voltage has been studied for De-
vice 1.

According to existing analytical models of bending [75,76], the
strain of a bent nanowire in the thickness direction can be divided into
three types: pure elastic, elastoplastic, and pure plastic deformation
(Fig. 3). In the case of pure elastic deformation, the top surface (inner
side) of the nanowire experiences compressive stress, while the bottom
surface (outer side) is under tensile stress, and there is no stress in the
middle (neutral layer (NL)). After removing the bending moment M, the
elastic deformation will be restored. As shown in [77], if the radius of
bending curvature R is much larger than the substrate thickness t and the
dominant deformation occurs in the longitudinal direction, the bending
strain can be calculated using the formula of the continuum mechanics
model for elastic beams: € = t/2 R. In the case of elastoplastic defor-
mation, the NL is displaced from the centroid of the cross-section due to
the mass conservation effect, which induces a transition of tensile/-
compressive stresses across the thickness of the nanowire. The direction
of NL displacement is related to the material properties and the bending
curvature. In most cases (for materials with similar behavior under
compressive/tensile stresses), the neutral layer is shifting towards the
center of curvature. After releasing the bending moment M, the elastic
deformation is restored, but the plastic deformation remains, which
leads to deviations in the dimensions of the nanowire. If the stretching
applied during the bending process is large enough, NL can extend
beyond the cross-section, thus the stress gradient across the thickness of
the nanowire will reduce and elasticity will decrease sharply (plastic
deformation) compared to the pure bending effect [76].

Applying a negative voltage to the gate electrode first of all leads to
the formation of oppositely charged carriers (depletion layer) at the
bottom surface of the naturally n-doped nanowire. As far as a depletion
layer is formed, an electrostatic attractive force acts on the wire uni-
axially bending it towards the gate (Fig. 1b). A similar procedure occurs
if a positive voltage is applied to the gate electrode. First, an accumu-
lation layer (negatively charged carriers) is formed at the bottom surface
of the nanowire, and then, as a consequence, the nanowire bends to-
wards the gate under the influence of the electrostatic attractive force.
During such bending, the top surface of the nanowire experiences
compressive stress, while the bottom surface is under tensile stress
(Fig. 3b). When a negative voltage is applied to the device, there is a
clear increase in the resistance of the suspended part (Fig. 4a bottom
panel), while the resistance of the supported part remains unchanged
(Fig. 4a top panel (inset)). As the dielectric constant of SiO3 (€sjo2=3-4)
[78] is higher than that of vacuum (eyac=1) [79], the effect of changing
Fermi energy via the gating effect (at the initial moment when the dis-
tance to the wire is the same) should be more effective in the case of the
supported wire, even in the presence of the accumulation layer, since the
trivial 2DEG at the bottom extends well inside the bulk, and is therefore
screened by topological surface states [72]. Thus, we attribute the
change in resistance when the wire is suspended to the mechanical
deformation (bending towards the gate).

During the gate voltage sweep, the current between the gate elec-
trode and the nanowire Igp (similar to 2-terminal switches[20,25,29,39,
671) also was monitored (Fig. 4a top panel). At a certain point (—1.45 V)
the Igp starts increasing because the distance (separation) between the
nanowire and the gate becomes small and a tunneling effect appears. A
further increase in the potential at the back gate leads to the emersion of
pronounced peaks in the Gate-Drain current and resistance curves. This
may be due to the logarithmically increasing tunneling current with
decreasing distance [80], as well as the action of additional attractive
van der Waals forces that come into play when the distance between the
nanosized objects is several nanometers [81]. The change in the resis-
tance slopes (purple dashed lines in Fig. 4a bottom panel) indicates the
point of initial action of additional van der Waals forces. At —1.84 V (left
orange line in Fig. 4a), Igp starts to increase sharply, which is a sign of
the device switching to the «<ON» mode. To prove the fact that the in-
crease in Source-Drain resistance (with gate range from 0 to —1.84 V) is
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Fig. 3. The scheme of the distribution of various types of deformation along the thickness of the nanowire. (a) A nanowire before bending (relaxed state). (b) A
nanowire under elastic deformation. The predominant deformation occurs in the longitudinal direction. (c) A nanowire in elastoplastic deformation regime. (d) Shift
of NL beyond the nanowire cross-section (the entire cross-section is under tensile strain) (plastic deformation).
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Fig. 4. (a) Gate-Drain current and Ry, of the suspended and supported (in the inset) parts as a function of the back-gate voltage (Device 1). The blue, red and green
lines represent experimental data. The black lines depict filtered data. The vertical orange lines indicate pronounced peaks due to mechanical deformation. The
change in the slopes of the two purple dashed lines indicates the point of the initial action of the additional van der Waals forces to the electrostatic attractive force,
resulting in faster deformation of the nanowire. (b) AFM image of the device in «ON» mode. (c) Height profile of the bent nanowire, presented in (b).

a result of mechanical deformation and not of the tuning of the Fermi
energy due to the field effect, we increased the back-gate voltage to
—2 V. After this the Gate-Drain current value increased linearly from ~
—0.6 nA to —1.7 pA, which means the device is in stable «<ON» mode.
Even after that, the increased resistance of the suspended part remains at
the same value (does not decrease to the initial value before gating/-
bending). It is a sign of the deformation effect since the influence of the
electric field does not affect the wire anymore. SEM image as well as
AFM image and height profile of the bent wire in «<ON» mode are pre-
sented in Fig. 2b and Figs. 4b and 4c, respectively.

To investigate the strain-induced rearrangement of the electronic
properties after bending the wire to the gate contact, magnetotransport
of Device 1 was remeasured in «ON» mode at a fixed voltage on the back
gate of —2 V. The longitudinal sheet resistance and MR as a function of a
magnetic field are presented in Fig. 5a and b, respectively. It is clearly
seen, that Ry, (©/[]) value of the supported part remains unaffected by
the gate voltage, while the suspended part reveals an increase in resis-
tance (3,84%) in comparison with the data presented in Fig. 3.
Following the analysis of the SdH oscillations described above, we did
not find any difference for the supported part before and after applying
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Fig. 5. Magnetotransport measurements of Device 1 presented in Fig. 2b in «ON» regime (with a fixed gate voltage of —2 V). (a) The longitudinal sheet resistance
R« (Q/[) as a function of a magnetic field for the suspended and supported parts. (b) The magnetoresistance MR = (Rxx(B) — Rxx(0))/Rxx(0)) as a function of a
magnetic field. (c) The Fourier transform power spectra of 0*ARy,/0B? (presented in the insets) for the suspended part. (d) Gate-Drain current of the suspended parts

as a function of the back-gate voltage after ransport
«ON>» regime of the switch, when Fyqw + Felec > Felas-

the gate voltage, as expected. However, the suspended part exhibits a
slight shift of F2;2V=41.5 T (n35 2%, =1.00x10"? cm™?) towards lower
frequency in comparison with F2,, =45.8 T (13, ,,=1.11x10'? cm ™),

as well as Fi72'=22.4 T (n; 2% =5.38x10"" cm?) towards higher

The top inset is Ry as a function of the gate voltage. The bottom inset is the schematic of

value comparing to FL,=13.1 T (n} ,,=3.16x10"" cm™?), while the
third frequency remains the same F;t;zv ~ F?mp. All values of the SdH
frequencies, as well as 2D carrier concentrations in relaxed and

deformed states are summarized in Table 1.

Table 1
Deformation type of the nanowire.
Design Channel SdH frequency, T Nap, cm 2 Deformation Deformation type AR, %
Device 1 Suspended Top surface 45.8 1.11 x 10'? relaxed Relaxed -
Bottom surface 13.1 3.16 x 10" relaxed
Bulk 70.5 1.70 x 10* relaxed
Supported Top surface 42.3 1.02 x 10'? relaxed Relaxed -
Bottom surface - - relaxed
Bulk 70.6 1.70 x 10'* relaxed
Device 1 (-2V) Suspended Top surface 415 1.00 x 10'2 compression Elastic 3.84
Bottom surface 22.4 5.38 x 10" tension
Bulk 70.4 1.70 x 10'* relaxed
Supported Top surface 42.3 1.02 x 10* relaxed Relaxed -
Bottom surface - - relaxed
Bulk 70.6 1.70 x 10'* relaxed
Device 2 Suspended Top surface 43.4 6.29 x 10! compression Elastoplastic 21.85
(Deformed) Bottom surface 25.9 1.05 x 10'? tension
Bulk 93.6 2.26 x 10'2 compression
Supported Top surface 52.9 1.28 x 10'? relaxed Relaxed -
Bottom surface - - relaxed
Bulk 96.9 2.34 x 102 relaxed
Device 3 Suspended Top surface 41.4 1.00 x 10'2 tension Buckled -1.62
(Buckled) Bottom surface 20.7 5.01 x 10! compression
Bulk 69.1 1.67 x 10" -
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The observed results are consistent with [53,82], where the tensile
strain shifts the Dirac point towards lower energies, while compressive
strain causes a shift to higher energies. So, the SdH frequencies experi-
ence upshift/downshift with tension/compression of the nanowire on
the bottom/top surface. We attribute the downshift of F2,,*" frequency
(top surface states) to the induced compressive deformation on the top
surface of the nanowire and the upshift of Fslu;;" (bottom surface states)
to the induced tensile deformation on the bottom surface of the nano-
wire, respectively. The fact that the SdH frequency representing bulk
charge carriers remains unchanged after the performed measurements
and is identical to the value of the relaxed (supported) part, indicates
that the NL is not displaced from the centroid of the nanowire
cross-section, and there is a balance of stresses on the top and bottom
surfaces, which is a clear sign of elastic deformation regime.

Taking into consideration an elastic deformation regime, the formula
€ = t/2 R can be used to estimate the amount of nanowire deformation.
For given Device 1, the radius of curvature is equal to R=21.5 ym
(calculated based on AFM measurements (Fig. 4c)), and therefore the
strain is € = 0.22%.

After completing the magnetoresistance measurements, the gate
swept from —2 to 0.25 V. The Gate-Drain current as well as the gate
dependence of resistance for the suspended part are shown in Fig. 5d.
The linear behavior of the current-voltage characteristic and the absence
of a change in resistance during the sweep indicate that the balance
between attractive van der Waals Fyqw + electrostatic Fejec and repulsive
elastic Fejas forces is violated (Fyqw + Felec > Felas), Which results in
strong attachment of the wire to the gate electrode (Fig. 2b, Fig. 5d
bottom inset) [25]. In our case, this procedure was performed inten-
tionally to demonstrate the strain distribution in the nanowire under
different «ON» and «OFF» regimes. For the repeatable operation of the
device in «<ON — OFF» regimes (as in the electromechanical switch), the
gate bias voltage must be less than the value of —1.84 V (the left vertical
orange line in Fig. 4a).

In summary, uniaxial electrostatic bending of the nanowire towards
the gate results in compressive strain on the top surface and tensile strain
on the bottom surface, as evidenced by a shift in the SdH oscillation
frequencies corresponding to these surfaces. The bulk frequency remains
the same for the supported part, suspended and suspended deformed
parts, which is a sign of the elastic deformation regime. During the
bending process, an increase in the Source-Drain resistance by 3.84%
was observed. We associate it with the effect of deformation, since after
the switching to «ON» regime the resistance value remained unchanged.
To regulate the distance between the nanowire and the gate electrode,
an electrostatic potential should be precisely applied. It will allow to
monitor the Source-Drain current continuously and to access (at certain
gate voltages) the regime in which two parallel currents (Source-Drain
current as well as Gate-Drain tunneling current) are present. Simulta-
neous control of these two currents makes it possible to accurately
define the moment when it is necessary to stop bending and consider the
nanowire to be in the «ON» regime. As a result, a stable balance is
determined between the adhesion force and the elastic force of the
nanowire, so when the gate voltage is released, the latter one exceeds the
adhesion force and the device should turn into the «OFF» state, and
hence the switch can operate in a repeatable manner.

3.3. Magnetotransport properties of an elastoplastically deformed
suspended nanowire

To study the electrical and mechanical properties of suspended
nanowires in the elastoplastic deformation mode, Device 2 was fabri-
cated. To introduce a plastic component of deformation, a certain
amount of strain (greater than in the elastic mode) must be applied to
the nanowire, which will cause an irreversible change in geometry. In
order to introduce additional strain to the device (for example, due to
the load on the sample) without significant change in the fabrication
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process, it was decided to increase the length of the suspended part.
According to the classical beam deformation theory, in the case of the
beam fixed at both ends with a uniform continuously distributed load on

4
s8am» Where

top, the maximum deflection of the beam at center is 5. = 3313
q is the uniform load [N/m], L is the distance between fixed ends, E is the
modulus of elasticity [Pa<N/m2], 1 is the area moment of inertia [m“]
[83]. Indeed, due to 6, ~ L*, an increase in L at the same load on the
top of the suspended nanowire (for example, a resist) will bend the
nanowire more efficiently. Using the property of isotropic etching of
SiO4 with wet chemicals (BOE), we increased the trench width from 3 up
to 8 um. Since Device 2 was fabricated identically to Device 1, the
suspended part of the nanowire experienced significant loading (resist
and metal), resulting in elastoplastic bending of the nanowire towards
the gate electrode. After removal of the loading from the suspended part
(Lift-off), the deformation of the nanowire remains even without
applying voltage to the back-gate electrode. Representative optical and
AFM images of Device 2 with the suspended and supported parts of the
nanowire, as well as AFM profile of the deformed nanowire (in «ON»
regime) are presented in Fig. 6. The provided geometry of contacts al-
lows independent measurements of the supported and suspended parts
of the nanowire in a four-probe configuration, thus eliminating the
contact resistance effects. Moreover, the additional pair of Hall bars
allows to measure the type and concentration of charge carriers.

Since the stress during elastoplastic deformation is distributed over
the nanowire cross-section, the formula & = t/2 R can no longer be used
for strain value estimation. We carried out transport measurements to
compare the relaxed (supported) part of the nanowire with the sus-
pended part that experienced elastoplastic deformation. This compari-
son will help to evaluate the effect of strain on the properties of the
nanowire.

First, we checked whether the nanowire was touching the gate
contact by measuring the current between the gate and the nanowire
(Igp), which indicated an open circuit. Then, to measure transport
properties in elastoplastic deformation mode, Device 2 was cooled down
from room temperature (RT) to 2 K. A metallic temperature dependence
of the longitudinal sheet resistances Ry(Q/[]) for the supported and
suspended parts was observed (Fig. 7a). As shown in Fig. 7a, the Ry (Q/
[ of the suspended part is higher than that of the supported part
(21,85% at 2 K), and we attribute this fact to the bending effect and
elastoplastic deformation of the nanowire introduced during
fabrication.

To estimate the type and charge carrier’s concentration of the
examined nanowire (Device 2), the Hall resistance Ryy was measured as
a function of a magnetic field at the temperature of 2 K at the supported
part. The negative Ryy(B) slope indicates n-type carriers (Fig. 7a inset).
The values of the 2D carrier concentration were calculated from the Hall
resistance as [46]: nap pall = (Wi/W)/(e-0Ryy/0B), where w is the actual
nanowire width, wy is the distance between the Hall contacts, and e is
the elementary charge. The linear fit of the Hall resistance (blue dashed
line in the inset of Fig. 7a) in the low magnetic field range depicts the
deviation from the linearity at higher magnetic fields (orange dashed
line in the inset of Fig. 7a). This non-linearity indicates the contribution
of another band (for example an accumulation layer at the interface
between the nanoribbon and substrate with different mobility and
concentrations of carriers) to the entire transport through the nanowire
[45,46,74]. The fitting results of the experimental Hall data yield
ngDJ.{aH:Z.SlxlO13 em~2 and ;11.{;,11:2.02><103 cm? (Vs)fl which are
typical values for BiySes nanowires synthesized by our group using
physical vapor deposition method [46,66,70,74,84].

Likewise to Device 1, magnetotransport measurements with a mag-
netic field applied perpendicularly to the nanowire at 2 K were per-
formed for Device 2. The Fourier transform of the 0*ARyy/0B*
oscillations for the supported part reveals two frequencies FiupP:52.9 T

-2

and F2,=96.9T, corresponding to md, ,,,=1.28x10'> cm™* and

ngmw =2.34x10'2 cm™2, respectively (Fig. 7c). Similar to Device 1, we



K. Niherysh et al.

Sensors and Actuators: A. Physical 371 (2024) 115292

VSusp

——Profile 1
—— Profile 2

kinks

T

3 6 9 12
X(um)

Fig. 6. (a) Optical image of a transferred Bi,Se; nanowire across the pre-patterned trench with a gold electrode inside. (b) Optical image (with measurements
scheme) of Device 2 containing the suspended and supported nanowire parts, shown in panel (a). (c) AFM image and (d) corresponding height profiles of Device 2,
indicating full mechanical contact («<ON» regime) of the nanowire with the gate electrode after applying gate voltage.

attribute observed F},,,, and F2,,,
with vacuum and to the bulk, respectively. It should be noted here, that
the deviation from the linearity at high magnetic fields for the Hall effect
measurements (Fig. 7a inset) and the discrepancy in 2D carrier con-
centrations extracted from the SdH oscillations analysis and the Hall
effect measurements confirm that the charge accumulation layer formed
at the substrate-nanowire interface dominates in the Hall conductance
and mask bottom topological surface states.

In the case of the suspended part, the FT of the (BZAR,(,(/(JB2 oscilla-

tions depicts three frequencies: Fy,,=25.9T, Fag,=43.3T, and

susp

to the top surface states at the interface

Ffmp:93.6 T, which according to the Onsager relation correspond to
M 4p=6.29x10""  cm?,

ngpis,_,spzz‘26><1012 em 2, respectively (Fig. 7d). All observed fre-

13, 4p=1.05x10">  cm™?,  and

quencies are summarized in Table 1. As for Device 1, the lowest fre-
quency Fzm‘, represents the states from the bottom surface. The

frequency =52.9 T representing the top surface states carriers under

Fapp
relaxed condition (supported part) exhibits shift to lower frequency
Ffusp:43.3 T, indicating compression of the Bi;Ses nanowire on the top
surface. Moreover, the frequency representing bulk in the suspended
case also experiences a downshift in comparison with the bulk states in a
relaxed mode. This means that, due to the elastoplastic deformation
regime, the NL is displaced from the centroid of the cross-section to-
wards the center of curvature, and the balance of stresses on the top and

bottom surfaces of the nanowire changes (Fig. 3c). This may result in a

change in the overall conductance of the wire. Moreover, in [53] it is
shown that relaxed or compressed surfaces demonstrate lower mobility
of carriers than under tension, therefore o = enu for a surface deformed
under compression is much lower than under tensile deformation or in a
relaxed state, due to lower mobility and charge carrier concentration.
Assuming that the top and bottom surface states act as parallel
conductive transport channels, decrease of conductance at the top sur-
face results in an increase in the overall resistance of the nanowire. Thus,
in the particular case of Device 2, we attribute the higher resistance of
the suspended part (in comparison with the supported part (Fig. 7a)) to
the effect of elastoplastic deformation of the nanowire.

Since the formula ¢ = t/2 R is no longer applicable, we tried to
evaluate the strain by comparing the resistance for the relaxed and
strained modes. As it is shown in [85] for materials based on bismuth
chalcogenides, the relative changes in the resistance of the samples
AR/R are proportional to e. Using the coefficient of strain sensitivity
AR/eR, which ranged from 100 to 200 for different samples measured at
room temperature [85], the strain & ~ 0.27-0.53% (the ratio
AR/R=0.53 is extracted from Fig. 7a at 300 K) for Device 2 at RT can be
roughly evaluated.

Fig. 8a represents the Gate-Drain current of the suspended part as a
function of the back-gate voltage. Due to a very short distance between
the suspended nanowire and the gate electrode (approximately ten
nanometers), upon applying negative gate voltage, the suspended
nanowire is immediately attached to the gate electrode (Fig. 8b). This
behavior was expected, since basing upon numerical calculation
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Fig. 7. Magnetotransport measurements of Device 2 presented in Fig. 6. (a) Temperature dependence of Ry(€2/[]) for the suspended and supported parts. The inset is
anti-symmetrized Hall effect measurements Ry, (B). The blue dashed line is the linear fit in the range from 0 to 2 T, while the orange dashed line is the linear fit in the
range from 7 to 14 T. (b) Magnetoresistance MR = (Ryxx(B) — Rxx(0))/Rxx(0)) as a function of a magnetic field. Shubnikov-de Haas oscillations analysis: the Fourier
transform power spectra of 0°ARy/dB> (presented in the insets) for the supported part shown in (c) and for the suspended part shown in (d), respectively.
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Fig. 8. (a) The gate-drain current measured as a function of the gate voltage for the suspended part of Device 2. The blue, orange, and green curves represent scan
sweeps with different directions. The top inset is a zoom-in view of the 0..—0.2 V sweep. The purple dashed lines show the deviation from linearity at —0.02 V,
indicating the «ON>» state switching. The bottom inset is Ry as a function of the gate voltage, indicating a stable «<ON>» state even after the gate voltage is removed or
swept positively. (b) SEM image of switched «ON» device after performed measurements.

described in [67], we found that for a certain device geometry (nano-
wire thickness t=71 nm, width w=200 nm, distance between electrodes
(suspended part) Lsysp=9.2 um, and distance between the gate and
nanowire d~6-8 nm) at back-gate voltage of ~—25 mV, the nanowire
should collapse to the gate electrode. Indeed, the current between the
gate electrode and nanowire (Igp), monitored during the gate sweep,

shows a linear dependence (with a small deviation around 0 V gate
voltage (top inset in Fig. 8a), indicating an ohmic contact between the
nanowire and the back-gate electrode (Fig. 8a). After switching to the
«ON» state, the Source-Drain resistance of the suspended part Ry (/1)
increased by 6.52% compared to the wire resistance in the «OFF» state.
Moreover, according to the numerical calculation of the distribution of
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electrostatic forces near the corner of the gate electrode, the electric
field causes an infinite force on an infinitesimal part of the conductor
[86], which results in the wire deformation near both sides of the gate
(Fig. 6d). The radii of these bends (kinks) are much smaller than the
radius of curvature of the suspended device, which causes large local-
ized deformations. Turning off the back-gate voltage does not lead to the
detaching of the nanowire from the gate. The increased Source-Drain
resistance persists after the gate voltage is removed (bottom inset in
Fig. 8a). We attribute this fact to the presence of van der Waals inter-
action between the wire and the gate electrode. Due to the very large
contact area, as well as to the plastic deformation (kinks) of the nano-
wire, it leads to the changes in the geometry of the device. Figs. 6b and
8b show AFM and SEM images of Device 2 after the measurements were
performed. It is clearly visible, that the nanowire is lying on the surface
of the gate electrode. According to AFM data, the bending radius of the
suspended part of Device 2 is equal to ~ 53 um, and the radii of small
kinks are &~ 23,4 um. The overall nature of strain in the switched-«ON»
Device 2 becomes more complicated due to the presence of localized (at
the kinks) deformations. The magnitudes of the change in Source-Drain
resistance in the «OFF» and «ON» states are 21.85% and 29.80%,
respectively, which is significantly higher in comparison with elastically
deformed Device 1 (where the difference was 3.84%).

The use of elastoplastically deformed nanowires in NEM switches
will provide more effective bending in contrast to a pure elastically
deformed nanowire. However, the presence of a plastic deformation
term will play a negative role in the resistance to bending fatigue, which
may adversely affect the repeatability of the device in «ON»—«OFF»
regimes, and most probably the life-time of the device will be signifi-
cantly shorter than in the case of pure elastic deformation.

3.4. Magnetotransport properties of a convex-buckled suspended
nanowire

Since the distribution of stresses over the cross-section of a sus-
pended nanowire during deformation with upward and downward
bending can be different (the NL can move in different directions), De-
vice 3, which experiences a convex shape deformation, in contrast to
Device 1 and 2 (concave shape), was fabricated.

During the cooling process from RT to 2 K, the Source-Drain resis-
tance measured in the two-probe configuration experiences a metallic
behavior (Fig. 9a inset). Magnetotransport analysis of Device 3 at 2 K
shows similar behavior with the suspended part of Device 1, demon-
strating three SdH oscillation frequencies: F:wp:20.7 T, F2,,=414T,

susp
and Ffmp =69.1 T after the Fourier transform of the 0°ARyy/dB? (Fi g. 9b).

Sensors and Actuators: A. Physical 371 (2024) 115292

Observed frequencies with corresponding charge carrier densities
M @p=5.01x10"  em™?  n3, 0=1.00x10"* em%  and
ngl,impzl.67><1012 cm 2 refer to the bottom, top surface, and bulk
states, respectively. All data related to the SdH oscillations are sum-
marized in Table 1.

Then, the gate dependence of Source-Drain resistance was measured
at 2 and 4 K (Fig. 10). Both negative and positive gate voltage sweeps
show deviation in resistance change with gate voltage at +35 V (deno-
ted as the intersection of linear fits (the dashed lines in Fig. 10) of
experimental data in high and low electric fields). For the buckled beam
fixed at both sides, the transition from the first stable position (convex
shape) (Fig. 11) to the opposite stable position (concave shape) under
the influence of an electrostatic field leads to the appearance of a third
(curved) intermediate state [87]. We associate the observed change in
slopes with the transition of the nanowire from the initial state to the
second stable (concave shape) position (via an intermediate curved
mode), while a further increase in voltage leads to the deformation of
the nanowire towards the gate.

Since the selenium vacancies exist in BizSes and are the main origin
of n-doping, it is reasonable that charges in the Bi;Se3 nanowires can be
redistributed under the influence of a strong external electric field. Thus,
we associate the decrease in the Source-Drain resistance of the buckled
nanowire (during a positive voltage sweep at the gate) with the relax-
ation of the nanowire from its convex shape. Changing the voltage po-
larity on the gate sweep leads to an increase in resistance, which is
presumably related to returning the nanowire to its original (convex)
shape, as well as with charge redistribution due to the electrostatic field
effect. With a negative voltage sweep, we assume an additional Fermi
energy tuning process, because a much higher voltage is applied to
Device 3 compared to Devices 1 and 2.

The observed magnitude of the change in Source-Drain resistance
with a positive gate sweep between 0 and 80 V is —1.62%, which is
twice less in comparison to the elastically deformed Device 1 (which has
a similar lateral geometry). Here, the change in resistance is calculated
as the difference from 0 V, however, the nanowire is not relaxed at this
point due to its buckled nature. Thus, this value indicates the change in
resistance that occurred during bending from the first stable point to the
maximum deformed position for Device 3. However, it is worth noting
here that the bending distance in the case of Device 3 is much higher
compared to Device 1, but the resistance changes during bending are
still lower. Negative strain values indicate a relaxation process after the
initial convex state. Due to the smaller resistance change during the
operation of buckled Device 3 (with a significantly larger initial distance

(b)

12 0.05
6800 121 %
3
# 0.00 1
6600 10 <
2 i)
6400 4 5 8 —0.05 . . .
g 100 200 30 g 0.15 0.20 0.25
% 6200 Temperature (K) ) 1/B (T-1)
< g 6
H
6000 4 Q
E 4 Flisp=20.7T; n}p g5p = 5.01 x 104 cm;
Flisp=414T; ndp g5p = 1.00x 102 cm™%;
5800 4 24 Filisp=69.1T; n3p gu5p = 1.67 x 107 cm™2,
5600 —— Suspended
T v T 0 T T r T r
-10 -5 0 5 10 0 100 200 300 400 500 600

B (T)

Frequency (T)

Fig. 9. Magnetotransport measurements of Device 3. (a) Ry as a function of a magnetic field. The inset is the temperature dependence of Ry. (b) Shubnikov-de Haas
oscillations analysis: the Fourier transform power spectra of 0*AR,/dB? (presented in the inset).
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Fig. 10. Source-Drain Ry as a function of back-gate voltage measured at 2 K (a-b) and 4 K (b-c) for Device 3. Each data point represents the averaged Ry value
extracted from twenty I-V curves measured at a certain voltage value. The orange dashed line is the linear fit in the high electric field range, while the purple dashed
line is the linear fit in the low electric field range. The solid red lines indicate the voltage value of +35 V.

(a) (b)

(c)

Fig. 11. (a) SEM image of suspended Device 3, connected via an on-SEM manipulator (two-probe configuration) and (b) zoom-in tilted SEM image of the nanowire
suspended across the back-gate electrode after transfer and contacts fabrication. (c, d) Overlayed SEM images, showing sharp deformation of the nanowire as the
applied gate voltage changes from 0 V (green) to —40 V (c, red) and 40 V (d, red). Images are colored for improved comprehension.

between the nanowire and the gate) compared to the conventional De-
vice 1, buckled devices are promising candidates for NEM switches. This
fact is a good advantage of buckled devices in terms of the resistance to
bending fatigue. In addition, the convex shape allows the use of an
additional (top gate) electrode to implement a three-terminal switch,
and also such devices can be used for non-volatile memory applications.

To confirm that the wire deforms from the initial state (convex) to a
second stable state (concave) after the gate voltage reaches +35 V, we
used an on-SEM nanomanipulator equipped with sharp gold tips to

11

electrically connect the nanowire and the back-gate electrode to perform
an in-situ measurement at room temperature, as shown in Fig. 11 and S1
(Supplementary material). Figs. 11c and 11d show in-situ measured
SEM images of the buckled nanowire in the initial state (green) and after
applying a voltage of 40 V (red in panel c and d). It is clearly seen that
the shape of the nanowire changes to concave. This fact is in good
agreement with the low temperature gate measurements (Fig. 10), in
which the change in resistance slopes occurred at +35 V.
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4. Conclusions

Suspended devices based on VLS-grown topological insulator BizSes
nanowires were fabricated using different methods. The effect of me-
chanical deformation on the suspended part of the devices was studied
using magnetotransport measurements (at low temperature), as well as
in-situ SEM measurements at room temperature. The electrostatic field
effect was used to dynamically manipulate bending deformation, while
the magnetotransport measurements were performed to monitor the
external strain introduced into the suspended and supported parts
within the same BiySe; nanowire. The pure elastic and elastoplastic
types as well as a buckled deformation were realized in the suspended
parts of the nanowires. All devices exhibit the Shubnikov-de Haas
oscillation frequencies representing the carriers of the top and bottom
surface states and the bulk (see Table 1). In the case of supported de-
vices, the bottom surface states are masked by the trivial 2DEG, and only
two frequencies were observed, whereas for the suspended parts, a third
frequency appears because the carriers of the bottom surface states are
not masked by trivial 2DEG, formed at the interface between the sub-
strate and the nanowire. It can be seen that, regardless of the type of
deformation (elastic, elastoplastic), the SdH frequencies experienced
downshift and upshift with compressive and tensile strain, respectively.
Changes in the Source-Drain resistance as well as the Gate-Drain current
were continuously monitored as the nanowire was bent towards the gate
electrode to determine the moment of contact with the gate, as well as to
monitor the type of deformation induced and changes in the electrical
transport properties of the device. During the bending of the suspended
nanowires, an increase in the Source-Drain resistance was observed by
3.84% for elastic deformation, 21.85% for elastoplastic deformation,
and only 1.62% for deformation of the buckled nanowire. Thus, elas-
toplastic deformation provides more effective bending compared to the
pure elastically deformed and buckled nanowire. However, the presence
of a plastic term will play a negative role in the resistance to bending
fatigue compared to pure elastic deformation. The buckled devices are
also promising candidates for NEM switches because the convex shape
allows the use of an additional electrode to implement a three-terminal
switch, and such devices can also be used for non-volatile memory ap-
plications. It should be noted here, that the results presented in this work
are in good agreement and extend previous study [53], where BisSes
nanowires were initially (statically) deformed (without the gate effect).
We implemented more precise control during strain injection and
demonstrated three different deformation regimes. The obtained results
can be useful for strain engineering of TI materials, as well as for ap-
plications in NEMS and other fields related to suspended nanostructures
(thermoelectric, sensing, etc.).
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Abstract

Creating quantum dots in 3D topological insulators (3D TI) could allow to fabri-
cate novel devices such as terahertz lasers and single electron charge pumps. However
existing realizations of 3D TI-based quantum dots are scarce, and all of them rely on
as-grown nanostructures at the expense of scalability. This article presents an easy and
scalable method to pattern single electron transistors with various geometries from high-
quality (Bij_;Sby)2Tes thin films. These consist in a nanoribbon in which a central
island is delimited by two nano-constrictions acting as tunnel barriers. The presence
of multiple sets of Coulomb blockade features in the transport of the device reveals
that quantum dots form in the central island as well as in the two constrictions. In
the magneto-transport of the tunneling state, we observe conductance fluctuations in-
dicating that the electron motion inside the island is chaotic. The fabrication of such
devices opens as a first step towards the realization of practical devices based on TI

quantum dots.



Introduction

Three-dimensional topological insulators (3D TIs) are a class of materials that exhibit an
insulating bulk as well as conducting and topologically protected surface states.® These
surface states have a Dirac dispersion, which makes them effectively massless and insensitive
to localization or confinement by electrostatic gating because of Klein tunneling.

This makes the fabrication of mesoscopic structures that exploit confinement effects such
as quantum dots quite challenging. Nonetheless, these nanostructures are interesting plat-
forms to study emergent transport phenomena like the spin-orbital Kondo effect,? and hold
promises for novel applications such as room-temperature terahertz lasers® and single elec-
tron charge pumps for metrology.* Despite this potential, only two such realizations have
been reported in the literature."®

The present work follows the proposal by Saxena et al.* to realize 3DTI quantum dots
using constrictions in a 3DTI nanowire, as sketched in Figure 1. In nanowires with perimeters
comparable to or smaller than the phase coherence length 4, Dirac electrons circulating at
the surface accumulate a Berry phase of 7 after one full round around the edge. This
leads to destructive self-interference, creating a gap at the Dirac point that is inversely
proportional to the radius of the wire.” This gap suppresses Klein tunneling and renders
the TI electrons massive, thus sensitive to confinement potentials. As a consequence, two
constrictions in series in a 3DTI nanowire create a potential well that can act as a quantum

dot, as represented in the figure.
g = = e

Figure 1: Sketch of the TI nanowire quantum dot model (top) and corresponding band
structure in each section of the device (bottom).



In the following, we demonstrate the fabrication of such a device using in (Bi;_,Sb,;)2Tes
thin films patterned by electron beam lithography. Our method improves upon existing
realizations by its better scalability and flexibility in the control of the device geometry by
avoiding the use of as-grown nanostructures like flakes or nano-ribbons. Transport mea-
surements at low temperatures confirm the formation of a quantum dot within the central
island, alongside additional dots in the barriers. Lastly, under a perpendicular magnetic field,
magneto-conductance oscillations exclusively observed in the Coulomb blockade regime sug-

gest chaotic electron motion within the dot.

Results and discussion

Thin films of the topological insulator (Bi;_,Sb,)2Tes (BST) were grown by MBE on sapphire
substrates. These are 13 unit cells thick, which corresponds to 12.3 nm as measured by atomic
force microscopy. Prior to the fabrication, we also measured the sheet resistance of the film
Rn = 4 kQ per square area, its sheet carrier density nyp = 5.3 x 1012 cm~2 with n-type

~! (see Methods and Supportin
pp g

carriers, and its carrier mobility u ~ 200 — 250 cm? (Vs)
Information). We then proceeded with the fabrication of the devices. Electrodes were first
patterned on the film by standard electron beam lithography (EBL), evaporation of 50 nm
gold layer, and lift-off. Then, single-electron transistors (SET) were carved in the films by
another EBL and argon ion milling, using the resist as an etching mask. An SEM image of
the device discussed in this article is presented in Figure 2a. It consists in a 150 nm wide by
1.3 pm long nano-ribbon in which two constrictions of 170 nm in length by 22 nm in width
were made. These serve as tunnel barriers to define a central island of 100 nm in length, where
a quantum dot should form. A plunger gate is also patterned in the film during the same
step, in order to tune the charge state inside the dot (coming from the bottom of the image).

In absence of coaxial magnetic fields, we estimate the gap opened in the constrictions? to

be of the order of 2hvzl/ R = 20-25 meV, with v a2 4x 10° ms~! is the Fermi velocity in BST#
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Figure 2: a)SEM image of the dot device, with the side gate contact and leads. b) Small-
scale differential conductance map of the same device at 20 mK, showing Coulomb diamonds.
Dotted white lines indicate the slopes used for estimating the capacitance of the barriers in
the text. ¢) Same conductance map on a larger gate and voltage scale, the dotted square
indicates the diagram region shown in b). The color scale is shared for both plots. d) Zero-
bias conductance curve from the same data set as c)

and | = 1/2 is the angular momentum of the lowest-lying subband. Here, the equivalent
radius R is chosen so that 2w R equates the perimeter of the constriction. Comparatively,
the gap in the nanowire and dot should be of the order of 6 mV, but likely smaller or null
since the perimeter exceeds the phase coherence length /5 ~ 60 nm as estimated in the plain
film from magneto-transport (see Supplementary material). These values are in line with

those for which confinement is expected to occur.*



We then measured the electron transport properties of the devices in a dilution fridge with
a base temperature of 20 mK. Figure 2b presents a color plot of the differential conductance
dI/dV of the device pictured in panel a, plotted against the 4-points source-drain voltage
V' and the applied gate voltage V. It exhibits small diamond-like regions near zero-bias
in which the conductance of the device is strongly attenuated. These have a regular size
AVg = 15.2 mV in gate voltage, but their width in source-drain voltage varies smoothly
from diamond to diamond. Outside of these, the conductance background is mostly constant
in this range and has a value around one half of the quantum of conductance Gy = €2/h ,
where e and h are respectively the electron charge and the Planck constant.

These diamond features are typical manifestation of Coulomb blockade, which indicates
charging effects occurring in a region of the device that behaves as a quantum dot.? The size
of the dot can be estimated from the diamond periodicity in gate voltage as follows. We first
calculate the gate capacitance from the diamond periodicity as Cg = ¢/AVg =11 aF. Then,
we approximate the dot to an isolated disk of radius R, for which the capacitance is given by
Ca = 8¢pe, R, where ¢ is the permittivity of vacuum and ¢, &~ 5.5 is the relative permittivity
of the gate dielectric. The latter value is taken as the average permittivity of vacuum (e, = 1)
and the sapphire substrate (e, & 10). This yields a radius of R = 27 nm, which is consistent
with a dot being formed in the central region. The value is likely underestimated though,
as the formula does not take into account the screening effects of the leads nearby, that also
contribute to the measured value.! The tunnel capacitance of the barriers Cp can also be
obtained from the slopes of the diamond using Cr = Ce(| dVg/dV | +1), where dVg/dV is
the slope of the diamond boundaries (white lines in Figure 2b*). This yields Cy &~ 310 aF for
both constrictions, as the patterns are symmetrical around V = 0. Lastly, we calculate the
charging energy of the dot to be E. = €2/2Cx = 0.13 meV, where Cx, = 2C7r + Cg = 631 aF
is the total capacitance of the island.

As mentioned earlier, the width of the diamonds along source-drain voltage is modulated

by the gate voltage, which becomes more visible when scanning over a wider range of gate

ot



voltages, as shown in the map presented in Figure 2c. The measurement reveals that the
diamond width varies in a smooth but aperiodic manner that is reminiscent of a beating
pattern. Figure 2d displays the corresponding zero-bias conductance curve, revealing a se-
quence of broad peaks with uneven spacing. These peaks coincide with the intervals between
the dark patches, where the conductance becomes comparable to that of the constant back-
ground. Notably, the overall pattern is modulated by the small 15 mV Coulomb oscillation
originating from the central island dot. The regularity of the latter Coulomb oscillations in
gate voltage is also indicative that the dot behaves more akin to a single-electron transistor,
where the spacing between energy levels inside the dot is negligible compared to the charging
energy €2/2Cs.

Regarding the larger features, similar beating patterns have been reported for narrow
and disordered nanowires, in which additional quantum dots can form due to inhomo-
geneities®!213 This means that additional dots are formed within the constrictions. It is
also supported by the rather large peak spacing in gate voltage, about 150-250 mV, that
corresponds to a dot of a few nanometers in size using the same formula as for the island
capacitance. In such a system, the current can only flow if the conductance of all the dots
is finite, in other words that the Coulomb peaks of all the individual dots overlap. Con-
sequently, the position of the Coulomb peaks observed in the zero-bias conductance of the
series becomes stochastic.' Lastly, the periodicity of the Coulomb oscillation from the cen-
tral island being much shorter than the width of the other broader peaks means it modulates
the whole pattern but does not change nor prevent other broader peaks from being visible.
In 3D TT materials, the formation of such dots is usually prevented by Klein tunneling. How-
ever, as explained in the introduction, it is suppressed in the constrictions by the opening of
the gap. This also makes the Dirac electrons sensitive to confinement by charge puddles or
defects, and eventually leads to the formation of extra dots.

Coulomb blockade in mesoscopic objects can originate from several mechanisms, some

of which are sensitive to magnetic fields such as mesoscopic Coulomb blockade .'* Thus, to



further investigate the formation of the dots, we applied a magnetic field B perpendicular
to the sample plane and looked at its effect on the diamond structures.
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Figure 3: a,b : Small conductance maps for a perpendicular field of respectively 3 T and
8.5 T. ¢) Zero-bias conductance of the device for several values of the out-of-plane magnetic
field. The curves are offset from lowest to highest field for clarity. The inset shows the mean
peak spacing for the island dot (15 mV oscillation), as a function of magnetic field. Error
bars represent one standard deviation.

We measured smaller conductance maps for several values of the field, two of which are
shown in the panels a) and b) of Figure 3. In these, we see that the larger patterns change
significantly in shape and periodicity upon applying the field. The zero-bias traces of these
maps, plotted in panel c), reveal that the amplitude of individual peaks is affected by the
field in a random fashion.

The series arrangement of the dots makes it difficult to disentangle such effects. One
possible explanation could be orbital or Zeeman shifts,'® that lead to significant changes
in the pattern by changing the overlaps of Coulomb peaks from each of the dots in the
constrictions. Another possibility is the barrier dots are formed by an interference effect such
as mesoscopic Coulomb blockade,'® which can occur if one of the tunnel barriers that delimit
the dot is transparent. In this case, the field attenuates the amplitude of the conductance
peaks in a similar way to weak-(anti)localization.

In contrast, the Coulomb oscillations related to the central dot remain visible at all fields.



The spacing between the peaks seems to remain regular, and its mean value AV does not
change significantly with magnetic field, as shown in the inset of panel ¢). This further
confirms that the central dot behaves like a single-electron transistor.

We also investigated the evolution of the zero-bias conductance at Vi = 0 upon sweeping
the magnetic field, which is presented in Figure 4a for several values of the temperature. For
these parameters, the conductance is almost equal to that at V > e/Cy , meaning that the
three dots are simultaneously in the tunneling state. At 20 mK, we observe a broad zero-
field peak that seems to reduce upon increasing the temperature, as well as conductance
fluctuations for |B| > 2 T. These are not exactly periodic, but reproducible for consecutive
magnetic field sweeps, and weakly affected by increasing the temperature from 20 mK to
400 mK. The patterns do change if the charge inside the dot is changed either by the gate
voltage or by the electrostatic background, though. Lastly, all these features vanish as the
source-drain voltage is increased further above e/C, meaning that they are related to the
Coulomb blockade, and not to eventual magneto-resistance or conductance fluctuations in
the plain TT nanowire. On top of these, one can observe a small weak-antilocalization peak
in the range where | B |< 250 mT , that is also observed in the plain film before patterning.

A possible cause for these is universal conductance fluctuations (UCF) inside the dot,
in a similar fashion to what has been observed in gate-defined dots in 2D electron gases®”
and graphene billiards.'® As sketched in Figure 4c), when an electron enters a dot, it can
scatter elastically at the boundaries or on impurities multiple times before exiting, which
results in a chaotic motion. If there is an out-of-plane magnetic field, a magnetic flux is
threaded through the area A enclosed by these scattering paths, along which the electron
acquires a finite Aharonov-Bohm phase. this leads to an oscillation of the conductance with
a periodicity AB = ¢y/A, where ¢y = h/e is the flux quantum. All of these paths contribute
to the conductance with a different periodicity, the sum of which leads to aperiodic but
reproducible fluctuations with the magnetic field. Although these patterns are random,

their features are well described by the statistical theory of quantum dots.
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Figure 4: a) Magneto-conductance of the device at Vg = 0 and 7' = 20 mK, showing universal
conductance fluctuations superimposed on a decreasing magneto-conductance background.
b) Auto-correlation function (ACF) of the oscillations at B > 2 T, and fit of the central
lobe to a squared lorentzian. ¢) Sketch of a chaotic billiard, in which electrons are scattered
against edges and impurities and can enclose a finite area. d) Characteristic field B, extracted
from fitting the central lobe of the ACF, which is not significantly affected by temperature.
The curves in panels a) and b) are offset by respectively 0.05 and 1.5 for clarity.

Firstly, the broad U-shaped conductance enhancement below | B |< 2 T was also observed
in the case of chaotic billiards due to an effect similar to weak-(anti)localization® . Secondly,

above 2 T, the fluctuation pattern can be characterised by its auto-correlation pattern (ACF),

denoted C¢, which gives the correlation between the conductance at B and that at B+ AB.



In the Coulomb blockade regime (closed dot), it takes the form of a squared Lorentzian:?!

Cc(AB) o« (1+ (AB/B.)?) 72, where AB is the field shift and B, is the correlation field
inside the dot. The normalized curves obtained from the data at B > 2T are presented in
Figure 4b. We note that the frequencies below 0.25 cycles per Tesla were filtered out to
remove the slope from the magneto-resistance background. Fitting the central lobe of Cg
yields a characteristic field B, = 325 mT, that corresponds to a flux of 1.2¢y through the
nominal dot area. This value is significantly larger than the typical 0.3¢, observed for a
chaotic billiard, and could indicate that either the electron-electron interactions inside the
dot go beyond the charging effects,?? or that the actual dot size is smaller than the dimensions
of the island, which is also suggested by the smaller effective dot radius estimated earlier
from the gate capacitance.

Another explanation could be the formation of Darwin-Fock states inside the island or
constriction dots if the confinement potential takes the form of an harmonic oscillator.??
These energy levels shift and cross upon increasing the out-of-plane magnetic field, which
leads to changes in the ground state of the dot, and results in fluctuations of the position of
the Coulomb peaks.

To summarize, we demonstrated the fabrication of a functional TI-based single electron
transistor using a top-down electron beam lithography approach. Coulomb diamonds mea-
sured at 20 mK indicate the formation of a quantum dot inside the central island as intended.
However, the suppression of Klein tunneling that allows the formation of this dot also leads
to trapping of the Dirac electrons by imperfections in the constrictions, which forms addi-
tional quantum dots. This is an intrinsic limitation of the approach, and could eventually be
mitigated by patterning constrictions as short as possible to still observe Coulomb blockade.
Moreover, fluctuations in the magneto-conductance of the device in the tunneling regime
can qualitatively be explained by the chaotic motion of electrons inside the dot. While these
findings mark a promising initial step towards TI-based single-electron sources, it is crucial

to address the aforementioned challenges before the successful realization of such a device.
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Experimental

Device fabrication

The sample fabrication consists in two steps of electron beam lithography. Electrical contacts
were first patterned on the plain films by EBL, evaporation of Tis nm/Ause nm, and lift-off.
A 30 s low power argon ion milling was done before the deposition to ensure good electrical
contact. The second EBL step is used to define an etching mask in approximately 130 nm of
resist (Allresist AR-P6200) for both the leads, dots, and gate contacts. The pattern is then
transferred into the film by argon ion milling. During that step, the sample was cooled with
liquid nitrogen to minimize heat damage. Lastly, the etching mask was removed in warm

acetone with ultrasounds.

Transport measurements

The sheet resistance and Hall effect of the plain film were measured in a Quantum Design
Physical Property Measurement System (PPMS) at 2 K in the Van der Pauw configuration.
The data is provided in the Supporting Information. The transport in the single electron
transistor was measured in an Oxford Triton dilution fridge at a base temperature of 22 mK.
The sample was biased by applying an AC voltage of 1 Hz to a 1 M(Q bias resistor in series
with the device, and measuring the voltage and current along with a National Instruments
DAQ and Stanford Instruments voltage pre-amplifiers. The conductance is then obtained

by numerical differentiation.

Calculation of the autocorrelation measurements

After isolating the | B |> 2 T portion of the curve, a Butterworth high-pass filter with a
cutoff f, = 0.25 cycles per Tesla to remove the background. The mean value is then removed

before calculating the auto-correlation of the signal.
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Estimated dot parameters

Table 1: Capacitance values, charging energy, and estimated dot sizes for the different dots
found in the device.

G/Gy AVg Ca Cr Cx, E. R
Central dot 0.5 15mV 11 aF 310aF 620 aF 0.13 meV 26 nm
Barrier dots  1.75 21mV 75aF 82aF 170 aF 0.94 meV 21 nm

Extra information when writing JACS Communications
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