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Abstract

The 3D topological insulator (TI) materials Bi2Se3 and Bi2Te3 belong to a new class of

materials that are characterized by insulating bulk properties but host quasi-relativistic

states at their surface. These topological surface states form as a consequence of the

differing topology of the underlying Hamiltonian of the material and air and have been

shown to be very robust at ambient conditions as long as the topological character of

the bulk is unchanged. In addition, the strong spin-momentum locking that is present in

Bi2Se3 and Bi2Te3 leads to helical spin-polarization and protects the surface states against

backscattering and enables dissipationless transport. Since their discovery these novel

quantum states have lead to a vast interest in the condensed matter community for the

realization of applications in spintronics, quantum computing and low-resistance materials

at room temperature.

This work presents studies on Bi2Se3 and Bi2Te3 in the form of 2D nanoflakes, which

greatly reduces bulk contribution and enhances the topological surface properties. By the

use of Raman spectroscopy this work investigates the interaction of the crystal lattice

with the electronic degrees of freedom in the ultrathin limit. Hereby, the investigation

of the phonon’s frequency and line shape is used to identify significant electron-phonon

interactions. By investigating the 2D nanoflakes’ Raman response under the influence

of different external parameters like low temperatures, strong magnetic fields, and the

interface to a gold substrate, the changes in electron-phonon coupling are identified. These

are used to deduct information on the nature and manipulation of the topological band

structure in the ultrathin flakes.

In detail, high resolution temperature dependent Raman measurements in the range

between 300 K to 3 K reveal for Bi2Se3 additional phonon self-energy corrections at low

temperatures caused by interactions with an electronic susceptibility in the energy range of

the phonons. This electronic susceptibility can be related to the quasi-relativistic electrons

and shows the high contribution of topological surface states in the studied nanoflakes.

The topological nature of the coupling electrons is confirmed in magnetic field dependent

Raman measurements. The application of magnetic fields above 3 T reveals further changes

in the Bi2Se3 phonon’s self-energy that are shown to origin from the manipulation of the

electronic susceptibility due to a gap opening in the topological surface states.

For potential applications of Bi2Se3 and Bi2Te3 in devices, the influence of a gold-interface

on the electronic surface band structure is studied. By investigating the Raman response

of single nanoflakes on gold as a function of flake thickness carrier injection from the

gold into the contacted surface is identified. Our study confirms the Au-interface induced

downward band bending in Bi2Se3 and Bi2Te3 and demonstrates high contributions of
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trivial bulk electrons for nanoflakes below 10 nm and 12 nm, respectively. The obtained

results are finally discussed with respect to possible thickness limitations in accessing the

topological transport regime.
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Zusammenfassung

Bi2Se3 und Bi2Te3 gehören zur Gruppe der sogenannten 3D topologischen Isolatoren

(TI), welche sich durch isolierenden Eigenschaften im Inneren und leitenden Kanälen

mit quasi-relativistischen Elektronen an der Oberfläche auszeichnen. Diese sind das

Ergebnis der topologischen Eigenschaften des zugehörigen Hamiltonians, welcher das

Schließen der elektronischen Bandlücke im Übergang zu einem angrenzenden Material mit

abweichender Topologie, sowie z.B. Luft, erfordert. Die Oberflächenzustände zeichnen sich

durch spin-polarisierte Bänder aus, welche quasi verlustfreien Transport ermöglichen und

durch ihren topologischen Ursprung robust gegenüber Deformationen des Materials sind.

Diese Eigenschaften führten zu einer intensiven Erforschung der topologischen Isolatoren

für potentielle Anwendungen im Bereich der Spintronik, Quantencomputern, und als

widerstandsfreie Leiter bei Raumtemperatur.

Im Rahmen dieser Arbeit wurden als Vertreter der 3D TI Bi2Se3 und Bi2Te3 in Form von

zweidimensionalen Nanoflakes hergestellt, um den Beitrag der topologischen Oberfläch-

eneigenschaften zu erhöhen. Die Untersuchung der Nanoflakes mittels Raman Spektroskopie

ermöglicht es Informationen über die Wechselwirkung der topologisch geschützten Ober-

flächenelektronen mit den Gitterschwingungen des Kristalls abzuleiten. Dabei konnten

über eine Analyse der Phononen Selbst-Energie zusätzliche Beiträge durch die Ankopplung

an elektronischen Freiheitsgrade des Materials identifiziert werden. Die Elektron-Phonon

Wechselwirkungen wurden unter verschiedenen externen Rahmenbedingungen untersucht.

Dabei wurden Raman Messungen als Funktion der Temperatur, unter dem Einfluss starker

magnetischer Felder, und an Nanoflake Proben im Kontakt zu einem Gold Substrat

durchgeführt. Über die Analyse der Phononen Linienformen und daraus abgeleiteter

Wechselwirkungen mit den Elektronen des Systems wurden Schlussfolgerungen auf die

topologische Bandstruktur der ultradünnen Flakes gezogen.

Im Detail, in temperaturabhängigen Raman Messungen im Bereich von 300 K bis 3 K

wurden die Lebensdauern und Zerfallskanäle der Phononen untersucht. Dabei weist Bi2Se3

bei niedrigen Temperaturen starke Phononen Selbst-Energie Korrekturen auf, welche

durch die Wechselwirkung mit einer niederenergetischen elektrischen Anregung erklärt

werden können. Dies lässt sich auf eine Ankopplung an die quasi-relativistischen Ober-

flächenelektronen zurückführen und demonstriert den erhöhten Beitrag der topologischen

Oberflächeneigenschaften in den Nanoflakes. Der topologische Charakter der wechselwirk-

enden Elektronen wurde über Raman Messungen in starken Magnetfeldern verifiziert. Es

ist bekannt, dass in 3D TI der Einfluss eines Magnetfeldes die Zeit-Umkehr Symmetrie im

Material bricht, welche zu einer Änderung des topologischen Charakters führt. Tatsächlich

werden ab Feldstärken von über 3 T weitere Selbst-Energie Korrekturen in Bi2Se3 fest-

gestellt, welche auf die Öffnung einer Bandlücke und damit einhergehende Modifizierung
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der Oberflächenzustände schließen lassen.

Des Weiteren wurde der Kontakt zwischen Gold und einzelnen Bi2Se3, sowie Bi2Te3

Nanoflakes untersucht um den Einfluss des Goldkontaktes auf die elektronische Bandstruk-

tur der TI Materialien zu charakterisieren. Für potentielle Anwendungen ultradünner

TI Schichten ist das Interface zu Goldkontakten von besonderem Interesse, da durch die

unterschiedliche Elektronenaffinitäten der Materialien ein Ladungstransfer und Beeinflus-

sung der topologischen Bandstruktur zu erwarten sind. In dieser Arbeit wurde dieser

Ladungstransfer durch Raman Spektroskopie an einzelnen Nanoflakes mit variierenden

Dicken im Bereich von wenigen Nanometern nachgewiesen. Die beobachteten starken

Selbst-Energie Effekte in den Phononen von Bi2Se3 und Bi2Te3 Nanoflakes mit Dicken

unter jeweils 10 nm und 12 nm sind das Ergebnis der vom Gold injizierten Ladungsträger.

Diese führen zu einer Besetzung der trivialen Leitunsgsbänder in den TI Nanoflakes, welche

einen reinen Transport über die topologischen Oberflächenkanäle verhindern. Damit

liefert diese Studie wichtige Ergebnisse über die Bandverbiegung in Bi2Se3/Bi2Te3-Gold

Kontakten, welche im Hinblick auf mögliche Dicken-Begrenzungen der zu verwendeten TI

Schichten in zukünftigen Anwendungen diskutiert werden.
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1
Chapter 1

Motivation

In the following, section 1.1 contains a brief introduction on the topological nature

of matter, and their importance for potential applications in spintronics or quantum

computing is given. For further information on the historical development of the field

as well as mathematical derivations of topological invariants the reader is referred to the

following reviews [1–4]. As model 3D topological insulator materials Bi2Se3 and Bi2Te3

are introduced in section 1.2 with a focus on their topological band structure. Since the

topological properties result in the formation of surface states at the interface between

matter of different topological phases, section 1.3 motivates the use of Bi2Se3 and Bi2Te3

in the form of ultrathin nanoflakes with a high surface-to-bulk ratio. Finally, section 1.4

explains the advantages and possibilities of studying the TI nanoflakes by means of Raman

spectroscopy revealing the interaction of the topological electrons with the crystal lattice.

Section 1.5 gives the outline of this thesis.

1.1 Topological order in condensed matter physics

Topological insulators (TIs) represent a new quantum state of matter exhibiting peculiar

quasi-relativistic surface states that form at the interface to conventional insulators. In

condensed matter physics the classification of orders in solid systems was historically

determined by types of spontaneous broken symmetry. For instance, crystalline phases

break translational and rotational symmetry of free space, and magnetic phases break

time-reversal symmetry and the rotational symmetry of spin space. The need for an

additional concept in describing types of order became apparent in 1980 with the discovery

of the quantum Hall effect (QHE) by van Klitzing et al. [5] In the QHE the application of

a magnetic field perpendicular to a 2D electron gas (2DEG) leads to the condensation of

electronic states into discrete Landau levels. As a result the transversal conductivity σxy is

quantized due to the shifting of Landau levels through the chemical potential as a function

of ~B. However, even in the insulating state with the chemical potential residing between

two Landau levels, the cyclotron motion of electrons leads to a continuous propagation

along the edge of the sample as schematically depicted in Figure 1.1(a).

These conducting edge states proved to be very robust against disorder and independent

of the exact form of the sample. This robustness to smooth deformations is the result of

the underlying topology of the system. The concept of topology origins from a branch

of mathematics that classifies phases into topologically equivalent and non-equivalent

classes, where a fundamental property of one topological class is invariant under continuous

transformation. [6] This concept makes topological phases very robust as the topological

properties are conserved under continuous deformations. As a result, objects belonging

1



1 Motivation

Figure 1.1: Topological phases in condensed matter systems and bulk boundary correspondence.
(a) Schematic geometry of a Quantum Hall bar with external magnetic field Bz

that breaks time-reversal symmetry and creates a non-trivial topology (n = 1).
The interface to vacuum with trivial topology (n = 0) leads to the formation of a
topologically protected, chiral edge state. The edge state connects the bulk valence
band (BVB) with the conduction band (BCB) as shown in the 1D band structure
and is spin degenerate. (b) Topological non-trivial phase in a time-reversal invariant
system. The interface to vacuum creates conducting surface states that form a 2D
Dirac cone in the surface band structure. The presence of strong spin-orbit coupling
leads to helical spin-polarization. Adapted from [1,8]

to an equivalent topological class can be transformed into one another, whereas objects

with different topological invariants cannot. This leads to novel phenomena appearing at

the interface between two systems of different topology. These topological edge or surface

states are the key reason for the excitement within the scientific community as they hold

great promise in realizing new quantum states of matter. [7]

Historically the first topological edge state was discovered in the case of the QHE, where

a topological invariant assigned to the 2D electron gas under the influence of an external

magnetic field turns out to be distinct from the topological invariant of the vacuum.

Connecting the QH state to a topological invariant was first introduced in 1982 by

Thouless, Kohmoto, Nightingale, and den Nijs (TKNN). [9] The defined TKNN invariant n,

also called the first Chern number, can be directly related to the quantized Hall conductivity

σxy = ne2/h, where n = 0 classifies a topologically trivial insulator and non-trivial topology

is given by n = 1. Hence, even though the QH state and the vacuum are both insulating

they are characterized by different Chern numbers (n = 1, and n = 0, respectively), making

them topologically non-equivalent. At the interface of these topologically distinct systems

the topology cannot be continuously transformed and the associated electronic band

structure has to close the band gap across the interface, which forms the conducting edge

states as shown in Figure 1.1(a). The occurrence of gapless states at the interface between

a system with non-trivial and trivial topology is a fundamental property of toplogical

phases and defined as the so-called bulk boundary correspondence. [1]

In condensed matter physics, topological phases can be classified according to the symmetry

properties of the electronic band structure in reciprocal space. [4] Hereby, the identification

of topological invariants is related to the continuous transformation of the systems Hamilto-

nian in parameter space. Therefore, two insulators can be assigned to different topological

2



1.1 Topological order in condensed matter physics

classes if their underlying Hamiltonians cannot be adiabatically transformed into each

other. This lead to the identification of a number of different electronic band insulators. [1]

The topological equivalence of Hamiltonians is determined by the so-called Berry phase. [10]

M. Berry showed that after an adiabatic transformation of an eigenstate of the systems

Hamiltonian on a closed path in Hilbert space, the system remains in its eigenstate and

acquires a dynamic phase that accounts for the time evolution. Surprisingly, the electronic

state, represented by a Bloch wave function, acquires an additional phase factor that is

time-independent and only depends on the closed path in phase space. It can be shown,

that this Berry phase γm is in direct analogy to the Chern number Cm = γm/2π, [8] and can

be used to define a topological invariant of the electronic band structure by summing over

all n valence bands of the system C =
∑n

m=1 Cm. Insulators with C = 0 are the topological

trivial band insulators, whereas C 6= 0 characterizes insulators with non-trivial topology

and a finite Berry phase.

The concept of topological classification via suitable topological invariants was readily

extended to other condensed matter systems in 2D [11,12] and 3D [13,14] without the need

for an external magnetic field. Nowadays, there exist a general classification scheme for

topological insulators that depends on the dimension of the system as well as the presence

or absence of symmetries, like e.g. time-reversal symmetry (TRS). [8,15] In contrast to

the quantum Hall state (QHS), where the non-trivial topology of the 2DEG is induced

by the broken TRS due to the applied magnetic field, there exists a different topological

class where TRS is unbroken and the non-trivial topology is induced by strong spin-

orbit interactions. [16] This is the class of time-reversal invariant 3D topological insulators,

that are in focus in this work. In 3D TIs a strong spin-orbit coupling (SOC) leads to

an inverted band structure and provides a non-trivial topology. [1] The topology has in

principle no effect on the bulk structure where the insulating properties remain. However,

in contact to a trivial insulator, e.g. air or vacuum, the topological invariant cannot

smoothly transform across the interface. As a result, the gapped electronic band structures

cannot be adiabatically transformed and the only solution is obtained by the formation of

electronic bands crossing the gap, as shown in Figure 1.1(b). These metallic states are

confined to the surface of the TI.

In 3D TIs the topological surface states (TSS) form a cone-shaped dispersion in the

kxy-plane. The almost linear dispersion can be described by the Dirac-equation for quasi-

relativistic electrons, where the energy eigenvalues become gapless assuming a vanishing

rest mass. [17] The gapless dispersion is therefore referred to as a Dirac cone and said

to host ’massless’ Dirac fermions. [4] Due to the strong SOC the TSS have helical spin

polarization with the spin of the Dirac fermions always locked to their momentum, as

shown in Figure 1.1(b). Furthermore, an important property of the TSS is their topological

protection where three aspects contribute. First, the non-trivial topology is preserved as

long as the TRS is unperturbed, which guarantees the presence of the gapless surface states.

Secondly, the spin-helical TSS show reduced backscattering as Dirac fermions with opposite

momenta ~k and −~k cannot scatter into each other due to the spin mismatch. [4] Finally,

3



1 Motivation

the non-trivial Berry phase π associated to the Dirac fermions protects them from weak

localization as the time-reversed path around an impurity interfere destructively. [1] The

stability of the TSS against any perturbations that do not break TRS, in conjunction with

the spin-helicity, has lead to a great interest in the 3D TIs for implications in spintronics,

zero-resistance applications, [18] and realization of novel quantum states. [2]

1.2 Three-dimensional topological insulators - Bi2Se3

& Bi2Te3

Within the class of 3D topological insulators the two bismuth chalcogenides Bi2Se3 and

Bi2Te3 have gained extensive interest since the discovery of their non-trivial topological

band structure. [19,20] These two candidates provide great potential of accessing the quasi-

relativistic surface states due to their comparatively large bulk band gaps and simple band

structure with a single surface Dirac cone centered at the Γ point. [21]

Both Bi2Se3 and Bi2Te3 share the same rhombohedral crystal structure with five atoms in

one unit cell. [22] The crystal structure is arranged out of repetitive stacks of the so-called

quintuple layers (QL), where each QL consists of five alternating layers of Bi or Se/Te

atoms. The crystal structure is discussed in more detail in section 3.1.6. The Brillouin

zone of the material is shown in Figure 1.2(a) that exhibits four non-equivalent time-

reversal-invariant points Γ(0,0,0), L(π,0,0), F (π,π,0) and Z(π,π,π). [23] This results in

three high-symmetry points for the surface 2D Brillouin zone, namely Γ̄, K̄, and M̄ . Zhang

et al. have shown that the topological character of Bi2Se3 and Bi2Te3 is determined at the Γ

point, where strong SOC leads to a band inversion between two p-orbitals and the creation

of topological surface states. [21] The dimension of the bulk band gaps have been determined

via angle-resolved photoelectron spectroscopy (ARPES) or infrared (IR) transmission to be

around 300–350 meV for Bi2Se3
[19,24,25] and 160–170 meV for Bi2Te3

[20,26]. Discrepancies

in the gap energy are usually due to the difficulty in determining the bulk valence band

(BVB) maximum. [27] Exemplary ARPES measurements of the surface band structures

in the Γ̄K̄-direction are given in Figure 1.2(b,c) and show the TSS crossing the bulk

band gaps. Due to the large separation between the BCB and BVB the Fermi level can

in principle be tuned into the gap to access only the topological Dirac fermions. The

nearly linear band dispersion of the surface states is almost isotropic in the momentum

kx-ky plane and forms the Dirac cone composed of spin-momentum-locked helical states as

schematically depicted in Figure 1.2(d). Hence, both bismuth chalcogenides were identified

to be primary candidates for studies of the exotic quantum phenomena related to the

TSS. Especially the large bulk band gaps would allow the utilization of the TSS even at

room temperature, which corresponds to a typical energy scale of 25 meV. The difference

between both materials in terms of their topological band structure is that in Bi2Se3 the

Dirac point (DP) is typically located within the bulk band gap about 190 meV below the

4



1.2 Three-dimensional topological insulators - Bi2Se3 & Bi2Te3

BVB minimum [28] and exhibits an idealized Dirac cone with almost linear dispersion. In

contrast, in Bi2Te3 the Dirac node is typically harder to resolve in ARPES measurements

as it is buried about 130 meV below the BVB maximum [20] as indicated in Figure 1.2(e,f).

Thus, only the upper Dirac cone is accessible in Bi2Te3 for probing of the topological

transport regime, whereas in Bi2Se3 the physics around the Dirac node can also be studied

for e.g. the observation of the quantum anomalous Hall effect (QAHE) or realization of

topological magnets. [29,30]

Figure 1.2: Surface electronic band structure of the 3D TIs Bi2Se3 and Bi2Te3. (a) 3D bulk
(black) and projected 2D surface (blue) Brillouin zone with the labeled high-
symmetry points. Reprinted with permission from [21]. Copyright 2009 Macmillan
Publishers Limited. (b,c) ARPES measurements along the Γ̄K̄-direction of Bi2Se3

and Bi2Te3, respectively. The topological surface state band (SSB), bulk valence
band (BVB), and bulk conduction band (BCB) are indicated. (b) Adapted from [28].
Reprinted with permission from AAAS. (c) Adapted from [20]. Reprinted with
permission from AAAS. (d) Schematic representation of the Dirac cone dispersion
in momentum plane of the (111) surface Brillouin zone with the TSS Fermi surface
encircling the time-reversal invariant Γ̄ point. Reprinted with permission from [31].
Copyright 2009 by the American Physical Society. (e,f) Schematic surface band
structures of Bi2Se3 and Bi2Te3, respectively, with indicated spin polarizations,
values for the bulk band gap Eg, and Dirac point (DP).
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1 Motivation

1.3 Enhanced surface state contribution in 2D

Nanoflakes

One of the main challenges in accessing the TSS reported in literature is the significant

contribution of bulk conduction. [32] Although stoichiometric Bi2X3 (X=Se,Te) are narrow-

gap semiconductors with the Fermi level positioned inside the bulk band gap, investigated

samples are known to show intrinsic n- or p-type doping as a result of excess carriers

introduced via Se or Te site defects, respectively. [33,34] The native defects form at the surface

under ambient conditions and introduce additional charges leading to the population of

the bulk conduction bands and significant band bending at the surface. The accumulated

carriers form non-topological 2DEG quantum well states that coexist next to the topological

surface states. [35–38] Hence, the electronic properties of the TSS are often masked by the

trivial bulk surface states and dominate in transport measurements of Bi2Se3
[39–41] and

Bi2Te3. [42] It is noteworthy, that even though the trivial surface states complicate the

identification of effects related to the TSS, they do not destroy the topological phase. The

TSS have been shown to be very robust in ambient conditions [35,43,44] and are merely

located deeper into the surface of the material when trivial 2DEGs form. [45] Reducing

the formation of trivial surface states has been tackled in a variety of ways; like counter

doping [20,33,36,46–48] or electrostatic gating [32,48–53], which enables a positioning of the

Fermi level inside the bulk band gap. As a result, the Fermi level only crosses the

topological Dirac states providing access to the purely topological transport regime. With

these techniques a reduction of trivial bulk carrier concentration and realization of the

QHE on the surface Dirac states is possible. [33,54]

The most promising approach in reducing bulk contribution is by increasing the surface-

to-bulk ratio by manufacturing ultrathin samples. This is commonly achieved by using

nanostructuring methods like exfoliation or growth of thin films via molecular beam epitaxy

(MBE). [55] However, especially MBE is very demanding as it requires sophisticated setups,

ultra-high vacuums and long preparation times. Additionally, created samples still provide

only one accessible surface hosting the TSS. An alternative approach taken in this thesis is

the manufacturing of a sample with a manifold of superimposed TI surfaces by synthesizing

two-dimensional nanoflakes (NFs) using a wet-chemical approach. By synthesizing a large

amount of ultrathin NFs larger clusters are created that allow to simultaneously probe

multiple surfaces. Additionally, the surface of the NFs is protected by an attached polymer

ligand. This leads to a more inert surface and protection from ambient environment. The

wet-chemical synthesis is presented in further detail in chapter 2. As a result, the study of

clusters of ultrathin NFs has the potential to enhance the TSS contribution by averaging

over many surfaces.

On the other hand, the investigation of single NFs, while tuning their thickness down to a

few nm, enables the investigation of the topological character in the ultrathin limit. It is

well-known that the surface state wave functions of opposing surfaces can overlap below a

6



1.4 Raman measurements on TIs as chance of probing TSS

certain thickness. This leads to a hybridization of the TSS and creates a gap opening in

the Dirac cone ultimately destroying the spin helicity around the Γ point. The thickness

limit of an intact Dirac cone in Bi2Se3 was determined to be above 5 QL [56–58], whereas in

Bi2Te3 the full Dirac cone is already recovered in 2 QL films. [26] This can be related to

the different TSS decay lengths into the material, which is shorter for Bi2Te3 with about

1 nm [26,59] in comparison with Bi2Se3 of about 2–3 nm. [59] The investigation of Bi2Se3 and

Bi2Te3 NFs as a function of thickness consequently helps to connect observed results with

the topological character of the samples.

1.4 Raman measurements on TIs as chance of

probing TSS

The desired topological properties of protected spin-polarized conduction channels can

be directly identified in magneto-transport measurements by means of Shubnikov-de

Haas oscillations and weak anti-localization (WAL). [60] These direct measurements of the

topological electrons can reveal many important properties like carrier densities and Fermi

velocities.

As a complementary tool, the signatures of the TSS can be measured by means of inelastic

light scattering: revealing the TSS directly in the form of an electronic background or

indirectly via the interaction with other quasi particles, like phonons. In this thesis,

Raman spectroscopy is employed that provides a non-destructive technique to explicitly

study the interactions between the electrons in Bi2X3 and the lattice. Indeed, Raman

scattering is known to serve as a powerful technique to study the electronic properties

in quasi 2D electron systems like graphene [61] and has revealed the scattering of Dirac

states in topological insulator materials. [62–65] Even though the TSS are protected by

TRS against moderate disorder [66] the investigation of their interaction with the crystal

lattice provides crucial information on their electrical properties for future applications.

Since the topological insulators are promising candidate materials for devices at room

temperature, their coupling to the lattice vibrations becomes even more significant due to

the high occupation of phonon states. Therefore, Raman spectroscopy provides a valuable

technique to study the electron-phonon interactions and possible limitations of the TSS

especially in the limit of ultrathin samples. Furthermore, Raman scattering enables a

contact free measurement of the TI material without the impact from interfaces to e.g.

electrical contacts, which are inevitable for transport experiments.

Generally, since inelastic light scattering is characterized by a weak intensity, as discussed

in further detail in section 3.1.1, this technique requires a strongly enlarged interaction

volume. This is provided by our NF cluster samples that yield an increased scattering

volume of surface states to account for the lower interaction strength. The cluster of

NFs enabled us to study the TSS under the influence of high magnetic fields and as a

function of temperature as further discussed in chapter 4. Nevertheless, even single NFs
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with very small scattering volumes are successfully studied by employing a high-resolution

microscope setup as presented in chapter 5.

In addition, Raman scattering is a volume scattering technique, which allows to probe

the TSS even in obscured interfaces. As pointed out in the previous section, ambient

conditions or interfaces to different substrates can lead to a modification of the surface

band structure and a relocation of the TSS into deeper layers of the surface. By the

use of Raman scattering, the band bending effects at interfaces can be probed locally,

which provides a unique way to reveal the exclusive influence of different substrates on the

TSS. Moreover, the local manipulation of the electronic band structure can be revealed by

probing resonant electronic transitions in resonant Raman spectroscopy experiments.
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1.5 Outline of thesis

The main objective of this work is the investigation of topological insulator Bi2Se3 and

Bi2Te3 in the form of two-dimensional nanoflakes by means of Raman spectroscopy. Due

to the high surface-to-bulk ratio of the flakes the Raman response of the materials encodes

the interaction of the topological surface states with the crystal lattice. By studying

the changes of the spectroscopic response under different external perturbations like

systematic temperature variations, high magnetic field strengths, or the interface to

different substrates, the changes in electron-phonon interactions are identified. For the

temperature and magnetic field dependent studies samples of NF clusters were investigated

in a macro-Raman setup. On the other hand, high-resolution measurements on single

NFs on different substrates were conducted using a microscope setup. Thus, this thesis

studies in a comprehensive fashion the topological surface states in Bi2Se3 and Bi2Te3 in

the limit of low thicknesses between 7 nm to 15 nm and at the obscured interfaces to a

gold substrate, which become accessible due to the use of Raman spectroscopy.

The thesis is structured as follows: In chapter 1 the introduction of the concept of

topological phases and Bi2Se3 and Bi2Te3 as candidate 3D topological insulators is given.

Furthermore, the investigation of the materials in the form of two-dimensional nanoflakes

by means of Raman spectroscopy is motivated. Chapter 2 summarizes the synthesis

of the investigated nanoflakes and gives relevant references for further details on the

characterization of the flakes. In chapter 3 the main experimental technique of Raman

spectroscopy is introduced. Firstly, the theoretical concepts of inelastic light scattering

necessary to understand the analysis of Raman spectra and the deduction of electron-

phonon interactions are given. Secondly, the two employed experimental setups for the

magnetic field (macro) and micro-Raman measurements are presented, which allow for the

acquisition of Raman spectra with focus on different sample properties. In chapter 4 the

first study is presented investigating the topological insulator nanoflakes in a thin film

geometry in a temperature range of 3–300 K. Furthermore, the influence of high magnetic

fields up to 7 T is studied. Chapter 5 presents the second Raman study that focuses on

the Raman response of single Bi2Se3 and Bi2Te3 NFs in contact to a gold interface using

the micro-Raman setup. Finally, the results of the macroscopic and microscopic Raman

responses are summarized in chapter 6 and discussed with respect to the limitations of

the topological properties in ultrathin flakes.
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2
Chapter 2

Synthesis and Characterization

of 2D Nanoflakes

The Bi2X3 (X = Se/Te) nanoflakes were synthesized following a wet-chemical polyol ap-

proach that was first introduced by Fievet et al. [67] for the synthesis of metallic nanoparticles

and adapted by Zhang et al. [56] for Bi2Se3. The polyol synthesis is one of the most simple

methods to produce high quality, ultrathin TI nanoflakes since it requires only very few

ingredients:(i) Stoichiometric quantities of two precursor salts providing the Bi and Se/Te

ions, (ii) the polyol solvent that simultaneously functions as a reducing agent for the

salts, and (iii) a ligand polymer that selectively binds to the (001) facet of the growing

crystals and facilitates the two-dimensional growth. The exact quantities for the synthesis

of the investigated NFs in this thesis are summarized in the appendix (Table B.1). In

total, three different synthesis batches were investigated by Raman spectroscopy for this

thesis. One Bi2Te3 batch that was used for both the preparation of thin film and single

NF samples, and two Bi2Se3 batches for each Raman study (labeled Macro and Micro).

All ingredients are mixed in a three-necked flask and heated up to 180 ◦C under continuous

magnetic stirring and refluxing conditions. During the heating the polyol, ethylene glycole,

is gradually oxidized to the reactive glycol aldehyde, which further reduces the precursor

salts. [67–69] The Bi2X3 nuclei form via an ionic reaction mechanism and continue to grow

in the a,b-plane due to the restricted growth in c-direction by the attached ligand. [70,71]

It is important to note, that for the synthesis of Bi2Te3 NFs it is not solely sufficient to

only replace the Se-salt with a Te-salt. [72] Due to the higher reduction potential of the Te

precursor an alkaline environment is necessary for the acetaldehyde to reduce the Te atoms

to Te ions. [72,73] For this reason, NaOH has to be added to synthesize Bi2Te3 nanoflakes

otherwise the Te atoms will preferably form into rodlike structures. [73,74] During the course

of this thesis the optimization of the Bi2Te3 synthesis by systematic parameter variation

and the role of the alkaline additive were thouroughly investigated within the work of two

bachelor’s theses. [75,76]

Details on the synthesis procedure of the Bi2X3 NFs can be found in the previous master’s

thesis. [77]

The morphology and lateral dimensions of the synthesized NFs were characterized with

scanning electron microscopy (SEM) (Hitachi Regulus 8820 and Zeiss Sigma) and atomic

force microscopy (AFM) (Dimension 3100, Bruker, USA). The Bi2Se3 NFs obtained larger

lateral dimensions between 1–7 µm in comparison with the smaller Bi2Te3 NFs ranging

between 50 nm to 3 µm. Exemplary NFs are shown in Figure 2.1(a,e). The Bi2Te3 product

contained a large number of smaller bulk-like nanoparticles as apparent from Figure 2.1(e).

The thickness of the Bi2X3 NFs of only a few nm was readily determined via AFM
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2 Synthesis and Characterization of 2D Nanoflakes

measurements, where exemplary measurements and extracted height profiles are shown in

Figure 2.1(b,c,f,g). The Bi2X3 NFs used to produce the thin film samples obtained average

thicknesses of 8.9 nm for Bi2Se3 and slightly thicker Bi2Te3 NFs with average thicknesses of

14.7 nm as apparent from height histograms shown in Figure 2.1(d,h). Further information

on the characterization of the NFs used for the thin film samples are given in ref. [78].

Figure 2.1: Morphology and thickness of Bi2Se3 (upper row) and Bi2Te3 (lower row) NFs
employed for the thin film samples. (a,e) Representative SEM micrographs, (b,f)
AFM topography images with extracted height profiles shown in (c,g). (d,h) Height
histograms for Bi2Se3 and Bi2Te3, respectively. All panels were adapted with
permission from [78]. Copyright 2020 by the American Physical Society.

The stoichiometry of the NFs was examined via energy dispersive X-ray spectroscopy

(EDX) on the SEM setup and revealed average elemental ratios of Bi to Se/Te atoms of 0.68

for Bi2Se3 and 0.64 for Bi2Te3. [78] Both ratios are very close to the perfect stoichiometry

of 0.66. In Figure 2.2 transmission electron microscopy (TEM) and selected area electron

diffraction (SAED) measurements of the three NF batches investigated in this thesis are

presented. The rhombohedral crystal structure is verified by the TEM measurements

(FEI TEcnai F30 G2 STwin for Macro batches, and JEOL JEM-2200FS for Bi2Se3-Micro

batch) and SAED measurements that show the strong reflexes for the corresponding R3̄m

space group. Weaker superlattice reflections marked by blue circles are evident in all NF

samples that fit well to a P3̄m1 phase. This additional phase can be attributed to minor

stoichiometry changes such as Se or Te vacancies, or to surface reconstruction. [79]
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Figure 2.2: TEM investigations of three NF batches with data obtained from row (a) Bi2Se3 used
for macro-Raman investigations, row (b) Bi2Se3 used for micro-Raman measure-
ments, and (c) Bi2Te3 NFs used for macro- as well as micro-Raman measurements.
For each sample overview TEM micrographs, high-resolution TEM micrographs,
and SAED patterns are presented in the first, second, and third column, respectively.
SAED patterns obtained in the [001] zone axis of all NFs reveal the hexagonal
lattice spacings of 0.21–0.22 nm that are indicated by yellow lines in the HRTEM
images and confirm the growth of the NFs in the a,b-plane. Weaker superlattice
reflections due to surface reconstruction are marked by blue circles. All panels from
row (a) are adapted with permission from [78]. Copyright 2020 by the American
Physical Society. The overview TEM image of row (c) was adapted with permission
from [80]. Copyright 2019 Springer Nature.

.

The high single crystalline quality of the NFs is evident from the high-resolution TEM

(HRTEM) micrographs shown in Figure 2.2. In combination with the SAED patterns the
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2 Synthesis and Characterization of 2D Nanoflakes

determined lattice spacings of 0.21–0.22 nm for all investigated NF batches correspond

perfectly with the 112̄0 spacing in the a,b-plane (JCPDS Card No. 33-0214) and are in

agreement with literature values. [81,82]
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3
Chapter 3

Raman Response of Topological

Insulator 2D Nanoflakes

3.1 Theory of Raman scattering

In this chapter the Raman scattering process is reviewed. Following a short introductory

description of the general Raman scattering process in section 3.1.1, the inelastic light

scattering is described using a quantum mechanical approach in section 3.1.2 where

the Raman scattering cross section is depending on the system’s transition probability

according to Fermi’s ’Golden rule’ and contributing matrix elements. In section 3.1.3

typical line shapes obtained in phononic Raman scattering are discussed that help to

identify corrections to the phonon’s self-energy and reveal electron-phonon interactions.

Section 3.1.4 gives an overview on the selection rules determining the Raman activity

of phonons. In section 3.1.5 the general temperature dependence of the phonon Raman

response is discussed. Finally, section 3.1.6 presents the Raman-active phonons of Bi2Se3

and Bi2Te3 that are mainly analyzed in the results section of this thesis.

3.1.1 Introduction - General scattering process

In Raman spectroscopy the inelastically scattered light of polarizable matter is detected.

Hereby, the sample is illuminated with a monochromatic excitation source whereby

the incident photons couple to the system by the creation or absorption of elementary

excitations and experience an energy correction. In that way, Raman spectroscopy provides

a versatile tool to study a wide range of quasi particles such as phonons, magnons, plasmons,

etc. The Raman scattering of phonons mainly occurs indirectly through the intermediary

of the electronic system in the material. [83] During each scattering event three main

processes occur: 1) the incident photon with frequency ωi is absorbed by coupling to the

electronic system, 2) the electrons interact with quasi particles and transfer energy (and

momentum), and 3) a scattered photon with frequency ωs is created and emitted. Since

the incident photon is destroyed and recreated, Raman scattering, or in that sense every

form of inelastic light scattering, is a two-photon process.

In the following, the theory is focused on phononic Raman scattering in first-order, where

the scattered photon experiences an energy shift due to the creation or absorption of a

phonon with the frequency ω0. Here, first order relates to one phonon being created or

absorbed, with the neglection of possible higher order phonon-phonon interactions. [84]

The frequency shifted photon is defined as Stokes frequency for phonon creation and
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3 Raman Response of Topological Insulator 2D Nanoflakes

Anti-Stokes frequency for phonon absorption as shown in Figure 3.1. The optical phonons

give rise to first-order Raman scattering under the conservation of energy, ωi = ωs +ω0,

and momentum, ~qi = ~qs +~q0. The momentum of typical lasers, e.g He-Ne laser with 633 nm

and q = 2πn/λ = 1 · 105 cm−1, is three orders of magnitude smaller than the available

momenta for the phonons, which are determined by the size of the Brillouin zone q = π/a,

e.g. for Bi2Se3 with a = 0.22 nm the maximum phonon momentum is q = 1.4 ·108 cm−1. It

follows that the created phonon momenta is magnitudes smaller than the dimensions of

the Brillouin zone and hence only phonons around q = 0 participate in Raman scattering.

In Figure 3.1 a schematic general Raman spectrum is presented, where the elastically

scattered light or Rayleigh signal, is defined to have zero Raman shift and Stokes and

Anti-Stokes signals correspond to the created and annihilated phonons, respectively.

Figure 3.1: General Raman spectra for phononic scattering with indicated orders of magnitude
of scattering intensities for the different contributions.

To calculate the Raman scattering intensity the efficiency between the coupling of the

photons to the material’s electronic system and subsequent interaction with elementary

excitations has to be determined, which can be done using a semi-classical or a quantum

mechanical approach. In the classical theory, the inelastic scattering process is described by

fluctuations of the electric susceptibility χ̃ that can be induced from the lattice vibrations

or other quasi particles. Detailed mathematical derivations of Raman scattering cross

sections from the modulations of the susceptibility and the related polarizability can be

found in literature on Raman scattering [84,85] and are only briefly mentioned here. The

quantity of interest for both theoretical approaches is the differential Raman scattering

cross section, which quantifies for Stokes scattering the rate of energy removal from the

incident beam due to scattering in a scattering volume V and solid angle element dΩ in a

scattering frequency increment dω. Employing the classical approach the scattering cross

section for phononic Raman scattering is given as: [84]

d2σ

dΩdω
=

ω4
i V

(4π)2c4

∣
∣
∣~es · dχ̃χχ

dQ
·~ei

∣
∣
∣

2〈QQ∗〉δ(ω0 −ω), (3.1)
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with the incident light frequency ωi, the phonon modes frequency ω0 and its statistical factor

given by the thermally averaged displacement function 〈QQ∗〉 = h̄
2ω0

(n + 1) for the Stokes

contribution, where n is the Bose-Einstein occupation factor n(ω,T ) = 1/(eh̄ω/kBT − 1).

Most importantly, the factor
∣
∣
∣~es · dχ̃χχ

dQ ·~ei

∣
∣
∣

2
reveals that the observation of a Raman mode

critically depends on the polarization of the incident ~ei and scattered light ~es, as well as

the modulation of the susceptibility χ̃χχ by the normal mode coordinates Q of the elementary

excitation. The derivative of the susceptibility tensor, dχ̃χχ
dQ , also defined as the Raman

tensor, is specific for any given phonon mode and determines its Raman activity in the

material. It further plays an important role in the identification of the modes symmetry,

which is discussed further in section 3.1.4. Depending on the Raman shift ω the Raman

mode theoretically corresponds to a δ-function. However, for finite lifetimes and interac-

tions to other quasi particles δ(ω0 −ω) can be replaced by a suitable line shape function.

The time and space dependent fluctuations in the electric susceptibility induced by the

phonon atomic displacements can also be derived using a quantum mechanical approach

that describes the changes in χ̃ by the transition electric susceptibility operator. The

transition matrix elements, in turn, characterize the transition probability that accompany

the annihilation and creation of the incident and scattered photon and, for Stokes, the

creation of phonons. Their quantum mechanical derivation using perturbation theory is

described in detail in the next section.

3.1.2 Quantum mechanical approach

From the introduction of the Raman scattering process it is apparent that both the

electronic and phononic systems in the material have to undergo transitions between states

to yield a scattered photon. From a quantum mechanical approach the interaction between

the incident photon and the material can be described as a time-dependent perturbation

insetting at an initial time t = t0, leading to an interaction Hamiltonian Ĥint(t) that gives

corrections to the unperturbed Hamiltonian Ĥ0. The probability for such a perturbation to

induce transitions in the material can be deduced using perturbation theory to first-order

in time, which results in Fermi’s ’Golden Rule’ [86,87]

Pif =
2π

h̄

∑

f

|T |2δ(Ef −Ei). (3.2)

Here the transition matrix elements T = 〈f |Ĥint|i〉 determine the scattering probability

and the δ-function expresses energy conservation in the process. Summed over all possible

initial and final states the probability for these transitions can be shown to be directly

proportional to the Raman scattering cross section. [83] Therefore, the intensity of a

Raman mode can be related to the contributing transition matrix elements involved in the

scattering process. In the following, I will disentangle the different interactions between
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elementary excitations that occur during a Raman scattering event and contribute to the

interaction Hamiltonian Ĥint.

As mentioned in the introduction in section 3.1.1, each Raman scattering event involves

both the electronic and phononic systems of a material. The total Hamiltonian of the

system prior to any perturbation is [88]

Ĥ0 = Ĥ0
el + Ĥ0

ph + Ĥ0
el−ph, (3.3)

which describes the unperturbed system with elementary excitations, like electrons and

phonons, as well as interactions between these. Here we restrict the description to the

theory of vibrational scattering and neglect other possible elementary excitations like

plasmons, spin waves, etc. During a Raman scattering event the incident light leads to a

perturbation of the system resulting in a total Hamiltonian of

Ĥtot = Ĥ0 + Ĥint

= Ĥ0
el + Ĥ0

ph + Ĥ0
el−ph + Ĥ0

rad + Ĥint
el−rad. (3.4)

This includes the radiation field Hamiltonian Ĥ0
rad, taking into account both incident

and scattered light, the total Hamiltonian of the scattering medium Ĥ0, as well as an

interaction Hamiltonian Ĥint
el−rad arising from the coupling of the incident radiation field to

the electrons. For Raman scattering with incident photon frequencies in the visible range

this coupling to the electronic system is the most relevant contribution to the transition

electric susceptibility and we will hence focus here on electronic Raman scattering. [84]

Independent from the quasi particle studied with Raman spectroscopy, the preliminary

step is always the interaction of the incident radiation with the electrons of the material.

Therefore, we will first consider the coupling of photons to the electronic system and

discuss the corresponding transition matrix elements associated to Ĥint
el−rad.

Electronic Raman scattering

The matrix element entering in the expression for the scattering cross-section can be

rewritten in terms of a transition electric susceptibility. [83] We consider a material under

illumination, where the electrons are influenced by the vector potential of the incoming

electromagnetic field ~A. This leads to a substitution of the electrons canonical momentum

p̂i → p̂i − e
c Â(~ri) and yields for the electrons under an electromagnetic field a correction to

their kinetic energy of [84]

Ĥkin
el =

1

2m

∑

i

[

~pi − e

c
~A(~ri)

]2
, (3.5)

where the summation index i runs over all electrons. In the Coulomb gauge (∇· Â = 0),

p̂ and Â commute and the Hamiltonian can be further grouped into contributions from

the unperturbed, free electron and contributions arising from the electron-radiation
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interactions:

Ĥkin
el = Ĥ0

el + Ĥint
rad−el

=
1

2m

∑

i

~pi
2 − e

mc

∑

i

~pi · ~A(~ri)

︸ ︷︷ ︸

ĤpA

+
e2

2mc2

∑

i

~A(~ri)
2

︸ ︷︷ ︸

Ĥ
A2

(3.6)

It is apparent from Equation (3.6) that there are two different coupling processes between

the electrons and the radiation field, where the first interaction term ĤpA is linear in ~A and

the second term ĤA2 is quadratic with ~A2. For the inelastic light scattering cross section

the transition matrix elements corresponding to Ĥint
rad−el are obtained using perturbation

theory. In general, during a scattering event the incoming photon field is absorbed by

the medium and a new photon field is re-emitted isotropically. This means that any

scattering event is a two-photon process and has to involve two radiation fields. It follows

from Equation (3.6) that the interaction Hamiltonian HA2 contributes to first-order in

perturbation theory, whereas ĤpA produces scattering of light only in second-order. [84]

Hence, the resulting total transition matrix element contributing to the transition electric

susceptibility is given as [83]

Tel−rad = TA2 +TpA

= 〈f |ĤA2 |i〉+
∑

m

〈f |ĤpA|m〉〈m|ĤpA|i〉
(Em −Ei)− h̄ωi

+
〈f |ĤpA|m〉〈m|ĤpA|i〉

(Em −Ei)+ h̄ωs
. (3.7)

Here, |i〉,|f〉, and |m〉 are the initial, final and intermediate states of the crystal with their

corresponding eigenenergies. Due to the coupling of the radiation to the electrons, both the

photon and electron states undergo a transition, where the incoming photon is destroyed

and a scattered photon is created accompanied by electronic transitions. Therefore, it is

convenient to evaluate the matrix elements using the second quantization formalism, that

quantizes the electron and photon states. [84] The resulting matrix elements reveal that

TA2 is dependent on the electronic carrier density and obtains dominant contributions for

electronic intraband transitions. Hence, the TA2 term describes the coupling of photons to

an available low-energy electric susceptibility, which is typically represented by conduction

electrons in metals or doped semiconductors. On the other hand, the contribution of TpA

includes the electron momenta ~p and allows scattering for electronic interband transitions.

The TpA becomes dominant for allowed interband transitions since it includes a resonant

denominator when the incident excitation frequency of the laser corresponds to a transition

between electronic bands.

Relating the Raman scattering cross section to the response function

Having identified the two coupling mechanisms of the incoming light to the electronic

system, it becomes apparent that the Raman scattering intensity is dependent on the
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3 Raman Response of Topological Insulator 2D Nanoflakes

fluctuations in the electric susceptibility χ̃. This is the identical conclusion already apparent

in the classical expression of the scattering cross section in Equation (3.1). The modulation

of the electric susceptibility by phonons or other elementary excitations is a complex process

involving the collective motion of particles in the whole system. It is therefore convenient

to describe the coupling between the electronic and phononic systems within the formalism

of many-body theory. [89] In the many-body approach the collective excitations like the

electric susceptibility or phonons are represented by propagators and the modulation of

the electric susceptibility by the phonons can be described by corrections to its self-energy.

For the electric susceptibility a two-particle propagator describing the polarizability bubble

or electron-hole bubble is commonly used. [89] The propagators represent the response

functions R(ω) of the system, which in turn can directly be related to the scattering

intensity via the fluctuation dissipation theorem. [88] This theorem connects the fluctuation

spectrum of a system with the imaginary part of its response function. The Raman

scattering intensity can thus be directly expressed in terms of the negative imaginary part

of the phonon’s response function [83]

d2σ

dΩdω
∝ − h̄

π
[n(ω)+1]Im[R(~q,ω)]. (3.8)

Hence, in order to determine the Raman scattering intensity the response function R(ω)

of the system has to be defined for the possible scattering mechanisms. To derive the

response function it is convenient to describe the propagators with the help of Feynman

diagrams. [89] This diagrammatic approach enables an illustrative way to describe the

complex many-particle interactions contributing to a scattering event. Connecting the

Raman scattering intensity to the contributing Feynman diagrams will help to:

• identify elementary excitations that accompany a Raman scattering event

• interpret the line shape functions of Raman phonons with respect to the phonon’s

self-energy corrections

• discuss observed Raman scattering intensities by entangling contributions from

different Feynman diagrams

For a Raman scattering event the propagators defining the Raman response function

have been described by Kawabata et al. by using a four-photons Green’s-function. [90]

From this the phononic Raman response function can be deducted taking into account

appropriate vertex corrections for the electron-phonon interactions. [89,91] According to

Equation (3.7) the incoming radiation can couple to the electronic system via the resonant

TpA or non-resonant TA2 matrix elements. Therefore, there exist two possible Feynman

diagrams corresponding to phononic Raman scattering under non-resonant and resonant

conditions, which are displayed in Figure 3.2. In the following the possible phonon line

shapes obtained from the two different coupling processes are discussed in detail. The

deductions of the Raman response functions from the two displayed Feynman diagrams

are also summarized in [92].
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Figure 3.2: Feynman diagrams of the four-photon Green’s function for phononic Raman scatter-
ing via coupling to two different electronic matrix elements. Photons are represented
by wiggly lines that couple to electronic transitions (solid and dashed lines) via the
transition matrix elements T depicted as squares. The electron-phonon coupling
constant g is given as black circles and the phonon is represented by a double line.
The Stokes process, creation of a phonon, is read from the top left to the bottom
right. The Anti-Stokes process, annihilation of a phonon, is read from the top
right to the bottom left in both diagrams. (a) Feynman diagram for a resonant
Raman scattering process by coupling to electronic interband transitions via TpA

matrix elements. (b) Feynman diagram for non-resonant coupling to electronic
intraband excitations via T 2

A matrix elements. The low-energy electric susceptibility
corresponds to the polarization bubble with an electron (solid) and hole (dotted)
line.

3.1.3 Raman line shapes obtained from electron-phonon

interactions

Phononic Raman scattering via electronic interband transitions

We will first consider the coupling of the radiation to the electronic system via the resonant

TpA term corresponding to electronic interband transitions. The Feynman diagram depicted

in Figure 3.2(a) is the main contribution to Raman scattering intensity in insulators and

semiconductors, where the Fermi level is expected to lie within the band gap and no

free carriers are available that could contribute via the electronic intraband excitations

(TA2). [88] Additionally, typical excitation laser frequencies used in this thesis lie around

2 eV and will therefore always lead to electronic transitions across the semiconductor’s band

gap that are examined in this work. Examining the Feynman diagram in Figure 3.2(a)

the propagator can be readily translated using the typical conventions. [89] The response

function for phononic Raman scattering in the case of interband transitions is hence given

as [92,93]

Rres(ω) = T 4
pA(ωi) g2 χ2

el(ω) Do(0,ω), (3.9)
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3 Raman Response of Topological Insulator 2D Nanoflakes

where both the propagator for the electron-hole pair χel and the phonon Do are dependent

on the Raman shift frequency ω. The coupling constant g determines the coupling strength

between the electronic transition and the phonons and is assumed to be real, constant and

independent of momentum and energy. Furthermore, as discussed in the previous section,

the strength of the transition matrix element TpA depends on the incoming laser frequency

ωi. The phonon propagator corresponds to the complex Green’s function of a damped

harmonic oscillator and is given by [89]

Do(0,ω) =
1

ω2 −ω2
0 + iΓω

= Do
re + iDo

im

=
(ω2 −ω2

0)

(ω2 −ω2
0)2 +(Γω)2

− i
Γω

(ω2 −ω2
0)2 +(Γω)2

. (3.10)

The Green’s function for an electric susceptibility related to an interband transition can

also be expressed in terms of a real and imaginary part independent of the exact form

χel(ω) = πre + iπim. (3.11)

Inserting both propagators into the resulting response function Equation (3.9), we will see

that after multiplication the only surviving imaginary mixing terms contributing to the

scattering intensity according to Equation (3.8) are

Im[Rres(ω)] = T 4
pA(ωi)g

2
[(

π2
reD

o
im −π2

imDo
im +2πreπimDo

re

)]

. (3.12)

For semiconductors and insulators the resonance frequency ωres of an electronic interband

susceptibility χel lies typically in the order of several eV and has, therefore, much higher

energies compared to typical phonon frequencies ω0 around 20–200 meV. As a result the

imaginary part can be assumed to be πim ≈ 0 in the frequency range of the phonon and we

will find that the phonon propagator at low frequencies only couples to the real part of χel.

The phononic Raman response via the resonant matrix elements TpA hence is determined

in the non-resonant limit of the electronic interband transition by finite contributions of πre

as depicted in Figure 3.3(a). The resulting Raman scattering intensity in the non-resonant

limit is finally obtained by inserting Equation (3.12) and Do
im in Equation (3.8):

Ires(ω,ωi) ∝ −[T 4
pA(ωi)g

2π2
reD

o
im]

∝ T 4
pA(ωi)g

2π2
re · Γω

(ω2 −ω2
0)2 +(Γω)2

︸ ︷︷ ︸

Lorentzian

(3.13)

In the frequency range of the phonon ω = ω0, the real part πre can be taken as constant

and independent of the Raman shift ω. The resulting phonon line shape obtained by the

resonant Raman scattering is, therefore, solely dependent on the imaginary part of the

phonons propagator Do
im, which resembles a symmetric Lorentzian profile. Equation (3.13)

shows that the obtained phonon scattering intensity highly depends on the resonant
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3.1 Theory of Raman scattering

transition matrix element TpA, which can lead to a strong amplification of the phonon

signal when the incoming laser frequency is in resonance with an electronic interband

transition.

To summarize, the phononic Raman scattering process in semiconductors and insulators

always occurs via electronic interband transitions leading to typical Lorentzian phonon

line shapes. By tuning the excitation laser frequency the electronic band structure of the

material can be probed as the TpA matrix element is expected to enhance the phononic

Raman signal by a factor of 103 when the photon frequency coincides with an electronic

interband transition.

Figure 3.3: Phonon line shapes obtained for different electron-phonon coupling mechanisms.
(a) Lorentzian line shape (black graph) obtained for the resonant Raman scattering
process in the non-resonant limit by coupling to the π2

re of the electric susceptibility
via TpA. (b) Asymmetric Fano line shapes obtained for two phonons coupling to a
low-energy electric susceptibility via TA2 . Fano line shapes were calculated using
an overdamped χ

el. The frequency and line width renormalizations in comparison
to the bare phonon propagator Do

im (gray) are displayed with exaggeration for
visibility purpose. A phonon with ω0 < ωel obtains a positive Fano parameter q,
whereas a high frequency phonon with ω0 > ωel would obtain a negative q.

Phononic Raman scattering via electronic intraband transitions

The incoming radiation can couple to available free electrons in a system by the creation

of dipole moments and leads to a polarization of the medium. This is depicted in the

Feynman diagram in Figure 3.2(b) where the incident photon couples to the so-called

polarization bubble via the TA2 element. The polarization bubbles can couple between

each other through interactions with the phonons in the system leading to a correction of

the electronic self-energy. The response function for TA2 contribution after summation

over all bubble diagrams yields: [91,92,94]

Rnon−res(ω) = T 2
A2

χel(ω)−T 2
A2g2χ2

el(ω)D̃(ω) (3.14)
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3 Raman Response of Topological Insulator 2D Nanoflakes

with the full (renormalized) phonon propagator [94,95]

D̃(ω) =
Do(ω)

1+g2χel(ω)Do(ω)

=
1

ω2 −ω2
0 −g2πre + i(Γω −g2πim)

, (3.15)

where we have used the free phonon propagator Do(0,ω) according to Equation (3.10).

In comparison with the free phonon propagator, we can define a renormalized phonon

frequency ω̃2
0 and line width Γ̃

ω̃2
0 = ω2

0 +g2πre (3.16)

and

Γ̃ω = Γω −g2πim. (3.17)

This underlines how the phonon frequency is renormalized by coupling to the real part

of the electric susceptibility and the line width is altered by coupling to the imaginary

part. Separating the full phonon propagator into its real and imaginary part and using

the definitions for ω̃ and Γ̃ we obtain:

D̃(ω) = D̃re + iD̃im

=
(ω2 − ω̃2

0)

(ω2 − ω̃2
0)2 +(Γ̃ω)2

− i
Γ̃ω

(ω2 − ω̃2
0)2 +(Γ̃ω)2

(3.18)

Inserting the full phonon propagator and an electric susceptibility in the response function,

the imaginary terms contribute to the Raman scattering intensity, which is given by

I(ω) ∝ −T 2
A2πim +T 2

A2g2 Γ̃ω

(ω2 − ω̃2
0)2 +(Γ̃ω)2

︸ ︷︷ ︸

renormalized Lorentzian

[

−π2
re +π2

im +2πreπim
(ω2 − ω̃2

0)

Γ̃ω

]

. (3.19)

In this picture we assume that the phonon is only renormalized by the low-energy Raman-

active electronic response χel and neglect self-energy contributions e.g. those due to

anharmonic phonon-phonon interactions. [94]

It can be shown that the above equation resembles the well known Fano-profile, [96] when

defining the Fano-parameter as q = πim(ω)/πre(ω) [92], where q is nearly constant for a flat

electronic continuum χel:
[91]

I(ω) ∝ −T 2
A2πim +T 2

A2g2π2
re

Γ̃ω

(ω2 − ω̃2
0)2 +(Γ̃ω)2

[

−1+ q2 +2q
(ω2 − ω̃2

0)

Γ̃ω

]

︸ ︷︷ ︸

Fano

(3.20)

The low-frequency electric susceptibility of quasi free electrons can be described by an
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3.1 Theory of Raman scattering

effective one-particle propagator that yields for a fermionic particle [89]

χel =
ω −ωel

(ω −ωel)2 + δ2
− i

δ

(ω −ωel)2 + δ2
(3.21)

= πre +πim, (3.22)

where ωel = ǫel(k)/h̄ describes the dispersion relation of the electrons. Such a low-frequency

susceptibility is depicted in Figure 3.3(b) that indicates how a phonon with frequencies

below ωel is described by a Fano profile with positive values of q, and a high frequency

phonon would yield a Fano profile with negative q.

3.1.4 Selection rules

The Raman activity of a phonon mode is determined by its symmetry of vibration of the

atoms, which has to modify the polarizability in the system and lead to a finite polarizability

derivative dχ̃χχ/dQ according to Equation (3.1). [84] The symmetries of phonons in a crystal

can be characterized by the irreducible representations of the crystals space group Γ,

assuming an infinite expansion of the phonons wavelength. For a phonon to modulate

the polarizability it can be shown by group-theoretical methods that it has to have the

same symmetry as an irreducible component of the representation of the polarizability

tensor. [85] The irreducible representations of phonons transforming the polarizability tensor

determine the so-called ’Raman selection rules’ and are tabulated for all crystal point

groups (see e.g. Hayes & Loudon (1964) [85]). The irreducible representations for Raman

active phonons of a given symmetry Γph correspond to a set of reduced second rank

tensors, named the ’Raman tensor’ R̃Γph
. These represent the non-vanishing components

of the polarizability tensor, which belong to the same irreducible representation as the

phonon. [84] The nine elements of R̃Γph
are obtained by allowing the polarization of the

incoming and scattered photons to take on the values of the principal axes x, y and z. The

Raman tensors presented in this thesis have been given in the convention that x, y and z

correspond to the principal axes of a crystals point group, which was defined for all crystal

classes by Nye (1957) [97]. Other choices of axes, e.g. orienting x, y and z with respect to

rotation axes and reflection planes, leads to different forms of matrices. [88] This is stressed

here, because especially the twofold degenerate matrices, which occur for example in the

R3̄m group of bismuth chalcogenides for the Eg modes, are often shown with different

forms corresponding to an alternative choice of x and y axes according to Koster et al. [98]

These alternate forms of Raman tensors are tabulated in [84,88].

For phononic Raman scattering the scattering intensity is therefore determined by their

Raman tensor and given as: [84]

I(ω) ∝
[

~ei · R̃Γph
·~es

]2
. (3.23)

The selection rules lead to the complementary nature of phonons that in crystals with
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inversion symmetry even-parity vibrations (g) are exclusively Raman-active and odd-parity

vibrations (u) are infrared-active. The Raman scattering intensity is further dependent

on the polarization of the incoming ~ei and scattered (or detected) ~es light relative to the

orientation of the crystal’s principal axes. Hence, by aligning the principal crystal axes to

the incoming photon polarization, the tabulated Raman tensors can directly be used to

analyze phonon symmetries by measuring in different polarization configurations. The

Raman selection rules for bismuth chalcogenides are presented in section 3.1.6.

Strictly speaking, the irreducible representation classifies the symmetry of a phonon only

when assuming an infinite dimension of the crystal, which is typically valid in bulk materials.

For nanoscaled finite materials this assumption no longer holds and lifts the validity of

the selection rules derived from the bulks irreducible representations. [85] For instance in

ultrathin nanoflakes the inversion symmetry of the crystal is broken perpendicular to the

flakes surface. The consequences of symmetry breaking for the Raman response is in more

detail discussed for Bi2Se3 and Bi2Te3 in section 3.1.6.

3.1.5 Temperature dependence of first-order Raman scattering

The temperature dependence of the Raman mode’s frequency and line width is determined

by the anharmonic lattice potential and can be derived from phonon self-energy corrections

due to the anharmonic interactions. [99] In general, the anharmonic contributions to a

crystal’s lattice potential energy lead to a shift in the Raman-active optical mode’s

harmonic frequency ω0 and dampen it. The self-energy corrections affect the mode’s line

shape, in particular the frequency is corrected by the real part ∆ and the line width is

corrected by the imaginary part Γ of the self-energy leading to following expression for the

line shape: [100]

IS(ω,j,T ) ∝ Γ(ω,j,T )

(ω0(j)+∆(ω,j,T )−ω)2 +Γ2(ω,j,T )
· [n(ω)+1] (3.24)

The index j labels the particular examined phonon mode. We first focus on the corrections

to the phonon’s frequency. The anharmonic terms in a crystal’s potential energy lead to

two contributions that affect the harmonic frequency of the phonon.

ω(T ) = ω0 +∆ωlattice(T )+∆ωanharm(T )
︸ ︷︷ ︸

∆(ω,j,T )

(3.25)

∆ωlattice(T ) includes the thermal expansion of the crystal volume and ∆ωanharm(T ) de-

scribes phonon-phonon interactions through the anharmonic lattice potential. The first

term, ∆ωlattice(T ), is a frequency-independent contribution to a mode’s frequency shift

caused by the lattice volume expansion with increasing temperature. Due to the deviation

from the normal harmonic value ω0 of the mode’s frequency this term is referred to as the

quasiharmonic frequency. This correction is solely due to the lattice thermal expansion
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3.1 Theory of Raman scattering

and gives a linear temperature dependence, where the slope is the so-called first-order

thermal expansion coefficient χth. Specifically, this first term is given for a hexagonal

crystal as [101]

∆ωlattice(T ) = χth ·T (3.26)

= ω0

(

exp

[

−γ
∫ T

0
αc(T

′)+2αa(T ′)dT ′

]

−1

)

. (3.27)

Here, γ is the Grüneisen parameter and αa,c(T ) are the coefficients of linear thermal

expansion along the corresponding a- and c-crystal axes.

The second term of Equation (3.25), ∆ωanharm(T ), gives rise to a further temperature-

dependent frequency correction induced by the coupling of phonon modes through the

anharmonicities. The contribution of the anharmonic correction is thereby dependent

on the phonon-phonon coupling coefficient A and the thermal occupation n~q,j(ω) =

(exp
[

h̄ω
kBT

]

−1)−1 of the involved modes and can be written as [100]

ωanharm(T ) = A
[

n(~q,j1)+n(−~q,j2)+1
]

(3.28)

with n~q,j(ω) = n(~q,j) for better readability. In contrast to ∆ωlattice(T ) that changes linear

with temperature, ωanharm(T ) shows a temperature dependence according to the changing

phonon population factors with temperature. In that way, ωanharm(T ) gives rise to a

frequency shift even when the crystal would be held at constant volume and is, therefore,

often referred to as the pure temperature effect. The detailed expression for the anharmonic

contribution is given as [100]

ωanharm(T ) = −18

h̄2

∑

~q,j1,j2

∣
∣
∣
∣
∣
V






~0 ~q −~q

j j1 j2






∣
∣
∣
∣
∣

2

· 1

ω(~q,j1)+ω(−~q,j2)−ω
︸ ︷︷ ︸

=A

·
[

n(~q,j1)+n(−~q,j2)+1
]

, (3.29)

where the strength of the phonon-phonon coupling coefficient A is dependent on the

coefficient V , which is derived from the lattice potential energy of deformation at constant

volume, j is the band index of the Raman zone-center (~q = 0) phonon and j1,2 are the band

indices of the coupling modes with momentum ±~q. Equation (3.29) is the so-called cubic

anharmonicity and higher order anharmonicity terms in ωanharm(T ) have been neglected

due to their usually much weaker contribution. [102]

In conclusion, if only anharmonic contributions are considered for the phonon’s self-energy

corrections, the frequency shift with temperature is in total arising from the temperature-

dependent first-order thermal expansion coefficient χth(T ) and the modes occupation

factor n(~q,j,T ) assuming that the A is constant. This leads to the final expression for the
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temperature-dependent frequency shift:

ω(T ) = ω0 +χth ·T +A

[

1

exp
[

h̄ωj1

kBT

]

−1
+

1

exp
[

h̄ωj2

kBT

]

−1
+1

]

. (3.30)

Turning now to the temperature dependence of the phonon’s line width Γ(T ), we will

find that the modes line width is related to its lifetime. The phonon lifetime is inversely

proportional to the rate at which the excited phonon relaxes to its equilibrium state. This

relaxation rate τ is determined by the possible available relaxation mechanisms. In a

classical approach each of these scattering mechanisms can be associated to a relaxation

rate, or equivalently line width, given by the Matthiessen rule:

Γ(T ) = Γ0 +Γph-ph(T )+Γel-ph(T ) (3.31)

Γ0 describes a temperature-independent background contribution arising from disorder

and boundary scattering, whereas Γph-ph and Γel-ph describe the interactions to other

phonon modes or electronic excitations, respectively. For insulators there are typically

no low-energy electronic excitations available for coupling and, therefore, we will neglect

Γel-ph in this first discussion and focus on the contributions arising from phonon-phonon

interactions contributing to Γph-ph.

In a quantum mechanical picture the resulting line shape can again be derived from the

phonon’s self-energy corrections due to the anharmonic potential mediating the phonon-

phonon interactions according to Equation (3.24). The temperature-dependent broadening

of the Raman mode due to phonon-phonon interactions is given by [100]

Γ(T ) = Γ0 +A∗

[

n(~q,j1)+n(−~q,j2)+1
]

, (3.32)

where A∗ represents the phonon-phonon coupling coefficient. The coupling coefficient A∗

is again related to the same cubic anharmonicity contribution, which also influences the

mode’s frequency (see Equation (3.33)), and is expressed in detail as [100]:

Γph-ph =
18

h̄2

∑

~q,j1,j2

∣
∣
∣
∣
∣
V






~0 ~q −~q

j j1 j2






∣
∣
∣
∣
∣

2

· δ
(

ω(~q,j1)+ω(−~q,j2)−ω
)

︸ ︷︷ ︸

=A∗

·
[

n(~q,j1)+n(−~q,j2)+1
]

(3.33)

This equation describes the decay of the optical phonon into a combination of two phonons

ω(~q,j1) and ω(−~q,j2) under the conservation of momentum and energy. It is obvious from

comparison with Equation (3.29) that the contribution from the cubic anharmonicity is

both responsible for the softening and broadening of the Raman mode with increasing

temperature and that the coupling parameters A and A∗ are related via Kramers-Kronig

transformation. [100,103] The form of Equation (3.33) does not explicitly define into which
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final states the phonon will decay. The probability for each possible decay channel is

determined by the joined phonon density of states and transition matrix elements for a

certain combination of phonon modes j. If the matrix elements are assumed to be constant,

a large Γph-ph is expected whenever the Raman modes frequency ω0 coincides with a high

value in the two-phonon density of states. Hence, in the most complete model the correct

line width correction would be obtained by summing over all possible decay processes. [99]

However, there are more simple evaluations of Equation (3.33) that focus on one particular

phonon decay channel and are presented here due to their wide application within the

community.

Symmetric anharmonic decay model

In the most simple model, the so-called Klemens model, a symmetric decay of the Raman

phonon into two acoustical phonons of opposite momenta and equal frequency leading to

ω(~q,j1) = ω(−~q,j2) = ω0/2 with j1 = j2 is assumed. Within this model the temperature

dependence of the phonon frequency and line width according to Equation (3.30) and

Equation (3.32) simplifies to [104]

ωanh(T ) = ω0 +χth ·T +A ·
[

1+
2

exp
[

h̄ω0

2kBT

]

−1

]

, (3.34)

Γanh(T ) = Γ0 +A∗ ·
[

1+
2

exp
[

h̄ω0

2kBT

]

−1

]

. (3.35)

3.1.6 Raman Response of Bi2Se3 and Bi2Te3

The rhombohedral crystal structure of the V2-VI3 compounds belongs to the crystal space

group R3̄m (D3d
5) in Hermann-Mauguin (Schönflies) notation. [22] The crystal is build up

of stacked QLs, consisting of X-Bi-X-Bi-X (X=Se,Te) that are weakly bond to each other

by van der Waals forces. The height of one QL is 0.958 nm for Bi2Se3 and 1.02 nm for

Bi2Te3. [37,105] The primitive unit cell shown in Figure 3.4(a) consists of five atoms, which

allows for 15 degrees of freedom and yields an irreducible representation at q = 0 of: [22,106]

Γ = 2A1g +3A1u +2Eg +3Eu .

These can be classified according to group theory into three acoustic (A1u and one doubly

degenerate Eu) and twelve optical modes. In Figure 3.4(b,c) the atomic displacements

of the optical phonons are shown, with two vibrations each of Eg, A1g, Eu, and A1u

symmetry, where the modes with E-symmetry are additionally twofold degenerate. Due to

the VI(2) atoms acting as inversion centers in a single QL, the even-parity vibrations are
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Figure 3.4: (a) Crystal structure of the V2-VI3 compounds with the black lattice vectors for
the rhombohedral unit cell and one quintuple layer (QL) indicated. (b) Atomic
displacements of the Raman-active and (c) IR-active lattice vibrations with propa-
gation direction along the c-axis. The order of the phonons is given according to
their increasing frequency from left to right. Plus and minus correspond to the
atoms vibrating out of and into the image plane.

exclusively Raman and odd-parity vibrations are exclusively IR-active modes as assigned in

Figure 3.4(b,c). The Raman-active vibrations of A1g and Eg symmetry can be distinguished

from one another according to their Raman tensors given as [85]:

RA1g
=







a 0 0

0 a 0

0 0 b







R
′

Eg
=







c 0 0

0 −c d

0 d 0







R
′′

Eg
=







0 −c −d

−c 0 0

−d 0 0







When conducting polarization dependent Raman measurements the off-diagonal elements

in the Eg tensors lead to a finite Raman intensity in both parallel (xx) and cross (xy)

scattering configuration, whereas the A1g modes only give rise to a Raman signal in parallel

scattering configuration. The Raman selection rules according to Equation (3.23) for the

parallel and cross polarization geometries are hence given as:

(xx) : ~ei =







1

0

0







~es =







1

0

0







IA1g
∝ a2 IEg ∝ c2

(xy) : ~ei =







1

0

0







~es =







0

1

0







IA1g
∝ 0 IEg ∝ c2
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Figure 3.5: Dispersion relation for (a) Bi2Se3 calculated using density functional theory [108]

and (b) Bi2Te3 measured via inelastic neutron scattering at 77 K [107]. Raman-
(blue) and IR-active (black) modes are indicated with longitudinal (dashed) and
transversal (solid) vibrations. Graphs are traced from the original data of [107–109].
The frequency order of modes corresponds to values measured in literature via
Raman and IR spectroscopy (see also appendix A), with the exception of the A1g

1

and Eu
1 modes in (a). The red squares in (a) and (b) highlight the closely adjacent

frequencies of the three enclosed modes that gives rise to varying mode assignments
in literature.

From Figure 3.4 it is apparent that all phonons involve motions of entire planes of atoms,

with the atoms vibrating in the a,b-plane for modes with E-symmetry and out-of-plane for

modes with A-symmetry. Furthermore, all modes propagate along the c-axis, leading to a

classification of longitudinal (A-symmetry) and transversal modes (E-symmetry). [22,107]

The dispersion relations of the phonon branches for Bi2Se3 and Bi2Te3 are shown in

Figure 3.5 with the Raman-active modes given as blue graphs. For both materials the

order of the mode frequencies at the Γ point is almost identical. However, there exists a

large variety in literature for the ordering of the Eu
2, Eg

2, and A1u
1 modes due to their

very closely adjacent frequencies, see the red boxes in Figure 3.5, that can vary depending

on the employed simulation model. [108,110,111] This becomes further clear in comparison

with experimentally determined values. The frequencies of the Bi2Se3 and Bi2Te3 Raman-

active phonons at the Brillouin zone center have been measured in literature for a variety

of sample geometries such as single crystals, films or nanostructures. A comprehensive

overview of mode frequencies classified for the different sample geometries is given for

Bi2Se3 in Table A.2 and for Bi2Te3 in Table A.1 in the appendix. The overview is given

to show the frequency range of modes and underline the cautious assignment of mode
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symmetries for phonons with very similar frequencies. In comparison to Bi2Se3, all mode

frequencies for equivalent vibrations in Bi2Te3 are shifted towards lower frequencies, which

is expected due to the higher atomic mass of the Te atoms compared to the Se atoms. [22,110]

At room temperature the Raman mode frequencies for bulk samples are listed for a quick

reference in Table 3.1.

Table 3.1: Average Raman mode frequencies in cm−1 at room temperature for bulk samples
reported in literature.

Eg
1 A1g

1 Eg
2 A1g

2

Bi2Se3
[22,81,101,110,112]37.0 72.2 131.4 175.1

Bi2Te3
[22,107,110] 35.3 61.5 101.7 133.6

Detection of IR modes via Raman spectroscopy

Table A.2 and Table A.1 further include frequencies of the IR-active phonons that were

determined using IR absorption spectroscopy. Knowledge about the IR mode frequencies

becomes increasingly relevant for Raman studies on ultrathin samples. The reduced

periodicity in the c-direction breaks the inversion symmetry for the terminating QLs and

hence leads to a reduction of the crystals point group to C3v. This changes the selection

rules for Raman scattering and results in the detection of the previously exclusive IR-active

modes in Raman measurements. In the C3v point group the irreducible representations

A1g and A2u merge into A1, A2g and A1u merge into A2, and Eg and Eu merge into

E. [85,113] The Raman selection rules for the bulk and surface point groups are summarized

in Table 3.2 for the different polarization geometries. In literature, the Raman activity of

IR-active modes due to the breaking of inversion symmetry along the c-direction has been

observed (a) at the surface of bulk samples at temperatures below 80 K [62,113–115] or (b) at

room temperature for ultrathin (< 40 nm) exfoliated and epitaxially grown films. [73,116–121]

In this work, the detection of bulk IR-active modes was achieved for Raman measurements

at low temperatures and for room temperature measurements of single nanoflakes on gold

substrate and is discussed in detail in the macro-Raman measurements in section 4.4 and

the micro-Raman measurements in section 5.5.

Table 3.2: Raman selection rules for the different point groups applicable in the bulk and at
the surface for the bismuth chalcogenides. [85,113]

Scattering geometry Bulk (D3d) Surface (C3v)

xx (parallel) A1g + Eg A1 + E

yx (cross) A2g + Eg A2 + E

32



3.2 Experimental setups

3.2 Experimental setups

The topological insulator 2D NFs were investigated by means of Raman spectroscopy

both in the form of multiple overlapping NFs representing a thin film geometry, as well

as single isolated NFs. The investigation of a manifold of drop cast, overlapping NFs

provides information on the average properties of the materials, whereas measurements on

single NFs allows to distinguish the subtle influences in the materials properties by the

NFs thicknesses or compositions. Therefore, both sample geometries were studied using

different Raman setups, namely a magnetic field setup for temperature and magnetic field

dependent measurements (section 3.2.1) and a microscope setup (section 3.2.1) for high-

resolution measurements on single NFs. This section highlights the features of both setups

with regard to the different demand on the experimental results, while also presenting the

related triple-grating spectrometer employed in each setup in section 3.2.3.

3.2.1 Raman setup for temperature and magnetic field

dependence

Magnetic field and temperature dependent measurements on NF samples in thin film

geometry were conducted on a custom-made ‘ultimate triple’ (UT) system originally

designed by Miles Klein and continuously improved in the group of Prof. Dr. Lance

Cooper at the University of Illinois Urbana-Champaign (UIUC), Department of Physics

and Materials Research Laboratory, in the United States of America. [122,123] The setup

is equipped with a continuous He-flow cryostat (Oxford Instruments, CF-1201) that is

mounted into the center of a superconducting magnet. This enables the unique capability of

simultaneous temperature (3–300 K) and magnetic field (0–7 T) dependent measurements

on the thin film samples. For macro measurements the 647.1 nm excitation line of a

continuous-wave (CW) krypton ion (Kr+) gas laser (Coherent inc.) was used. To probe

a large sample area representing the average properties of the NFs the collimated beam

was focused down to a rather wide laser spot size of about 50 µm employing a simple lens.

The beam path is schematically illustrated in Figure 3.6. The advantage of the use of

gas lasers for Raman scattering experiments is their intense emission lines, very narrow

bandwidth and single mode output allowing the detection of Raman bands down to about

55 cm−1. A disadvantage of gas lasers is the number of competing weaker emission bands

that can interfere with the recorded Raman spectra. In the macro-Raman setup these

side bands are filtered by first passing the laser beam through a narrow bandpass filter

(BF), eliminating lines close to 647.1 nm. This step is most crucial since the neighboring

emission lines would overlay with the detected Raman spectrum and appear as additional

narrow peaks in the spectra. Secondly, lines further away from 647.1 nm are removed

by a prism monochromator (PM). The monochromatic beam is finally, directed onto the

focusing lens (L1) that focuses the laser onto the sample.
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3 Raman Response of Topological Insulator 2D Nanoflakes

Figure 3.6: Schematic top view of the experimental environment for macro-Raman measure-
ments adapted from [122,123]. The excitation laser is directed and focused onto the
sample, which is glued onto a sample holder within a cryostat. The cryostat is placed
in the open bore of a superconducting magnet. The scattered signal is collected in
a true backscattering configuration and directed into the UT-spectrometer.

The UT system operates in a ‘true’ backscattering geometry, which only uses one lens

(L1) to focus the incident beam onto the sample and simultaneously collects the scat-

tered Raman signal. L1 collimates the Raman signal onto a second lens L2 that in term

focuses it onto the entrance slit of the spectrometer. The f-number of L2 is chosen to

sufficiently fill the optics of the first monochromator without overfilling the mirrors and

diffraction grating to reduce signal loss. The triple-grating spectrometer is similar in

design to the one used for the micro-Raman measurements in the sense that both setups

employ a relay stage for effective stray light reflection. The spectrometer is discussed in

detail in a separate section 3.2.3. Finally, to study the symmetry properties of recorded

Raman signals the polarization of the incident laser and scattered light can be selected

by a polarization rotator (P) and an analyzer (A) that transmit only one polarization

component. The combination of both P and A enables Raman measurements in different

scattering geometries as discussed in section 3.1.6. The analyzer is most efficient when

being placed between lens L1 and L2 where the scattered light beam is collimated, because

in an emerging beam the polarizer itself would affect the polarization of the signal. To

switch between different scattering geometries only the orientation of P is changed. The

orientation of A is set to transmit the horizontal polarization of the scattered light since

the diffraction gratings of the spectrometer are most efficient for this polarization. [124]

The spectral resolution of the UT system in the desired spectral range was calibrated by

recording sharp emission lines of a Xenon gas discharge lamp. By averaging the Gaus-

sian width of the emission lines a spectral resolution of ΓG = 1.44±0.1cm−1 is obtained. [77]
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Temperature and Magnetic field properties

For temperature dependent measurements in the range between 3 K to 300 K the samples

are attached to a sample rod via silver paint as shown in Figure 3.7(a) that is inserted into a

continuous He-flow cryostat (Oxford Instruments, CF1201). The temperature is regulated

by adjusting the He flow into the sample space via a needle valve. The temperature is

stabilized at the desired value by a temperature controller and resistive heater located in

the cryostat. The cryostat is mounted horizontally into the open bore of a superconducting

magnet as indicated in Figure 3.7(b).

Magnetic field strength dependent Raman measurements were conducted in Faraday

geometry (~q ‖ ~H) with the magnetic field vector ~H aligned parallel to the wave vector ~q

of the incident light. The sample was mounted in a way such that the magnetic field ~H

was oriented normal to the sample plane, and thus also to the topological surface of the

nanoflakes as shown in Figure 3.7(c).

Figure 3.7: (a) Image of a sample glued on top of the sample rod. (b) Schematic illustration
of the inserted cryostat containing the sample rod with the surrounding supercon-
ducting magnet adapted from [125]. The laser is focused onto the sample and areas
in gray represent the cryostat windows. (c) Schematic illustration of the sample
with nanoflakes in thin film geometry. The magnetic field is applied in Faraday
geometry (~q ‖ ~H).

The Magnetic Field-Setup enables

• Raman studies on averaged NF clusters with a high contribution

of topological surface properties

• Temperature adjustments between 3 K to 300 K

• Magnetic field dependence between 0 T to 7 T
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3 Raman Response of Topological Insulator 2D Nanoflakes

3.2.2 Micro-Raman setup for single nanoflake investigations

The custom-made micro-Raman setup was developed in the group of Prof. Michael Rüb-

hausen at the University of Hamburg, Germany, and enables in combination with the UT-3

spectrometer [126] high-resolution Raman spectroscopy on single nano- and micro-structures.

A detailed description of the micro-Raman setup and further characterizations can be

found in [127,128]. This section provides details on the experimental setup critical for the

investigation of ultrathin, single TI NFs.

In order to study single NFs down to lateral dimensions of 500 nm, a low contribution of

surrounding substrate and high sufficiency of collecting the very weak Raman signal of

an ultrathin NF have to be met. This is achieved in the micro-Raman setup by the use

of efficiently matched optical components for focusing the laser, a visual control on the

relative laser-to-sample position by an optical microscope, and finally a three-axis sample

stage. The beam path of the micro-Raman unit, that can be placed before the collect-

ing entrance optics of the detecting UT-3 spectrometer, is schematically shown in Figure 3.8.

Micro-Raman unit

The sub-micron laser spot diameters with homogeneous beam profiles are achieved by first

widening the monochromatic laser light using a spatial filter and subsequent direction

onto a focusing objective (FO). The high numerical aperture of the FO (Mitutoyo 50

Plan Apo HR, NA = 0.75) leads to the creation of diffraction limited laser spot sizes down

to ∼210 nm depending on the used laser wavelength (see Table 3.3 for exact laser spot

sizes). A huge advantage of this setup is the possibility to simultaneously observe the

nanostructured sample, as well as the laser spot position, to ensure a precise location

on the nanostructure. This is achieved by coupling a white light source into the laser

beam path using a first beam splitter (BS1) (Reflection:70/Transmission:30) that is also

focused onto the sample along with the laser. The infinity corrected FO in combination

with a matched tube lens creates an image of the sample on a charged-coupled device

(CCD) camera, which is read out using a framegrabber software (IC Measure 2.0.0.161,

The Imaging Source Europe GmbH). The sample holder is attached to a xyz-µm-stage

for coarse alignment, which itself is mounted onto a multi-axis piezo scanner P-517 (PI,

Germany). The piezo-stage enables to accurately choose the desired laser spot location on

the nanostructure and bring the sample into the laser focus. After sample alignment, a

motorized mirror (MM) can be inserted into the beam path to block the camera view and

enable Raman measurements. During measurements the created Raman signal, similar

to the macro-Raman setup in section 3.2.1, is again collected in a ‘true’ backscattering

configuration by the FO. A second beam splitter (BS2) transmits 10 % of the incident

laser light onto the FO and at the same time allows transmission of the collected Raman

signal with a 90 % efficiency. The FO collimates the collected Raman signal and the MM

directs the beam onto an entrance objective (EO) (Olympus, NA = 0.4) that focuses the

beam into the focal point of the entrance optics. Hereby, the numerical aperture of the
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3.2 Experimental setups

Figure 3.8: Schematic side view of the micro-Raman unit placed in front of the entrance optics
that focus the collected Raman signal into the UT-3 spectrometer. Adapted with
permission from [128]

EO roughly matches that of the entrance optics (NA = 0.5) to fully fill the entrance optics

and consequently ensure high resolution in the following spectrometer.

Entrance Optics

The entrance optics resemble an all-reflecting, fully achromatic objective that collects the

Raman signal from the EO and focuses the light beam further into the entrance slit of the

spectrometer. [126] In detail, the entrance optics consist of four on-axis parabolic mirrors, as

shown in Figure 3.8. The first mirror M1 collects the Raman signal and collimates it onto

M2. M2 forms an intermediate image before M3, which in turn collimates the beam again

onto M4 that finally focuses the beam into the entrance slit of the spectrometer. Details on

the mirror specifications are given in [126]. Finally, the Raman signal is spectrally resolved

in the UT-spectrometer, which is discussed in detail in section 3.2.3.

Laser power configuration

To choose suitable laser power densities for intense Raman signals, while simultaneously

excluding laser damage or heating of the NFs, a filter-unit with several optical density (OD)

filters can be inserted in front of the micro-Raman unit. The incident laser power was de-

termined depending on the obtained Raman signal and absorption properties of the sample.

Due to the number of optics and beam splitters build in the micro-Raman unit only 0.24 %

of the laser power entering the unit is directed onto the sample. [128] The laser power at the

sample position was precisely measured by a Si photodiode power meter (Thorlabs, PM160).
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3 Raman Response of Topological Insulator 2D Nanoflakes

Excitation wavelengths

All optical components integrated in the micro-Raman setup were chosen to optimally

function in the visible light range between 705 nm to 400 nm. This allows for resonance

Raman studies on single nanostructures, a critical advantage not met in commercially

available Micro-Raman spectrometers due to the limited number of provided lasers. For the

resonance Raman study on Bi2Se3 NFs presented in section 5.4 five excitation wavelengths

with equidistant energies in the visible spectrum were chosen. An overview of employed

laser sources is given in Table 3.3.

Laser spot diameter on sample

The use of the FO with a high numerical aperture (NA = 0.75) creates beam spot diameters

d with full width at half maximum (FWHM) Γ in agreement with the classical Abbe

diffraction limit

a =
λ

2NA
, (3.36)

whereby a is the distance between two distinguishable points. Beam spot diameters were

determined by evaluating intensity profiles of recorded spot images on Si(111) substrate

as shown in Figure 3.9. To record images without saturation of pixels a suitable OD

was chosen for each wavelength and the white light source was turned off. In Figure 3.9

vertical and horizontal intensity line cuts of the recorded gray scale images are shown. All

intensity profiles are readily fit by a Gaussian profile and the low deviation in FWHM

between vertical and horizontal cuts of less than 3 % validates the homogeneous beam

profiles. With a camera resolution of 69 nm per pixel the determined FWHM lead to the

Table 3.3: Laser sources employed for resonance micro-Raman measurements.

Wavelength Laser type Model Manufacturer Beam FWHM

704.96 nm Mode locked
Ti:sapphire laser
pumped by a
Millenia eV

Tsunami
3950-
X1BB

Spectra-Physics
Lasers, Inc.

283±3 nm

632.82 nm Gas 05-LHP-
123-496
HeNe

Melles Griot 211±2 nm

593.72 nm Diode OBIS
594LS
1233468

Coherent, Inc. 269±2 nm

560.35 nm Diode OBIS
561LS
1223779

Coherent, Inc. 389±2 nm

532.04 nm Diode Millenia
Pro 10sJS

Spectra-Physics
Lasers, Inc.

255±4 nm
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3.2 Experimental setups

Figure 3.9: Laser spot characterization. Intensity line profiles of the shown laser spot microscope
images without white light illumination. The panels from left to right show the
recorded laser spot images of the used excitation sources with wavelength of 705 nm,
633 nm, 594 nm, 560 nm, and 532 nm, respectively. The scale bar in the laser spot
images (20 × 20 pixel) corresponds to 500 nm. Horizontal (circles) and vertical
(squares) intensity cuts were fitted by a Gaussian profile shown as solid lines. The
FWHM of vertical and horizontal cuts were averaged to the value Γ given in color.
The gray value images are displayed in false color. Reprinted with permission
from [129]. Copyright 2022 American Chemical Society.

beam spot diameters given in Table 3.3. Beam spot diameters below d = 300 nm were

achieved for all excitation wavelengths except for the 560 nm diode laser. However, smaller

beam spot diameters can be achieved when optimizing the spatial filter for this wavelength

to fully illuminate the FO.

Polarization selection

Depending on the chosen excitation wavelength, the sensitivity of the UT-3 spectrometer

varies for certain laser polarizations. [126] To ensure a high sensitivity the most suitable

polarization of the incoming laser is selected by a λ/2 wave plate (WP) that is positioned

in front of the micro-Raman unit (see Figure 3.8). An overview of the spectrometer

sensitivities for the selected excitation wavelengths of the resonance study on single Bi2Se3

NFs is given in Table 3.4 and Figure 3.10. Due to the low sensitivity of below 5 % for

vertically polarized light with energies less than 2 eV, the spectrometer itself can function

as an analyzer when conducting polarization dependent measurements. For symmetry

analysis of the recorded Raman modes the micro-Raman measurements can, therefore, be

conducted in parallel or cross scattering configuration, as discussed in section 3.1.6, by

changing the WP to select the incident laser polarization. For a 633 nm excitation line,

corresponding to 1.96 eV, with an incoming vertical laser polarization the setup would

operate in cross polarization configuration since the spectrometer mainly detects the

horizontally polarized component of the scattered light. In turn, a horizontally polarized

laser would resemble a parallel polarization configuration.
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3 Raman Response of Topological Insulator 2D Nanoflakes

Table 3.4: UT-3 spectrometer
sensitivity.

λ Sens(%) Pol

704.96 nm 33.0 hor

632.82 nm 41.0 hor

593.72 nm 42.0 ver

560.35 nm 39.7 ver

532.04 nm 36.0 ver

Figure 3.10: UT-3 spectrometer sensitivity with in-
dicated excitation energies as vertical
lines used for resonance Raman studies.
Adapted from [126] with the permission
of AIP Publishing. Copyrights 2005
American Institute of Physics.

The Micro-Setup enables

• Raman studies on single NFs by sub-µ laser spot diameters between

d = 211–389 nm

• Resonance Raman studies by incoupling lasers in the spectral range

of 400–705 nm

• Single spot or scan measurements by the piezo sample stage

3.2.3 Ultimate Triple-Grating spectrometer

For both macro- and micro-Raman measurements custom-made ultimate-triple grating

spectrometers [126] were used to obtain the Raman spectra. A schematic illustration of the

UT-3 spectrometer as employed in the micro-Raman measurements is given in Figure 3.11.

Details on the original UT-1 system as employed in the magnetic field setup can be found

in the thesis of M. Kang [122]. Further details on the later version of the UT-3 system are

given in Schulz et al. [126]. Since both Raman setups are operating in a true backscattering

configuration the reflected laser signal is also focused into the spectrometer and has to

be removed from the Raman signal. This is achieved by the use of a first filtering stage

and a second stage for spectral resolution. The first stage combines two monochromators

(Mono 1 and Mono 2) connected via a relay stage and enables high stray light reduction.

This first premonochromator is crucial to remove the excitation frequency from the Raman

signal and therefore enables the detection of low-frequency Raman excitations. The second

stage is a third monochromator (Mono 3) with a large grating that spectrally resolves the
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Raman signal onto a CCD-chip and enables the high spectral resolution.

Premonochromator

In the premonochromator all integrated mirrors in Mono1, the relay stage, and Mono 2

are off-axis parabolic (OAP) mirrors. The use of OAPs, which are characterized by

reduced spherical aberrations and create sharp focus points, is responsible for the excellent

stray-light rejection. In Mono 1 the collected Raman signal is dispersed by a first blazed

grating G1 and focused into the first slit S1 of the relay stage as shown by the raytracing

in Figure 3.11. The slits in the relay stage are each equipped with monolateral knife edges

that can be inserted to function as a low or high frequency bandpass filter. As shown in

Figure 3.11, the relay stage collimates and refocuses the dispersed Raman signal onto the

second monochromator. In Mono 2 the second grating G2 is set to recombine the spectrally

resolved light again into one beam, which is finally focused into the entrance slit of Mono 3.

The strong stray light reduction in this first stage is especially important for the detection

of the first low-frequency A1g
1 mode in the investigated Bi2Se3 and Bi2Te3 NFs.

Spectrograph

In the final monochromator the beam is collimated onto a larger grating G3 that disperses

the light even further. The spectrally resolved light is focused by an elliptical mirror

onto the CCD array detector, which leads to a high photon flux and consequently low

signal-to-noise ratio. Due to the larger grating and longer distances in Mono 3 a high

resolution is achieved. For the investigation of TI NFs this is of high importance to i) enable

Figure 3.11: Schematic top view of the UT-3 system as employed in the micro-Raman mea-
surements. Adapted from [126].
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a precise line shape analysis of the phonons and ii) allow for a distinction between neigh-

boring phonons with very similar frequencies. This is especially important for ultrathin

NF samples where additional surface modes are detected closely adjacent to the bulk modes.

Key advantages of the UT system

• low-frequency detection and strong stray-light rejection by using

off-axis parabolic mirrors

• additional stray-light reduction by the use of a relay stage function-

ing as a low- or high- frequency adjustable bandpass filter

• fully achromatic due to reflective optics

• wide spectral range by employing double gratings (185–2000 nm)
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Chapter 4

Macro-Raman investigations of

thin film samples

This chapter presents macro-Raman scattering studies on Bi2Se2 and Bi2Te3 NFs in a

thin film geometry as a function of temperature and magnetic field strength. Section 4.1

describes the motivation for temperature and magnetic field dependent measurements.

In section 4.2 all preparations regarding sample preparation and precharacterizations of

the macro-Raman setup necessary for the investigation of ultra-thin films are included.

The results of the temperature and magnetic field dependent studies are discussed in

section 4.4 and section 4.5. The emerging electron-phonon interactions in Bi2Se3 that

become apparent in low temperature measurements are discussed and linked to interactions

with the topological surface states, which are further validated by the magnetic field

dependent phonon renormalizations. The results are concluded in section 4.6. The

described work in this chapter is based upon research published in “Temperature and

Magnetic field dependent Raman study of electron-phonon interactions in thin films of

Bi2Se3 and Bi2Te3 nanoflakes ”, S. Buchenau, S. Scheitz et al., Phys. Rev. B 101, 245431

(2020). [78]

4.1 Motivation

The investigation of a manifold of overlapping NFs in the form of a thin film geometry was

conducted to characterize the surface related properties of Bi2Se3 and Bi2Te3 NFs in the

2D limit. By studying the Raman response of the samples as a function of temperature,

information about the phonon dynamics and present decay mechanisms in the materials

can be gained. This helps to identify possible electron-phonon interactions that could

limit the utilization of the Dirac surface states in the topological insulator 2D samples. By

investigating the thin film samples a major reduction of the bulk properties is ensured. This

allows to enhance the surface contribution and emphasize the influence of different decay

channels with regard to the surface electrons. Temperature dependent studies have been

conducted on Bi2Se3 and Bi2Te3 in the form of single crystals [81,101,102], nanoplates [130] and

µm-thick films [131]. Those previous works mainly focus on the phonon-phonon interactions

with the aim of deducting the thermal conductivity properties, since Bi2Se3 and Bi2Te3

are prominent candidates for use as thermoelectrics. [132]

With respect to the existing works that identify different phonon-phonon decay channels,

this work gives further insight on additional phonon-electron interactions. This was

achieved by recording temperature dependent Raman spectra with a very high temperature
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resolution especially at lower temperatures between 3 K to 120 K. This is, within the current

knowledge, in contrast to all previous works that employed broad temperature increments

of about 20 K. The high resolution at lower temperatures allows us to identify the electronic

contributions to the phonon’s self-energy corrections, since phonon-phonon interactions are

expected to contribute less at lower temperatures due to decreasing phonon populations.

By analyzing the temperature dependence of the phonon modes frequency and line width,

corrections to the phonon’s self-energy are deducted and interpreted in the form of

electron-phonon interactions.

Moreover, the nature of the electron-phonon interactions can be further understood by

the application of a magnetic field. The TSS are susceptible for magnetic fields that

break time-reversal symmetry and subsequently the protection of Dirac states. Due to the

confinement of the Dirac fermions on the surface the application of perpendicular magnetic

fields leads to a formation of Landau levels that can be observed in forms of Shubnikov-de

Haas oscillations in transport measurements. [50,133,134] It was suggested that the effects

of a magnetic field oriented normal to the topological insulator surface plane will cause

an opening of a small gap at the Dirac point. [28,135,136] Indeed, the prediction of the gap

opening was observed in ARPES measurements when magnetic order was introduced

into Bi2Se3 after the deposition of magnetic elements like Fe [28,36,136] or by exchange

coupling TIs to magnetic insulators. [79,137,138] In Bi2Te3 the magnetic gap was observed

for Mn-doped samples. [139,140] By studying the Raman response of Bi2Se3 and Bi2Te3 as a

function of magnetic field the phonon self-energies are expected to reveal a manipulation

of the Dirac surface states. The application of an external magnetic field, rather than the

introduction of magnetic dopants, is also more versatile in the interpretation of magnetic

fields induced effects since dopants also cause structural disorder that can lead to additional

disruptive effects in the surface states. [141]

4.2 Sample Preparation of NF thin films

The Bi2Se3 and Bi2Te3 NFs employed for the macro-Raman studies were synthesized

according to the wet-chemical synthesis routes explained in detail in chapter 2 and in the

supporting information of Buchenau et al.. [78] The exact synthesis parameters can be found

in Table B.1. For the purification of the NFs in solvent, 200 µL of the product were mixed

with 1 mL isopropanol followed by centrifugation for 20 min at 4,000 rpm. The supernatant

was disposed and the centrifugation step was repeated two times with isopropanol and

one time with acetone. Lastly, the precipitated NFs were stored in isopropanol. For the

preparation of samples with an effective thin film geometry, 10 µL of each NF dispersion

was drop cast on clean Si 100 wafers (1×1 cm) repeatedly. The isopropanol was allowed to

evaporate at room temperature between each drop casting load as schematically shown in

Figure 4.1(a). This was repeated until the overlapping NFs formed a continuous film with

only a few spaces of uncovered silica left as shown in optical microscope images of the
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Figure 4.1: Preparation of thin film samples for macro-Raman measurements as a function
of temperature and magnetic field strength. (a) Schematic illustration of the
iterated drop casting process to create overlapping NFs in an effective thin film
geometry. (b,c) Optical microscope images of the investigated Bi2Se3 and Bi2Te3

samples, respectively. The shown section approximately displays the sample area
investigated by the macro-Raman laser (d ≈ 50 µm). Adapted with permission
from [78]. Copyright 2020 by the American Physical Society. (d,e) SEM micrographs
of the Bi2Se3 and Bi2Te3 thin film samples, respectively.

prepared films in Figure 4.1(b,c). Due to the subsequent drop casting, the NFs preferably

attached to each other, which lead to the formation of clusters of NFs next to uncovered

silicon areas. Since the macro-Raman setup presented in section 4.2 employs laser spot

sizes of around 50 µm a complete coverage of the silicon wafer was not necessary. Primarily,

the prepared samples were aimed to give an average information about a manifold of

overlapping NFs and correspondingly high amount of TSS .

To simultaneously investigate the samples as a function of temperature and magnetic field

the prepared wafers were glued to the end of a thin rod using silver paint for good thermal

conduction. The rod is inserted into the cryostat, which itself is mounted into the open

bore of a super conducting magnet as explained in detail in section 3.2.1.
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4.3 Measurement configuration and data analysis

To exclude laser induced sample damage a suitable laser power was determined by measuring

the Bi2Te3 thin film sample at various laser powers. Bi2Te3 was chosen as a representative

for both materials due to their similar thermal conductivities and hence ability to drain the

heat induced by laser thermal heating. [142] The power dependent Raman spectra given in

Figure 4.2(a) show no phonon frequency shifts and line width broadening with increasing

power from 6.2 mW to 40 mW. However, at 50 mW an additional mode around 120cm−1

appears, indicating that at this high laser powers structural changes are induced in the

material. Since the lowest chosen power of 6.2 mW already gives Raman spectra with a

good signal-to-noise ratio it was chosen for all further measurements. The choice of a low

laser power is especially important for measurements at low temperatures because the

incoming laser will lead to additional heating. To rule out any laser heating effects at

6.2 mW the Bi2Te3 sample was measured for 1 h in the same sample position both at 3 K

and at room temperature. The acquired spectra were analyzed in time periods of 5 min

and no changes in frequency or line width are observed as shown in Figure 4.2(b). The

stability of Raman spectra over these long integration times validates that the chosen laser

power of 6.2 mW does not heat the sample and induces no sample damage in the NFs.

Therefore, all obtained frequency shifts and line widths from data analysis can solely be

assigned to change in temperature and magnetic field as we excluded any laser heating

effects.

For all temperature and magnetic field dependent measurements Raman spectra were

acquired with an integration time of 5 min and averaged over 5 acquisitions, leading to a

total measurement time of 25 min per data point. The focus of the laser was verified and

adjusted before each measurement.

Before analyzing the phonon modes all Raman spectra were Bose corrected as outlined

in section 3.1.2 and a linear background was subtracted. The linear background varied

slightly for different measurements and can be effected by the exact laser spot position

on the sample and hence varying elastic stray light contributions. For the analysis of

frequency and phonon life time as a function of temperature and magnetic field all phonon

modes were fit by a Voigt profile function, if not stated otherwise:

V (ω) = y0 +
∫

∞

−∞

Gauss(ΓG,ω) ·Lorentz(ΓL,ω −ω0)dω (4.1)

The Voigt profile represents the phonon Raman response function in form of a Lorentzian

profile convoluted with a Gaussian profile accounting for the spectrometer resolution. [143]

Gauss(ΓG,ω) =

√

4ln2

π
·
exp

[

−4ln2
Γ2

G

ω2
]

ΓG
(4.2)

Lorentz(ΓL,ω −ω0) =
2A

π

ΓL

4(ω −ω0)2 +Γ2
L

(4.3)
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Figure 4.2: Exclusion of laser induced damage on the Bi2Te3 thin film sample. (a) Laser power
dependent Raman spectra acquired at room temperature. All spectra acquired with
identical integration times and displayed with an offset. Dashed lines correspond to
the modes frequencies acquired with 6 mW. An additional mode induced by sample
damage is marked by an asterisk. (b) Raman spectra acquired with a laser power of
6.2 mW over 60 min at 3 K (upper panel) and 295 K (lower panel). Selected spectra
of every 10 min increment are chosen and sorted from bottom to top with increasing
integration time. Spectra are normalized to the A1g

1 mode and displayed with an
offset. Adapted with permission from [78]. Copyright 2020 by the American Physical
Society.

The profiles include the line width ΓG,L of both Gaussian and Lorentzian profiles, as well as

the phonon frequency ω0 and integrated area A of the Lorentzian. Due to the narrow line

widths of the Raman modes close to the spectrometer resolution of ΓG= 1.44 ±0.1cm−1 [77]

this deconvolution was necessary to accurately determine the contributing width of the

Lorentzian and deduct correct phonon decay mechanisms. For the analysis of macro-Raman

measurements, the Voigt profile was employed to fit all Raman and additional appearing

IR-active modes. In the temperature dependent study, fitting of additional IR-active

modes was included for spectra acquired up to temperatures of 220 K for Bi2Se3 and 100 K

for Bi2Te3. At higher temperatures only the bulk Raman modes were fit due to decreased

intensity of the IR-active modes as explained in section 3.1.6. The coherent use of the

Voigt fit function for Bi2Se3 and Bi2Te3 allows for a direct comparison between the two

materials and application of similar models in temperature and magnetic field dependence.

In addition, it has to be noted that a weak asymmetry in the Raman modes of Bi2Se3 are

recorded that are not sufficiently described using a Lorentzian response function. However,

the asymmetry in the modes is very subtle as is discussed in detail in section 4.4 and,

therefore, Voigt fits were employed to extract all mode frequencies and line widths and

describe the renormalization with temperature and magnetic field strength.
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4 Macro-Raman investigations of thin film samples

4.4 Results - Temperature dependence

Temperature dependent Raman spectra of the Bi2Se3 and Bi2Te3 samples in thin film

geometry were acquired for 30 different temperatures in the range between 3 K to 300 K.

Particularly at low temperatures very narrow temperature increments of 3 K were chosen

between 3 K to 30 K, followed by 10 K step sizes up to a temperature of 100 K. At higher

temperatures up to room temperature broader step sizes of 20 K were sufficient to track

the temperature dependence. In Figure 4.3(a) all acquired Raman spectra as a function

of temperature are displayed. Figure 4.3(b) shows selected Raman spectra at 3 K, 120 K,

and 300 K.

Figure 4.3: (a) Temperature dependent Raman spectra of the thin films samples acquired
between 3 K to 300 K. Displayed spectra are normalized to the highest intensity
mode, which was the A1g

2 and the Eg
2 mode for Bi2Se3 and Bi2Te3, respectively.

IR-active modes are labeled by asterisks. (b) Raman spectra of three selected
temperatures displayed with an offset to show the presence of the labeled IR-active
A1u

1 and A1u
2 modes up to elevated temperatures.

4.4.1 Mode symmetry analysis

At all temperatures the three high energy bulk phonon modes of A1g
1, Eg

2 and A1g
2

symmetry are detected as apparent from Figure 4.3(a). The symmetry of the modes was

confirmed by polarization dependent measurements at 3 K that are shown in Figure 4.4. As
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4.4 Results - Temperature dependence

Figure 4.4: Polarization dependence of modes from (a) Bi2Se3 and (b) Bi2Te3 thin film samples
recorded in parallel (xx) and cross (yx) polarization configuration. Spectra were
normalized to the Eg

2 mode. The insets give a schematic representation of the
investigated NFs with the black arrows marking the [001] orientation of the crystals
facets. The simplified illustration explains the higher residual intensities of A1g

modes in cross polarization configuration for Bi2Te3 due to the stronger anisotropy
in oriented NFs.

expected from the polarization dependence of the corresponding Raman tensors, explained

in section 3.1.6, the intensity of modes with A1g symmetry is decreased in cross polarization

configuration, whereas the intensity of the Eg mode is constant for both configurations.

This can be observed in the red graphs in Figure 4.4 for both materials with a reduction of

the A1g mode intensities of about 70 % in Bi2Se3 and about 50 % in Bi2Te3. The residual

signal of the A1g modes in cross polarization is owed to the investigated sample geometry.

The overlapping NFs of course differ in their relative orientation to the incoming laser

polarization, which leads to the illumination of different crystal facets. However, the

Raman selection rules given in section 3.1.6 were calculated for one particular orientation

of the principal axes of the crystal relative to the incoming laser polarization. [85] The

random orientation and tilted surfaces of the manifold of illuminated NFs hence are in

part not subject to the given rules and lead to a leakage of Raman signal. The lower

reduction of A1g modes in Bi2Te3 is caused by a higher amount of smaller bulk like cubes,

see also Figure 4.1(e). The cube-like Bi2Te3 NFs can be oriented in any direction due

to their 3D nature as illustrated in the insets of Figure 4.4(b) and, therefore, contribute

Raman intensity in both scattering geometries.

4.4.2 Inversion symmetry breaking in 2D NFs observable at low

temperatures

Besides the three bulk Raman modes, additional weaker modes are detected in both Bi2Se3

and Bi2Te3. These are assigned to bulk IR-active phonons that become Raman-active in
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4 Macro-Raman investigations of thin film samples

ultrathin samples due to a broken inversion symmetry at the surfaces of the samples, as

explained in section 3.1.6. In Bi2Te3 additional modes at 97.7 cm−1 and 112.6 cm−1 are

detected for all lower temperatures up to 100 K that show good agreement with the bulk

IR modes of A1u
1 and A1u

2 symmetry, respectively, see Table A.1 and references therein.

The assignment of the weaker modes to bulk IR modes of A symmetry was originally

motivated by the idea that the out-of-plane A1u vibrations would be affected more strongly

by the reduced crystal symmetry in c-direction as argued in literature. [119] However, our

recent studies have shown that also bulk IR modes of Eu symmetry are more strongly

detected in ultrathin samples as shown in detail in section 5.5. [129] The bulk IR Eu
2 mode

in Bi2Te3 has a very similar room temperature frequency of 95 cm−1 in comparison to

the A1u
1 mode at 94 cm−1 [22], see also the phonon dispersion curve in Figure 3.5(b) and

Table A.1. This impedes the explicit assignment of the IR mode symmetry to the observed

mode in our Bi2Te3 thin film samples around 97.7 cm−1. Nevertheless, the distinction of

the IR modes from the enclosed Eg
2 mode at 105.3 cm−1 is easily made due to the very

narrow line width of the Eg
2 bulk mode at 3 K (see orange graphs in Figure 4.5(b) for

Bi2Te3).

Figure 4.5: Enlarged view of the background subtracted Raman spectra showing the IR Modes
in Bi2Se3 and Bi2Te3. From the fit of Voigt profiles (red) for all modes the
deconvoluted profiles corresponding to the IR modes (orange) are shown.

In the case of Bi2Se3, however, only one bulk IR mode of A1u
2 symmetry at 158 cm−1 can

be assigned with certainty, see Figure 4.5(a), and is detected up to even higher tempera-

tures of 160 K. The Eu
2 and A1u

1 mode cannot be identified for certain due to their very

similar frequency compared to the bulk Raman Eg
2 mode (see Table A.2). However, the

detection of those modes in the Bi2Te3 sample suggests that they in principle should also

appear in the Bi2Se3 spectra but might be covered by the much stronger bulk Eg
2 phonon.

This is supported by the fact that the IR active Eu
2 mode has been recently identified in

Raman measurements on ultrathin NFs, as shown in section 5.5.
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The detection of IR active modes up to 160 K and 100 K in the Bi2Se3 and Bi2Te3 samples,

respectively, underlines the high surface-to-bulk ratio of the examined NFs and shows how

the surface properties of the NFs start to dominate at lower temperatures. The fact that

the IR modes can be observed in Bi2Se3 up to higher temperatures compared to Bi2Te3

again shows the higher amount of bulk-like structures in Bi2Te3, whose bulk properties

dominate earlier with respect to temperature over the surface contribution.

4.4.3 Temperature dependent self-energy effects

To investigate the phonon dynamics in Bi2Se3 and Bi2Te3 thin film samples the mode

frequency shifts and line widths are analyzed as a function of temperature. The parameters

extracted from Voigt fits are given in Figure 4.6 for the three bulk phonons of A1g
1, Eg

2

and A1g
2 symmetry for Bi2Se3 (left column) and Bi2Te3 (right column).

All modes show a general softening of mode frequency and broadening in line width as

the temperature increases. The frequency shift in the range between 3 K to 300 K is very

subtle for both materials, with the low-frequency A1g
1 mode only experiencing a decrease

of 2 cm−1, and the Eg
2 and A1g

2 mode shifting by 3 cm−1. In first approximation, the

high temperature behavior of mode frequencies is described by a linear decrease that

accounts for the lattice thermal expansion according to section 3.1.5. To compare the

temperature dependence of our thin film samples with reference literature, the linear

frequency dependence between 90 K to 300 K is readily fit by Equation (3.26) to determine

the first-order thermal expansion coefficient χth(T). The linear fits at elevated temperatures

are shown in the appendix in Figure C.1 as solid red graphs. Our determined temperature

coefficients for the thin film samples are in the same order of magnitude in comparison

with values obtained from bulk crystals, thin films, and NF samples as shown in Table 4.1.

However, in Bi2Se3 for all three modes the frequency decreases about 40 % slower than

compared to ref. [81,130]. Since the first-order temperature coefficient can be related to the

thermal conductivity [144] this indicates a reduced thermal conductivity as expected by the

high amount of grain boundaries between the attached Bi2Se3 2D NFs.

The linear change at higher temperatures is described by the thermal expansion of the

volume crystal but is not sufficient to describe the low temperature (T < 120 K) frequency

dependence. To get an accurate description of the frequency and line width across the

entire temperature range additional contributions arising from phonon-phonon interactions

via the anharmonic lattice potential have to be considered. Depending on the available

decay channels for the phonon, there exist different models to account for the phonon-

phonon interactions as described in detail in section 3.1.5. For the presented data the

symmetrical three-phonon model is chosen that assumes a symmetric decay of the optical

phonon into two acoustic phonons of equal frequency and opposite momenta. Within

this anharmonic decay (AD) model, also referred to as the Klemens decay channel, the

frequency and line width are modeled by Equation (3.34) and Equation (3.35).
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4 Macro-Raman investigations of thin film samples

Figure 4.6: Temperature dependent self-energy effects of the three bulk Raman modes of the (a)
Bi2Se3 and (b) Bi2Te3 sample. All modes experience a red-shift in frequency (left
axes, blue circles) and broadening in line width (right axes, orange squares) with
increasing temperature. The self-energy effects are fit by a symmetric anharmonic
decay model, according to section 3.1.5, shown as red graphs. For Bi2Te3 the model
fits well to the data, whereas for Bi2Se3 clear deviations are observed below 120 K
especially for the high-energy modes. Adapted with permission from [78]. Copyright
2020 by the American Physical Society.

The AD fits, given as red graphs in Figure 4.6(b), show excellent agreement with the

obtained data for Bi2Te3. The Bi2Te3 data was fit in the whole temperature range and fit

parameters are listed in Table C.1. This indicates that the phonon dynamics in Bi2Te3

are readily described by the employed model and are thus dominated by phonon-phonon

interactions as the prominent scattering mechanism. The resolution limited line widths

down to 0.5 cm−1 for the A1g
1 mode represent long lifetimes of the phonons in Bi2Te3

underlining the high crystallinity of the investigated sample. Together with the dominant

phonon-phonon interactions and reduced polarization sensitivity, this demonstrates a more

bulk-like behavior for the Bi2Te3 sample. This is most likely induced by the high amount

of smaller cubic NFs with a bulk character that are present in the sample next to the 2D

NFs (see Figure 4.1(e) for comparison).
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4.4 Results - Temperature dependence

In comparison to Bi2Te3, the temperature dependence of mode frequencies and line widths

in Bi2Se3 is not well described by the chosen model regardless of different fit procedures

and fit ranges as further detailed in appendix C.1.2. The fit parameters corresponding to

the AD fits given in Figure 4.6(a) are listed in Table C.1. In particular, below 120 K the

line widths of all Raman modes show higher values than anticipated by the symmetrical

AD model as shown in Figure 4.6(a). For the low-energy A1g
1 mode the deviations are

the smallest compared to the higher energy Eg
2 and A1g

2 modes that show very strong

discrepancies. For the A1g
2 phonon the deviations in line width are further mirrored

in frequency that also exhibit higher values than described by the fit. The correlation

between frequency and line width is expected for changes in the phonon-phonon coupling

coefficient due to the Kramers-Kronig relation as explained in section 3.1.5. In comparison

with literature, such significant deviations in the low temperature range have not been

reported before when conducting temperature dependent measurement on single crystal

samples. [81,101] This indicates to an origin of additional decay channels arising from the

enhanced surface contribution of the investigated NFs. Especially the broad line widths

at low temperatures show the need for an extended model that includes further possible

decay channels.

Table 4.1: Thermal expansion coefficients χth of Bi2Se3 and Bi2Te3 samples with various ge-
ometries. The temperature range for the linear fits is given in brackets.

Reference sample χth (10−2 cm−1)χth (10−2 cm−1)χth (10−2 cm−1)

A1g
1 Eg

2 A1g
2

Bi2Se3

our work
(90–300 K)

NFs in thin film
geometry

-0.80 -1.28 -1.44

Kim et al. [101]

(90–300 K)
bulk crystal -1.5

Irfan et al. [81]

(83–523 K)
bulk crystal -1.44 -1.94 -1.95

Zhou et al. [130]

(83–603 K)
single NF -1.26 -1.39 -2.36

Bi2Te3

our work NFs in thin film
geometry

-0.63 -1.34 -1.52

Li et al. [131]

(240–513 K)
4 µm films -1.37
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4.4.4 Self-energy corrections by electron-phonon interactions

Until now only anharmonic interactions between phonons were considered for the corrections

in the phonon self-energy. However, according to the Matthiessen rule (Equation (3.31)),

additional interactions to magnetic or electronic excitations can lead to further decay

channels of the phonons and an increase in the phonons line width. Since Bi2Se3 is

a non-magnetic material this strongly suggests the presence of a low-energy electronic

susceptibility coupling to the phonons and leading to the decay of phonons by the creation

of electron-hole pairs. [145,146] This aspect is justified by the fact that the deviations in line

width start to set in at temperatures below 120 K were phonons are frozen out. Therefore,

contributions from additional anharmonic decay processes with the phonon decaying into

various combinations of optical and acoustic phonons are ruled out. Secondly, an increased

electronic density at the Fermi-level of the Bi2Se3 thin films was verified using X-ray

photoelectron spectroscopy (XPS) [78], which indicates an available low-energy electronic

susceptibility and verifies possible low-energy electron-phonon (el-ph) interactions.

The coupling of phonons to an electric susceptibility χel in the phonons frequency range

leads to an enhanced contribution of the non-resonant Raman matrix element as explained

in section 3.1.2. The Raman response determined by el-ph interactions is given by

Equation (3.19):

I(ω) ∝ T 2
A2g2 Γω −g2πim

(ω2 −ω2
0 −g2πre

︸ ︷︷ ︸

ω2

0,exp

)2 +(Γω −g2πim)2

︸ ︷︷ ︸

Γexpω

, (4.4)

where Equation (3.16) and Equation (3.17) were inserted. This response describes a

Lorentzian line shape with the phonon frequency ω0 and line width Γ expected according

to the AD model experiencing renormalization. Hereby, both the real and imaginary

part of the susceptibility contribute to the phonons self-energy, where the real part πre

modifies the frequency and the imaginary part πim modifies the line width. As a result,

the frequencies ω0,exp and line widths Γexp determined experimentally via Lorentzian fits

of the phonons, deviate from the values expected for mere anharmonic coupling, ω0,anh

and Γanh. The self-energy corrections for values expected from an AD model are thereby

given as:

ω0,exp =
√

ω2
0,anh +g2πre (4.5)

Γexp = Γanh −g2 πim

ω
. (4.6)

where the indices anh have been introduced for the not-renormalized values corresponding

to the anharmonic decay model. The renormalization of the phonons depends (a) on the

frequency ωel of the electric susceptibility, which determines the relative positioning of χel

to the phonon, and (b) on the electron-phonon coupling strength g.
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In Bi2Se3 the extracted line widths at temperatures below 120 K are higher for all three

phonons as anticipated by the AD model (see Figure 4.6(a)). These strong deviations,

especially in the Eg
2 and A1g

2 modes, indicate a coupling to the imaginary part of an electric

susceptibility in the meV range. For a negative πim the line widths are expected to broaden

according to Equation (4.6), which is observed for all three modes. The pronounced line

width corrections in the two higher frequency phonons compared to the low-frequency A1g
1

mode indicate an enhanced contribution of πim in the frequency range between 130 cm−1 to

180 cm−1(16 meV to 22 meV, accordingly). Assuming that all phonons couple to the same

electric susceptibility, the renormalization in frequency can be explained by examining the

real part πre. For the Eg
2 phonon the strong renormalization in line width but none in

frequency can be explained by an electronic susceptibility with an energy around 16 meV as

shown in Figure 4.7(a). The change of sign in πre in the frequency range of the Eg
2 phonon

would only lead to a vanishing renormalization in frequency but significant broadening

of the line width by a finite πim. For a vanishing contribution of πre the Eg
2 frequency

would show a temperature dependence readily described by the anharmonic interactions,

as is indeed evident from Figure 4.6(b). Following this approach, the A1g
2 mode around

22 meV would couple to a positive πre and experience a frequency renormalization to

higher frequencies according to Equation (4.5) and additional broadening due to coupling

to πim. These renormalizations fit to the observed deviations below 120 K for the A1g
2

mode, shown in Figure 4.6(a). In Figure 4.7(a) the renormalization of the Eg
2 and A1g

2

mode is shown exemplarily and was calculated using the renormalized Lorentzian function

of Equation (4.4). The unperturbed phonons, depicted in gray, experience frequency shifts

and broadening by coupling to an electric susceptibility around 16 meV.

To describe the deviations from the AD model as shown in Figure 4.6(a) we hence propose

an electric susceptibility in the frequency range of 16 meV that couples to the Eg
2 and

A1g
2 phonons. The model of contributing el-ph interactions is strongly supported by the

significant deviations setting in at lower temperatures, where possible phonon-phonon inter-

actions can be ruled out. We can identify two temperature regions that are characterized

by different dominant decay mechanisms as indicated in Figure 4.7(b). At higher temper-

atures above 120 K the number of available phonons leads to dominant phonon-phonon

interactions. Therefore, the data follows the classic model of an anharmonic decay and

shows good agreement with temperature behavior observed for bulk samples. [81,101,102] For

temperatures below 120 K the el-ph coupling becomes significant and leads to additional

phonon self-energy corrections. The coupling to a low-energy electric susceptibility is

further justified by calculations of Heid et al. that reveal enhanced el-ph interactions for

phonons within an energy range between 17 meV to 22 meV. [147] They identify dominant

coupling for optical phonons with polar character, while Raman-active phonons in the same

frequency range experience weaker coupling. However, due to our high resolution we were

able to resolve even this coupling in our study. The determined coupling strengths are in

good agreement with our measurements, where we identify no additional renormalizations

for the low-energy A1g
1 phonon at 9 meV but strong renormalizations in the higher energy
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Eg
2 (16.7 meV) and A1g

2 (21.9 meV) phonons.

Figure 4.7: (a) Phonon renormalization of the Eg
2 and A1g

2 modes by electron-phonon coupling
to an overdamped low-frequency electric susceptibility χel. The imaginary part of
the bare phonon propagators Do

im with frequencies and line widths as expected
from the AD fits are shown. The black graphs show the renormalized phonon
modes by coupling to the indicated real πre and imaginary part πim of χel. (b)
Renormalization of the A1g

2 phonon and indicated temperature ranges with different
dominating decay channels. Adapted with permission from [78]. Copyright 2020 by
the American Physical Society. (c) Schematic band structure of Bi2Se3 with two
possible low-energy electronic intraband transitions available for electron-phonon
coupling. The decay process is shown for two possible locations of the Fermi level for
intrinsic (EF

i) and n-doped (EF
n) Bi2Se3 nanoflakes. Excitation of an electron-hole

pair by the absorption of a phonon. (d) Possible el-ph scattering mechanism in the
k‖ plane for intrinsic Bi2Se3 with EF

i. (e) Low-energy electronic transitions in the
Dirac cone coupling to the phonon.

In the following section, two possible low-energy electronic transitions available for el-ph

scattering are discussed. Due to the low phonon energy in the range of 16 meV to 22 meV the

decay via coupling to an electric susceptibility is strongly limited to intraband transitions

as the energy of bulk interband transitions in Bi2Se3 is at least 300 meV. The creation of

an electron-hole pair by the emission (Stokes) or absorption (Anti-Stokes) of a phonon is,

therefore, restricted to a narrow energy and momentum space provided by the phonon.

Depending on the Fermi level position in Bi2Se3 this results in two possible el-ph scattering

processes as depicted in Figure 4.7(c). Firstly, for intrinsic single-crystalline Bi2Se3 the
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Fermi level lies within the bulk band gap and crosses the Dirac cone. [21] As long as the

Fermi level is positioned in the gap, only intraband scattering of the topological surface

states is allowed, as shown in Figure 4.7(e). In the Dirac cone the creation of electron-hole

pairs further has to obey spin conservation due to the present spin-momentum locking.

This restricts the probability for an el-ph scattering process involving the Dirac cone to a

narrow momentum space as indicated in Figure 4.7(d). [148] Since the phonons involved in

the Raman scattering process have very small momenta, as they are generated close to the

Brillouin zone center, their probability for intraband scattering in the topological surface

states is very likely. In addition, the el-ph coupling strength increases linearly with a rising

energy distance of the Fermi level to the Dirac point. This is due to the increasing density

of states in the topological surface states as expected for a 2D Dirac dispersion. [147]

The second possible el-ph scattering process is available for highly n-doped Bi2Se3 samples

where the Fermi level crosses the bulk conduction bands, also shown in Figure 4.7(c). A

native n-doping is frequently reported for Bi2Se3 that arises during crystal growth as a

result of Se vacancies [33] or in ambient conditions by surface passivation [37,44,134]. In this

condition, both intraband scattering of the topological surface states as well as decay into

the trivial bulk states are possible. It was shown by Heid et al. [147] that the coupling

constant of electronic states in the upper Dirac cone is enhanced once the Fermi level is

raised into the BCB due to additional contributions from interband coupling. In addition

to intra-cone scattering the states can then also decay into the first bulk conduction band

as depicted in Figure 4.7(c).

The hypothesis of the χel originating from the topological surface states is justified by the

following aspects: (i) The enhanced surface contribution of the Bi2Se3 NFs was verified by

the detection of the IR modes in Raman spectra at low temperatures up to 120 K. (ii) In

previous temperature dependent studies on bulk samples no el-ph self-energy corrections

were identified. This can be related to the dominating bulk properties of the investigated

samples, where the Fermi level residing in the bulk band gap, and the lack of any states

within the gap, do not allow for any el-ph scattering processes. Therefore, our observed

phonon renormalizations must be connected to the enhanced surface contribution, which

in turn points to the connection of χel to transitions involving the Dirac cone. The

observation of el-ph interactions is thus a result of the increased amount of TSS by the

manifold of high aspect ratio NFs.

In conclusion, additional phonon self-energy contributions below 120 K in Bi2Se3 are

ascribed to dominating el-ph interactions that can be explained by phonon renormalizations

according to the model of coupling to electronic intraband transitions. The low-energy

electric susceptibility is justified to be provided by the topological surface states, which is

further validated in the following magnetic field dependent study.
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Temperature dependence reveals

• enhanced surface contribution identified by pronounced detection

of Raman-active IR phonons in Bi2Te3 and Bi2Se3 for T < 100 K

and T < 160 K, respectively

• dominant bulk character of Bi2Te3 following the symmetric anhar-

monic decay model

• deviations from the anharmonic decay model in Bi2Se3 for T <

120 K

• additional self-energy corrections in Bi2Se3 readily ascribed to el-ph

coupling to a low-energy χel between 15 meV to 22 meV, which can

be related to the Dirac surface states

4.5 Results - Magnetic field dependence

To investigate the change in phonon behavior with magnetic field strength, Raman spectra

of the Bi2Se3 and Bi2Te3 thin film samples were acquired while increasing the field strength

from 0 T to 7 T in increments of 1 T. The measurements were conducted at a temperature of

3 K where the el-ph interactions are expected to dominate over the anharmonic interactions.

The field was applied in Faraday geometry, as explained in section 3.2.1, and the incident

laser was horizontally polarized (x-). In Figure 4.8 all background corrected spectra

are displayed. Due to the sample environment of 3 K the bulk IR-active modes of A1u

symmetry are observed for both materials at all magnetic field strengths and were hence

included during the fits.

Figure 4.8: Background corrected Raman spectra acquired with magnetic field strengths from
0 T to 7 T of (a) Bi2Se3 and (b) Bi2Te3 nanoflake samples in thin film geometry.
All spectra were recorded at 3 K in Faraday configuration and are displayed with
an offset.
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Figure 4.9: Magnetic field strength dependent self-energy effects of the frequency (a-c) and line
width (d-f) of the three bulk phonon modes. Parameter were obtained from Voigt
fits and are displayed as filled markers for Bi2Se3 and open markers for Bi2Te3.
The left and right y-axes in both diagrams correspond to the values for Bi2Se3 and
Bi2Te3, respectively, as indicated by the arrows. All y-axes are set to intervals of
2 cm−1 for a direct comparison between the two materials. Bi2Te3 modes (dashed
guides) show no significant change with field strength. Bi2Se3 modes (solid guides)
exhibit pronounced renormalizations above 3 T especially in the A1g

2 mode in
(a,d). Adapted with permission from [78]. Copyright 2020 by the American Physical
Society.

To reveal any changes in the electronic band structure while tuning the field strength,

especially in the Dirac cone, the phonon renormalizations of the three bulk Raman modes

are analyzed in Figure 4.9. The frequencies and line widths were extracted from Voigt

profiles of the A1g
1, Eg

2 and A1g
2 modes. For Bi2Te3 no changes in all phonon frequencies

and line widths (open markers in Figure 4.9) are observed with minimal deviations of only

0.2 cm−1 from the average values. The constant phonon self-energies with field strength

demonstrate no changes or additional contributions from el-ph interactions. This again

suggest a dominating bulk behavior for the phonons in Bi2Te3, as already evident from

the temperature dependent data. The surface contribution of the Bi2Te3 NF sample

is not strong enough to resolve any modulations in the band structure with increasing

field strengths. The here presented data cannot rule out a gap opening in the Dirac
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cone in Bi2Te3, however, in accordance with the temperature dependent study, only bulk

dominating effects are observed.

In contrast, there are strong phonon renormalizations clearly observed for Bi2Se3 at field

strengths above 3 T. Especially the A1g
2 mode again shows a simultaneous hardening

by 0.6 cm−1 and broadening by 1.5 cm−1 (see closed markers in Figure 4.9(a,d)). The

changing Raman response with magnetic field gives a clear indication that the self-energy

corrections must origin from el-ph interactions as anharmonic interactions are not changed

by the presence of a magnetic field. The pronounced renormalization observed in A1g
2 in

turn verifies that the self-energy corrections observed at temperatures below 120 K in the

temperature study origin from el-ph interactions.

The changing el-ph coupling in Bi2Se3 with field strengths above 3 T further confirms that

the interacting electric susceptibility is modified by the applied magnetic field. While

the A1g
1 and Eg

2 modes experience no frequency shift, the hardening and broadening

in the A1g
2 phonon implies an increase of the coupling electric susceptibility’s real and

imaginary part. According to Equation (4.5) and Equation (4.6) the electric susceptibility

contributing to the phonon’s self-energy hence should experience a shift towards higher

energies closer to the energy of the A1g
2 mode. In addition, the narrowing line width in

Eg
2 at field strengths above 3 T (Figure 4.9(e)) suggests a reduced coupling to the electric

susceptibility and a decrease in πim at the energy of the Eg
2 phonon. It can therefore

be argued that above fields of 3 T the electric susceptibility available for el-ph coupling

corresponds to an electronic transition with an energy below 22 meV. It seems reasonable

to assign this electronic transition to the gap opening in the Dirac cone, which has been

previously observed in Bi2Se3. [28,79] According to the observed self-energy effects in the

Eg
2 and A1g

2 mode the energy of the gap opening is estimated to be around 16 meV to

Figure 4.10: (a) Coupling of the A1g
2 phonon to the χel of the intact Dirac cone. (b) Frequency

ω0 (black marker) and width Γ (blue marker) renormalization in the Bi2Se3 A1g
2

phonon mode at magnetic field strengths above 3 T. Solid lines are guides to the
eye. (c) Change in the χel related to the Dirac cone by the opening of a gap. The
phonon decays by the creation of an electron-hole pair across the gap or vice versa
a recombining electron-hole pair creates a phonon.
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4.6 Summary

22 meV, which is in agreement with experimental observations in the order of tens of

meV. [28,79] Consequently, the self-energy corrections incipient above 3 T are assigned to

additional phonon decay channels by coupling to interband transitions across the gapped

Dirac cone, as schematically proposed in Figure 4.10(c). The strong self-energy corrections

in Bi2Se3 provide clear evidence of the changing electric susceptibility that can only be

assigned to the TSS and reinforces the claim of a gapped Dirac cone.

Magnetic field dependence reveals

• in Bi2Te3 dominant bulk character with no renormalizations

• in Bi2Se3 strong renormalizations in ω0 and Γ for the A1g
2 mode

for B > 3 T

• in Bi2Se3 change in the χel coupling to A1g
2 mode, which can be

related to a gap opening in the Dirac cone at high magnetic fields

4.6 Summary

Altogether, for the Bi2Te3 NFs in thin film geometry prevailing bulk-like properties are

detected. The temperature dependence of the three bulk phonon modes in the range of

300 K to 3 K shows very good agreement with the model of a symmetric anharmonic decay

indicating dominating bulk phonon dynamics. It is presumed that the higher amount of

smaller cube shaped Bi2Te3 NFs in the sample lead to the strong contribution of bulk

properties. These are already apparent from the diminished polarization dependence of

the Raman spectra that can be explained by the random orientation of crystal facets to

the incoming laser polarization. Likewise, the Bi2Te3 phonons show no renormalization

with increasing magnetic field strengths. It is therefore concluded, that the Bi2Te3 NF

sample properties are dominated by the smaller bulk-like NFs and reveal no additional

surface related effects.

In contrast, for Bi2Se3 the phonon mode behaviour with temperature is not fully described

by the anharmonic decay model. The Bi2Se3 NFs reveal strong phonon renormalizations

at temperatures below 120 K that can be related to additional el-ph interactions. The

coupling of a low-energy electric susceptibility with an energy around 16 meV can explain

the observed frequency shifts and line width broadening with decreasing temperature. For

this, the phonon renormalizations are successfully described employing the renormalized

Lorentzian model for phononic Raman scattering via electronic intraband transitions. The

nature of the electric susceptibility can be assigned to the enhanced contribution of the

topological states on the NFs surface, which is further modified by the application of

a magnetic field. The topological surface states provide an additional channel for the

phonons to decay via the creation of electron-hole pairs. At magnetic fields above 3 T the
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related electric susceptibility coupling to the phonons is modified, which is apparent in

the observed frequency and line widths renormalizations of the A1g
2 phonon. The phonon

renormalization at fields above 3 T is unprecedented for a non-magnetic system like Bi2Se3,

and strongly indicates the modification of the TSS’s electric susceptibility by the proposed

gap opening in the Dirac cone.
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We have investigated two-dimensional nanostructures of the topological insulators Bi2Se3 and Bi2Te3 by
means of temperature and magnetic field dependent Raman spectroscopy. The surface contribution of our
samples was increased by using thin films of dropcasted nanoflakes with the aim of enhancing their topological
properties. Raman spectroscopy provides a contact-free method to investigate the behavior of topological
properties with temperature and magnetic fields at lower dimensions. The temperature dependent Raman
study reveals anharmonic phonon behavior for Bi2Te3 indicative of a two-phonon relaxation mechanism in
this material. Contrary to this, Bi2Se3 shows clear deviations from a two-phonon anharmonic decay model at
temperatures below 120 K exhibiting a hardening and broadening, especially of the A2

1g mode. Similarly, the
magnetic field dependent self-energy effects are only observed for the A2

1g mode of Bi2Se3, showing a broadening
and hardening with increasing field. We interpret our results in terms of corrections to the phonon self-energy
for Bi2Se3 at temperatures below 120 K and magnetic fields above 4 T due to electron-hole pair excitations
associated with the conducting surface states. The phonon renormalization with increasing magnetic field is
explained by a gap opening in the Dirac cone that enables phonon coupling to the changing electric susceptibility.

DOI: 10.1103/PhysRevB.101.245431

I. INTRODUCTION

Topological insulators (TIs) are a new class of materials,
which are insulating in the bulk and host conducting surface
states (CSSs) at the interface between the TI and conventional
insulators [1]. The idea of topological states was strongly
promoted during the aftermath of the discovery of the quan-
tum Hall effect by von Klitzing [2], who identified specific
quantized changes in the Hall conductance, which turn out to
be topological quantum numbers. After several incremental
steps, modern three-dimensional (3D) TIs were predicted in
2007 by Fu et al. [3]. The strong spin-orbit coupling leads,
in specific materials, to a band inversion of two p bands [4],
which is essential for the CSSs. In addition, the electron trans-
port is characterized by spin-momentum locking and a linear
dispersion relation, known as a Dirac cone, superimposed on
the bulk bands [5]. Bi2X3 (X=Se, Te) belongs to the most
frequently studied 3D TI with a single Dirac cone at the Ŵ

point of the Brillouin zone [6,7] and bulk band gaps of 0.3 eV
[8] and 0.1 eV [9] for Bi2Se3 and Bi2Te3, respectively.

To explicitly study the CSSs and reduce contributions from
the bulk, we have examined dropcasted nanoflakes with high
aspect ratios that lead to an increased surface contribution.

In order to evaluate the fundamental limit of the conduc-
tivity of electrons in the CSSs at lower dimensions, it is

*Corresponding author: sbuchena@physnet.uni-hamburg.de

important to study the electron-phonon interactions of these
2D materials [10,11].

A unique technique to study phononic and electronic prop-
erties of solids simultaneously is Raman scattering, which
has been widely applied to investigate bulk samples and con-
ventional 2D films of Bi2Se3 [12–15] and Bi2Te3 [14,16,17].
Bi2Se3 and Bi2Te3 are layered materials with a rhombo-
hedral crystal structure that grow in multiples of so-called
quintuple layers (QLs) consisting of alternating Bi and Se
or Te layers, as depicted in Fig. 1(a) [18]. The primitive
unit cell consists of five atoms, which results in 15 lattice
dynamical modes that are classified in three acoustic and 12
optical modes. The optical modes are further grouped into
four Raman-active modes with two modes each of A1g and
Eg symmetry and four infrared(IR)-active modes with two
modes each of A1u and Eu symmetry according to group
theory [18]. Due to the inversion symmetry of the crystal
structure, these phonon modes are exclusively either Raman or
IR active [18]. Of the Raman-active phonons, the A1g modes
are out-of-plane vibrations, whereas the Eg modes vibrate
in-plane.

Systematic temperature dependent Raman studies have
been conducted before on Bi2Se3 single crystals [19,20] and
nanoplates [21], and on Bi2Te3 thin films [22]. In this work,
we report on a temperature and magnetic field dependent high-
energy-resolution Raman study of thin films of individual
Bi2Se3 and Bi2Te3 nanoflakes with average heights in the
range of 8 and 14 QLs, respectively.

2469-9950/2020/101(24)/245431(8) 245431-1 ©2020 American Physical Society

64



SÖREN BUCHENAU et al. PHYSICAL REVIEW B 101, 245431 (2020)

FIG. 1. (a) Schematic illustration of a thin film of Bi2X3 (X=Se,
Te) nanoflakes. This configuration greatly enhances the amount of
surface, which hosts massless Dirac electrons due to the linear
Dirac cone at the Ŵ point [29], as shown in the surface Brillouin
zone in the upper right corner. The figure further shows the crystal
structure with blue spheres representing Bi atoms and yellow spheres
representing either Se or Te atoms. (b) Valence-band emission
spectra extracted from XPS spectra of both materials. The Fermi
edge modeled by a step function shows a highly increased electron
density for Bi2Se3 (light-blue, dotted graph) compared to Bi2Te3

(orange, dashed graph). (c),(d) Raman spectra at 3 K in z(xx)z
geometry showing three labeled bulk modes for Bi2Se3 and Bi2Te3,
respectively. The asterisk, dagger, and double dagger mark Raman-
forbidden infrared modes.

Magnetic field dependent Raman measurements are of
utmost importance as they allow for investigations of the
destruction of the CSSs by gapping of the Dirac cone induced
by the presence of a magnetic field [1]. It was theoretically
predicted that the CSSs are sensitive to the application of a
magnetic field [23] and an opening of the Dirac cone has
indeed been observed in magnetically doped TIs [24,25] or
by exchange coupling TIs to magnetic insulators [26–28]. The
tuning of the CSSs with an applied magnetic field is expected
to display a spectroscopic signature, which is amplified due to
the highly increased surface contributions of our nanoflakes.
We therefore interpret our results by means of self-energy cor-
rections of the phonons due to electron-phonon interactions.

II. EXPERIMENTAL PART

Figure 1(a) shows an illustration of strongly anisotropic
nanoflakes. The Bi2Se3 nanoflakes were grown with the
chemical polyol method following our earlier work [30].
The Bi2Te3 nanoflakes were synthesized using a slightly
modified route according to Zhang et al. [31]. Details on
the synthesis are presented in Ref. [30] and in the Sup-
plemental Material [32]. The clean flakes were dropcasted
on a Si substrate and the solvent evaporated. It should be
noted that the structures are not damaged by these prepara-
tory steps, as can be seen in Fig. S-2 of the Supplemental
Material [32]. The required stoichiometry, single crystallinity,
and morphology of both samples were confirmed using en-
ergy dispersive x-ray spectroscopy (EDX), x-ray photoelec-
tron spectroscopy (XPS), transmission electron microscopy
(TEM), selected area electron diffraction (SAED), and atomic

force microscopy (AFM). A detailed characterization of the
nanoflakes can be found in the Supplemental Material [32].

The topological insulator Bi2X3 (X=Se, Te) features Dirac
states at the interface with conventional insulators, but not
at the interface of every QL [28]. It has furthermore been
shown for Bi2Se3, that the CSS wave functions hybridize
below a critical flake thickness of 6 QLs, which results in a gap
opening in the Dirac cone [33]. To investigate the intact CSSs,
it is hence necessary to grow flakes of certain thicknesses and
maintain enough space between dropcasted flakes to prevent
hybridization of the CSSs from neighboring flake surfaces.
With average heights of 8 and 14 QLs for our Bi2Se3 and
Bi2Te3 flakes, respectively, we expect our samples to host
unperturbed CSSs. In addition, our flakes were grown covered
with the ligand polyvinylpyrrolidone (PVP) to facilitate a 2D
growth. The PVP layers act as conventional insulators and
thus provide sufficient spacing between neighboring flakes. It
is known that the CSSs are robust against different kinds of
adsorbates and are maintained even under ambient environ-
mental conditions [24,34]. However, adsorbates are known to
induce a band bending of the bulk bands near the surface due
to charge accumulation [6,35]. This leads to the creation of ad-
ditional surface quantum well states originating from the bulk
bands coexisting next to the CSSs. Nonetheless, the CSSs stay
intact, but are pushed deeper into the bulk separating them
from the surface defects [36]. Thus, for volume scattering
techniques, the CSSs stay detectable as Raman scattering is
able to probe the whole volume including the deeper-lying
CSSs, in contrast to surface sensitive techniques such as
angle-resolved photoemission spectroscopy (ARPES). In fact,
Raman scattering probes the complete thickness of a flake of
about 10 nm. Therefore, probing a thin film of dropcasted
nanoflakes is expected to contain a manifold of topologically
nontrivial contributions, as illustrated in Fig. 1(a), making it
easier to observe phenomena that have their origin in those
exotic states.

We conducted Raman measurements on films of drop-
casted nanoflakes using the 647.1 nm excitation line of a
continuous-wave Kr+ gas laser. The incident laser power was
limited to 6.2 mW and focused on a 50-μm-diameter spot size
to prevent laser induced heating or damage of the sample,
which is shown in detail in the Supplemental Material [32].
The sample was mounted so that the incident light impinged
on the flakes perpendicular to their surfaces. The scattered
light from the sample was collected in a backscattering con-
figuration, dispersed through a triple-stage spectrometer, and
then detected with a liquid-nitrogen-cooled charged-coupled-
device detector. The horizontal polarization of the incident
light with regard to the setup was selected with a polarization
rotator and the scattered light was analyzed by the triple-
stage gratings of the spectrometer that is primarily sensitive
to horizontally polarized light [37]. Our scattering configu-
ration denoted in Porto notation is hence z(xx)z [38]. The
samples were inserted into a continuous He-flow cryostat,
which itself was horizontally mounted in the open bore of a
superconducting magnet. This setup allowed for simultaneous
temperature (3–295 K) and magnetic field (0–7 T) dependent
measurements. Magnetic field dependent measurements were
performed in Faraday geometry with the wave vector of the
incident light �q parallel to the applied field �H .
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III. RESULTS AND DISCUSSION

Figure 1(b) shows the valence-band spectra extracted from
XPS measurements of the Bi2Se3 and Bi2Te3 films. The
indicated Fermi edges modeled by step functions reveal, for
Bi2Se3, a highly increased electron density near the Fermi
edge compared to Bi2Te3. Differences in the two samples are
also reflected in their phononic properties measured by Raman
spectroscopy. The implication of the enhanced surface contri-
bution of our flakes is already observable in the representative
Raman spectra shown in Figs. 1(c) and 1(d). Next to the three
identified bulk phonon modes that are in good agreement with
previous experiments [18,39,40], additional IR-active modes
at 158 cm−1 in Bi2Se3 and at 98 cm−1 and 113 cm−1 in Bi2Te3

are detected [14,15,41]. The IR-active modes become Raman
active because of the breaking of the crystal’s inversion sym-
metry at the surface of the nanoflakes [15]. This aspect is a
direct manifestation of the enhanced surface-to-volume ratio
of the dropcasted nanoflakes compared to the bulk material.
The bulk material crystallizes in the D3d space group with
inversion symmetry, whereas the symmetry at the surface is
reduced to C3v [15]. Gnezdilov et al. [15] reported that the A2

2u
mode at 158 cm−1 in the case of Bi2Se3 is only observable
at temperatures below 10 K for their bulk crystalline sample.
In contrast, for our nanoflake samples, we were able to ob-
serve this mode even at elevated temperatures up to ∼160 K
(see Fig. S-9 in the Supplemental Material [32]), indicating
enhanced surface contributions with respect to the scattering
volume at lower temperatures. Likewise, the IR modes in
the Bi2Te3 films are detected for temperatures up to 100 K
(see Fig. S-9 in the Supplemental Material [32]). Furthermore,
the high single crystalline quality of our flakes is indicated
by the nearly resolution-limited linewidths of the Bi2Te3

phonons. In Sec. 5 in the Supplemental Material [32], we
discuss in detail that the narrow linewidths and high quality
of the Bi2Se3 spectra suggest nearly stoichiometric samples
with only a few Se vacancies. Furthermore, a sensitivity of
the phonons to band-bending effects due to adsorbates at
the surface and consequent localized electronic surface states
cannot be seen. Since Raman is a volume scattering technique,
we do not expect to observe any contributions from possible
highly localized electronic states at the sample surface. This
leads us to conclude that the phonons track the CSSs and
electronic states associated to the Fermi level of our sample.
Furthermore, we conclude from the low number of Se vacan-
cies that the Fermi level in our sample lies indeed between the
bulk valence and conduction band.

We conducted a detailed temperature dependent Raman
study by acquiring 30 spectra for each material system in a
temperature range from 3 to 295 K. To investigate the phonon
dynamics, we extracted the values of the frequency ω and the
linewidth Ŵ [full width at half maximum (FWHM)] from the
respective Voigt fits to the phonon modes. The Voigt profile is
represented by a Lorentz profile broadened by a Gaussian that
accounts for the spectral resolution of the spectrometer, and is
given as

V (ω) = y0 + A
2 ln 2

π3/2

ŴL

Ŵ2
G

×
∫ ∞

−∞

e−t2

(√
ln 2 ŴL

ŴG

)2 +
(√

4 ln 2 ω−ω0

ŴG
− t

)2
dt . (1)

FIG. 2. Self-energy effects from Voigt fits of the temperature
dependent Raman response for Bi2Se3 (left column) and Bi2Te3

(right column). (a),(b) The A1
1g phonons, (c),(d) the E 2

g phonons, and
(e),(f) the A2

1g phonons. The red lines are fits using the model of an
anharmonic decay with a symmetric decay channel into two acoustic
phonons. The data show the general trend of an anharmonic decay
consisting of broadening and softening with increasing temperature.
Clear deviations from the model are present for the high-energy
modes in Bi2Se3 [(c) and (e)], which are mirrored in energy and
linewidth. Below ∼120 K, the phonons exhibit higher energies and
linewidths than expected from the usual anharmonic phonon decay,
as an indication for additional phonon interactions with the electronic
system.

Hereby, ŴG,L denotes the linewidth of both convoluted peaks,
with a spectral resolution of the setup of ŴG=1.4 cm−1, ω0

is the peak center, A is the integrated area of the Lorentzian
peak, and y0 is the offset.

We have analyzed the three higher-energy modes of the
commonly known [14,39] four bulk modes in Bi2X3 (X=Se,
Te) because the lowest-energy E1

g mode was covered by
the strong Rayleigh background due to the enhanced elastic
scattering from the nanoflakes. Figure 2 shows the behav-
ior of the frequency ω0 and linewidth ŴL of the A1

1g, E2
g ,

and A2
1g modes for Bi2Se3 (left column) and Bi2Te3 (right

column). The frequencies and linewidths show a general
trend of phonon softening and broadening with increasing
temperature by several wave numbers. This phonon behavior
can be described by the model of an anharmonic decay (AD)
assuming a symmetric decay of the optical phonon into two
acoustic phonons [42]. Within this model, the temperature
dependences of the phonon frequency and linewidth are given
by

ωanh(T ) = ω0 − a

e
h̄ω0

2·kBT − 1
, (2)

Ŵanh(T ) = Ŵ0 + a

e
h̄ω0

2·kBT − 1
, (3)
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with T as the temperature, ωanh and Ŵanh as the modulated
frequency and linewidth, respectively, and ω0 and Ŵ0 as the
bare phonon frequency and linewidth of a particular phonon,
respectively. a contains the transition matrix element and the
two-phonon density of states of the anharmonic decay. Fits of
the data according to the AD model are shown as red lines
in Fig. 2. For Bi2Te3, the anharmonic fits show very good
agreement with the data, especially for the highest-energy
A2

1g mode in Fig. 2(f). This indicates a more bulklike behav-
ior typical for semiconductors and insulators with phonon-
phonon interactions as the dominant scattering mechanism
in the Bi2Te3 sample. Compared to Bi2Te3, the linewidths
for all Raman modes in Bi2Se3 show clear deviations from
the AD model at temperatures below 120 K; see Figs. 2(a),
2(c) and 2(e). The linewidth of the A1

1g mode exhibits only
weak deviations from the AD model, whereas the higher-
energy modes deviate more strongly. For the A2

1g mode, the
deviation in linewidth is mirrored in frequency, illustrated
in Fig. 2(e), as expected by the Kramers-Kronig relation.
In previous temperature dependent Raman investigations on
Bi2Se3 crystals [19,20], no phonon anomalies were observed.
This hints to an origin of these deviations stemming from the
increased electronic surface contributions of the investigated
flakes at lower temperatures. This aspect is supported by the
enhanced electron density near the Fermi edge in Bi2Se3,
shown in Fig. 1(b).

Since the AD model is not sufficient to describe the
low-temperature behavior of phonons, additional scattering
mechanisms need to be taken into consideration. As Bi2Se3 is
nonmagnetic, additional scattering channels could stem from
electron-phonon interactions since the only available states at
these energies and low temperatures must be of an electronic
nature. The coupling of phonons to available electronic sus-
ceptibilities would result in a decay of the phonons by creating
electron-hole pairs [43,44]. The possibility of this interaction
is plausible since our XPS data show a higher electron density
near the Fermi edge for Bi2Se3. The coupling of phonons
to an electric susceptibility χ el(ω) leads to a correction in
the phonon self-energy, which manifests itself in a modified
Raman response. This response Iph(ω) of a phonon coupled
to an electric susceptibility χ el(ω),

χ el(ω) = R(ω) + iρ(ω), (4)

with its real R(ω) and imaginary part ρ(ω), is expressed by
[45,46]

Iph(ω)∝ [g2ρ(ω) + Ŵanh]ωanh
{

ω2−ω2
anh

[

1−g2 R(ω)

ωanh

]

︸ ︷︷ ︸

ω2
exp

}2
+ω2

anh [Ŵanh+g2ρ(ω)]2

︸ ︷︷ ︸

Ŵ2
exp

.

(5)

Here, ωanh and Ŵanh correspond to the frequency and linewidth
expected from the AD model, and g is a coupling constant
determining the coupling strength between the phonon and
the electric susceptibility. Equation (5) describes a Lorentz
profile with a phonon frequency ωanh that is modified by
coupling to the real part R(ω) of the electric susceptibility
and a linewidth Ŵanh modified by coupling to the imaginary
part ρ(ω). As a result, the values for the frequency ωexp and

linewidth Ŵexp extracted from Voigt fits of the phonons differ
from the values expected for an anharmonic decay due to
corrections from the electric susceptibility. We hence interpret
the deviations in linewidth and frequency expected from the
AD model as arising from additional contributions caused
by the decay of phonons coupling to an available electronic
transition. When the electron-phonon coupling g is strong
enough, the extracted phonon linewidths and frequencies are
therefore given as follows:

ωexp =
√

ωanh(T )2 − ωanh(T ) · g2R(ω), (6)

Ŵexp = Ŵanh(T ) + g2ρ(ω). (7)

The deviations from the AD model could be caused by an
interaction of the phonons with an electric susceptibility
with an energy in the meV range. The lack of any electronic
renormalization in Bi2Te3 is thus indicating that there are no
available electronic states in this energy range. This is further
verified by the strongly diminished electronic density near the
Fermi edge in Bi2Te3 compared to Bi2Se3 seen by XPS, as
shown in Fig. 1(b).

Since the A2
1g- and E2

g -symmetry phonons show deviations
from the AD model, it can be argued that both phonons couple
to a close-lying electronic transition. The different energies of
the two phonons lead to different corrections from the real and
imaginary parts of the electric susceptibility according to Eqs.
(6) and (7).

The strong electronic renormalization in Bi2Se3 for the E2
g

mode in linewidth but none in frequency, shown in Fig. 2(c),
leads to the assumption that the E2

g phonon couples to an

electric susceptibility with an energy identical to the E2
g

energy, as visualized in Fig. 3(a). In that way, the E2
g phonon

would get a strong correction from the imaginary part ρ(ω)
since it is located at the maximum, resulting in an increased
linewidth Ŵexp according to Eq. (7). On the other hand, there
would not be any corrections in frequency because at ωph

the real part R(ω) is zero and thus ωexp corresponds to ωanh

according to Eq. (6). The temperature dependence of the E2
g

frequency is then sufficiently well described by the AD model,
as evident in Fig. 2(c). Following this hypothesis, the A2

1g
phonon with an energy of 22 meV would couple to ρ(ω) and a
negative R(ω) of the same electric susceptibility, as illustrated
in Fig. 3(b). This would again result in increased linewidths
and additionally in increased frequencies according to Eqs. (6)
and (7). Our hypothesis agrees well with the observed devia-
tions in frequency and linewidth at lower temperatures for the
A2

1g phonon shown in Fig. 2(e). In this picture, we expect to
observe these effects at lower temperatures where phonons are
frozen out and the scattering mechanism is dominated by the
electron-phonon coupling. This is again in good agreement
with our data, where we observe deviations from the AD
model setting in at temperatures below 120 K. Heid et al.

have calculated the coupling strengths of the Bi2Se3 CSSs
to optical modes as a function of phonon energy [47]. They
show that enhanced coupling occurs to phonons within an
energy range of 17 to 22 meV with a reduced coupling for
modes below 10 meV [47]. Even though Heid et al. state that
the dominant coupling occurs via polar-type optical modes,
significant coupling to Raman-active modes of the electron-

245431-4

67



TEMPERATURE AND MAGNETIC FIELD DEPENDENT … PHYSICAL REVIEW B 101, 245431 (2020)

FIG. 3. (a),(b) The real R(ω) and imaginary ρ(ω) parts of the
electric susceptibility are plotted together with the discrete state of
a phonon modeled by a simple Lorentzian with a phonon frequency
ωph. An overlap of both states is shown for the E 2

g mode in (a) and
the A2

1g mode in (b). (c) Temperature dependence of frequency and

linewidth of the Bi2Se3 A2
1g phonon. Two areas are indicated that

account for different decay mechanisms of the phonon. (d) Schematic
band structure of Bi2Se3 with two possible locations of the Fermi
level in an intrinsic (E i

F) and n-doped (E n
F ) Bi2Se3 nanoflake. The

bulk conduction band (BCB) and bulk valence band (BVB) are
labeled. Red arrows illustrate creations of electron-hole pairs by
a Raman phonon ωph. The gapped Dirac cone is shown when a
magnetic field B �= 0 T is applied.

phonon interaction is still present, as suggested in several
studies [11,48]. Thus, our observations are in good agreement
with the calculated coupling strengths, which support our
findings for only very weak renormalizations in the A1

1g mode

at 9 meV and strong renormalizations in the E2
g (16.7 meV)

and A2
1g (21.9 meV) modes. The preceding analysis leads to

the identification of two temperature regions with different
dominant scattering mechanisms that are shown in Fig. 3(c).
In region I, at higher temperatures, phonon-phonon coupling
dominates the phonon decay by the anharmonic interaction
and additional contributions from electron-phonon coupling
are no longer evident. Therefore, we observe good agreement
with the classic AD model in region I, where the bulk prop-
erties mask all surface-related effects. In region II, electron-
phonon coupling is significant and phonon renormalization
can be observed when the surface contribution is high enough.

So far, we discussed the electron-phonon coupling from an
energetic point of view. The A1

1g phonon with an energy of
around 9 meV should interfere with the electric susceptibility
around 16 meV by coupling to the positive imaginary and
real part. However, we do not observe electronic renormal-
izations for this mode. Hence, an additional aspect has to be
considered that affects the coupling strength g between the
phonons and the electric susceptibility. The eigenvectors of
the phonons show significantly different displacement vectors
for the A1

1g phonon compared to the E2
g and A2

1g phonons.

The atomic displacements for the E2
g and A2

1g modes modulate
the electric susceptibility related to the CSSs in the following
way: For both modes, the partially negatively charged chalco-
gene (Se, Te) atoms terminating each QL vibrate opposite
to the positively charged Bi atoms [18,49], whereas they
vibrate in phase for the A1

1g mode. The electronic polarizabil-

ity is, therefore, affected more strongly by the E2
g and A2

1g
phonons, resulting in a stronger electron-phonon coupling and
enhanced self-energy effects.

In a perfect single-crystalline Bi2Se3 sample the Fermi
level is expected to be located at the Dirac point [7], as
indicated in Fig. 3(d). In this case, intracone electronic tran-
sitions in the upper Dirac cone are available. The electron-
phonon coupling strength increases linearly with the energy
distance from the Dirac point due to the linear increase of
the density of states expected for the 2D Dirac dispersion
[47]. It is also possible that the Fermi level lies closer to
the bulk conduction band due to inherent n doping that is
often reported for naturally grown Bi2Se3 [33] and is also
shown in Fig. 3(d). In that case, transitions of the Dirac
fermions into the bulk conduction band become possible and
add to the intracone contributions. The coupling strength is
expected to be enhanced when additional interband transitions
are available [47], which explains our observed strong phonon
renormalizations. We, therefore, expect the Fermi level in our
Bi2Se3 samples to lie within the bulk gap but closer to the bulk
conduction bands.

The assumption of χ el being related to the CSSs is justified
by two aspects. First, we were able to show the enhanced
surface contributions of our flakes by the detection of IR
modes up to high temperatures. Second, the electric suscep-
tibility in the meV range can be associated with transitions
involving Dirac cone states. Additional insight can be gained
by manipulating the Dirac cone and the associated electric
susceptibility by means of a magnetic field. Since the Dirac
cone determines the low-energy electric susceptibility, its
modification is also indicative of the presence of the CSSs.
The changes in frequency and linewidth of the phonons as a
function of magnetic field for Bi2Se3 and Bi2Te3 are shown in
Figs. 4(a) to 4(f).

In agreement with our temperature dependent study and
XPS results, we observe a magnetic field dependent renor-
malization of phonon energies and linewidths in Bi2Se3, but
not in Bi2Te3. The absence of any phonon renormalization
in Bi2Te3 is again consistent with the reduced electronic
density near the Fermi edge compared to the Bi2Se3 sample.
For Bi2Se3, however, magnetic field dependent self-energy
corrections are observed in frequency and linewidth for the
A2

1g mode at 177 cm−1. At fields above 3 T, we find a

simultaneous hardening and broadening of about 0.6 cm−1

and 1.5 cm−1, respectively. Since it is known that in topo-
logical insulators a gap opening in the Dirac cone occurs in
the presence of a magnetic field [23], our results point to
a change in the electric susceptibility of the Dirac cone by
the magnetic field. The change in the electric susceptibility
would lead to a renormalization in the A2

1g mode in Bi2Se3. A
gap opening would shift and redistribute the electric suscep-
tibility. The hardening and broadening of the A2

1g mode with
increasing field strengths indicate the coupling to an electric
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FIG. 4. Magnetic field dependent self-energy effects for Bi2Se3

and Bi2Te3 nanoflakes at 3 K in (X-)scattering geometry and Faraday
configuration. The dependency of the three Raman modes in energy
(left column) and linewidth (right column) with magnetic field is
shown. All y axes are set to intervals of 2.0 cm−1 for easier com-
parability. Bi2Te3 phonons (red curves) show no significant change
in energy and linewidth over the applied magnetic field range. For the
Bi2Se3 phonons (blue curves), clear changes in energy and linewidth
can be observed for magnetic fields above 3 T. The dashed lines
represent guides to the eye.

susceptibility with a lower energy than the phonon according
to Eqs. (6) and (7). The decreasing linewidth of the E2

g
mode, on the other hand, shows a reduced coupling to the
electric susceptibility. We can therefore estimate the energy
of a gap opening in the Dirac cone to be in the range of 16 to
22 meV, which would explain the phonon renormalizations.
This finding is in agreement with results of Gooth et al.

[50], who report a gap opening in the order of tens of meV
by magnetic interactions in TI. According to our model, the
phonons decay by coupling to interband transitions from the
lower gapped Dirac cone to the upper one, as visualized
in Fig. 3(d). The strong phonon self-energy corrections due
to the electron-phonon interactions provide direct evidence

for the changes in the electric susceptibility in the CSSs at
magnetic field strengths above 3 T.

IV. CONCLUSION

In conclusion, we have investigated thin films of drop-
casted Bi2Se3 and Bi2Te3 nanoflakes by means of temperature
and magnetic field dependent Raman spectroscopy. The tem-
perature dependence of the phonon dynamics in our Bi2Te3

sample is readily described by the anharmonic phonon-
phonon interaction, indicating a dominant bulk behavior. For
Bi2Se3, we observe deviations from the AD model, which
can be linked to additional contributions from the electron-
phonon interaction originating from the increased surface
contribution. Our study suggests that the Dirac fermions con-
tribute significantly to the electron-phonon interactions, which
manifest in the strong phonon renormalizations in Bi2Se3 at
temperatures below 120 K. Additional magnetic field depen-
dent Raman spectroscopy reveals strong phonon self-energy
corrections in Bi2Se3, indicating the renormalization of the
phonons by the continuum free carriers and a significant mag-
netoelectric coupling. The self-energy changes in the Bi2Se3

phonons provide direct evidence for the manipulation of the
CSSs by an applied magnetic field, which can be associated
with a gap opening in the Dirac cone.
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Chapter 5

Micro-Raman investigations of

the TI-gold interface

In this chapter Raman investigations of single Bi2Se3 and Bi2Te3 nanoflakes (NFs) on

gold substrates employing a micro-Raman setup are presented. The study of single NFs

allows to investigate the influence of a gold substrate. Tuning the thickness of the NFs

is used to identify the effect of carrier injection from the gold. The motivation for these

studies is given in section 5.1. In section 5.2 details are given on the sample preparation to

obtain single NF samples and section 5.3 contains all relevant information of measurement

configurations and data analysis. As a preliminary study, the resonance Raman profile of

Bi2Se3 is characterized in section 5.4. Finally, the main results of the thickness dependent

studies of single Bi2Se3 and Bi2Te3 NFs on a gold substrate revealing carrier injection

and pronounced band bending at the flake-gold interface are discussed in section 5.5.

A summary of the single flake investigations are given in section 5.6. The results of

this chapter were published in "Carrier injection observed by interface-enhanced Raman

scattering from topological insulators on gold substrates", S. Scheitz et al., ACS Appl.

Materials & Interfaces 14, 32625–32633 (2022). [129]

5.1 Motivation

As outlined in section 1.3 one of the main obstacles in exploiting the TSS for device

applications is the suppression of significant contributions arising from trivial bulk electrons.

Progress has been made in positioning the Fermi level of TIs within the bulk band gap and

enhancing the contribution of the Dirac electrons (see section 1.3). However, enabling the

charge transport solely through the Dirac surface states is especially difficult in real devices,

where the deposition of electrical contacts or abutting interfaces to substrates may affect

the electronic band structure of the TI. Depending on the choice of contact metal charge

transfer can occur that leads to band bending at the TI/metal interface and population of

bulk states. [149,150] The positioning of the Fermi level at the interface is hence relevant in

the determination of the topological properties of the device. Due to Bi2Se3 largest bulk

band gap within the bismuth chalcogenides TIs, which in principle allows access to the

Dirac cone over a broad energy range, the interface of Bi2Se3 to several contact metals is

of high interest. Here, the study was conducted with the focus on the TI interface to gold,

since gold is among the most commonly used contact metals in TI-based devices. [151–153]

Additionally, gold is expected to show chemical inertness and no hybridization with the

TSS, which was confirmed experimentally in XPS measurements [149] and theoretically via

ab initio calculations. [150] However, the significant carrier injection from Au into Bi2Se3
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is predicted [150], which has to be considered for ultrathin TI layers as the band bending

might consume the topmost TI QLs and impede their application. Therefore, the effect of

band bending at the interface of gold to ultrathin Bi2Se3 and Bi2Te3 is of high importance

to study, with the aim to determine possible limitations in the TI thickness.

An exclusive study of the TI/gold interface is difficult to perform as the contact is

often obscured. Here, Raman scattering of thin TI NFs on gold substrates enables a

non-contact experimental technique to study the sole influence of the metal interface.

Furthermore, Raman spectroscopy is a volume scattering technique and allows to study

the concealed TI/Au interface , which is the main challenge for surface sensitive techniques

like ARPES [154] or scanning tunneling spectroscopy (STS). [155] By tuning the thickness

of the NFs placed on Au substrate the dimensions of band bending effects due to carrier

injection are identified. Additionally, by analyzing the phonon line shapes the interactions

between the lattice and available electrons are studied.

To increase the low Raman intensity expected from measurements of ultrathin single NFs,

and detect possibly subtle line shape changes as a function of NF thickness, the most

suitable excitation wavelength was determined. For the preliminary resonance Raman

study five excitation wavelengths were chosen in the visible frequency range. In this

spectral range Bi2Se3 shows the largest absorption coefficient, [64] which is expected to

origin from resonant electronic interband transitions. The resonance Raman study allows

the identification of resonance conditions where a high signal is expected. The high

intensities enable a high accuracy for the analysis of Raman spectra in the subsequent

thickness dependent study.

5.2 Sample Preparation of single NFs

The NFs used for the micro-Raman study were synthesized using the wet-chemical process

as explained in chapter 2 and the exact synthesis parameters are given in Table B.1.

To remove solvent and precursor residues the Bi2Se3 and Bi2Te3 NFs were washed in

isopropanol and acetone equivalent to procedure presented in the macro-Raman chapter

section 4.2 and finally stored in isopropanol. To investigate single NFs the solutions were

further diluted by mixing 250 µL of the purified NF solution with 750 µL isopropanol.

Samples of individual NFs on silicon and sputtered gold substrates were prepared by drop

casting 5 µL of the diluted NFs onto the substrates and the isopropanol was allowed to

evaporate at room temperature. In Figure 5.1 the schematic sample preparation on Si

and Au substrates is shown as well as light microscopy and SEM images of the produced

samples.

The used Si and Au substrates featured a micro-grid that allowed for the identification

of individual NFs and measure the same NFs with several techniques like micro-Raman

spectroscopy, AFM, and SEM. For the Si substrates commercially bought Bor-doped

Si(100) substrates (EM-Tec FG1 silicon finder grid substrate) were used that featured
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a 1000 µm pitch chromium grid (25 mesh) as schematically shown in Figure 5.1(b). The

silicon substrate has a native oxide layer of about 2 nm and was used without further

purification.

Gold substrates were prepared via RF-sputtering, where a 10 nm chromium adhesion layer

was coated on Si(100) substrate followed by a 100 nm layer of gold. Both metals were

deposited in a Cressington 308R coating system equppied with two DC sputter sources

(Au,Cr) without vacuum break at 40 mA current for 2 min and 10 min, respectively. The

base pressure was 1E-6 mbar and was adjusted to 0.01 mbar during deposition. A finder

grid on the Au substrate was custom fashioned by scratching a grid with a 500 µm pitch

into the gold layer, as schematically shown in Figure 5.1(a), using a custom-made setup

employing a scalpel blade. A photograph of the setup and detailed explanation on the

grid manufacturing is given in Appendix C.2.1. As apparent from the SEM micrograph in

Figure 5.1(e) the sputtered gold films exhibit a rough surface with grain sizes in the range

of 40 nm.

Figure 5.1: Preparation of single Bi2Se3 and Bi2Te3 NF samples on Au and Si substrates
for micro-Raman measurements in the top and bottom row, respectively. (a,b)
Schematic illustration of the drop cast single NFs on Au and Si finder grid substrates,
respectively. The NFs size is strongly exaggerated for better visibility. (c,d)
Optical microscope images of the investigated Bi2Se3 NFs on Au and Si substrates,
respectively. Bi2Te3 samples look similarly. (e,f) SEM micrographs of the NFs on
Au and Si substrates, respectively. On the Au substrate the rough surface due to
grain formation during the sputtering process is visible.
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5.3 Measurement configuration and data analysis

Raman spectroscopy on single Bi2Se3 and Bi2Te3 NFs was conducted using the custom-

made micro-Raman setup presented in section 3.2.1. For the study of the resonance Raman

profile of individual Bi2Se3 NFs on Si and Au substrate five excitation wavelengths in the

visible range were employed. The laser source specifications for each excitation line are

given in Table 3.3.

Employed laser powers

The surface laser power densities employed for the single NF measurements on Si and

Au substrates at all wavelengths are presented in Table 5.1. The power densities and

suitable integration times were determined via an iterative trial and error process. The

here presented measurement configurations allowed for a detection of Raman spectra with

a good signal to noise ratio and at least three accumulations per measured NF. In general,

for all measurements the exclusion of beam damage was verified by (i) visual review of the

investigated NF after every accumulation and (ii) stability of the Raman signal regarding

identical intensities and phonon positions. In addition, to further increase the distribution

of laser energy in the NFs the laser spot was scanned over the NF surface in areas of 2 µm2

to 4 µm2 during the measurement.

Table 5.1: Surface laser power densities PD in kW/cm2 and integration times tint in min for
singe NF measurements.

wavelength 705 nm 633 nm 594 nm 560 nm 532 nm

PD tint PD tint PD tint PD tint PD tint

Bi2Se3/Si 167 30 175 30 223 20 50 30 106 30

Bi2Se3/Au 167 10 114 20 223 5 18 10 106 10

Bi2Te3/Au - - 255 30 - - - - - -

General data treatment

Acquired Raman spectra were normalized to the used integration time and laser power.

The laser power at the sample position was measured with a Si photodiode power meter

(PM160, Thorlabs). Furthermore, all normalized spectra were background corrected by

subtraction of a pure substrate (Si or Au, respectively) measurement. The substrate

measurements were also normalized to integration time and power and usually measured

under the same conditions as the associated NF measurements.

Spectral analysis in the resonance Raman study

In the resonance Raman study all phonon modes were modeled by Lorentzian profiles
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5.3 Measurement configuration and data analysis

according to Equation (3.13) given by

I(ω) =
AωΓ

(ω2 −ω2
0)2 +(Γω)2

, (5.1)

with a scaling prefactor A. The Raman susceptibilities of the modes were determined

by calculating the maximum mode intensities as Imax = A/ω0Γ. Since several NFs were

measured within the scope of the resonance Raman study, the extracted mode intensities

were further corrected for the varying thicknesses of the NFs and varying optical response

due to the use of the different excitation energies. To include all factors regarding the

specific NF properties at each excitation wavelength a correction factor CF was determined.

The Raman correction factors for each measured NF included an effective scattering volume

V eff
i and the effective transmission T eff

i of laser signal into the NFs.

First, the effective transmission T eff
i is given by the fraction of laser signal T eff

i = |1−R(νi)|2
transmitted into the NF and contributing to the Raman process, with R(νi) being the

reflectivity as a function of excitation energy νi. The reflectivity R(νi) of Bi2Se3 is given

as

R(νi) =

∣
∣
∣
∣
∣

n1 −n2

n1 +n2

∣
∣
∣
∣
∣

2

,

with n1,2(νi) being the real refractive index of air (n1 = 1) and Bi2Se3, respectively. The

laser energy dependent refractive index n2 and absorption coefficient k of Bi2Se3 were

obtained from the dielectric function calculated by Zhang et al. [64] and selected values for

the used excitation energies in this study are given in Table 5.2. The effective transmission

as a function of excitation energy is given in Figure 5.2(b).

Secondly, the effective scattering volume V eff
i of each measured NF is determined by the

illuminated volume as schematically shown in Figure 5.2(a) that changes with the diffraction

angle θ
′

i. The contributing NF volume estimated by a cone will have a penetration

depth dependent radius ri(z) due to the dispersion of the laser, which is calculated by

ri(z) = r0 + z · tanθ
′

i. Here, r0 is the laser spot radius, which was determined during

the characterization of the micro-Raman setup in Figure 3.9, and θ
′

i is the laser energy

dependent diffraction angle as shown in Figure 5.2(a). θ
′

i is calculated via Snellius’ law,

sinθ
′

i = 1
n1

sinθ, where sinθ = 0.75 is determined by the used focusing objective.

Lastly, due to the absorption of laser signal with increasing penetration depth in the NF,

each atomic layer will be exposed to a different laser intensity and hence contribute less to

the overall Raman signal. The change in laser intensity is given by Lambert-Beer’s law,

I(z) = e−αiz, with the NF thickness z and absorption coefficient αi = 2kiνi
c , where c is the

speed of light in vacuum. Please note, that the penetration depth α−1
i of all used lasers

for Bi2Se3 is around 9 nm as shown in Figure 5.2(c), with only the 705 nm excitation line

having a slightly larger penetration depth of 12 nm.

Similarly, the generated Raman signal is reabsorbed before exiting the NF depending on

the depth. The reabsorption is also accounted for in again applying Lambert-Beer’s law,
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5 Micro-Raman investigations of the TI-gold interface

where the same frequency of excitation and Raman frequency νi ≈ ωi is assumed. The

effective scattering volume is hence calculated by the laser intensity integrated over the

NF thickness and reabsorption of the Raman signal as

V eff
i =

∫ z

0
e2

−2kiνi
c z ·πri(z)2dz,

with values of all measured NFs given in Figure 5.2(d,e). The integration range was

adapted to the investigated NF thickness respectively. In Table 5.2 the thickness of each

NF measured for the resonance Raman study on silicon and gold is given. For a reference

bulk sample an integration range of 20 nm was selected for all energies, as the effective

laser intensity for all νi has decreased below 20 %. The resulting correction factors CF for

each measurement are shown in Table 5.2 and calculated by

CFi = T eff
i ·V eff

i .

The Raman susceptibilities χmax of the Bi2Se3 phonon modes for all excitation energies

and investigated NFs are finally obtained by dividing the maximum peak intensities by

the associated correction factors:

χmax(νi) =
Imax(νi)

CFi
. (5.2)

Table 5.2: Optical properties and parameters critical for the calculation of resonance Raman
correction factors.

Laser
wavelength
λi (nm)

Laser
energy
νi (eV)

Bi2Se3

n2

Bi2Se3

ki

Diffraction
angle
θ

′

i (◦)

Laser
spot
r0 (nm)

NF
thickness z
on Si (nm)

NF
thickness z
on Au (nm)

704.96 1.76 5.78 4.59 7.46 141.5 11.8 15.1

632.82 1.96 4.26 5.47 10.14 106.0 11.8 15.1

593.72 2.09 3.51 5.30 12.34 134.5 17.1 15.1

560.35 2.21 2.87 4.92 15.15 194.0 11.3 15.1

532.04 2.33 2.42 4.70 18.05 127.5 15.8 14.5

Spectral analysis in the NF thickness dependent Raman study on gold

The thickness dependent Raman study of Bi2Se3 and Bi2Te3 NFs on Au substrates was

conducted with the 633 nm excitation line. To analyze the phonon mode line shapes

different fit functions were employed for the A1g and Eg,u modes. Due to their asymmetric

profile the two A1g modes were fit by a Fano profile [96] according to

I(ω) = A · (q + ω−ω0

Γ )2

1+
(

ω−ω0

Γ

)2 , (5.3)
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5.3 Measurement configuration and data analysis

where the maximum Raman susceptibilities of the modes were determined as Imax = Aq2.

The Eg
2 mode and an adjacent mode were fit with the Lorentzian profile given by

Equation (5.1) since the two modes showed strong overlap.

Figure 5.2: Effective scattering volume of NFs measured for the resonance Raman study.
(a) Schematic cross section of a Bi2Se3 NF illuminated by the focused laser beam.
The laser (red cone) is focused onto the NF resulting in a beam spot radius of r0.
The laser disperses into the NF according to the laser energy dependent refractive
index n2. The scattering volume of the NF contributing to the Raman signal,
indicated by the faded red area, is estimated by a truncated cone. The decreasing
laser intensity I(z) with NF thickness according to Lambert-Beer’s law is shown as
an inset on the right side of the NF. (b-d) Excitation energy dependent values for
the effective transmission T eff

i , penetration depth α−1

i , effective scattering volume
V eff

i , and correction factor CFi, respectively. In (d,e) values depicted by gray
squares correspond to the measured NFs on silicon and yellow circles correspond
to NFs on gold, respectively. The values in (d,e) are normalized to the smallest
value of all investigated NFs. Reprinted with permission from [129]. Copyright 2022
American Chemical Society.
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5 Micro-Raman investigations of the TI-gold interface

5.4 Results - Resonance Raman study of Bi2Se3 on Si

and Au substrates

The resonance Raman spectra for single Bi2Se3 NFs on silicon and gold substrates for

excitation wavelengths of 532 nm, 560 nm, 594 nm, 633 nm, and 705 nm are presented in

Figure 5.3(a). On both Si and Au substrates the Bi2Se3 spectra show the two bulk Eg
2

and A1g
2 phonon modes for all excitation wavelengths. Depending on the wavelength the

resolution of the spectrometer on the CCD sensor changes, which leads to lower resolutions

and a shift of the lowest bulk A1g
1 mode closer to the elastic Rayleigh signal for decreasing

wavelengths. As a result, the A1g
1 mode was cut from the spectra by the relay stage for

lower excitation wavelengths and, therefore, this study focuses on the analysis of the two

higher frequency modes. As apparent from the spectra in Figure 5.3(a) the Raman signals

for all measurements of NFs on the gold substrate are significantly enhanced in comparison

Figure 5.3: Resonance Raman spectra of single Bi2Se3 NFs on Si and Au substrates. (a) Raman
spectra of single NFs on silicon (dotted) and gold (solid) substrates for five selected
excitation energies given next to the graphs. All spectra normalized to laser power
and integration time and displayed with an offset. Spectra acquired on Si are
multiplied by a factor of five. (b) Resonance Raman profiles of the Eg

2(squares)
and A1g

2(circles) phonon susceptibilities as a function of energy corresponding to
the excitation wavelength given in (a). Gray and yellow markers refer to the spectra
of the NFs on Si and Au, respectively. Black markers correspond to a reference
Bi2Se3 bulk sample. All values are normalized to 532 nm (2.33 eV). Lorentzian
fits of the profiles are shown and dashed and dotted lines indicate the resonance
energies of the NFs on Au and the bulk sample, respectively. (c) Enhancement of
the Eg

2(squares) and A1g
2(circles) susceptibilities for NFs on Au in comparison

with NFs on Si. (d) Susceptibility ratios of the Eg
2 to A1g

2 modes for the NFs on Si
(gray diamonds) and Au (yellow open circles). Adapted with permission from [129].
Copyright 2022 American Chemical Society.
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5.4 Results - Resonance Raman study of Bi2Se3 on Si and Au substrates

with the signal obtained from NFs on silicon.

The Raman susceptibilities of the Eg
2 and A1g

2 were extracted from Lorentzian fits to

the data and are corrected for the dielectric properties of Bi2Se3 as well as the scattering

volume of each NF. Details on the correction factors and investigated NFs are given

in section 5.3. The Raman susceptibility resonance profiles for the NFs on Au and Si

substrates as well as a reference bulk sample are shown in Figure 5.3(b). For all three

sample configurations the Raman signal shows the strongest intensity for the 633 nm

excitation line. Hereby, the bulk sample shows a moderate signal increase when tuning into

resonance, whereas the Raman signal of NFs on silicon increases by a factor of 10. This

resonance of Bi2Se3 has been observed before [118,156] and can be assigned to an electronic

interband transition at the Γ point in resonance with the incoming excitation laser at

1.96 eV. [157–159] An even more remarkable effect is observed for the NFs on gold substrate

that give a stronger signal for all energies in comparison with NFs on silicon. Additionally,

they show an enhanced resonance profile with a signal increase by even a factor of 50

when tuning into the red. The resonance profiles were fit by a Lorentzian function given in

Figure 5.3(b) and clearly reveal similar sharp resonance positions at 1.94 ± 0.06 eV (bulk)

and 1.91 ± 0.03 eV (NFs), both of which are close to the 1.96 eV (633 nm) excitation line.

The similar resonance positions indicate that in all three Bi2Se3 sample geometries the

intrinsic resonance due to electronic interband transitions is available.

We now turn to the observed signal enhancement and pronounced resonance profiles

for NFs on silicon and especially gold substrates. At all energies the extracted Raman

susceptibilities of the bulk sample is the smallest in comparison with the NF samples.

This effect has been observed before in few nm thick Bi2Se3 and Bi2Te3 nanoplate samples

but was not addressed further. [64,117,160] Due to the penetration depth of around 9 nm in

the visible spectra range, see also Figure 5.2(c), the bulk and NF samples actually yield

similar scattering volumes. Yet, the thin NFs on gold substrate show a strongly enhanced

Raman response. The enhancement of the Raman susceptibilities of both phonon modes

is quantified by comparing the peak susceptibilities of the silicon and gold measurements.

The determined enhancement factor EF = χmax
Au /χmax

Si is given in Figure 5.3(c) and shows

an increasing enhancement as the incident photon energy is tuned to lower energies. The

strongest relative signal enhancement by a factor of about 20 is found for the 1.76 eV

excitation energy, which is at slightly lower energies compared to the resonance position

at 1.91 eV.

To understand the origin of the signal enhancement by the gold substrate the relative

Raman susceptibilities of the Eg
2 to the A1g

2 modes are examined. The mode ratio

decreases when approaching the resonance energy as shown in Figure 5.3(d). At the

resonant excitation energy of 1.96 eV the A1g
2 mode shows a stronger enhancement,

which results in a decreasing susceptibility ratio of Eg
2 to A1g

2. This trend is observed

for NFs on both, silicon and gold substrates. The observations of identical resonance

energies and mode ratios for NFs on silicon and gold lead to the conclusion that the
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5 Micro-Raman investigations of the TI-gold interface

resonance is intrinsic to the Bi2Se3 NFs. However, for the NFs on a gold substrate

this intrinsic resonance is strongly enhanced by a factor of 14 (see Figure 5.3(c)). The

pronounced enhancement of the resonance profile is a first indicator that the Au substrate

modifies the conditions for resonant interband transitions in Bi2Se3. In order to further

characterize the influence of the gold substrate on the NFs and determine the origin

of the resonance enhancement, a systematic study of NFs with varying thicknesses was

conducted. The change of the resonant interband transitions in Bi2Se3 due to the gold

interface is, therefore, fully discussed in the following sections. As a preliminary result

the resonance energy of the Bi2Se3 NFs was determined to lie around 1.91 eV. Therefore,

all following measurements of single NFs (Bi2Se3 and Bi2Te3) were conducted with the

1.96 eV excitation line corresponding to 633 nm.

5.5 Results - Carrier injection by Au substrate

The influence of a gold interface to the intrinsic properties of the ultrathin TI Bi2Se3 and

Bi2Te3 NFs was investigated by systematically varying the thickness of the NFs on the

same gold substrate. The study of NFs on the same gold substrate allows to assign all

changes in the Raman spectra to the changing NF thickness. Figure 5.4(a) shows selected

Raman spectra of Bi2Se3 NFs with decreasing thicknesses between 12.5 nm to 7.7 nm. Even

though the NFs vary only by a few nanometer in thickness, this change is already evident

in the optical microscope images given next to the spectra. With decreasing thickness the

NFs show a drastic change in their optical contrast (OC). In fact, it can be shown that the

thickness d of investigated NFs shows a linear correlation to their OC. The OC is defined

by the ratio of average grayscale values of the NF compared to the values obtained from

the gold substrate. Since the thickness of the NFs determined by AFM measurements

typically gives uncertainties of about ±1 nm the quantification of the NFs OC was used to

precisely study the changes in Raman spectra as a function of thickness. The correlation

of the OC to the measured NF thickness via AFM is described in detail in appendix C.2.2.

For Bi2Se3 thick NFs obtain high OCs with values above 50 (corresponding to d > 12 nm)

that decrease down to a value of 32 for thinner NFs of around 8 nm. The OC values

obtained for the investigated NFs are given next to the spectra in Figure 5.3(a).

NF thickness dependent phonon renormalizations

The Raman spectra obtained from thicker NFs (OC > 50) show the expected three

bulk modes of A1g
1 (63.18 ± 0.02cm−1), Eg

2(123.08 ± 0.04cm−1) and A1g
2(166.41 ±

0.02cm−1) symmetry, with the frequencies obtained from the thickest measured NF

given in parentheses. As the NFs get thinner all three bulk phonon modes experience

renormalization that is clearly observed from the recorded spectra. In particular, the two

A1g modes shift in frequency and the Eg
2 mode splits into a double peak feature. The

mode frequencies and line widths extracted from the fits, as explained in section 5.3, are
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Figure 5.4: Phonon renormalization in Bi2Se3 NFs with varying thickness on the same gold
substrate. (a) Raman spectra of six individual NFs with decreasing thicknesses
from 12.5 nm (OC = 56.18) to 7.7 nm (OC = 31.51) (see Table C.3 in the appendix).
Corresponding microscope images of the measured NFs are shown to the right
of the spectra. The scale bar is 2 µm. The three bulk phonon modes A1g

1, Eg
2,

and A1g
2 are labeled as well as a growing IR mode marked by asterisks. Vertical

dashed lines are given as a guide to the eye corresponding to the mode frequencies
for the thickest NF. The OCs of the NFs is given next to their corresponding
spectra. Renormalization of (b) mode frequencies, (c) FWHM, and (d) extracted
Fano parameters with NF thickness. Dashed lines represent guides to the eye.
For reference, phonon frequencies, FWHM, and Fano parameters measured from
the thickest NF are given as solid gray lines in (b-d). Reprinted with permission
from [129]. Copyright 2022 American Chemical Society.

shown in Figure 5.4(b,c). In the range of thicker NFs the extracted bulk phonon mode

frequencies are constant. However, when the NFs reach a critical OC of 45 (d < 10 nm)

the mode frequencies show abrupt and strong renormalizations. The A1g
1 mode softens by

3 cm−1, whereas the A1g
2 hardens by 2.6 cm−1 in the investigated range of NF thicknesses.

This frequency renormalization is accompanied by a broadening of the mode’s FWHM

of 8 cm−1 and 4 cm−1, respectively, as shown in Figure 5.4(c). The frequencies and line

widths of the A1g modes were extracted from Fano fits to account for the asymmetric

line shapes. By examining the asymmetry parameter, or Fano parameter, q as a function

NF thickness, an increased asymmetry in the A1g mode line shapes is detected as shown

in Figure 5.4(d). The low-energy A1g
1 mode exhibits an asymmetric line shape with

additional spectral weight at higher energies yielding positive values of q, whereas the

A1g
2 mode is more asymmetric to its low energy side and yields negative q values. In

agreement with the strong phonon renormalizations, the asymmetry is pronounced for

NFs at an critical OC of 45 corresponding to a thickness of 10 nm. In addition to the

renormalization of the A1g phonons, the appearance of a new mode at the low energy side

of the Eg
2 phonon is observed.

An equivalent study on Bi2Te3 NFs with varying thicknesses on gold reveals the same
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5 Micro-Raman investigations of the TI-gold interface

critical phonon behaviour with thickness as in Bi2Se3. Figure 5.5(a) shows the thickness

dependent Raman spectra acquired for single Bi2Te3 NFs in the range of 18 nm to 9 nm. The

optical micrographs of the investigated NFs are shown next to the spectra. Also in Bi2Te3

NFs the thickness can be correlated to the OC, which is shown in detail in appendix C.2.2.

The thickness dependence of the recorded Raman spectra of Bi2Te3 contains the same

features as the Bi2Se3 study. Firstly, for all NFs the three bulk phonon modes of A1g
1

(61.53 ± 0.03cm−1), Eg
2(101.80 ± 0.02cm−1) and A1g

2(133.49 ± 0.11cm−1) symmetry are

detected. The frequencies of the thickest investigated NF given in parentheses show good

agreement with literature values (see also Table A.1). Secondly, a critical NF thickness

can be identified that leads to phonon renormalizations equivalent to Bi2Se3. In Bi2Te3

NFs with OCs below 34 the phonons experience similar deviations in frequency, line width

and Fano parameter (see Figure 5.5(b-d)) in comparison with the values obtained for the

thickest investigated NFs. In detail, the A1g
1 and A1g

2 modes show a strong softening by

6.9 cm−1 and a hardening by 3 cm−1, respectively, accompanied by an increase in FWHM

of 6 cm−1 and even 13 cm−1. Both A1g modes again show a slight asymmetry, which

is better described by the employed Fano profile and yields for thin NFs (d < 12 nm)

positive and negative q values for the A1g
1 and A1g

2 modes, respectively (Figure 5.5(d)).

Figure 5.5: Phonon renormalization in Bi2Te3 NFs with varying thickness on the same gold
substrate. (a) Raman spectra of six individual NFs with decreasing thicknesses
from 17.7 nm (OC = 37.40) to 8.9 nm (OD = 30.62) (see Table C.3 in the appendix).
Corresponding microscope images of the measured NFs are shown to the right
of the spectra with a 2 µm scale bar. The three bulk phonon modes A1g

1, Eg
2,

and A1g
2 are labeled as well as a growing IR mode marked by asterisks. Dashed

lines are given as a guide to the eye corresponding to the mode frequencies for
the thickest NF. Renormalization of (b) mode frequencies, (c) FWHM, and (d)
Fano parameter with NF thickness. Dashed lines represent guides to the eye. For
reference, phonon frequencies and FWHM measured from the thickest NF are given
as solid gray lines in (b,c). In (d) the Fano parameters for the A1g modes in thick
NFs (d < 14 nm), which obtained very high values due to their symmetrical line
shape, are indicated by arrows. Reprinted with permission from [129]. Copyright
2022 American Chemical Society.
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Furthermore, the same appearance of an additional mode at the low energy side of the

Eg
2 phonon is detected in NFs with OCs below the critical value. The mode is marked by

an asterisk in Figure 5.5(a).

Before analyzing the phonon renormalizations in both Bi2Se3 and Bi2Te3 the identification

and origin of the additional modes in thin NFs is discussed in the next paragraph.

Inversion symmetry breaking in thin Bi2Se3 and Bi2Te3 NFs on Au substrate

As the thickness of the Bi2Se3 NFs reduces below 11 nm an additional mode is recorded

in the Raman spectra that splits from the bulk Eg
2 mode by as much as 10 cm−1 as

shown in Figure 5.4(b). The emerging phonon in thin NFs is marked by an asterisk in

Figure 5.4(a) and can be assigned to a bulk IR-active mode that becomes Raman-active

due to pronounced inversion symmetry breaking at the surface of thin NFs. The mode

appearing at 124 cm−1 fits well to the in-plane vibrational IR mode of Eu
2 symmetry. As

explained in section 3.1.6 the reduction of inversion symmetry for thin NFs leads to altered

Raman selection rules that allow for the detection of previously exclusive IR-active modes.

In comparison with literature the Eu
2 mode has been identified in Raman measurements

on bulk samples at cryogenic temperatures of below 13 K [62,113] and for thin film samples

below 9 nm thickness at slightly elevated temperatures of 80 K. [115] (see also Table A.2).

The appearance of this mode even at room temperature Raman measurements again

highlights the strong enhancement by the underlying gold substrate. Assigning the mode

to the Eu
2 phonon is justified by polarization dependent measurements of several NFs

with varying thickness, shown in Figure C.6. The constant Raman intensity measured in

both xx and xy geometry confirms the E symmetry of the emerging mode, which is shown

for an exemplary thin Bi2Se3 NF in Figure 5.6(a).

Figure 5.6: Inversion symmetry breaking in thin 2D NFs on Au substrates. Polarization
dependent measurements of (a) a thin Bi2Se3 (OC = 39.0) and (b) Bi2Te3 (OC =
29.5) NF, with optical micrographs of the NFs shown in the insets. In both
polarization configurations of xx (black) and xy (red) geometry the Raman intensity
is constant confirming the E symmetry. The blue graphs show the deconvoluted
profiles obtained from Lorentzian fits to the spectra. Adapted with permission
from [129]. Copyright 2022 American Chemical Society.

85



5 Micro-Raman investigations of the TI-gold interface

Equivalently, in thin Bi2Te3 NFs with thicknesses below 11 nm, corresponding to OCs

below 34, the emerging mode with frequency around 93.5 cm−1 can also be identified as

the bulk IR Eu
2 mode (see modes marked by asterisks in Figure 5.5(a)). The E symmetry

of this mode is also verified in the polarization configuration independent Raman intensity

as shown in Figure 5.6(b). Additional measurements are presented in appendix C.2.3. In

contrast to Bi2Se3, this surface mode has been experimentally observed before in room

temperature measurements on thin film samples with 40 µm thickness, [116] and nanoplates

with thicknesses below 7 nm. [119,121] (see also Table A.1).

The detection of the IR-active phonons originating from the inversion symmetry breaking

at the surface underlines the high surface-to-bulk ratio of the investigated NFs. The

pronounced detection of the Eu
2 mode at room temperature shows the strong enhancement

of the Raman response due to the Au substrate.

Interface-enhanced Raman scattering by carrier injection

The strong phonon renormalizations observed in the NF thickness dependent Raman

studies on Au substrate are the result of changing self-energy corrections in the NFs.

Especially the observation of Fano profiles for the two A1g modes hints to the presence of

a low-energy electric susceptibility coupling to the phonons. In the following section it is

argued how the Au substrate leads to an accumulation of free carriers at the contacted

NF surface that can explain both the strong Raman signal enhancement as well as the

observed phonon renormalizations by changing el-ph interactions.

First, the phonon renormalizations solely caused by the change in NF thickness are

considered. In comparison with literature, an equivalent thickness dependent study of

Bi2Se3 NFs on silicon substrate conducted by Zhang et al. revealed much weaker phonon

renormalizations. [64] The A1g
1 phonon for NFs on Si showed a frequency shift of only

1.2 cm−1 in the decreasing NF thickness range of 13 nm to 8 nm. In contrast, the NFs

placed on Au substrate investigated here show a substantially stronger frequency shift

in the same thickness range, with the A1g
1 mode shifting by 3 cm−1 in Bi2Se3 and even

5.8 cm−1 in Bi2Te3 NFs (see Figure 5.4(b) and Figure 5.5(b)). The thickness dependent

change in frequency was explained to origin from a phenomenological phonon confinement

in c-direction that lifts the bulk Raman selection rule (q = 0) and allows for the creation of

phonons around the Brillouin zone center. [64] However, examining the phonon dispersion

curves of Bi2Se3 and Bi2Te3 presented in Figure 3.5 it cannot explain the strong red shifts

of the A1g
1 and especially blue shifts of the A1g

2 modes. Therefore, in agreement with

the concomitant changes in line width and Fano parameter, self-energy corrections by

additional el-ph interactions have to be considered for the NFs on Au substrate.

It was shown by ab initio calculations that the interface between Bi2Se3 to an Au substrate

leads to the transfer of electrons from gold into the Bi2Se3 because of its electron affinity

of 5.3 eV, which results in substantial band bending at the contacted side. [150] Due to the

insulating bulk properties of Bi2Se3 the injected electrons are accumulated at the Bi2Se3
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surface in contact. In Figure 5.7(a) the band bending in Bi2Se3 is schematically shown

and indicates how the charge accumulation in the first 2 nm leads to a build up of an

electric field across the NF. The electric field enhances the Raman scattering cross section.

This explains the strongly increased Raman susceptibilities obtained at all wavelengths

for the NFs on Au in comparison with similarly thick NFs placed on silicon substrate

(Figure 5.3(a,c)). On Si substrate with an additional insulating SiO2 layer reduced carrier

transfer is expected. Indeed, band bending at the interface of Bi2Se3 nanoribbons to an

SiO2 interface was identified by Veyrat et al. leading to a downward band bending by

about 400 meV and the creation of 2D quantum well states originating from the bulk. [40]

The similar but weaker band bending at an SiO2 interface can equivalently explain the

higher Raman intensities obtained from NFs on Si in comparison to bulk signals. The

enhanced Raman signal for thin NFs placed on Si or Au substrates can hence be linked to

the band bending induced build up of an electric field across the NFs (see Figure 5.7(b)).

Depending on the charge transfer and band bending potential different enhancements are

observed. The minor band bending effects for NFs placed on silicon explains the by a

factor of around 15 weaker Raman susceptibilities (Figure 5.3(c)) and comparatively small

phonon renormalizations observed by Zhang et al. due to reduced el-ph interactions.

Reduction of bulk resonance conditions due to band bending effects

In contrast, the injected carriers for NFs in contact to gold can explain the NF thickness

dependent renormalizations and Raman intensities. The phonon renormalizations by el-ph

interactions are discussed in detail in the last paragraph of this section. Beforehand, the

Raman intensities changing with the NF thickness are considered. In Figure 5.7(c,d) the

extracted phonon intensities corrected for the NF scattering volume are given as a function

of Bi2Se3 and Bi2Te3 NF thickness, respectively. Surprisingly, the Raman intensities show

a stronger thickness dependence than anticipated by the linear change in scattering volume.

Similar to the phonon renormalizations, the thicker NFs show a constant enhanced Raman

signal that quickly collapses below a critical thickness of about 10 nm (OC < 45) in Bi2Se3

and 12 nm (OC < 35) in Bi2Te3. The reduced signal enhancement in thin NFs becomes

again apparent when analyzing the band bending effects induced by the Au interface. For

Bi2Se3 in contact to gold the carrier transfer leads to a downward band bending by as

much as 1 eV as predicted by Spataru et al., [150] schematically shown in Figure 5.7(a). For

stoichiometric Bi2Se3 this corresponds to a population of the bulk conduction band at the

contacted NF surface. The band bending affects the electronic band structure up to a

depth of 5.5 nm into the NF surface. [150] For the only few nm thin Bi2Se3 NFs the contact

to gold and carrier injection hence significantly reduces the insulating bulk region inside

the NF. With decreasing NF thicknesses the band bending would finally extend across the

entire NF as illustrated in Figure 5.7(a). In thick Bi2Se3 NFs (d > 11 nm) the electronic

structure in the bulk allows for the resonant interband transitions from the valence into

the first conduction band, as discussed in the previous sections.
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5 Micro-Raman investigations of the TI-gold interface

Figure 5.7: Carrier injection induced Raman enhancement and phonon renormalizations.
(a) Schematic model of the band bending effects in a Bi2Se3 NF in contact to
gold. The band bending potential was depicted according to the calculations of
Spataru et al.. [150] Band structures above the respective flake area give the band
fillings and depict resonant conditions in bulk and non-resonant conditions in the
band bending area. Bands dispersions are depicted along the ΓL direction according
to [21] (b) Schematic carrier transfer from the gold substrate into the contacted
bottom surface of the NF and creation of an electric field. (c,d) Scattering volume
corrected intensities of the three bulk phonon modes of Bi2Se3 and Bi2Te3, respec-
tively. Intensities are normalized to the value of the thickest measured NF and solid
lines correspond to sigmoidal fits. Dashed lines indicate the threshold thickness for
bulk resonance contributions. Adapted with permission from [129]. Copyright 2022
American Chemical Society.

88



5.5 Results - Carrier injection by Au substrate

The bulk resonance conditions together with the electric field across the NF lead to the

strongly observed signal enhancement. The scattering-volume corrected intensities for

thicker NFs are hence constant. For thin NFs (d < 10 nm) the extending band bending

effects quickly lead to a tuning out of the resonance bulk conditions. By the population of

the first bulk conduction band the probability for the resonant interband transitions is

reduced as schematically depicted in the band structures of Figure 5.7(a). This is evident

in the drastically reduced signal by 80 % when the NF thickness is only reduced from

11 nm to 9 nm.

The abrupt change in Raman signal while reducing the thickness below a critical value

of 10 nm is assigned to the collapsing bulk resonance conditions. The sigmoidal fits of

the thickness dependent phonon intensities in Figure 5.7(c) reveal for Bi2Se3 a threshold

thickness of 10.2 ± 0.02 nm. Additionally, the surface of Bi2Se3 is known to be prone to

the formation of Se vacancies leading to the formation of localized two-dimensional trivial

surface states. [33] The exposure of Bi2Se3 to ambient conditions can hence result in an

inherent band bending similar to a gold substrate, that typically extends up to about 2 nm

below the surface [45,134,161]. In Figure 5.7(a) we have depicted for the sake of simplicity

a native Bi2Se3 surface with the Fermi level inside the bulk band gap. However, under

ambient conditions the native n-doping effect would yield for a 10 nm thick NF an effective

bulk contribution of 6 nm. In contact to gold this bulk contribution is further reduced by

the strong band bending effects explaining the sudden reduced Raman intensities for NFs

below a thickness of 10 nm.

Since Bi2Te3 exhibits a similar electron affinity of 5.3 eV as Bi2Se3, [38] the prediction

of equivalent carrier injection from a gold substrate is made. With a slightly smaller

bulk band gap Bi2Te3 is also expected to experience band bending effects. Indeed, the

scattering volume corrected Raman intensities shown in Figure 5.7(d) similarly show a

constant value for thick NFs (d > 11 nm) and reduce abruptly by about 65 % in thin NFs.

Here, the sigmoidal fits determine a critical thickness of 10.6 ± 0.8 nm for the Eg
2 and

A1g
2 modes. The identification of a critical Bi2Te3 NF thickness of about 11 nm indicates

similar band bending effects induced by the TI/gold interface.

Electron-phonon coupling

The pronounced band bending effects and growing contribution of injected carriers in

thinner NFs are further evident in the strong phonon renormalizations. In accordance with

the band bending induced changes in phonon mode intensities, phonon renormalizations

are setting in at the same critical NF thicknesses (Figure 5.4,Figure 5.5,(b,c)). The

injected carriers populate the upper Dirac cone and bulk conduction bands in the TI NFs

as schematically depicted in Figure 5.7(a). The available carriers provide a low-energy

electric susceptibility that interacts with the phonons. The el-ph interaction is clearly

evident in the changing Fano parameter of the A1g modes and significant renormalizations

in frequency and line width. As explained in in section 3.1.2, the Fano profile indicates
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5 Micro-Raman investigations of the TI-gold interface

a Raman response that is determined by coupling to a low-energy electric susceptibility
χel. The Fano profile given in Equation (3.20) describes the resulting phonon self-energy

corrections that can be used to derive the change in the el-ph interaction with decreasing NF

thickness. Here, specifically the change in the modes line width, given by Equation (3.17),

is used to analyze the el-ph interaction and is rewritten to

g
√

πim =
√

Γω − Γ̃ω. (5.4)

The renormalization in line width is determined by the el-ph coupling strength g as well

as the imaginary part of the electric susceptibility πim. Furthermore, πim also determines

the electronic background leading to the Fano interference. To study the possible change

in the electronic background with NF thickness the Bose corrected background after the

subtraction of the phonon modes is examined in Figure 5.8(a,c). For the investigated

Figure 5.8: Electronic background and changes in el-ph coupling strength as a function of NF
thickness. (a,c) Raw Raman spectra of Bi2Se3 and Bi2Te3 NFs with varying OCs
and their Bose corrected backgrounds after phonon subtraction, respectively. Black
graphs correspond to the phonons fit function. The backgrounds correspond to the
imaginary part πim of a low-energy electric susceptibility and are constant for NFs
of varying thickness. (b,d) Electron-phonon coupling strength g cotc derived from
line width renormalizations in the Bi2Se3 and Bi2Te3 bulk phonons as function
of NF thickness, respectively. Dashed lines give guides to the eye. Adapted with
permission from [129]. Copyright 2022 American Chemical Society.
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5.6 Summary

Bi2Se3 and Bi2Te3 NFs, respectively, there is no change in background observed, strongly

suggesting a constant electronic background πim independent of the NFs thicknesses. This

is reasonable as all NFs are in contact with the same gold substrate and should experience

carrier injection to the same extend leading to identical accumulations of electron densities

at the contacted surface. Accordingly, Equation (5.4) can be applied to investigate the

change in el-ph coupling strength g with NF thickness. Assuming πim is constant its

contribution can be summarized in a constant c. The results presented in Figure 5.8(b,d) for

Bi2Se3 and Bi2Te3, respectively, reveal an increasing el-ph coupling as the NFs get thinner.

This is again plausible as the relative contribution of the constant electric susceptibility

to the possible phonon decay channels increases as the NFs get thinner. In summary,

the concomitant changes in phonon intensity and el-ph interaction at the same critical

thickness demonstrate how both can be related to band bending effects at the NF surface

in contact to a gold substrate.

The Au/TI interface leads to

• carrier injection from Au into the TI NFs induces band bending

• enhancement of Raman susceptibility via electric field across the

NFs

• reduction of resonance bulk condition with decreasing NF thickness

• increasing electron-phonon interactions in thin NFs due to the

injected carriers occupying the bulk conduction bands

5.6 Summary

In a preliminary study to obtain the highest possible Raman signal of single Flake

measurements, the resonance Raman conditions at excitation energies of 1.96 eV where

identified for Bi2Se3 NFs placed on Si and Au substrates, as well as a reference bulk sample.

The resonance corresponds to electronic interband transitions and is intrinsic to Bi2Se3.

The influence of a gold substrate on ultrathin Bi2Se3 and Bi2Te3 NFs was studied by

investigating NFs with decreasing thicknesses of 12.5–7.7 nm and 17.7–8.9 nm, respectively.

The use of thin NFs enabled the access of the TI-gold interface via Raman spectroscopy.

The obtained results reveal carrier injection from the gold substrate into the contacted

NF surface resulting in downward band bending in the TI band structure. The carrier

accumulation and band bending effects are reflected in several properties of the Raman

spectra that are equivalent for both TI materials.

Firstly, the Raman susceptibility and resonance profile of Bi2Se3 NFs on gold is strongly

enhanced by a factor of 14 in comparison with silicon substrate that are explained by the
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5 Micro-Raman investigations of the TI-gold interface

build up of an electric field across the NF. Secondly, the Bi2Se3 and Bi2Te3 phonons show

strong renormalizations below critical thicknesses of 10 nm and 12 nm, respectively. These

can be related to self-energy corrections by coupling to a low-energy electric susceptibility

provided by the injected carriers. The electron-phonon interaction is apparent in the

incipient renormalizations and asymmetric Fano line shapes in thin NFs. Analyzing

the electronic background of Raman spectra reveals a constant electric susceptibility for

decreasing NF thicknesses. This is expected since all NFs were in contact with the same

gold substrate and identical carrier transfer is expected at all interfaces. However, the

electron-phonon coupling strength increases in thin NFs due to the higher contribution

to the overall NF volume. This is reflected in strong Fano parameters and increased line

widths. Lastly, the carrier injection leads to a population of the bulk conduction bands

in the TI NFs, which reduces the bulk resonance conditions and leads to a tuning out of

resonance with decreasing NF thickness.
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ABSTRACT: The electron-phonon interaction at the interface
between topological insulator (TI), namely, Bi2Se3 and Bi2Te3 two-
dimensional (2D) nanoflakes, to a gold substrate as a function of
TI flake thickness is studied by means of Raman scattering. We
reveal the presence of interface-enhanced Raman scattering and a
strong phonon renormalization induced by carriers injected from
the gold substrate to the topological surface in contact. We derive
the change of the electron-phonon coupling showing a nearly linear
behavior as a function of layer thickness. The strongly nonlinear
change of the Raman scattering cross section as a function of flake
thickness can be associated with band bending effects at the metal-
TI interface. Our results provide spectroscopic evidence for a
strongly modified band structure in the first few quintuple layers of
Bi2Se3 and Bi2Te3 in contact with gold.

KEYWORDS: topological insulator gold contact, Bi2Se3, Bi2Te3, Raman spectroscopy, carrier injection, band bending,
electron-phonon coupling

1. INTRODUCTION

Spin-polarized surface states hosting quasi-relativistic electrons
are a key characteristic of topological insulator (TI)
nanostructures.1,2 Most importantly, novel, robust, and highly
conductive electronic channels can form at interfaces between
systems with different topological character. These surface
states are topologically protected by time-reversal symmetry
and are the result of a strong spin-orbit coupling (SOC) term
in the Hamiltonian. Due to the spin-momentum locking of the
topological surface states (TSS) leading to reduced back-
scattering and high carrier mobilities, TIs have become
promising candidates for spin-transfer torque memory
devices,3−6 high-performance photodetectors,7 and fiber
lasers.8 At interfaces of systems with different topological
character, one would expect that the TSS are robust.1,9 Yet, the
response of the TSS to a contact or substrate is critical for the
development of electronic devices with consequences for their
applications. Furthermore, the relevance of topological physics
depends on the Fermi-level position at the interfaces due to
possible charge transfer across the interface.10 Even though
detailed theoretical predictions on the metal-TI band structure
exist,11 these obscured interfaces are rarely studied. Especially
the contact to gold is of high interest in TI-based devices.7,12,13

Important representatives for three-dimensional TIs are Bi2Se3
and Bi2Te3 featuring a single Dirac Cone in the Brillouin zone
center with different bulk band gaps.14 The narrow-gap

semiconductor Bi2Se3 is one of the most intensively studied
three-dimensional (3D) TIs due to its comparably large bulk
band gap of 0.3 eV with the Dirac point positioned within the
bulk band gap.15,16 In contrast, the band gap of 0.16 eV in
Bi2Te3 is substantially smaller and the Dirac point is shifted
close to the valence band.17,18 Despite many studies on the
electronic properties of Bi2Se3 and Bi2Te3 by means of
transport measurements,19−22 only a very limited number of
studies exist that explicitly focus on the local properties of the
Au-TI interface. The interface chemistry between gold and
Bi2Se3 has been studied both theoretically11 and experimen-
tally,23,24 revealing chemical inertness and no hybridization
with the TSS. However, ab initio calculations have predicted
the injection of carriers into the TI leading to substantial band
bending at the Au-TI interface of about 1 eV.11 Often the
metal-to-insulator contact is not directly accessible for
experiments that study the topological state from the side of
the vacuum. However, Raman scattering on thin flakes has
already been proven to be a valuable tool to reveal quasi-
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relativistic electrons and their interactions with phonons of the
TSS.25−27 Note that Raman scattering is a contact-free, local,
and direct measurement of the interface properties. Fur-
thermore, Raman spectroscopy is a volume scattering
technique and allows us to study TSS that are not directly
accessible or covered, which is the main challenge for highly
surface-sensitive techniques like angle-resolved photoemission
spectroscopy (ARPES)21 and scanning tunneling spectroscopy
(STS).28 In particular, Raman spectroscopy allows for
understanding the interplay between electronic degrees of
freedom and the lattice.
In this paper, we study the interface between a gold

substrate and topological insulator nanoflakes (NFs) of Bi2Se3
and Bi2Te3 of varying thickness by employing spatially resolved
high-resolution Raman scattering. Tuning the thickness of the
NFs allows for controlling (a) the bulk contribution, which is
used to identify contributions originating from the surface, and
(b) the effective charge transfer from the substrate. We
investigate the changes in the electronic susceptibility of the
NFs and its influence on the phonon line shapes as a function
of the NF’s thickness and optical contrast, thereby identifying
carrier injection at the interface. We discuss the implications of
band bending on the observed Raman spectra and determine
the changes in the electron-phonon interaction as a function of
NF thickness.

2. EXPERIMENTAL SECTION

Bi2Se3 and Bi2Te3 NFs were synthesized using a wet-chemical polyol
method, which is described in detail in ref26 and the Supporting
Information (SI-Section 1). The single crystallinity, growth direction,
and correct stoichiometry were thoroughly verified using transmission
electron microscopy (TEM), selected area electron diffraction
(SAED), and energy-dispersive X-ray spectroscopy (EDX), respec-
tively.26 For the investigation of individual NFs, the dispersed flakes
were drop-cast onto silicon and gold substrates and their thicknesses
were determined using atomic force microscopy (AFM) (see SI-
Section 4). Raman measurements on individual NFs were acquired
employing a custom-made micro-Raman setup29,30 creating diffrac-
tion-limited laser spot diameters varying between 211 to 398 nm
depending on wavelength (see SI-Section 2). All spectra were
collected in an effective backscattering configuration with the
polarization configuration z(xx)z ̅ denoted in Porto notation.31 The
micro-Raman setup enables the use of various excitation wavelengths
in the visible range of 400−700 nm. Details on the used laser sources
and data treatment are given in SI-Sections 2 and 3. Due to the low
thermal conductivity of both Bi2Se3 and Bi2Te3,

32 extensive prestudies
on laser powers and integration times were conducted to determine
appropriate measurement configurations that exclude laser heating
effects on the Raman spectra. With the employed conditions, we
ensure damage-free measurements (see SI-Section 2.2). We found
that for a 633 nm excitation wavelength with a spot diameter of
211 nm, a power of 40 μW (leading to a power density of
114 kW/cm2 on the sample) results in low noise Raman signals
without damaging the NFs. The spectra were acquired while scanning
over the NF surfaces by about 2−4 μm2. All data have been
normalized to power and integration time and are corrected for the
spectral response of the instrument.29

3. RESULTS AND DISCUSSION

3.1. Resonance Raman Study on Bi2Se3. We first
investigate Bi2Se3 NFs on gold and silicon substrates as a
function of wavelength to determine the Raman resonance
profile. By measuring under resonant conditions, the collected
Raman signal of individual NFs is increased by an order of
magnitude, which enables higher accuracy in the data analysis

of NFs differing by only a few nanometers in thickness. Figure
1a shows the collected Raman spectra of single Bi2Se3 NFs on

silicon and gold for excitation wavelengths of 532, 560, 594,
633, and 705 nm. For all NFs, regardless of the substrate, the
characteristic bulk phonon modes of Eg

2 and A1g
2 symmetry

were identified.33,34 In Figure 1b, we show the peak
susceptibilities extracted from Lorentzian fits for both phonons
for all incident photon energies. To obtain the resonance
behavior, we have corrected the peak intensities for the
dielectric properties of Bi2Se3 as well as the scattering volume

Figure 1. Resonance studies on Bi2Se3. NF Raman signal on gold
compared to silicon substrates and a bulk single crystal. (a)
Comparison of Raman spectra from single NFs on silicon (dotted)
and sputtered gold substrate (solid) for different excitation wave-
lengths as indicated. The thicknesses of the NFs are given in Table S4
in the SI. All spectra are normalized to laser power as well as
integration time and are displayed with an offset for clarity. The
measurements on silicon substrates are all multiplied by a factor of 5.
The insets show the crystal structure of a conventional Bi2Se3 unit cell
and the atomic displacement vectors for the two observed phonon
modes. (b) Resonance profiles of the Eg

2 (squares) and A1g
2 (circles)

phonon susceptibilities as a function of energy corresponding to the
excitation wavelength shown in (a). Gray and yellow markers
correspond to the spectra of the NFs on silicon and gold substrate,
respectively. Lorentzian fits are given as solid lines for the NFs on Au
and Si. Black markers show the resonance behavior of a Bi2Se3 bulk
sample. Values are normalized to 532 nm (2.33 eV). The dashed and
dotted lines indicate the resonance frequency of the NFs on Au and
bulk sample, respectively. (c) Enhancement between the NF Raman
signal on gold and silicon at the corresponding energy of the Eg

2

(squares) and A1g
2 (circles) phonons. (d) Susceptibility ratios of the

Eg
2 to A1g

2 modes for the NFs on Si (gray diamonds) and Au (yellow
open circles).
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of each measured NF. Details on the correction factors used to
obtain the Raman susceptibilities are given in SI-Section 3.2.
Already on the silicon substrate, we obtain a signal increase by
a factor of 10 when tuning the excitation wavelength into
resonance. For a reference bulk sample, a similar but weaker
resonance is observed (see Figure 1b). This resonance of
Bi2Se3 has been previously reported35,36 and is generally
assigned to a resonant interband transition.37,38 However, for
the measurements on gold substrate, a substantially larger
signal is obtained for all wavelengths in comparison with the
silicon substrate. Furthermore, we observe an enhanced
resonance profile on gold with a signal increase by a factor
of 50 when tuning the excitation energy into the red. Note that
the Raman susceptibility of the bulk sample is significantly
smaller than the NF susceptibilities, an effect that has been
observed before for Bi2Se3 and Bi2Te3 thin-film samples.27,39

Due to the penetration depth of around 9 nm in the visible
spectra range (see SI-Figure S2c), the bulk and NF samples
actually yield similar scattering volumes. Yet, the thin NFs
show a strongly enhanced Raman response, which we discuss
in the final part of this study. Figure 1b clearly indicates a sharp
resonance of the phonons in the Bi2Se3 NFs on the gold
substrate at 633 nm corresponding to 1.96 eV. The resonance
profiles for bulk samples and NFs on silicon and gold were
fitted by a Lorentzian profile. They exhibit similar resonance
positions at 1.94 ± 0.06 eV (bulk) and 1.91 ± 0.03 eV (NFs),
both of which are close to the 1.96 eV (633 nm) excitation
line. By comparing the peak susceptibilities of the silicon and
gold measurements, we determine an increasing enhancement
for both phonons on the gold substrate, E = XAu/XSi, which is
shown in Figure 1c. The enhancement on the gold substrate is
increasing when tuning the incident photon energy to smaller
energies. The strongest relative signal enhancement by a factor
of ∼20 is found for 1.76 eV, which is at slightly lower energies
compared to the resonance position at 1.90 eV. We further

observe a change in the relative susceptibilities of the Eg
2 to the

A1g
2 modes when approaching the resonance as shown in

Figure 1d. The A1g
2 mode shows a stronger enhancement

around the resonant excitation energy, which results in a
decreasing susceptibility ratio of Eg

2 to A1g
2. This trend is

observed for NFs on both, silicon and gold substrates. Our
observations of identical resonance profiles and mode ratios for
NFs on silicon and gold show that the resonance is intrinsic to
the Bi2Se3 NFs. The enhanced Bi2Se3 resonance on Au
provides first indications that the conditions for a resonant
interband transition are changed. We show in the final part of
this work how the interband transitions are affected by band
bending effects as a possible consequence of carrier injection
from the gold substrate. Carriers injected into the bottom NF
side in contact with gold increase the number of available
electrons for resonant interband transitions and lead to an
enhanced Raman response. This view is also supported by
changes in the resonance positions in the NF samples
compared to the bulk, where the occupation of bands
responsible for the resonant transitions leads to a slight
change in resonance energy. All further measurements have
been conducted under resonant conditions with an excitation
wavelength of 633 nm.

3.2. Thickness Dependence of Bi2Se3 and Bi2Te3 NFs
on Au. In Figure 2, we study the thickness dependence of the
Raman signal from Bi2Se3 NFs on the same gold substrate.
Figure 2a shows selected Raman spectra of Bi2Se3 NFs with
decreasing thicknesses from 12.5 to 7.7 nm. The change in NF
thickness of only a few nanometers is already apparent in
optical microscope images, where the optical contrast (OC) of
the NFs changes drastically with thickness. The OC is defined
by the ratio of the averaged greyscale values on the NF
compared to the values on the gold substrate (see SI-Section
4.1). NFs with thicknesses above 12 nm appear dark on the
gold substrate with OCs above 50, whereas the OC decreases

Figure 2. Phonon renormalization in Bi2Se3 NFs with varying thickness on the same gold substrate. (a) Raman spectra of six individual NFs with
decreasing thicknesses from 12.5 nm (OC = 56.18) to 7.7 nm (OC = 31.51) (see Table S5 in the SI). Corresponding microscope images of the
measured NFs are shown to the right of the spectra. The scale bar is 2 μm. In the diagram, the three main phonon modes A1g

1, Eg
2, and A1g

2 of
Bi2Se3 are labeled as well as a growing IR mode marked by asterisks. Vertical dashed lines are given as a guide to the eye and correspond to the
mode frequencies for the thickest NF. The optical contrasts of the NFs are given next to their corresponding spectra. Renormalization of (b) mode
frequencies, (c) FWHM, and (d) extracted Fano parameters with NF thickness. Dashed lines are a guide to the eye. For reference, phonon
frequencies, FWHM, and Fano parameters measured from the thickest NF are given as solid gray lines in (b−d).
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for thinner NFs of around 8 nm down to a value of 32. Indeed,
in this range of thicknesses, the OC is directly proportional to
the NF thickness as shown in the SI-Section 4.1, thus allowing
for a direct experimental control of the NF thickness in the
Raman measurement. For Bi2Se3 NFs with high OCs above 50
(corresponding to d > 12 nm), Raman spectra show the three
well-known bulk phonons of A1g

1 (63.18 ± 0.02 cm−1), Eg
2

(123.08.18 ± 0.04 cm−1), and A1g
2 (166.41 ± 0.02 cm−1)

symmetries,33 with the frequencies obtained for the thickest
NF given in parentheses. Intriguingly, for thinner NFs close to
a critical OC of 45 (d < 10 nm), the three bulk phonons
experience a strong renormalization. In particular, with
decreasing OC, the A1g modes are shifted in frequency and
the E-mode splits into a double peak feature. Furthermore, for
the lowest OC, we observe a substantial decrease in Raman
intensity that we cannot exclusively attribute to the decreased
thickness of the NF.
By fitting the Eg modes with Lorentzian and the A1g modes

with Fano profiles, we show in Figure 2b the extracted mode
frequencies that reveal a softening of the low-energy A1g

1 mode
by 3 cm−1 and a hardening of the A1g

2 mode by 2.6 cm−1 in the
investigated range of NF thicknesses. This frequency
renormalization is accompanied by an increase of the full
width at half-maximum (FWHM) by 8 and 4 cm−1,
respectively, as shown in Figure 2c. Moreover, for thin NFs
on gold, the bulk Eg

2 phonon splits into two modes. The split
low-energy mode separates from the Eg

2 bulk mode by about
10 cm−1, as shown in Figure 2b. The emerging phonon on the
low-energy side of the bulk Eg

2 phonon in NFs with low
thicknesses is related to a surface vibrational mode. At the
surface, the crystalline symmetry is perturbed, which results in
a reduction of the bulk point group symmetry D3

d to the
surface point group C3

v.40,41 The C3
v point group contains

irreducible representations that include infrared (IR) active

bulk phonons, which become Raman-active upon the breaking
of inversion symmetry at the surface. For Bi2Se3, the mode
around 124 cm−1 can be assigned to the in-plane bulk IR mode
of Eu

2 symmetry.33 This surface mode has been observed for
bulk samples at very low temperatures <13 K25,41 and thin-film
samples below 9 nm thickness at 80 K.42 We have confirmed
the E-symmetry of the emerging surface vibrational mode by
conducting Raman measurements with parallel (xx) and
crossed (xy) polarization. A thorough analysis of the symmetry
is given in the SI-Section 4.3. The significant thickness
dependence of the A1g modes becomes further apparent when
analyzing the line shape of the phonons. For the A1g modes, we
find an asymmetric Fano profile yielding information on the
electron-phonon coupling. This line shape encodes a coupling
of discrete phonon states to electronic degrees of freedom in
the system.43 The Fano parameter q determines the asymmetry
of the profile, where the negative or positive sign of q specifies
whether the electronic susceptibility constructively interferes
with the phonon on its low- or high-energy side, respectively.
In agreement with the observed renormalizations of mode
frequencies and FWHM, we find a strong decrease in the Fano
parameter for NFs below an OC of 45 and corresponding
thickness below 10 nm, as shown in Figure 2d. This
observation shows the presence of a low-energy electronic
susceptibility interacting with the phonons. Since the phonon
frequency is renormalized by the real part of an electronic
susceptibility,26,44 the softening of the A1g

1 mode can be
explained by coupling to a positive real part and the hardening
of the A1g

2 mode by coupling to a negative real part of the
electric susceptibility. Furthermore, taking the opposite signs
of the Fano parameter q for the two A1g modes into account,
this spectral behavior indicates the coupling of these modes to
an electronic susceptibility in a frequency range between 60
and 130 cm−1.

Figure 3. Phonon renormalization in Bi2Te3 NFs with varying thickness on the same gold substrate. (a) Raman spectra of six individual NFs with
decreasing thicknesses from 17.7 nm (OC = 37.40) to 8.9 nm (OD = 30.62) (see Table S5 in the SI). Corresponding microscope images of the
measured NFs are shown to the right of the spectra. The scale bar is 2 μm. In the diagram, the three main phonon modes A1g

1, Eg
2, and A1g

2 of
Bi2Te3 are labeled as well as a growing IR mode marked by asterisks. Dashed lines are given as a guide to the eye and correspond to the mode
frequencies for the thickest NF. Renormalization of (b) mode frequencies, (c) FWHM, and (d) Fano parameter with NF thickness. Dashed lines
are a guide to the eye. For reference, phonon frequencies and FWHM measured from the thickest NF are given as solid gray lines in (b,c). In (d),
the Fano parameters for A modes in thick NFs (d > 14 nm), which obtained very high values due to their symmetrical line shape, are indicated by
arrows.
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In Figure 3, we present data from the equivalent experiment
on the 3D TI Bi2Te3, which exhibits a smaller bulk band gap of
0.16 eV. The OC of Bi2Te3 NFs is also proportional to the NF
thickness, as shown in SI-Section 4.1. The thickness-dependent
Raman measurements on gold for Bi2Te3 NFs from around 18
to 9 nm are presented in Figure 3a. For all NFs, the bulk
Raman modes of A1g

1 (61.53 ± 0.03 cm−1), Eg
2 (101.80 ±

0.02 cm−1), and A1g
2 (133.49 ± 0.11 cm−1) symmetries are

detected with frequencies of the thickest measured NF given in
parentheses. In comparison with Bi2Se3, the Raman modes of
Bi2Te3 are shifted to lower frequencies due to the higher mass
of Te atoms compared to Se atoms.33 When evaluating the
Raman spectra as a function of NF thickness, the phonons
show a behavior similar to Bi2Se3 with respect to phonon
renormalizations as the NFs get thinner. For NFs with OCs
below 34, we find strong deviations in frequency, FWHM, and
Fano parameter from the Raman spectra of thicker NFs.
Namely, a stronger softening by 6.9 cm−1 compared to Bi2Se3
and a comparable hardening by 3 cm−1 of the respective A1g

1

and A1g
2 phonon modes as shown in Figure 3b is observed. We

find increasing FWHMs by about 6 and 13 cm−1, respectively,
which is accompanied by a decreased Fano parameter for thin
NFs (Figure 3c,d), indicating incipient electron-phonon
interactions also in these thin Bi2Te3 NFs. In particular, a
similar mode splitting of the Eg

2 mode is clearly apparent. In
Bi2Te3, the split emerging mode at 93.5 cm−1 can again be
assigned to the bulk IR-active Eu

2 mode33 (see SI-Section 4.3).
This surface mode has been experimentally observed at room
temperature in thin-film samples and nanoplates with
thicknesses below 7 nm45−47 as well as in films of drop-cast
NFs below 100 K.26

3.3. Interface-Enhanced Raman Scattering by Carrier
Injection. Our observation of strong renormalizations of the
phonons in metal-contacted TIs is a result of an enhanced
electron-phonon interaction that can be associated with carrier
injection and corresponding band bending at the contacted
side of the NF as we will detail below. In comparison, Zhang et
al. have measured Bi2Se3 NFs of differing thicknesses placed on
silicon substrates and observed a much weaker frequency shift
in the A1g

1 phonon of only 1.2 cm−1 for decreasing NF

Figure 4. Carrier injection-induced Raman enhancement and phonon renormalizations. (a) Scattering volume-corrected intensities of the three
measured phonon modes in Bi2Se3 as a function of NF thickness. Intensities were normalized to the value of the thickest NF. The right axis
corresponds to the Eg

2 intensities. The insets show a model of a thin NF with band bending effects across the entire NF (left) and a thick NF with
band bending localized to the bottom surface (right). (b) Model of the band structure for a contacted Bi2Se3 NF on gold with values for the band
bending potential according to ref11. Bulk bands experience downward bending due to carrier injection (CI) into the contacted surface. Three
different regions in the NF are indicated by vertical dashed lines corresponding to the strongly bent contact surface, the bulk insulator region, and
the top surface with the native topological surface state (TSS) in contact with air. The relative position of the Dirac point (DP) for the bottom and
top TSS are marked as red dots. Top insets illustrate the relative Fermi position in the top and bottom Dirac Cone. (c) Illustration of charge
injection from gold into the contacted Bi2Se3 surface and development of an electric field across a thick NF. (d) Raman spectra of Bi2Se3 NFs with
varying OCs and their Bose-corrected extracted background corresponding to the imaginary part of a low-energy electronic susceptibility. (e)
Electron-phonon coupling strength determined from line width renormalization with dashed lines as a guide to the eye.
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thicknesses between 13 and 8 nm.34 This was assigned to a
phenomenological phonon confinement model of the out-of-
plane vibrations leading to a relaxed bulk Raman selection rule
(q = 0). However, our measurements on NFs placed on gold
reveal a substantially stronger renormalization for the A1g

1

mode of up to 3 cm−1 for Bi2Se3 and even 5.8 cm−1 for Bi2Te3
NFs in the same thickness range. Hence, the strong redshifts of
the A1g

1 modes and especially the blueshifts of the A1g
2 modes

cannot only be attributed to a confined phonon state.
Furthermore, the observation of concomitant changes in the
line width and Fano parameter hint very strongly toward the
presence of a low-energy electronic susceptibility. Ab initio
calculations have predicted the injection of carriers from gold
into Bi2Se3, leading to a substantial band bending11 and
accumulation of free carriers on the interface side of the
contacted NF. The charge accumulation yields an electric field
across the NF due to the insulating bulk as illustrated in Figure
4c. This leads to the conclusion that the build-up field in
combination with the induced band bending effect enhances
the Raman scattering cross section in contrast to the weaker
signal obtained from NFs on Si (see Figure 1b). The strong
interface enhancement induced by carrier injection is further
supported by the observation of the usually weak bulk IR
modes in both Bi2Se3 and Bi2Te3. Additionally, the presence of
free carriers injected in the bottom side of the NFs explains
both the thickness-dependent phonon renormalizations and
intensities. In Figure 4a, we show the dependence of the Bi2Se3
phonon mode intensities corrected for the NF scattering
volume as a function of NF thickness. We find a stronger
thickness dependence of the Raman intensities than antici-
pated by the linear change in scattering volume. For thicker
NFs, an enhanced Raman signal is observed that quickly
collapses below a critical thickness of about 10 nm. In this
range of thinner NFs, we also observe the strongest phonon
renormalization indicating a strongly enhanced electron-
phonon interaction. In Figure 4b, we schematically display
the band bending effects predicted by Spataru et al.11 for
Bi2Se3 on gold. The injected carriers at the contacted NF
surface lead to a downward bending by 1 eV changing the
electronic band structure to a depth of 5 nm from the interface
of the Au film and the NF11 and populating the bulk
conduction bands. With decreasing NF thickness, this carrier
injection reduces the insulating bulk region until the band
bending reaches across the entire NF as illustrated in Figure
4b. For thick NFs (d > 11 nm), the electronic band structure
meets the conditions of resonant interband transitions leading
to strong Raman susceptibilities. The scattering volume-
corrected intensities for thicker NFs are, therefore, constant.
However, with decreasing NF thicknesses below d < 10 nm,
the band bending quickly leads to tuning out of the resonance
conditions in accordance with the drastically reduced Raman
signal by more than 80% when reducing the NF thickness from
11 to 9 nm. The scattering volume-corrected intensities for the
three phonon modes are readily fit by a sigmoidal function
revealing a critical thickness of 10.2 ± 0.2 nm, as shown in
Figure 4a. For the sake of clarity, we have depicted a native
Bi2Se3 in Figure 4b with the Fermi level positioned in the
center of the bulk band gap at the uncontacted side. However,
it is known that the surface of Bi2Se3 samples is typically n-
doped after sample preparation due to electron doping by local
Se vacancies.48 The accumulated charges induce a downward
band bending similarly to a gold substrate, typically reaching
∼2 nm below the surface and leading to the formation of trivial

surface states.49−51 For a 10 nm thick NF, this would give an
effective bulk contribution of 6 nm, which is further modified
by the strong band bending effects induced by the Au
substrate. Hence, only a small region inside an NF would
contribute to the resonant Raman scattering signal, which
explains the abruptly decreasing Raman intensity for NFs
thinner than 10 nm that is caused by tuning the bulk
conduction bands out of resonance.

3.4. Electron-Phonon Interaction. The growing con-
tribution of injected carriers for decreasing NF thicknesses is
further mirrored in the continuous phonon renormalizations.
The additional free carriers provide a low-energy electronic
susceptibility that couples to the lattice. The resulting electron-
phonon interaction can be derived from the phonon self-
energy effects,44 in particular the change of the widths of the
phonon line shape can be used to estimate the change in the
electron-phonon interaction. The change in the width of the
phonon is given by

= | |gc 2 2
2 0 0 0 (1)

where ω0 and Γ0 are the native frequency and not
renormalized width of the phonon, Γ̃ is the renormalized
width, and C2 is proportional to the imaginary part of the
electronic susceptibility πI. It is only possible to derive a
quantity that is proportional to the electron-phonon coupling
g, and its changes can be derived only if the imaginary part of
the electronic susceptibility πI is constant. However, πI also
determines the electronic background required for the Fano
interference. Therefore, we study the changes in the observed
electronic susceptibility, i.e., the Bose-corrected background
after subtraction of the phonons in Figure 4d. Indeed, we find
no changes in the electronic susceptibility, strongly suggesting
that c2 is indeed constant. Accordingly, we can apply eq 1 to
derive the change of the electron-phonon coupling as a
function of NF thickness, as shown in Figure 4e. We find that
the electron-phonon coupling is enhanced at the same critical
thickness at which the phonon intensity is reduced,
demonstrating that both observations can be related to the
band bending effects. For Bi2Te3 with a reduced bulk band gap
and a similar electron affinity of 5.3 eV,52 one would expect
analogous band bending and qualitatively identical effects on
Raman enhancement, which is indeed the case as shown in the
SI-Section 4.5. This provides evidence that the observed effects
seem to be intrinsic for topological insulators of this class of
materials.

4. CONCLUSIONS

In conclusion, we have studied the interface between a gold
substrate and 2D nanoflakes (NFs) of the topological
insulators Bi2Se3 and Bi2Te3 as a function of NF thickness
by means of Raman scattering under resonant excitation with
633 nm. By reducing the thickness of the NFs an increasing
surface contribution becomes apparent in the detection of the
bulk IR Eu

2 mode in both Bi2Se3 and Bi2Te3 at room
temperature. We reveal the presence of interface-enhanced
Raman scattering and strong phonon renormalization induced
by carriers injected from the gold substrate to the TI NF in
contact. This carrier injection results in band bending, which
leads to the formation of an intrinsic field enhancement for
NFs thicker than 11 nm. In turn, the charge accumulation at
the contacted side of the NF yields strong phonon
renormalization for thinner NFs due to an enhanced
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electron-phonon coupling and simultaneous reduction of the
resonant Raman conditions. The abrupt reduction in Raman
intensity and incipient phonon renormalizations at a transition
thickness of 10.5 nm show the implications of band bending
effects. This creates a fundamental understanding of TI/gold
contacts that should be considered for TI applications and
experiments in the ultrathin limit. Our results outline the
capability of Raman spectroscopy to study the carrier injection
and subsequent electron-phonon interaction in obscured
interfaces between a TI and metal contact and pave the way
for further investigations on different TI/metal contacts.
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6
Chapter 6

Conclusion and Outlook

In this work, the significantly enhanced surface contribution of wet-chemically synthesized

Bi2Se3 and Bi2Te3 nanoflakes was identified by means of Raman spectroscopy. The

investigation of 2D NFs under different environmental conditions like low temperatures,

high magnetic fields, and in contact to a gold interface was conducted to reveal spectroscopic

signatures of the topological surface electrons and their possible interactions with the

crystal lattice.

The surface signature is firstly evident in the detection of Raman-forbidden infrared-active

modes arising from the broken inversion symmetry at the flakes surfaces. These modes

are detected while investigating a manifold of overlapping nanoflakes forming thin film

samples at low temperatures of < 160 K and <100 K for Bi2Se3 and Bi2Te3, respectively.

The reduced temperatures are needed to resolve the surface modes as their weak signal is

covered by the much stronger Raman response of bulk phonons at elevated temperatures.

However, for single NFs placed on a gold substrate a substantial enhancement of the Raman

signal is apparent. This enables the detection of IR modes even at room temperature

when the NFs thickness is below a critical threshold of around 11 nm.

The high contribution of surface modes suggests a strongly increased presence of the

surface related properties, such as the topological surface states, that are expected to result

in spectroscopic features. Indeed, the Bi2Se3 phonon modes show temperature dependent

phonon dynamics that cannot solely be described by a symmetric anharmonic decay of

the phonons into acoustic modes, which would typically dominate in bulk samples. The

phonon modes show additional self-energy corrections. These are successfully described

using a model for non-resonant Raman scattering including the coupling of a phonon

to a low-energy electric susceptibility. This susceptibility can be assigned to electronic

intraband transitions involving the topological Dirac fermions. This is further verified in

the modulation of mentioned susceptibility under the application of magnetic fields above

3 T. The influence of a magnetic field parallel to the crystals c-axis is expected to break

time-reversal symmetry, which leads to the acquisition of mass and lifting of the spin

helicity in the TSS. This causes a gap opening in the Dirac cone with an energy of several

meV. In this thesis, the model of Raman scattering via coupling to low-energy electronic

transitions is able to describe the observed phonon renormalizations. We identify an

available broad electronic continuum with energies between 16 meV to 22 meV connected

to the quasi-relativistic Dirac states. Our results give complementary evidence of the

surprisingly strong coupling of the TSS to phonons in Bi2Se3 that has been identified in

ARPES measurements [148] and demonstrates a particularly strong interaction with the

A1g
2 mode.

In contrast, we find for the Bi2Te3 thin film sample dominating bulk properties, where the
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6 Conclusion and Outlook

phonon dynamics are readily described by the anharmonic decay model and no further

renormalizations under the influence of a magnetic field are detected. This is primarily

assigned to the high amount of smaller cube like NFs that contribute stronger bulk

properties and mask possible surface related effects from the NFs present in the sample.

Furthermore, the isotropic orientation of the cubes c-axis to the applied ~B field impedes

the observation of a manipulation in the Dirac states.

The observation of strong modifications in the Bi2Se3 TSS at fields above 3 T motivates

further investigations on the nature of the coupling between phonons and electrons. In

future experiments, by applying the magnetic field in-plane of the NFs, the TSS origin

could be further verified as the Dirac cone is expected to stay in tact [162] and no phonon

renormalization as a function of field should occur. On the other hand, to obtain conclusive

results of the Dirac cone modulations in Bi2Te3 a more homogeneous sample is necessary

containing only two-dimensional NFs that lie flat on the substrate and enable an orientation

of the crystals c-axis parallel to an external field. The optimization of the Bi2Te3 NF sample

has been started by tuning the synthesis parameters in the wet-chemical synthesis. [76] In

particular, the choice of polyol solvent and alkaline environment lead to Bi2Te3 batches

solely containing two-dimensional NFs with average thicknesses of d = 25 nm and rather

small diameters of around 1 µm. [76] However, we are already investigating the influence of

the protecting capping agent PVP, where the molecular weight influences the thickness

and lateral dimensions. This holds great promise to synthesize Bi2Te3 NFs with similar

dimensions as the Bi2Se3 NFs. [76]

As an outlook for possible future experiments the topological surface structure could

be locally manipulated by decorating single Bi2Se3 or Bi2Te3 NFs with ferromagnetic

nanoparticles (NP) such as Fe3O4. Aligning the NP magnetic moments perpendicular

to the NF’s surfaces by e.g. the application of a weak magnetic field or ferromagnetic

substrate, could lead to a strong local field in proximity to the NP. By switching of the

magnetic field the reversible breaking of TRS at the Fe3O4 NP could be studied as a

function of time.

While temperature and magnetic field dependent Raman studies discussed in this thesis

reveal the presence of electron-phonon coupling related to the topological surface states, an

additional surface related electric susceptibility was identified by measurements of single

NFs on gold substrates. By measuring Bi2Se3 and Bi2Te3 NFs with varying thicknesses our

results reveal the transfer of carriers from the gold substrate into the contacted NF surface.

The carriers are accumulated at the contacted side, inducing downward band bending due

to the population of both the TSS and trivial bulk conduction bands. The strong phonon

renormalizations evident in Raman measurements on thin NFs (d < 11 nm) on gold are the

result of interactions with the non-topological surface electric susceptibility originating

from the bent bulk bands. The discussed results highlight the importance of the choice of

contact metals for the exclusive access to the TSS. While our study does not conclude a

destruction of the TSS in the thin TI samples, it nevertheless demonstrates the strong
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local band bending effects that influence the electronic band structures of NFs below 11 nm

thickness. For useful practical devices exploiting the topological transport regime these

band bending effects have to be prevented or at least compensated by an appropriate choice

of mediating contact layers. The common processing issues with gold, like poor adhesion,

are typically counteracted by the use of adhesion layers of Cr [163,164], Ti, [165] or Pd, [166].

However, the lower work function of these metals between 4.33-5.12 eV [167] in comparison

to the electron affinity of Bi2X3 around 5.3 eV [38,150] has also been shown to give rise

to n-type doping and additionally chemical reaction and formation of interfacial layers

upon direct metal deposition. [149] Band bending and intermixing effects with deposited

metal contacts lead to a consumption of the topmost quintuple layers and might lead to a

hybridization of opposing TSS especially in devices employing ultrathin TI layers. The

study of band bending effects could be expanded to further typical contact or adhesion

metals mentioned above. Thereby, different results could be gained e.g. (i) in terms of

experimental optimization: the most suitable substrate for high-resolution micro-Raman

investigations on single nanoflakes or even nanowires could be determined. Or (ii) in terms

of fundamental physics: understanding of the influence of band bending effects by the

choice of substrate. This could help to tune the surface band structure of 3D TI thin

films or NFs, which has to be considered in all other experimental techniques aiming to

exclusively study the TSS.

The main issue of utilizing the topological properties in Bi2Se3 and Bi2Te3 applications

is, therefore, the reduction of the contribution from topologically trivial surface electron

gases. These are, on the one hand, induced by native defects in the material occurring

during growth or after exposition to ambient conditions and, on the other hand, formed

by carrier transfer from metal contacts. As a consequence the TSS are best accessed

when the surface of the TIs is protected by an interface to a suitable ordinary insulator

rather than the interface to vacuum or air. The configuration of such heterostructures

or the passivation by an amorphous Se/Te layer has been shown to greatly facilitate the

access of the topological transport regime. [168,169] In the case of the here studied NFs,

the passivation of the surface is already dealt with during growth by the adhesion of the

polymer ligand.

Additionally, the formation of defects and vacancies during growth can be antagonized

by use of counter-dopants, which has been shown to work for Ca [50] However, other

works show that the counteracting dopants introduce disorder leading to reduced carrier

mobilities. [33] Since the peculiar topological properties of the 3D TIs form at the interface

to trivial insulators, extensive care has to be taken in suitable passivation. The results

presented in this work highlight this aspect especially in the only few nm thin Bi2Se3

and Bi2Te3, which will help in the sample preparation and analysis in future experiments

exploring the topological surface states.
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A
Appendix A

Reference Raman literature on

Bi2Se3 and Bi2Te3

Table A.1: Experimentally determined phonon mode frequencies of Bi2Te3 bulk, film, and
2D nanostructured samples. All frequencies are given in units of cm−1 and the
precisions are reported as given in the corresponding references.

Ref. sample T (K) Raman active IR active
Eg

1 A1g
1 Eg

2 A1g
2 Eu

1 A1u
1 Eu

2 A1u
2

[22]
bulk 300 36.5 62.5 103 134.0 50 94 95 120

[107]
bulk 300 34.0 60.4 100.7 133.4 55.4 101.7 - -

[110]
bulk 300 - 61.5 101.5 133.5 - - - -

[114]
bulk 10 - 64 106 139 - - - 114

[116]
film
40 µm

300 37 62 102 135 54 - 95 111

[170]
film
1 µm

300 - 62.3 103.7 134.2 - - - -

[131]
film
4 µm

300 - 60 99.4 135 - - - -

[117]
ribbon
40 nm

300 38.9 61.3 101.3 133.0 - - - 116.2

[118]
ribbon
50 nm

300 39 61.1 101.5 132.4 - - - 116

[171]
ribbon
few
nm

300 - 62 104 137 - - - 120

[119]
NF
11 nm

300 39 60.5 102 130 - 93 - 113

[120]
NFs 300 - 61 102 134 - - - 119

[73]
NFs
10 nm

300 - 61.1 100.8 139.7 - - - 119

[121]
NFs
6 -
25 nm

300 - 62 102 137 - 92 - 115

[78]
NFs 300 - 61.7 101.9 133.9 - - - -
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A Reference Raman literature on Bi2Se3 and Bi2Te3

Table A.2: Experimentally determined phonon mode frequencies of Bi2Se3 bulk, film, and
2D nanostructured samples. All frequencies are given in units of cm−1 and the
precisions are reported as given in the corresponding references.

Ref. sample T (K) Raman active IR active
Eg

1 A1g
1 Eg

2 A1g
2 Eu

1 A1u
1 Eu

2 A1u
2

[22]
bulk 300 - 72.0 131.5 174.5 65 - 129 -

[112]
bulk 300 - 72.3 131.5 174.1 - - - -

[25]
bulk 300 - - - - 61 - 133 -

[62]
bulk 3 38.9 73.3 132.9 175.4 68 129 125 160

[110]
bulk 300 - 72.5 131.5 176.5 - - - -

[113]
bulk 13 39 75 137 180 67 136 126 158

[114]
bulk 10 38.5 75.5 135.8 178.2 - - - 159

[101]
bulk 300 - - 131.5 175.5 - - - -

[81]
bulk 300 37.0 72.0 131.0 175.0 - - - -

[115]
film
18 nm

80 39 74 135 177 - - 134 159

[63]
film
40 nm

300 - 73 130 173 - - - -

[160]
NF
9 nm

300 - - 131 174 - - - -

[130]
NF 300 - 68 127 170 - - - -

[64]
NF
20 nm

300 37 72 131 174 - - - -

[118]
ribbon
15 nm

300 - 72.4 132 174.7 - - - -

[121]
NF 5 -
50 nm

300 - 72 130 172 110 - - -

[172]
ribbon
> 70 nm

300 37.3 70.4 131.9 171.2 - - - -

[78]
NFs 300 - 71.6 131.0 174.6 - - - -

130



B
Appendix B

Nanoflake synthesis parameters

For the Raman studies presented in this thesis in total three batches of nanoflake syntheses
were used. For the preparation of thin film samples (macro) investigated in chapter 4 the
nanoflakes were synthesized with quantities as indicated in Table B.1. For the preparation
of single nanoflake samples (micro) investigated in chapter 5 the same batch of Bi2Te3

was used but a new batches of Bi2Se3 nanoflakes was synthesized. The synthesis of Bi2Se3

NFs used for the micro-Raman studies was identical to the Bi2Se3-macro synthesis but
only half the quantities were used to safe resources as apparent from Table B.1.

Table B.1: Quantities of chemicals used in the synthesis for Bi2Se3 and Bi2Te3 nanoflakes.

Chemical Properties Company Quantity

Bi2Se3 - Macro [78]

Ethylene glycol (C2H4(OH)2) 99.8 % Sigma Aldrich 60 mL

Bismuth nitrate pentahydrate
(Bi(NO3)3·5H2O)

98 % Sigma Aldrich 0.3 g, 0.0103 mol/L

Sodium selenite (Na2SeO3) 99 % Sigma Aldrich 0.15 g, 0.0145 mol/L

Polyvinylpyrollidone (PVP) Mw=55,000 Sigma Aldrich 0.66 g

Bi2Se3 - Micro [129]

Ethylene glycol (C2H4(OH)2) 99.7 % VWR 30 mL

Bismuth nitrate pentahydrate
(Bi(NO3)3·5H2O)

98 % Sigma Aldrich 0.1397 g,
0.0096 mol/L

Sodium selenite (Na2SeO3) 99 % Sigma Aldrich 0.0747 g,
0.0144 mol/L

Polyvinylpyrollidone (PVP) Mw=55,000 Sigma Aldrich 0.33 g

Bi2Te3 -Macro &
Micro [78,129]

Ethylene glycol (C2H4(OH)2) 99 % Carl Roth 50 mL

Bismuth nitrate pentahydrate
(Bi(NO3)3·5H2O)

98 % Sigma Aldrich 0.485 g, 0.02 mol/L

Potassium tellurite monohydrate
(K2TeO3·H2O)

97 % Alfa Aesar 0.415 g, 0.03 mol/L

Polyvinylpyrollidone (PVP) Mw=30,000 Carl Roth 0.5 g

Sodium hydroxide (NaOH) 98 % Merck 0.4 g, 0.2 mol/L
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Appendix C

Supplementary analysis of

Raman investigations

C.1 Temperature & Magnetic field strength

dependence

C.1.1 Thermal coefficients of Bi2Se3 and Bi2Te3 NFs in thin

film geometry

Figure C.1: Temperature dependent mode frequencies for (a) Bi2Se3 and (b) Bi2Te3 with a
linear fit of the extracted frequencies between 90 K and 300 K shown es red graphs.
The linear frequency dependence at elevated temperatures is readily described by
the thermal expansion of the crystal. Extracted thermal expansion coefficients χth

given in units of 10-2 cm-1.
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C Supplementary analysis of Raman investigations

C.1.2 Anharmonic decay fits of Bi2Se3 and Bi2Te3 NFs in thin

film geometry

To fit the temperature dependent frequencies and line widths presented in Figure 4.6 the
model of a symmetric anharmonic decay according to Equation (3.34) and Equation (3.35)
was used. The fit procedure was as follows: (i) Fit of the frequency dependence to
determine ω0. Hereby, the first order thermal coefficient χth(T) was set to zero due to the
very high dependency with the anharmonic term. (ii) Fit of the line width dependence
with the previously determined ω0 fixed.

The Bi2Te3 data was readily fit in the whole temperature range. For the Bi2Se3 data
strong deviations in the temperature range between 21 K to 120 K were apparent that
hindered a good fit by the AD model in the whole T range. For this reason different fit
ranges were used to obtain the best description of the temperature dependence. The AD
fits presented in Figure 4.6(a) were obtained by fitting the Bi2Se3 data in the temperature
range between 3–21 K and 140–300 K. The data points between 24 K to 120 K were masked
for the AD fit. The corresponding fit parameters are listed in Table C.1.

Table C.1: Fit-parameters for the symmetric anharmonic decay model according to Equa-
tion (3.34) with χth(T) set to zero and Equation (3.35). Bi2Se3 was fit in the
temperature range between 3–21 K and 140–300 K. The Bi2Te3 data was fit in the
whole temperature range.

Mode ω0(cm−1) Γ0(cm−1) A A*

Bi2Se3

A1g
1 73.89 ± 0.02 1.54 ± 0.06 -0.197 0.177

Eg
2 134.89 ± 0.04 4.93 ± 0.17 -0.607 0.808

A1g
2 178.81 ± 0.02 2.84 ± 0.08 -0.894 1.478

Bi2Te3

A1g
1 63.41 ± 0.02 0.43 ± 0.02 -0.129 0.151

Eg
2 105.79 ± 0.02 0.70 ± 0.03 -0.486 0.278

A1g
2 138.48 ± 0.02 0.72 ± 0.04 -0.761 1.471

Anharmonic decay fits of Bi2Se3 between 120 K to 300 K

Another attempt in describing the temperature dependence by the AD fit was made
by fitting only the data points from 120 K to 300 K as the AD model is expected to
give a good description of the high temperature behaviour. The obtained fits, shown in
Figure C.2, were extrapolated down to 3 K and give for both the A1g

1 and A1g
2 modes

similar results compared to the results obtained with fits between 3–21 K and 140–300 K
(Figure 4.6(a)). Again, the A1g

1 and Eg
2 phonons deviate in line widths and the A1g

2

phonon in both frequency in line widths at temperatures below 120 K. The only difference
in the fit results is apparent for the frequency of the Eg

2 mode: The AD fit shows generally
higher frequencies for T < 120 K than the actual data points. This is in contrast to the
fit results shown in Figure 4.6 where the Eg

2 frequencies are well modeled by the AD fit.
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C.1 Temperature & Magnetic field strength dependence

According to our model of the phonon renormalization by el-ph coupling, Equation (3.19),
the here observed broader line widths and lower frequencies for the Eg

2 phonon would be
the result of coupling to an electric susceptibility with an energy higher than the energy of
the phonon mode (ωel > 16 meV). Therefore, the main results of an electric susceptibility
in the energy range between 16 meV to 22 meV still holds. In the main result section the
AD fits for the temperature range of 3–21 K and 140–300 K were chosen due to the lower
error bars, compare Table C.1 and Table C.2.

Figure C.2: Anharmonic decay (AD) fits at elevated temperatures between 120 K to 300 K of
Bi2Se3. The AD fits, given as red solid lines, were extrapolated down to 3 K, which
is displayed by the red dotted graphs.
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Table C.2: Fit-Parameters for the symmetric anharmonic decay model according to Equa-
tion (3.34) with χth(T) set to zero and Equation (3.35). Bi2Se3 was fit in the
elevated temperature range between 120 K to 300 K.

Mode ω0(cm−1) Γ0(cm−1) A A*

Bi2Se3

A1g
1 73.93 ± 0.06 1.55 ± 0.09 -0.203 0.176

Eg
2 135.24 ± 0.13 5.17 ± 0.16 -0.686 0.758

A1g
2 178.88 ± 0.07 2.87 ± 0.17 -0.914 1.470

C.2 Single nanoflake measurements

C.2.1 Blade setup for the fabrication of the Au finder grids

The setup shown in Figure C.3 was built up of two translation stages (Thorlabs, PT1/M-
25.0 mm) that were fixed perpendicular to each other. The gold coated wafer was fixed
onto the stage and brought into contact with a scalpel blade whose height was adjusted
by a coarse translation stage. In contact, the wafer was moved along under the blade
by operating the y-stage, which created a vertical groove in the Au layer. For adjacent
grooves the waver was moved horizontally in steps of 500 µm by operating the x-stage to
obtain evenly spaced lines as shown in Figure C.3(b). To create the grid the waver was
turned by 90 ◦ and another set of grooves was fashioned.
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C.2 Single nanoflake measurements

Figure C.3: (a) Photograph of the setup used to scratch regular grooves into the sputtered Au
substrate. Grooves were created by lowering a scalpel blade onto the wafer via
a z-stage and scratching vertical lines by moving the fixed sample via a y-stage.
(b) Top view of the fixed Au substrate and scalpel blade with vertical grooves
visible. (c) Schematic illustration of the created grooves with pitch 500 µm. (d)
Microscope image of the Au substrate with a low resolution to see one pitch. The
white dotted rectangle marks the magnified area shown in (e) with visible single
Bi2Se3 nanoflakes.

C.2.2 Correlation of NF thickness to optical contrast on gold

The thickness d of the Bi2Se3 and Bi2Te3 NFs on gold can be directly correlated to
their optical contrast OC to the underlying gold substrate. For quantification of the OC

microscopy images of all NFs were obtained with identical acquisition software settings.
The OC was calculated by determining the ratio of the average grayscale value of the NFs’
GV Flake to the surrounding gold substrate GV Au:

OC =
GV Au −GV Flake

GV Au
(C.1)

To ensure comparability, the area to determine the average gray value of each NF was
20×20 pixel for Bi2Se3 (10×10 pixel for Bi2Te3) and the area on the gold substrate was
100×100 pixel as illustrated in Figure C.4(b).

The strong difference in optical contrast for NFs differing in only a few numbers of quintuple
layers (8 nm to 13 nm) makes the OC a reliable tool to estimate the NF thicknesses.
Different color regimes can be assigned according to the NF heights with very bright,
yellowish NFs (< 9 nm), brown-orange NFs (9–12 nm) and dark brown to almost black
appearing NFs (> 12 nm). A representative area of the gold sample with Bi2Se3 NFs
of varying OC is shown in Figure C.4(d) to give an impression of the strongly varying
contrast for NFs on gold differing by only a few nm in thickness. The OC was assigned to
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certain NF thicknesses by evaluating Atomic Force Microscopy (AFM) measurements of
the NFs. AFM measurements were taken on a commercial AFM setup (Q-Scope TM250
Nomad, Ambios Technology Corporation, California) with a 40 × 40 µm scan head in
tapping mode. For each Bi2Se3 (Bi2Te3) NF an area of 12 µm2 (10 µm2) was scanned with
a scanning resolution of 300 rows, leading to a lateral resolution of of 0.04 µm (0.033 µm).
A topography measurement of a representative Bi2Te3 NF is shown in Figure C.4(c).
Horizontal line profiles (parallel to the AFM scanning direction) of the NFs were fit by a
step height function to determine the thickness of the NFs. Profiles of all NFs investigated
by Raman spectroscopy are shown in Figure C.4(e,f). The colors of the profiles correspond
to the Raman spectrum of each NF shown in the main text in Figure 5.4 and Figure 5.5.
The correlation between the OC and NF thickness is readily fit by a linear function in the
investigated thickness regime between 8 nm and 20 nm, as shown in Figure C.4(a). A six
times stronger dependency of the OC on the NF thickness for Bi2Se3 than for Bi2Te3 is
found:

OCBi2Se3 ∝ −6.822+(5.04±0.357) ·dBi2Se3

OCBi2Te3 ∝ 23.842+(0.76±0.068) ·dBi2Te3

Since the uncertainty in d determined from AFM measurements is about ±1 nm the
OC gives a precise value for the NF thickness and a direct control in the micro-Raman
measurements. This is important as the NFs show a strong change in Raman response for
thicknesses between only 8 nm and 13 nm. Hence, the linear dependence of OC with d

allows its correlation to a certain NF height. The correlated NF thicknesses dcorr according
to the relations given in the previous equations (see Table S5) were used to plot the Raman
spectra fit parameters as a function of NF thickness in Figure 5.4(b-d), Figure 5.5(b-d)
and Figure 5.7(c,d) in the main text. From Table S5 it is apparent that the correlated
thicknesses dcorr vary by < 5 % from the actually measured thicknesses dAFM.
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C.2 Single nanoflake measurements

Figure C.4: Correlation between NF thickness and optical contrast to gold. (a) Bi2Se3 and
Bi2Te3 optical contrasts as a function of NF thickness determined from AFM
measurements with a linear correlation fit (dashed lines). (b) Microscope image of
Bi2Se3 NFs on gold substrate with indicated area sizes for gray value measurements.
(c) AFM topography image of a Bi2Te3 NF on gold with indicated horizontal cut
(white line) corresponding to the red height profile shown in (f). (d) Microscope
image of a representative area on the Bi2Se3-Au sample. (e,f) Height (thickness)
profiles of the selected NFs measured by Raman spectroscopy. All profiles are
calculated by an average of 5 rows from the evaluated AFM micrographs. The
colors of the profiles are in agreement with the corresponding Raman spectra of
the measured NFs given in the main text in Figure 5.4 and Figure 5.5.
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Table C.3: Measured optical contrasts and NF thicknesses for NFs measured in the thickness
dependent Raman study.

OC dAFM from height profiles (nm) dcorr correlated to OC (nm)

Bi2Se3

56.18 12.56±1.4 12.47±0.9

44.83 9.92±0.8 10.23±0.7

42.85 10.10±0.8 9.89±0.7

42.38 9.80±1.3 9.79±0.7

39.48 8.97±0.6 9.10±0.6

31.51 7.90±1.0 7.71±0.5

Bi2Te3

37.40 18.26±1.4 17.74±1.5

36.56 16.07±1.0 16.69±1.5

34.45 13.22±1.3 13.88±1.2

31.99 11.37±0.9 10.66±0.9

31.30 10.18±0.9 9.76±0.9

31.38 9.44±1.2 9.86±0.9

30.62 10.04±1.0 8.87±0.8
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C.2 Single nanoflake measurements

C.2.3 Symmetry properties of Bi2Se3 and Bi2Te3 modes

Figure C.5: Raman spectra of selected (a) Bi2Se3 and (b) Bi2Te3 nanoflakes with varying
thicknesses or equivalently optical contrast. The OC values are given in the right
hand corners. Black graphs correspond to Lorentzian fits for all phonon modes and
colored graphs show the deconvoluted fit profiles for the corresponding bulk IR
modes. The peak position of the IR modes is indicated by gray vertical lines and
the values for the A1u

2 IR modes are shown. When the Eu
2 profile is not displayed

it was not included in the fit.
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Figure C.6: Polarization dependence of phonon modes in (a) Bi2Se3 and (b) Bi2Te3 single NFs
with varying optical contrasts given next to the spectra. Spectra were recorded in
xx, and xy-configuration corresponding to the black and red graphs, respectively.
Spectra were corrected for the spectrometer sensitivity of the respective incoming
photon polarization. Insets show the intensity ratio of the four phonon modes
extracted from Lorentzian fits in both polarization configurations. For Bi2Se3 the
results of the two thicker NFs with OCs of 39 and 42 are shown. (c,d) Deconvolution
of the phonon mode contributions to the modes around 125 cm-1 and 100 cm-1 for
Bi2Se3 and Bi2Te3 ,respectively. Reprinted with permission from [129]. Copyright
2022 American Chemical Society.
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Abstract

Highly flexible and conductive nano-composite materials are promising candidates for

stretchable and flexible electronics. We report on the strain–resistance relation of a silver-

nanowire photopolymer composite during repetitive stretching. Resistance measurements reveal

a gradual change of the hysteretic resistance curves towards a linear and non-hysteretic behavior.

Furthermore, a decrease in resistance and an increase in electrical sensitivity to strain over the

first five stretching cycles can be observed. Sensitivity gauge factors between 10 and 500 at 23%

strain were found depending on the nanowire concentration and stretching cycle. We model the

electrical behavior of the investigated silver nanowire composites upon repetitive stretching

considering the strain induced changes in the local force distribution within the polymer matrix

and the tunnel resistance between the nanowires by using a Monte Carlo method.

Supplementary material for this article is available online

Keywords: silver-nanowire composite, strain sensor, strain–resistance behavior, flexible

electronics, functional printing, Monte Carlo simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Flexible electronic devices are subject of recent research as

they can be used in a wide spectrum of applications such as

displays [1–3], piezoelectric generators [4], energy storage

devices [5], in various fields like health care [6], and

renewable energy [7]. The combination of flexible substrates

like PDMS or PET with conducting/semiconducting nano-

materials such as silicon, graphene, or metallic nanotubes,

-dots, and-wires is a promising way to manufacture flexible

and conductive composites [8, 9]. Silver-nanowire (Ag-NW)

networks have proven to be a suitable conductive filler due to

their excellent conductivity, high transparency, and potential

to develop flexibility [10, 11]. High aspect ratios are advan-

tageous for a high network connectivity and a low percolation

threshold and, therefore, enable 2D network properties even

with a small amount of material [12, 13]. A 3D printable

polymer matrix enables functional additive manufacturing of

these materials [14]. However, the resilience of elastomeric

nanowire polymer composites is still crucial for the later

performance. The embedding of 2D nanowire networks in a

polymer matrix leads to highly conductive and thin composite

layers. For this purpose, the nanowires are usually applied

from a suspension to an auxiliary substrate, then covered with

a liquid polymer resin, and peeled off after curing [15–17]. In
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nanowire networks without post-treatment, the nanowire

junctions remain flexible when stretched and the network

conductivity recovers after the material has been relaxed [18].

During the wet-chemical and scalable Ag-NW synthesis, a

stabilizing polymer ligand shell around the nanowires is

created [19]. Thus, no direct contact between nanowires

within the network can be achieved and the tunneling resis-

tances between the nanowires dominate the network con-

ductivity [20]. Great efforts have been made to produce

modern strain sensors based on carbon nanotubes or metal

nanowire composites with high sensitivity, biocompatibility,

ease of manufacture, and high stability [17, 21–27]. The

gauge factor (GF), which is defined as the slope of the change

in electrical resistance or capacitance divided by the applied

strain, is an often-used measure for the sensitivity of a strain

sensor. Nano-composite based strain sensors exhibit GFs in a

wide range. Typical Ag-NW PDMS composites have been

reported to have tunable GFs in the range of 2–14 [17]. In

general, the GFs are controlled by the density of the used

nanowire networks [21]. Crack-induced Ag-NW strain sen-

sors with GFs of 30 at 100% strain have been reported [22].

For zinc oxide (ZnO) nanowire polystyrene composites with

nanobrush ZnO-NWs a GF of 116 has been found [28]. Ultra-

sensitive strain sensors with GFs>1000 have been fabri-

cated based on graphene thin film polymer composites [29].

In this article, we report on the strain–resistance perfor-

mance of highly conductive, flexible and printable Ag-NW

photopolymer composites with different nanowire con-

centrations (40, 80, and 120 μg cm−2
) under repetitive strain

by using a customized stretching-setup. The composites

consist of drop-casted Ag-NW networks, which are embed-

ded in a flexible and printable polymer matrix [14, 20]. Our

composites show a gradual change of the hysteretic resistance

curves to a linear dependence and an improved conductivity

after five stretching cycles. GFs between 10 and 500 at

23.33% strain were found depending on the nanowire con-

centration. We model the strain–resistance behavior of the

Ag-NW composites based on the local force distribution

within the polymer matrix and the tunneling resistance

between the nanowires by a Monte Carlo method.

2. Materials and methods

Figure 1(a) shows a thin layer of Ag-NWs drop-casted on a

silicon wafer forming a nanowire network with a concentration

of around 50 μg cm−2. The Ag-NWs were synthesized via a

polyol route and stored in isopropanol with a concentration of

2 g l−1
[14, 19, 20, 30]. By stepwise washing with acetone and

isopropanol remaining educts, mainly polyvinylpyrrolidone

(PVP), were removed from the nanowire reaction solution

[14, 20]. Initial sheet resistances of the drop-casted nanowire

networks in the range of 10–15 Ω/sq at an optical transmission

of 90% have been obtained without further post-treatment [14].

Figure 1(b) shows nanowires of the same synthesis batch

shown in (a) at a higher magnification. Networks are formed by

nanowires laying above and below each other without welding

or bonding between nanowires. This allows flexible sliding of

the nanowires during stretching and a full recovering of the

network resistance after relaxation [18].

The overall sample structure used in our experiments is

shown in figure 1(c). The nanowire suspension was first drop-

casted on an auxiliary substrate like silicon or glass to create

two-dimensional nanowire networks. In a next step, these

networks were coated with a liquid urethane-acrylate based

photopolymer resin (Formlabs Flexible). A constant layer

thickness was obtained by using a doctor blade, which was

moved over the sample in a defined distance to the substrate.

Figure 1. Stretching of Ag-NW composite samples. (a) Scanning electron micrograph of Ag-NWs deposited on a silicon wafer (before
coating with polymer, cNW≈50 μg cm−2

). (b) High magnification scanning electron micrograph of Ag-NWs deposited on a silicon wafer.
(c) Cross-sectional schematic view on the composite samples. The samples exhibit a total thickness of around 150 μm with a 1 μm composite
top layer. (d) Sketch of the stretching experiment. The sample is clamped by two electrodes for conductivity measurements. Uniaxial strain is
applied by two stepper-motor driven translation stages.
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The polymer layer was cured by illumination with UV light

(laser driven light source EQ-99X Energetiq) for 100 s and

the sample was peeled off from the substrate resulting in a

conductive composite top layer and a flexible polymer film

underneath. For a medium concentration of 60 μg cm−2 the

mean thickness of the nanowire network is around 700 nm as

determined by atomic force microscopy [14] resulting in

conductive composite layers after polymer coating with a

thickness of the order of 1 μm. The total sample size was

(12×12) mm2. More details are given in the supporting

information (SI 1 and SI 2 (available online at stacks.iop.org/
NANO/32/365701/mmedia)). The use of the flexible and

3D printable polymer matrix (Formlabs Flexible) enables

functional printing of the investigated material as already

demonstrated in [14] by printing a flexible Ag-NW capacitor.

A sketch of the used stretching setup is illustrated in

figure 1(d). The samples were clamped between the gold

contacts of polyimide plates for conductivity measurements.

The free-standing sample area between the two clamps had a

size of (3×12) mm2. Uniaxial strain was applied to the

sample by two encoder-controlled stepper-motors (0.9-

NEMA 17, Nanotec) driving micrometer translation stages

(PT1/M, Thorlabs). The composites were stretched uniformly

from both sides in 100 μm steps up to a maximum elongation

of 23.33%. Subsequently, the composites were relaxed in

100 μm steps back to the starting position (see SI 3). After

each step the electrical resistance was measured (see SI 4 for

details) by using a DC voltage/current source (GS200,

Yokogawa Japan) and a digital multimeter (34401A 6 12,

Keysight USA). A constant current of 0.6 mA was applied to

the nanowire composite samples and the voltage drop across

the sample in stretching direction was measured.

For scanning electron microscopy measurements, a

commercial field emission scanning electron microscope

(SEM Zeiss, Germany) was used.

3. Results

3.1. Experimental results

Figure 2(a) shows the line resistances in stretching direction

for five stretching cycles as a function of elongation for three

samples with a nanowire concentration of 40 μg cm−2,

80 μg cm−2, and 120 μg cm−2, respectively. The initial

resistances of the investigated samples before stretching are

0.9 Ω mm−1
(RSheet=31.9 Ω/sq) for a concentration

of 40 μg cm−2, 2.9 Ω mm−1
(RSheet=67.4 Ω/sq) at

80 μg cm−2, and 0.7 Ω mm−1
(RSheet=21.7 Ω/sq) at

120 μg cm−2. The deposition of the nanowires and, thus, the

network formation is a stochastic process and the initial

network resistances are distributed for different samples of

the same concentration [14]. However, the qualitative

behavior of the samples during stretching and relaxation was

reproducible for more than 30 individual samples. By using

light microscopy, flat and even composite surfaces were

reproducibly found for repeated stretching cycles between

6.66% and 23.3% elongation [20]. We, therefore, normalize

the data to the resistance values of the pre-stretched samples

at 6.66% elongation of the first stretching cycle. The detailed

shape of a single stretching curve of the same material has

been analyzed and modeled in [20].

The inset in figure 2(a) shows the first stretching cycle of

the 80 μg cm−2 sample, which exhibits a hysteresis between

the resistance curve upon stretching (dark blue) and relaxation

(light blue), respectively. The solid lines depict sigmoidal fits

to the data. In figure 2(a), the hysteresis can also clearly be

seen in the non-symmetrical shape of the resistance curves for

all three concentrations in the first two stretching cycles. We

observe a decrease in hysteresis for all samples as a function

of stretching cycle up to the fifth cycle (see SI table S1 and

figures S4–S6), resulting in a symmetric stretching and

relaxation after four cycles. Beside the decrease of the hys-

teresis width, the resistance values itself are decreasing sys-

tematically as a function of stretching. Figure 2(b) shows the

resistances at 23.33% strain depending on concentration

normalized to the respective resistance of the pre-stretched

samples at 6.66% of the first cycle. Samples with a lower

concentration show a higher sensitivity of the network and

correspondingly a higher change in resistance upon stretching

due to the lower network connectivity. The resistance

recovers after a full relaxation for all three concentrations as

shown in figure 2(a).

In figure 2(c) the normalized line resistances as a function

of elongation during the fifth stretching cycles of the three

samples are shown. The data are normalized to the initial pre-

stretched line resistance at 6.66% elongation of the first

stretching cycle. During further stretching and relaxation a

transition is observed, where the resistance changes are con-

centration dependent. In this so-called sensor region, the line

resistance of each sample increases and decreases linearly.

Their slopes increase with decreasing Ag-NW concentration.

A measure for the sensitivity of a strain sensor is the GF,

which is defined as

=
-
-

R R R

L L L
GF , 1

0 0

0 0

( )

( )
( )

where R and L denote the resistance and length of the strained

sample and R0 and L0 are the resistance and length of the

unstrained sample, respectively. Figure 2(d) shows the GF for

the resistance and length at 23% elongation in respect of the

resistance and length at 6.66% strain. The GF is increasing for

all three samples as a function of stretching cycle resulting in

an increased sensitivity to strain of the sensors. Since the

resistance at maximum elongation (23.3%) is decreasing as a

function of stretching cycle (figure 2(b)), the increase in GF is

due to a decrease in resistance even for small elongations

(6.66%). During the first stretching cycle, the GF scales with

the silver nanowire concentration linearly with an increased

GF for lower network density. For additional stretching

cycles, a clear cross-over between the high-concentration

sample (120 μg cm−2
) and samples with lower concentration

(40 and 80 μg cm−2
) can be observed. The high concentration

sample has a GF of 7.8 for the sample in the first stretching

cycle and 31 in the fifth cycle. However, the low-concentra-

tion samples (40 and 80 μg cm−2
) converge at cycle 4 with a

3
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mean GF of around 450. Thus, we can conclude that the

composite resistance is decreasing over multiple stretching

cycles. Their hysteretic behavior is reduced over the first five

stretching cycles and the sensitivity is increased.

3.2. Numerical modeling

In the following, the electrical properties of Ag-NW com-

posites upon stretching are simulated by a Monte Carlo

method. For this purpose, networks of randomly oriented

nanowires (−90°�θ�90°) with a random position (xi, yi)

within a certain sample size and a length L according to the

length distribution determined by SEM analysis (see [20]) are

created as illustrated in figure 3(a). In a next step, these net-

works are translated into resistor networks, where each

nanowire is a node and each nanowire junction is a tunnel

resistor with a normalized tunneling resistance of rij=1,

resulting in a conductance of cij=rij
−1=1 (see figure 3(a)).

The tunneling resistance between all wires, which are not

intersecting, is infinity resulting in a conductance of zero.

Since silver is an excellent conductor, the resistance of

the nanowire itself can be neglected and accordingly the

tunnel resistance between the nanowires dominate the net-

work resistance. The network resistance of the random

resistor network is calculated as demonstrated by Wu et al

[31] More detailed information on the simulation principle is

given in [20].

In order to model the change in network resistance upon

stretching, the corresponding changes in network connectivity

have to be considered. First, each individual nanowire junc-

tion of the initial Monte Carlo simulated network is identified.

Figure 2. (a) Normalized line resistance in stretching direction as a function of elongation for five stretching cycles. Three samples with
Ag-NW concentrations of 40 μg cm−2

(green), 80 μm cm−2
(blue), and 120 μm cm−2

(red) are shown. The inset shows the line resistance
during the first stretching (dark blue) and relaxation (light blue) of the sample with a nanowire concentration of 80 μg cm−2. (b) Amplitude
(max. resistance) as a function of stretching cycle for the same samples shown in (a). (c) Normalized line resistance for the three samples
during the fifth stretching cycle. Filled markers depict the data during stretching and blank markers represent the data during relaxation.
Linear fits (solid lines) between 6.66% strain and 23.33% strain are used as guide to the eye. (d) Gauge factor as a function of stretching cycle
for the three investigated nanowire concentrations. The gauge factor is defined as [(R23% − R6%)/R6%]/[(L23% − L6%)/L6%]. The solid lines

represent linear fits to the data.

4
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We consider a distribution of local force constants within

the polymer matrix, determining the local elongation and,

thus, the local shifting of the nanowires upon stretching.

For two intersecting wires i and j with the positions xi and

x ,j the local elongation Dxlocal at the nanowire junction is

defined as the relative movement of the nanowires

D = - - -x x x x x .ij i j i j
1 1 0 0∣ ∣ ∣ ∣ Here, xij

0 is the initial x-posi-

tion of the wires i and j, respectively, and xij
1 is the respective x-

position after stretching. In agreement with other publications,

the cut-off distance for the tunnel current was taken to be 1 nm

[21, 32, 33]. We assume two classes of local force constants:

class I is characterized by elastomeric polymer chains bonded

physically by hydrogen and Van-der-Waals bonds. Class II

represents short chain elements with less elasticity dominated

mainly by chemical bonds between the chain elements and,

therefore, exhibits a much higher local force constant. In order

to simulate the network properties within the polymer

matrix, the nanowire junctions are randomly assigned to the

two force constant classes. The higher the local force constant

at a nanowire junction, the lower the local elongation following

Hooke’s law Fglobal=klocal · Δxlocal [34]. As a consequence,

nanowire junctions of class II remain intact over the complete

stretching. This is the reason why the mean force constant of

class II is set to infinity. Nanowire junctions of class I easily

exceed the cut-off distance (Fglobal/klocal=Δxcrit=1 nm) at a

certain elongation making the network less connected and

conductive. This approach allows a local mapping of the

matrix force distribution on the scale of the nanowire

network junctions. The lack of welded intersections leads

to the elasticity of the network allowing us to assume

a full recovery of nanowire junctions after relaxation, which

agrees with the experimental data. In contrast to this, it is

assumed that the polymer matrix ages upon stretching.

Mechanical stress can lead to a rearrangement of physically

bound polymer chains and, thus, to changes in the local

force distribution [35–37].

The force constant distribution is illustrated in

figure 3(b). The mean force constants of the two classes,

which were used for the simulation, are depicted as blue

bars. The dashed line represents a possible force distribution

in class I for the first stretching. A shift in the mean force

constant with stretching cycle can be attributed to a

Figure 3. (a) Illustration of Monte Carlo simulated Ag-NW networks. Nanowires with random positions, random orientations, and lengths
randomly drawn from a given length distribution are forming a 2D network. Each nanowire junction ij represents a tunnel resistor as shown
in the inset. (b) Local force constant histogram. Class I (87%) represents the class of weak bonds within the polymer matrix (hydron bonds).
Class II (13%) is taken to be infinity representing chemical bonds. The mean force constant of class I is shifting to higher values as a function
of stretching cycle (black arrow). (c) Resistance at 23.33% strain normalized to the resistance value of the first stretching cycle at 6.66% as a
function of stretching cycle for different nanowire concentrations. The filled markers (red, blue, and green) depict the experimental data
(see figure 2(b)). Simulated results (n=8) are presented in gray for effective concentrations between 17 and 40 μg cm−2

(see right axis).
(d) Simulated normalized resistance as a function of elongation during stretching and relaxation, demonstrating the hysteretic behavior (see
figure 2(a) inset). (e) Normalized number of intersections within the simulated sample shown in (d).
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rearrangement of polymer chains, in which strong bonds

remain and weak bonds are energetically unfavorable and

are changed during stretching. As can be seen in figure 3(c),

we can successfully model the concentration dependent

resistance change as a function of cycle number and,

therefore, the aging of the polymer matrix. The relative

distribution of classes I–II was 87%–13%. The mean force

constants of class I normalized to the first cycle are 1.3 for

the second cycle, 1.6 for the third cycle, 1.8 for the 4th, and

2.0 for the 5th cycle. On the right axis, the effective nano-

wire concentrations used for the simulations are given. As

shown in [20], the effective concentrations are by a factor of

about 4 lower than the experimental concentrations. The

different concentrations for experiment and simulation can

be attributed to a small amount of side products like silver

particles in the reaction solution, the effective distribution of

the nanowires in the composites as well as a coffee ring at

the edge of the auxiliary substrate after drop-casting of the

Ag-NW suspension. In figure 3(d), we model the hysteretic

resistance curve for a sample with an effective concentration

of 22 μg cm−2, corresponding to the experimental con-

centration of 80 μg cm−2. We can model the hysteretic

behavior after stretching by shifting the mean force constant

of class I by a factor of 1.5 (see figure 2(a)). This leads to the

corresponding hysteretic number of intersections in the

simulated network normalized to the number of intersections

of the pre-stretched sample at 6.66% strain as shown in

figure 3(e). These results indicate an aging in the polymer

matrix due to the weak physical bonds. This behavior

explains the changes in both, the network properties upon

repetitive stretching cycles and the hysteretic behavior.

4. Discussion

Stretching and relaxation of Ag-NW polymer composites

affect their electrical properties depending on the Ag-NW

concentration. This can mainly be attributed to the con-

nectivity of the networks, since the nanowire junctions are the

dominant resistors. The inter-connectivity, which we define as

the mean number of junctions per nanowire, is therefore an

important measure for the network resistance [20]. In order to

understand the percolative properties of networks of 1D nano-

structures, Monte Carlo methods have been used in many

studies [38–41]. It is also known that the tunnel resistance at

the nanowire junctions dominate the network resistance in

most cases [32, 42].

The comparison of our experimental data with other

studies shows that both, the nanowire network and the

polymer matrix have a major influence on the electrical

behavior under mechanical stress [15, 16, 21, 43–47]. The

matrix material strongly interacts with the network during

stretching, since it is the force-acting component. Many

different mostly macroscopic models exist on the stress-

strain behavior of polymers and the influence of nanofillers

[48, 49]. The model used in this work offers a combination

of matrix and filler network properties, explaining the

influence of the local force distribution within the polymer

matrix upon stretching, which has a direct impact on the

network inter-connectivity. The respective change in the

force constant distribution as a function of the stretching

cycle, therefore, depends on the properties of the matrix

material. The 3D printable photo-resin used in this study

enables the unique property that upon repetitive stretching

the network resistance decreases and the electrical sensitiv-

ity to strain increases. Our results demonstrate prototypes for

a tunable 3D printable strain sensor with tailored sensitivity.

Furthermore, we are able to understand this behavior due to

the combined properties of the Ag-NW composite under

mechanical strain.
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A B S T R A C T   

Highly conductive silver-nanowire (Ag-NW) networks are used in composite materials as conductive channels. 
Their resistance tuning can be accomplished by changing the Ag-NW concentration, and, therefore, changing the 
network structure. In this study, an alternative pathway to resistance engineering of conductive Ag-NW networks 
by local atmospheric plasma treatment is employed. The corresponding changes in nanowire network 
morphology and crystallinity as a function of plasma etching time are investigated by time-resolved grazing- 
incidence X-ray scattering, field-effect scanning electron microscopy, and X-ray photoelectron spectroscopy. 
Three characteristic etching phases are identified. The first two phases enable the controlled engineering of the 
electrical properties with different rates of resistance change, which results from changes in nanowire shape, 
network morphology, and different oxidation rates. Phase III is characterized by pronounced fragmentation and 
destruction of the Ag-NW networks. These results show the feasibility of atmospheric plasma treatments to tune 
the local electrical properties of conductive Ag-NW networks. Furthermore, we present a physical Monte Carlo 
model explaining the electrical network properties as a function of plasma etching time based on the network 
connectivity and a constant plasma etching rate of 570 ng s−1 cm−2.   

1. Introduction 

Nanoparticles and nanowires in metal-polymer composite films have 
interesting and fascinating physical properties [1–4]. Their outstanding 
material elasticity, high durability, controllable size, and shapes 
contribute to their uniqueness [2,5]. The optimization of their synthesis 
as well as their characterization are highly important to tailor their 
electrical properties in a controlled fashion. Conductive electrodes 
consisting of nanowire network composites are used in enhancing the 
performance of organic light-emitting diodes (OLEDs), solar cells, 

memory devices, sensors, touch screen devices and opto-electronics 
[6–14]. In addition, nanowire composites with a printable polymer 
matrix enable additive manufacturing and, therefore, high design flex-
ibility and rapid prototyping [15]. By using a flexible polymer, flexible 
and bendable electrodes can be fabricated [15,16]. They represent a 
competitive counterpart to the existing materials of choice comprising 
mainly of indium tin oxide (ITO) or doped compounds of tin oxide [6,7], 
due to their attractive material properties including mechanical flexi-
bility, low sheet resistance, and high optical transparency. 

Networks made of silver-nanowires (Ag-NWs) with a well-defined 
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shape, morphology, good crystallinity, and high aspect ratios (length to 
diameter ratio) of up to 1000 are excellent candidates for modern 
composite materials with tailored electrical properties [17–19]. Bulk 
silver exhibits a high electrical and thermal conductivity at room tem-
perature [5,18]. Several publications have highlighted the fabrication of 
large scale Ag-NW networks by adopting simple and cost-effective 
chemical methods [17,19–24]. Recent publications show continuous 
improvements in the optimization of Ag-NW networks and transparent 
electrodes [13–15,25]. Also, current research focuses on the modifica-
tion and tailoring of the electrical properties of Ag-NW networks using 
various techniques such as high-temperature thermal annealing [26], 
induced current flow [13], washing with solvents [15], mechanical 
pressing [13,14], and plasma treatment methods [13,25]. A common 
route to fabricate silver nanowires is the polyol method, which is asso-
ciated with the formation of a polymer ligand shell (poly-
vinylpyrrolidone – PVP) around the nanowires [5,17]. The PVP layer has 
a detrimental effect on the electrical properties of the Ag-NW networks, 
as it forms an isolating layer at the wire-wire junctions. We, therefore, 
use a washing procedure with acetone and isopropanol, which causes an 
improvement in conductivity by a factor of around 100 and, therefore, 
reduces the PVP layer significantly [15] (see experimental section). In 
this way, highly conductive nanowire networks with initial sheet resis-
tance in the range of 10–15 Ω/sq. at an optical transmittance of 90% are 
produced [15]. 

Traditionally, plasma treatment has been adopted to optimize the 
conductivity of Ag-NW networks due to the removal of PVP insulating 
layer as well as to study the degradation mechanism of Ag-NW elec-
trodes [13,25]. Furthermore, several groups have reported on the 
deterioration phenomena in Ag-NW based electronic devices due to 
corrosive environment, elevated annealing temperature [14,26], long 
UV light irradiation exposure [26], induced electrical current [27,28] 
and humidity [12,29,30]. Here, an atmospheric plasma pen [31–35] is 
utilized as a versatile, simple, and direct tool to control the electrical 
properties of polyol grown and washed Ag-NW networks with high 
conductivities. The local manipulation of Ag-NW networks can enable 
future complex resistor designs within a premanufactured composite 
structure. The crystalline nanowires are monitored through a combi-
nation of time-resolved grazing-incidence small-and-wide-angle X-ray 
(GISAXS and GIWAXS) scattering methods during the atmospheric 
plasma treatment. Moreover, the effects of the applied plasma on the 
sample morphology are investigated using field-effect scanning electron 
microscopy (FESEM). The chemical surface composition upon plasma 
treatment is measured by X-ray photoelectron spectroscopy (XPS). A 
physical model that explains the electrical network properties as a 
function of plasma etching time based on the network connectivity is 
presented. The model is based on a Monte Carlo simulation considering 
the experimental thickness and length distribution of the nanowires at a 
constant plasma etching rate and the tunneling resistances at the 
nanowire junctions. 

2. Experimental section 

2.1. Materials 

〈100〉 monocrystalline boron-doped silicon wafers (Si-Mat) with the 
dimension of 15 × 15 mm2 were used as substrates, which were acidly 
cleaned in 1:2 mixture of sulfuric acid (H2SO4, 96%, Carl Roth) and 
hydrogen peroxide (H2O2, 30%, Carl Roth) according to the RCA-1 
cleaning procedure [36]. More detailed information is given in the 
supplementary information (SI) S1.1. 

The Ag-NWs were synthesized via a polyol wet chemical method at a 
temperature of 155 ◦C and a reaction time of 3 h. The precursors used 
were commercially purchased and comprise the following: silver nitrate 
(AgNO3, 99.9%, Sigma Aldrich), polyvinylpyrrolidone (PVP, molecular 
weight, Mw = 55 kg mol−1, Sigma Aldrich, and PVP Mw = 360 kg mol−1, 
Carl Roth), anhydrous ethylene glycol (EG 99.8%, Sigma Aldrich) and 

copper chloride (CuCl2 99.999% purity, Sigma Aldrich). A detailed 
description of the synthesis is given in Ref. [15]. 

After synthesis, the Ag-NW suspension was consecutively washed 
twice with isopropanol (99.5%, Sigma Aldrich), twice with acetone 
(99.8%, VWR), and finally again twice with isopropanol to eliminate 
remaining precursors and PVP from the synthesis. After each washing 
step, the suspension was centrifuged at 2000 rpm at 20 ◦C for 10 min. 
The final product was stored in isopropanol (99.5%, Sigma Aldrich). The 
synthesis yields silver nanowires with pentagonal cross-sections and 
were analyzed via TEM verifying the pentagonal shape [17] as well as 
the crystallinity as displayed in Figure S2 in the SI. 

2.2. Ag-NW network preparation 

20 µl of the Ag-NW suspension were drop casted on a 15 × 15 mm2 

clean 〈100〉 monocrystalline silicon substrate at room temperature 
leading to a network of silver nanowires with a density of around 26 µg 
cm−2. After 5 min the solvent was evaporated. The film thickness of each 
sample is estimated to be approximately 1 µm and typically averaged 
initial line resistances of (1.3 ± 0.5) Ω mm−1 are found. A commercial 
hand-held atmospheric plasma pen device (Plasma Wand, Plasma Etch, 
Inc.) was adopted to treat the samples with varying treatment times 
from 0 s to 26 s (see SI S1.2). The plasma pen uses a piezo crystal to 
create very high voltages and is driven by a 30 W plasma generator with 
an integrated power supply ionizing surrounding gas. We use air from 
the surrounding atmosphere. Since the plasma temperature is smaller 
than 50 ◦C, ozone (O3) predominantly contributes to the plasma etching 
[private communication Plasma Etch Inc.] [37]. The setup enables 
various types of materials to be locally modified in the sub-micrometer 
to millimeter range. The treatment area is determined by the nozzle 
diameter, which was 10 mm for the presented experiments. For enabling 
the electrical discharge from the atmospheric plasma to attain the 
sample surface, a nozzle-to-sample height (NSH) of (10.5 ± 0.5) mm was 
used. 

2.3. Grazing-incidence small-and-wide-angle X-ray scattering 

For the structural investigation and the verification of the Ag-NW 
oxidation, in situ GISAXS/GIWAXS experiments were conducted at the 
Micro-and-Nanofocus X-ray scattering (MiNaXS) beamline P03 of the 
high-brilliance light source PETRA III at DESY, Hamburg [38]. We used 
an X-ray beam with a wavelength λ = (0.965 ± 0.002) Å and a focus size 
of around 20 × 30 µm2. The sample-to-detector distance (SDD) for 
GISAXS was (4380 ± 2) mm and for GIWAXS (116.5 ± 0.5) mm. The 
incident angle was αi = 0.425◦. A Pilatus 300 k detector (Dectris Ltd.) 
with an image dimension of 487 × 619 pixels and a pixel size of 
172 × 172 µm2 was used. GIWAXS data were acquired with a LAMBDA 
750k detector (X-Spectrum GmbH) yielding an image dimension of 
512 × 1536 pixels and a pixel size of 55 × 55 µm2. Lateral y-scans with a 
scan rate of 100 ms, step-width of 100 µm and an overall length of 7 mm 
were carried out. In situ GISAXS and GIWAXS scans were carried out 
simultaneously on the sample before and after each atmospheric plasma 
treatment step. 

2.4. Field emission scanning electron microscopy 

The morphology of the Ag-NW networks (treated and untreated 
sample) and the shape of the nanowires were investigated by a field 
emission scanning electron microscope setup (Zeiss company) at an 
accelerating voltage of 3 kV and a focus distance of 7 mm. 

2.5. X-ray photoelectron spectroscopy 

The chemical surface composition was measured by using an X-ray 
photoelectron spectroscopy (XPS) with a hemispherical electron 
analyzer SES2002 (Scienta) measuring system. 
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2.6. Resistance measurements 

After each atmospheric plasma treatment step, in situ GISAXS/ 
GIWAXS scans and electrical resistance measurements using a Keithley 
2000 multimeter (Tektronix) in a two-point resistance configuration 
were carried out [39]. The effects of the contact resistances of the 
electrical cables on the measured line resistances were considered. For 
the measurements, two coaxial cables with an insulating shield were 
connected to a lithographically patterned pad structure with gold con-
tacts with a distance of 10 mm. Pieces of indium foil (max 1 × 1 mm2) 
were utilized to obtain a gapless contact between the Ag-NWs and the 
gold contacts. At least 10 data points were recorded for each atmo-
spheric plasma treatment time and averaged. 

3. Results and discussion 

In order to obtain a direct overview of the Ag-NW network changes 
upon atmospheric plasma etching, SEM images were recorded for 
different plasma treatment times. In Fig. 1 exemplary FESEM images of 
Ag-NW networks with a concentration of 26 µg cm−2 after different at-
mospheric plasma treatment times are shown. An untreated (pristine) 
Ag-NW network (0 s) consisting of pentagonal nanowires with aspect 
ratios of up to 1000 can be observed in Fig. 1a. Small treatment times 
lead to marginal changes in the nanowire morphology like rounding of 
the nanowire facets as shown in Fig. 1b and 1f. Here, the robustness of 
the Ag-NW networks can be attributed to a strong wire-wire inter-
connectivity within the percolation network of the Ag-NWs [16,40–42]. 
However, for longer treatment times, enhanced destruction and frag-
mentation of the Ag-NW networks is observable [26,28] as shown in 
Fig. 1c −1f, which finally leads to the failure of the conductive Ag-NW 
networks. The degradation observed with longer treatment times is 
caused by mechanical ablation induced by the atmospheric plasma pen 
(see Fig. 1f (26 s)). In comparison, Li et al. [25] reported a low energy 
(45 W) plasma treatment in argon inert gas resulting in a decrease in Ag- 
NW network resistance due to the removal of PVP and welding of 

nanowires in the first 20 min. A degradation of the Ag-NW electrode 
occurred after a prolonged treatment time of more than 20 min. Kim 
et al. [13] also used argon inert gas to treat Ag-NW networks at a power 
of 200 W, resulting in a rapid decrease in resistance after 2 min, which 
can be attributed to welding of the nanowires. Atmospheric plasma, 
however, is known to generate reactive oxygen species (ROS) [31–35] 
after air ionization and is also very versatile in applications for com-
posite 3D printing. Here, the plasma treatment of the network can be 
used to manipulate the electrical properties locally. ROS enable ultra- 
fast morphological changes as well as surface oxidation that can be 
observed already after 10 sec treatment time. 

In order to obtain a measure of the morphological network changes 
during plasma treatment, the Fiber Image Network Evaluation (FINE) 
algorithm [16,43,44] was used. Based on the SEM images for different 
plasma treatment times, the FINE algorithm determines the number of 
fiber families, their amplitudes, mean orientation, and dispersion, based 
on the cumulative angular orientation distribution (see SI S2.5 for de-
tails). Nanowires contribute to an anisotropic class of fiber families, 
whereas particle-like structures are detected as an isotropic contribu-
tion. Therefore, the FINE algorithm is a relevant tool for the quantitative 
analysis of the destruction, fragmentation, and melting of nanowires. 
The results are shown in Fig. 1g, where the amplitude of the isotropic 
fiber family is displayed in red. Blue denotes the amplitudes of the 
anisotropic class. Sigmoidal curves are used as guides to the eye. After 6 
s plasma treatment, a clear increase in the isotropic family and a cor-
responding decrease in the anisotropic fiber family can be observed. This 
indicates a transition from slight changes on the nanowire surface to 
stronger morphological changes including an onset of fragmentation 
and melting of the nanowires. These morphological changes have a 
strong influence on the interconnectivity of the network and, thus, on 
the electrical network resistance. 

Fig. 2a and b show exemplary XPS spectra of oxygen (O 1 s) and 
silver (Ag 3d) for plasma-treated Ag-NW networks. For a treatment time 
of 0 s and 6 s, the Ag 3d spectra display two characteristic peaks at 
(368.4 ± 0.2) eV and (374.4 ± 0.2) eV, which correspond to the Ag 3d5/2 

Fig. 1. (a)–(e) Exemplary scanning electron microscopy images of the investigated Ag-NW sample with a nanowire concentration of 26 µg cm−2 after different 
atmospheric plasma treatment times (0 s to 26 s). Please note that different areas of the same sample are shown. Longer treatment times (>8 s) lead to enhanced 
fragmentation, melting, and destruction of the Ag-NWs. (f) Collage of six SEM images at high magnification for a plasma treatment time of 2 s, 4 s, 6 s, 8 s, 10 s, and 
26 s, respectively. After 2 s, the pentagonal shape of the wires can still be observed. After 4 s, rounding is visible on individual wires. Further changes in the nanowire 
shape are observable after 6 s. After 8 s, welding of the nanowire junctions occurs and local destruction is already visible after 10 s. After 26 s, parts of the network are 
completely destroyed. (g) Amplitudes for the isotropic (red) and the anisotropic fiber family (blue) determined by the FINE algorithm based on the SEM images. 
Sigmoidal curves are guides to the eye. A clear increase in the isotropic particle class (particle-like structures, fragmented and melted nanowires) after 6 s plasma 
treatment (phase I) and a corresponding decrease in the anisotropic class can be observed. 
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and 3d3/2 binding energy of metallic Ag0 (orange line) [45]. After 8 s 
treatment, peaks at (368.8 ± 0.2) eV and (374.7 ± 0.2) eV are observed 
and are attributed to oxidized species Ag2O (see red arrows in Fig. 2b) 
[45–47]. This oxidation process indicates the crossover between two 
characteristic phases induced by the atmospheric plasma treatment. 
Phase I lasts up to 6 s, where phase II begins. This also correlates strongly 
with the observation from the SEM analysis (see Fig. 1g). 

Similarly, the O 1s spectra displayed in Fig. 2a exhibit three different 
oxygen species with peaks at (532.0 ± 0.2) eV, (533.6 ± 0.2) eV, and 
(535.0 ± 0.2) eV, which we attribute to C=O, C-O, and H2O [48–53], 

respectively. These peaks are not unambiguous and presumably contain 
overlapping hydroxides or carboxyl groups from the PVP precursor 
[46,52,54]. Above 8 s treatment time, a peak at (531.0 ± 0.2) eV is 
observed and is attributed to Ag2O [46,49,55]. The further shift in the O 
1s spectra to lower binding energies at 26 s prolonged treatment time 
confirms the formation of AgO, which is characteristic for phase III of 
the treatment [48,49,55,56]. This view is also supported by an enhanced 
shoulder seen in Fig. 2b after 26 s treatment [46,47]. A detailed infor-
mation on the XPS experimental information is given in the SI and also, 
an overview of all the identified elements as well as the Carbon 1s 
spectra are shown in Figure S6. 

Surface-sensitive X-ray scattering using high flux X-ray beams en-
ables time-resolved measurements and, thus, allows in-depth observa-
tion of morphological and nanostructural changes in a variety of 
processes [57–60]. In order to observe morphological and crystallinity 
changes, as well as changes in electrical properties of the Ag-NW net-
works during plasma treatment, operando GISAXS, GIWAXS and resis-
tance measurements were carried out. The used measurement setup is 
illustrated in Fig. 3j. Further detailed experimental information is given 
in the experimental part and in the SI in Fig. S1. 

GISAXS pattern of Ag-NW networks during atmospheric plasma 
treatment for exemplary treatment times are shown in Fig. 3a–d. The 
GISAXS pattern of the untreated Ag-NW network (Fig. 3a) is dominated 
by intensity streaks at around (36 ± 2)◦ starting from the direct beam as 
a consequence of the pentagonal shape of the Ag-NWs [15]. Upon 
plasma treatment the intensity of these streaks decreases monotonically. 
The streaks vanish completely after 8 s treatment time as shown in 
Fig. 3c and d. This indicates the rounding of the pentagonal Ag-NWs in 
the initial phase of the plasma treatment (phase I). Long treatment times 
(16 s – 26 s, Phase III) lead to melting, fragmentation, and degradation of 
the Ag-NWs as observed in Fig. 1, which is contributing to increased 

Fig. 2. Exemplary XPS spectra of the Ag-NW sample highlighting the charac-
teristic oxygen (O 1s) (a) and silver (Ag 3d3/2 and Ag 3d5/2) (b) peak positions 
for a plasma treatment time of 0 s, 6 s, 8 s, and 12 s, respectively. 

Fig. 3. (a)–(d) 2D GISAXS pattern for 
(26 µg cm−2 Ag-NW concentration) 
exemplary atmospheric plasma treat-
ment times of 0 s, 6 s, 8 s, and 26 s. The 
position of the line cuts is shown in (a) 
as a white line for the horizontal line cut 
I(qy) at qz = 0.885 nm−1. (e)–(h) 
GIWAXS data showing the reciprocal 
space maps (RSM) [61] for a (26 µg 
cm−2 Ag-NW concentration) plasma 
treatment time of 0 s, 6 s, 8 s and 26 s, 
respectively. The characteristic face- 
centred-cubic (fcc) silver (111), (200) 
Miller’s indices and oxidized Ag-NWs 
(Ag2O) reflections are indicated. The 
white arrow in (f) indicates the Bragg 
peak corresponding to the Ag2O dif-
fractions [62–64]. (i) Normalized com-
parison of the Ag-NW flare intensity 
obtained by GISAXS (red), and the Ag2O 
Bragg intensity obtained by GIWAXS 
(blue) as a function of atmospheric 
plasma treatment time. Three charac-
teristic phases can be observed as 
marked in blue in the upper part of the 
figure. (j) Schematic view on the exper-
iment showing the operando atmo-
spheric plasma pen above the Ag-NW/ 
SiOx sample. The incident X-ray beam 
with an incident angle αi, the scattered 
X-ray beams in GIWAXS geometry 
(dashed line) and GISAXS mode (solid 
line) with a scattering angle αf, as well as 
two exemplary detector images for 
GIWAXS and GISAXS are shown. The 
digital multimeter represents the in situ 

two-point resistance measurements.   
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diffuse scattering based on pronounced surface roughness as shown in 
Fig. 3d. 

The reciprocal space maps (RSM) shown in Fig. 3e–h for different 
atmospheric plasma treatment times were obtained from the GIWAXS 
measurements. The original GIWAXS scattering patterns were trans-
formed using the GIXSGUI [61] software. The pristine Ag-NW sample 
shown in Fig. 3e exhibit two anisotropic Bragg diffraction peaks stem-
ming from X-ray diffraction at the characteristic face-centered-cubic 
(fcc) crystalline lattices of silver (111) and (200), respectively. After 
6 s of atmospheric plasma treatment, the intensity of those two key 
features reduces gradually and the evolution of a crescent-like isotropic 
Bragg peak corresponding to the Ag2O diffraction (see white arrow in 
Fig. 3f) can be observed. This observation indicates the more significant 
oxidation of Ag to Ag2O in phase II in line with the XPS data (see Fig. 2) 
[62–64]. 

In Fig. 3i, the extracted amplitudes (see Fig. S3 in the SI for details) 
representing the streak intensity and corresponding pentagonal shape of 
the Ag-NW from GISAXS (red), and the Bragg intensity corresponding to 
the Ag2O signal obtained by GIWAXS (blue) of the Ag-NW sample upon 
atmospheric plasma treatment are shown. The extracted amplitudes are 
normalized to the maximum values, for GISAXS (0 s Fig. 3a) and 
GIWAXS (26 sec, Fig. 3h). In phase I rounding of the nanowires occurs 
resulting in a decrease of the GISAXS flare intensity with treatment time. 
These small changes in nanowire morphology as well as a weak oxida-
tion (GIWAXS Ag2O) hardly affect the interconnectivity of the network 
and, thus, the electrical resistance (see Fig. 4f). The Bragg intensities for 
Ag2O determined by GIWAXS (blue curve) follow a sigmoidal shape 
with only small changes in phase I, drastic changes in phase II, and 
attaining a saturation in phase III. Phase III represents the destructive 
melting and pronounced fragmentation of the Ag-NW network upon 
atmospheric plasma treatment (see Fig. 1). The XPS and GIWAXS data 
show that this phase is characterized by the enhanced oxidation of Ag to 
Ag2O. The analyzed data show that the most relevant effect of the 

atmospheric plasma treatment is the etching of the silver nanowires 
from the surface to the core and selective oxidation of the nanowires 
[65]. Since the nanowires are thoroughly washed and highly conductive 
(see experimental section), no notable influence of a ligand layer (PVP) 
can be observed. Thus, we do not observe any increase in conductivity 
for short plasma treatment times, which is typically observed to the 
removal of a PVP ligand shell [13,25]. 

4. Electrical resistance & Monte Carlo simulation 

The electrical behavior of Ag-NW networks can be simulated using a 
Monte Carlo method, in which the network resistance is calculated 
considering the tunnel resistances between the nanowires [16]. Fig. 4(a) 
shows the experimental radii of the Ag-NWs measured by SEM. The data 
are fitted using two Gaussian functions. In Fig. 4(b) the length distri-
bution, also measured by SEM, is shown. Due to the high aspect ratio of 
the used nanowires, the lengths of the nanowires strongly dominate the 
network connectivity and the percolation threshold, while the exact 
thickness distribution of nanowires is not significant for the network. 
Atmospheric plasma etching, however, has a direct impact on the 
nanowires as shown earlier in the previous section. It can be assumed 
that the durability of a single nanowire during plasma treatment cor-
relates strongly with its thickness. We, therefore, adopt a simplified 
model for simulating the electrical resistance of Ag-NW networks that is 
based on the lifetime of the nanowires during plasma treatment as a 
function of their thickness. For this, a constant plasma etching rate REtch 
is given, which indicates the etched mass of silver per unit of time t and 
sample area ASample. In order to calculate the life time of a wire upon 
plasma etching, a critical wire radius is required, from which the wire is 
counted as no longer functional. For the following simulation, the crit-
ical radii of all wires are assumed to be ri,crit = 0.5r0,i according to a 
critical mass of mi,crit = 0.25m0,i = 0.25ρπr20,i∙Li, where Li is the length 
of wire i and r0,i and m0,i are the radius and mass of wire i at the time t =

Fig. 4. (a) Radii of 83 Ag-NWs 
measured by SEM and represented as a 
histogram. The black solid line shows 
the sum of two Gaussian functions that 
were fitted to the data. (b) Length dis-
tribution of 564 Ag-NWs measured by 
SEM. The data was fitted by y0 +

Aexp
(

− (ln(x/x0)∙1/width )2
)

(solid 
line). (c) Exemplary Monte Carlo simu-
lated nanowire network with an effec-
tive concentration of 11 µg cm−2 and a 
sample size of (400 × 400) µm2. The 
nanowire lengths correspond to the 
length distribution shown in (b). (d) 
Translation of a nanowire network 
(blue) into a resistor network (gray). 
Every wire is a node (circles), and every 
nanowire junction is a tunnel resistor 
(black squares). (e) Normalized number 
of intact wires (blue) and nanowire 
junctions (red) during plasma treatment 
obtained from Monte Carlo simulations 
for an etching rate of 570 ng s−1 cm−2 

and Ag-NW concentration of 11 µg 
cm−2. It is assumed that 28% of all wires 
are not affected by plasma etching. The 
number of intact wires as a function of 
plasma treatment time results directly 
from the radius distribution shown in 
(a). (f) Normalized resistance as a func-
tion of plasma treatment time. The 

experimental data is shown in green and the simulated results are given in blue (n = 5). The dashed lines denote the three characteristic plasma treatment phases. An 
etching rate of 570 ng s−1 cm−2 was used with an effective Ag-NW concentration of 11 µg cm−2.   
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0, respectively. We also assume that each unit length element of the 
wires in the network is etched at the same rate. The rate for etching an 
individual wire can therefore be expressed as REtch∙ASample∙LiL−1ges , where 
Lges is the sum of the lengths of all wires. This leads to Eq. (1), which 
determines the critical live time of wire i. 

ti,crit =
(mi,0 − mi,crit)∙Lges

REtch∙Li∙ASample

=
0.75ρπr2

0,i∙Lges

REtch∙ASample

(1) 

Fig. 4(c) shows an exemplary Monte Carlo nanowire sample with an 
effective nanowire concentration of 11 µg cm−2 and a sample size of 
(400 × 400) µm2. The effective concentration of nanowires, which 
contribute to the final network, is lower than the experimentally used 
concentration due to side products and the effective distribution of the 
nanowires [16]. In the case of drop-cast nanowires on a silicon surface, 
the effective concentration was found to be by a factor of around 2.4 
lower than the experimental concentration. In addition to the nanowire 
lengths and concentration, the position and orientation of the nanowires 
are important parameters for defining a sample, as shown in Fig. 4(c). 
The positions are determined randomly within the size of the sample and 
the orientations are randomly distributed between −90◦ and 90◦ in 
order to create an isotropic network. To determine the electrical 
network resistance, the nanowire networks have to be translated into 
resistor networks as illustrated in Fig. 4(d). For this, every wire is 
considered as a node and every wire junction presents a tunneling 
resistor with a unit resistance of rij = 1 [16]. The resistance of a resistor 
network between two nodes can now be calculated as shown by F.Y. Wu 
[16,66]. 

Fig. 4(e) shows the normalized number of wires that were stable to the 
atmospheric plasma and the number of tunnel junctions within the 
network as a function of the plasma etch time. The number of intact wires 
as function of time results directly from the thickness distribution shown 
in Fig. 4(a). The presented simulation was carried out with an effective 
Ag-NW concentration of 11 µg cm−2, which corresponds to the used 
experimental concentration of 26 µg cm−2. In order to model the residual 
conductance in phase III, we assume that 28% of all wires remain 
conductive. The corresponding change in network resistances of the 
Ag-NW sample upon atmospheric plasma treatment together with the 
experimental data are shown in Fig. 4(f). By fitting the simulation results 
to the experimental data, an etching rate of 570 ng s−1 cm−2 was found. 
For an exemplary nanowire with a mean radius of 100 nm and a mean 
length of 25 µm, this etching rate corresponds to 2.4 ∙ 109 atoms s−1. The 
simulated resistances and its error bars result from five Monte Carlo 
simulations (n = 5). 

Overall, we can identify three characteristic phases as indicated by 
nearly linear slopes on a logarithmic scale outlining exponential growths 
of the resistance as a function of plasma treatment time as highlighted in 
Fig. 4f. The initial phase I with relatively small resistance changes 
lasting until 6 s and exhibits a typical slope of the order of Ω s−1. In phase 
II the resistance change upon plasma pen treatment time is approxi-
mately one order of magnitude larger than in phase I. Thus, in phase I 
and phase II it is possible to build a voltage divider with an exemplary 
voltage ratio of Uin:Uout = 3:2 after 10 s treatment. After 16 s of atmo-
spheric plasma treatment (phase III), an extreme increase in resistance 
can be observed, leading to a nearly infinite resistance and subsequent 
breakdown and failure of the Ag-NW network for treatment times 
beyond 26 s. The theoretical data show a strong match with the exper-
iment for the analyzed resistance of the Ag-NW networks. The ultra-fast 
fragmentation and degradation observed in the giant resistance with the 
longer treatment at time scale above 16 s is attributed to aggressive 
etching mechanism induced by the reactive oxygen species (ROS) 
generated by the plasma during the treatment. 

5. Conclusions 

The effect of atmospheric plasma treatment on the electrical and 

structural properties of highly conductive silver-nanowire (Ag-NW) 
networks as a function of treatment time was investigated. The results 
obtained provide a strong correlation between the changes in electrical 
resistance of the Ag-NW networks during plasma treatment and the se-
lective oxidation of the Ag-NWs as well as the morphological network 
changes. Phase I (0 s to 6 s atmospheric plasma treatment) is charac-
terized by the rounding of the pentagonal nanowires and by small and 
controlled changes in resistance. XPS and GIWAXS data confirm a pro-
nounced evolution of silver oxide (Ag2O) in phase II (6 s to 16 s atmo-
spheric plasma treatment), which is correlated with drastic but 
controllable resistance changes. Thus, phase I and II allow a controlled 
manipulation of the network resistance with an exponential dependence 
between resistance and atmospheric plasma treatment time with 
different rates of resistance change upon etching. After 16 s, phase III 
leads to an enhanced oxidation, fragmentation, and destruction of the 
Ag-NW network as validated by FESEM, XPS, GIWAXS and GISAXS. For 
the presented study, Ag-NWs were thoroughly washed before use lead-
ing to a nearly ligand free suspension and correspondingly low re-
sistances of the untreated samples. We, therefore, observe no decrease in 
resistance upon plasma treatment according to a removal of an isolating 
ligand shell. In contrast, we initiate a controlled oxidation of our wires 
and offer an alternative approach to manipulate the local resistance of 
Ag-NW networks at a controllable rate for technological applications 
such as sensors, transparent electrodes, and integrated circuits. We 
simulate the electrical properties of the investigated nanowire networks 
upon plasma etching by a Monte Carlo method resulting in a physical 
model explaining the dependence between network resistance, con-
nectivity, and etching rate. 

Author contributions 

MS, LOA, TEG, SVR and MR designed the study and supervised the 
project. MB, LOA, and TEG fabricated the samples. MB, TEG, MS, MG, 
BG-L, LOA, SVR and MR conceived the experiment and facilitated the in 
situ conductivity setup. MB, LOA, MS, MG, and AC conducted the 
GIWAXS and GISAXS measurements. XPS measurements and data 
analysis were done by MN, IB and MM. SS, CN and LOA carried out 
FESEM studies on the samples. TEM studies and analysis were done by 
US, TD, and LK. MW and FF conducted FINE analysis. TEG conducted the 
Monte Carlo simulations. TEG, LOA and MR analyzed the data and wrote 
the manuscript. All authors contributed to the preparation of the 
manuscript. All authors have approved the final version of the 
manuscript. 

Funding 

This work was supported by the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation; grant number MA2561/6-1) and 
the Helmholtz society through DESY. This work was funded by the 
BMBF via 05K19GU5. 

Declaration of Competing Interest 

The authors declare no competing financial or conflict of interest. 

Acknowledgements 

The authors would like to thank Jan Rubeck, Anca Ciobanu, Milena 
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Simonato, D. Muñoz-Rojas, C. Jiménez, D. Bellet, Electrical Mapping of Silver 
Nanowire Networks: A Versatile Tool for Imaging Network Homogeneity and 
Degradation Dynamics during Failure, ACS Nano. 12 (2018) 4648–4659. https:// 
doi.org/10.1021/acsnano.8b01242. 

[29] J. Jiu, J. Wang, T. Sugahara, S. Nagao, M. Nogi, H. Koga, K. Suganuma, M. Hara, 
E. Nakazawa, H. Uchida, The effect of light and humidity on the stability of silver 
nanowire transparent electrodes, RSC Adv. 5 (35) (2015) 27657–27664, https:// 
doi.org/10.1039/C5RA02722E. 

[30] J.L. Elechiguerra, L. Larios-Lopez, C. Liu, D. Garcia-Gutierrez, A. Camacho- 
Bragado, M.J. Yacaman, Corrosion at the nanoscale: The case of silver nanowires 
and nanoparticles, Chem. Mater. 17 (2005) 6042–6052, https://doi.org/10.1021/ 
cm051532n. 

[31] A. Kuzminova, T. Kretková, O. Kylián, J. Hanuš, I. Khalakhan, V. Prukner, 
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Abstract

Here we report about the synthesis of Bi2Te3 based

flexible thermoelectric materials and the response of the

electrical resistivity to tensile and compressive stress. As

a template fiber spun polymers have been used onto

which a thin composite film of graphene and Bi2Te3
nanoplates was deposited. The Bi2Te3 nanoplates were

synthesized using the polyol method. Upon straining the

material, the resistivity dropped which is attributed to the

increased contact between the individual wires.

Keywords

Bi2te3 � Flexible thermoelectric materials �
Composite materials � Polyol process �
Wet chemical method � Polymer fibers

1 Introduction

Bismuth Telluride (Bi2Te3), belonging to the chalcogenide-

based thermoelectrics is well known for its high efficiency

with respect to room temperature applications [1–3]. To

obtain thermoelectric devices, conventional high tempera-

ture synthesis routes are used. Afterwards the material is ball

milled to obtain powders, which in a consecutive step are

sintered and compacted to obtain thermoelectric legs [4, 5].

Thus, the processing is technically costly and time con-

suming. An alternative synthesis route was found using wet

chemical approaches. With the polyol method [6], it was

possible to grow nanoplates (nanoflakes) of various relevant

thermoelectric materials [7, 8] including Bi2Te3 [9] at

moderate temperatures. The obtained materials can be dried

and sintered [10]. However, thermoelectric generators

(TEGs) using sintered Bi2Te3 thermoelectric legs are brittle

which limits the applicability of these generators. In recent

years, flexible TEGs have been designed using e.g. Bi2Te3
suspensions, which were deposited on various types of

flexible substrate materials [11, 12]. These types of ther-

moelectric materials have also attracted attention as

self-powered pressure and temperature sensors [13].

In this contribution, we report about the synthesis of

Bi2Te3 nanoplates and an infiltration method using these

nanoplates to obtain flexible thermoelectric materials. As a

template fiber spun polymers have been used. To enhance

the conductivity and facilitate sticking of the Bi2Te3 nano-

plates, graphene has been introduced. Furthermore, the

response of the electrical resistivity to external stress and

strain was investigated.

2 Experimental

The synthesis of stoichiometric single crystalline Bi2Te3
nanoplates was carried out via a simple wet chemical polyol

method. The high-quality grade precursors used were pur-

chased from Sigma Aldrich. To achieve an ideal stoichio-

metric Bi:Te ratio of 2:3 chemicals are weighted to 485 mg

of Bi(NO3) * 5H2O (98%, Sigma Aldrich), 0.5 g of

polyvinylpyrolidone (PVP) (30 K, Roth), 415 mg K2TeO3 *

H2O (97%, Alfa Aesar), 0.4 g NaOH (98%, Merck) and

50 ml of Ethyelene glycol (EG) (>99.5%, Roth). The salts as

well as the surfactants are dissolved in EG in a glass beaker

on a hot plate set at a temperature of 65 °C while slightly

stirring the mixture. The dissolved solution was then trans-

ferred via a long funnel into a three-neck round bottom flask

connected to a water-cooled reflux. The flask remained

closed during the entire synthesis with septum. The solution

was stirred at 450 rpm with a Teflon bar and slowly heated
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to allow the substance to mix homogenously. This procedure

further ensures proper nucleation of the seeds that later grow

to form the nanoplates. After a duration of roughly 10 min,

the solution reached the preset temperature of 180 °C and

turned to a black color. The nanoplates were allowed to

grow at 180 °C for 22 h. The solution was left to cool down

to room temperature. Apparently, small black precipitates

have formed. The isolation of the Bi2Te3 precipitates was

achieved through centrifugation in acetone and isopropanol

to remove the core-shell-like structures of the residual PVP

as well as EG from the synthesis and then stored inside a

vial. The Bi2Te3 nanoplates are dispersed in high purity

isopropanol to avoid the agglomeration of the nanoplates.

In order to obtain a macroscopic flexible thermoelectric

device, graphene-coated polymer composite fiber mesh was

adopted and infiltrated with the Bi2Te3 nanoplates. The

infiltration of the fiber mesh consisting of Polycaprolactone

(PCL) template with Bi2Te3 nanoplates was achieved by

dip-coating (soaking) simultaneously different fiber-meshes

in 5 ml solution of Bi2Te3 and Isopropanol for 24 h as well

as 48 h under ambient conditions.

The morphology, shape and degree of infiltration of the

samples were investigated using a commercial field emission

scanning electron microscopy (FE-SEM), Sigma from Zeiss

Company, Germany.

Nanostructural investigation were performed using a

transmission electron microscope (TEM), FEI Tecnai F30

G2 STwin equipped with an 300 kV field emission gun.

A custom-build setup was used to validate the electrical

response of each sample, which allows to apply stress and

strain to the sample while simultaneously measure the

resistivity changes. Therefore, a constant DC-voltage was

applied, and the electrical conductivity measured. According

to ohm`s law the resistivity was calculated. Further, the

applied stress was measured with a load cell.

3 Results and Discussion

Nanoplates of Bi2Te3 were synthesized by a reduction of a

stoichiometric mixture in EG in the presence of PVP. PVP is

very important due to its function as a capping agent as well

as a trigger for crystal growth, i.e., it facilitates a uniform

uniaxial growth [14–16]. More to this, PVP bonds to the

polar basal planes of the crystal structure of Bi2Te3 and

suppresses the growth dynamic of the crystals in the c-axis

direction [16]. The thin PVP core-shell layer is determined to

be in the range of 2–5 nm and is mostly not completely

removed through centrifugation. A complete PVP removal is

detrimental and might be achieved at the expense of the

Bi2Te3 nanoplate being partly etched during the process. The

transition between PVP-Bi2Te3 nanoplate is not readily

determined.

To investigate the nanostructure of the Bi2Te3 nanoplates

TEM was used. Figure 1 depicts representative nanoplates

of Bi2Te3. The different nanoplates extend over 3–5

micrometers, while their thickness is in the range of a few

nanometers. Further, large particles are often decorated with

smaller particles as also depicted in Fig. 1. The nanoplates

were crystalline and exhibit rotational disordering [14, 15],

thus the zone axis varies within a few nanometers and pro-

duces characteristic diffraction contrast (not shown here).

This observation might be the result of a screw dislocation

promoted growth [16].

Electron diffraction (ED) patterns in zone axis [001]

exhibited additional reflections (not shown here), which

indicates a lowering of the symmetry. Thus, it was con-

cluded that due to slight variation in the stoichiometry a

transition from R-3m to P-3m1 crystal structure is observed.

The HRTEM micrograph and corresponding Fourier

Transform (FFT) in Fig. 1 highlight rotational disorder

resulting in weak satellite reflections (marked in yellow) in

the FFT and pronounced Moiré contrast.

The chemical composition of the nanoplates was char-

acterized using energy dispersive X-ray spectroscopy

(EDX) in scanning TEM mode. It was observed, that the

stoichiometry slightly deviates from the ideal ratio of Bi:

Te = 2:3. In our system the ratio was found to be 1.8:3.2,

thus this deviation presumably might be attributed to

impurities in the system.

The obtained nanoplates were deposited on a

graphene-coated PCL fiber mesh. FESEM images (Fig. 2),

revealed a strong adhesion of the Bi2Te3 nanoplates on the

coated fiber-meshes as seen in the long percolation network

Fig. 1 Bright field image, HRTEM micrograph and corresponding

FFT of a Bi2Te3 flake in zone axis [-4-21]. In the FFT satellite

reflections are observed which can be attributed to rotational disorder

Fig. 2 FESEM micrographs of polymer fibers before and after coating

with Bi2Te3 nanoplates
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formed. Thus, strongly bonded Bi2Te3 nanoplates are part of

a closed composite film. Also, smaller ‘plate-like’ structures

are randomly dispersed on the surface of the fiber matrix.

Overall, we assume that the weak van-der-Waals forces

existing at different junctions and interfaces between Bi2Te3
nanoplates and the polymer fiber-mesh matrix is strongly

responsible for the good adhesion. However, when no

additional graphene was used the adhesion of Bi2Te3
nanoplates was significantly reduced, thus leading to only

low coverage of the fiber-mesh (not shown here).

The mass weight as well as the dimensions of the gra-

phene coated fiber-mesh was measured before and after

dipping in Bi2Te3 suspension. The density of nanoplates

deposited on the fiber-mesh matrix increases with the

dwelling time. Lowest electrical resistivity was found for the

samples with longest dwelling time.

The samples were folded, and tensile and compressive

stress applied. Simultaneously, the resistivity was measured.

A representative result of such measurement is depicted in

Fig. 3.

Fig. 3 Change of current and

resistance in dependence of

mechanical loading. The upper

graph represents several loading

cycles while the lower graph

represents an enlarged section

highlighting the effect of

resistivity changes upon applying

tensile and compressive stress
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Repeatedly compressive and tensile stress were applied to

the sample applying. It is observed that a decrease in resis-

tivity and, accordingly, an increase in electrical conductivity

is observed for both cases (as seen in Fig. 3). This effect can

be attributed to the re-orientation and increased overlapping

of different wires/nanoplates due to the stress which is

applied. With the tensile stress, it allows the coated nano-

platelets to create a junction through bonding of numerous

nanoplatelets contacting each other thereby, increasing

locally the conductivity whereas this effect is not strong or

perhaps predominates during compressive stress. The over-

lapping of the nanoplatelets is predominant and we assume,

the bonding of the nanoplatelets might not be too strong and

responsible for the light drop in the resistivity. Supposedly,

the tunneling barrier of the electron mobility is thus not

completely overwhelmed. Furthermore, a memory effect is

observed. With increasing number of load cycles, the

resistivity further decreases leading to a remnant change in

the resistivity in the unloaded state. The origin for this

behavior might be again the result of different

wires/nanoplates getting in contact irreversibly and forming

new junctions. Thus, with an increased number of loading

cycles an accumulation takes place, consequently leading to

a remnant change in resistivity.

4 Conclusions

In this paper, we have highlighted the polyol wet chemical

process as an effective simple chemical method to synthesize

high quality and good grade nanoplates of Bi2Te3 that are

single crystalline. The obtained nanoplates exhibit areal

dimensions in the range of 3–5 µm and have a thickness of a

few nanometers.

Furthermore, it was found that graphene coated PCL fiber

spun polymers act as an ideal substrate for the deposition of

Bi2Te3 nanoplates forming a long-range percolation

network.

In the mechano-electrical transport measurement, tensile

and compressive stress lead to a decrease in resistivity while

after several cycles the material exhibited a remnant change

in electrical conductivity.

These results highlight the potential of flexible thermo-

electric materials to be used as pressure sensors while

simultaneously being able to implement a power source or a

temperature sensor.
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