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Abstract

Three dimensional (3D) topological insulators (TIs) like bismuth selenide (Bi2Se3) are
unique set of quantum materials that hold potentials for realizing Majorana Fermions
and spintronics applications. Electrons at the metallic surface states of Bi2Se3 are spin
textured and are immune to non-magnetic impurity backscattering. The extraordinary
properties of Bi2Se3 can be modified by reducing the size of nanostructure, changing
the shape and injecting carriers into the metallic surface states of Bi2Se3. The interplay
between the interaction of the injected carriers and phonons in Bi2Se3 is studied with
a nanoscopic Raman. We developed a nanoscopic Raman with beam spot size of ≈
211 nm to reveal locally resolved information about charge transfer onto the metallic
surface states of Bi2Se3. Geometrical two-dimensional (2D) nanoflakes (NFs) of Bi2Se3 on
gold (Au) substrate reveal interface-enhanced Raman scattering, broadening of phonon
linewidth and strong phonon renormalization induced by carriers injected from the Au
substrate to the Bi2Se3 surface states. Geometrical confinement of Bi2Se3 cylindrical
nanowires (NWs) from 2D limit to 1D result in splitting of the metallic surface states
into sub-bands, opening of a gap at the Dirac point and lifting of the non-degenerate
surface states because of a π-Berry Phase effect. Magnetic field of flux ratio r = 0.5
applied along the axis of Bi2Se3 NW nullifies the effect of the π-Berry Phase and thus
closes the gap at the Dirac point (i.e. restores the non-degenerate surface states). The 2D
to 1D crossover in Bi2Se3 cylindrical nanowire below 50 nm radius is marked by sudden
appearance of plasmonic surface-enhanced Raman scattering (SERS) which dominates
the electronic excitation spectrum. In plasmonic Au nanoparticles (AuNPs) injecting
hot carriers into the Bi2Se3 nanoribbons (NRs) we report enhancement of phonon modes
which is dependent on the excitation wavelength and the distance within the vicinity of
AuNP. In resonance at 633 nm excitation wavelength and on 108 nm AuNP, we reveal
that hot electrons are efficiently injected into Bi2Se3 NR which enhanced the phonon
modes by a factor of 350. We attribute the behavior to double resonance effect induced
by plasmonic AuNP and interband transition in Bi2Se3 TI.
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Zusammenfassung

Dreidimensionale (3D) topologische Isolatoren (Tls) wie Bismutselenid (Bi2Se3) sind einzi-
gartige Quantenmaterialien, die das Potenzial haben, Majorana-Fermionen und Spintronik-
Anwendungen zu realisieren. Elektronen auf den Oberflächenzuständen von Bi2Se3 sind
spin-strukturiert und gegen Rückstreuung an nicht-magnetischen Verunreinigungen im-
mun. Die außergewöhnlichen Eigenschaften von Bi2Se3 können modifiziert werden, wenn
die Größe der Nanostruktur reduziert wird, die Form verändert wird, oder Ladungsträger
in die Oberflächenzustände von Bi2Se3 injiziert werden. Das Zusammenspiel zwischen
der Interaktion der injizierten Ladungsträger mit Phononen in Bi2Se3 wird in dieser
Arbeit mit Raman-Spektroskopie mit einer örtlichen Auflösung im Nanometer-Bereich
untersucht. Es wird ein Raman-Aufbau mit einer Spotgröße von ≈ 211 nm genutzt.
Dieser Aufbau ermöglicht die lokale Untersuchung des Ladungstransfers auf die metallis-
chen TI Oberflächenzustände. Bi2Se3 Nanoflocken (Nfs) auf einem Goldsubstrat zeigen
einen durch Ladungsträger induzierten oberflächenverstärkten Raman-Streuquerschnitt,
Verbreiterung und starke Renormalisierung der Phonon-Moden. Weiterhin wurde die ge-
ometrische Einschränkung von Bi2Se3 zylindrischen Nanodrähten (NWs) vom 2D Limit
auf 1D untersucht. Im 1D Limit spalten die metallischen Oberflächenzustände in Unter-
bänder auf, was eine Lücke am Dirac-Punkt öffnet und die nicht-entarteten Oberflächen-
zustände auf Grund eines π-Berry Phaseneffektes anhebt. Ein magnetischer Fluss von r
= 0.5, der entlang der Achse des Bi2Se3 NW angelegt wird, hebt den Effekt der π-Berry-
Phase auf, schließt dadurch die Lücke am Dirac-Punkt und stellt die nicht entarteten
Oberflächenzustände wieder her. Der Übergang aus dem 2D Limit hin zu 1D Bi2Se3
zylindrischen Nanostrukturen wird bei einem Radius unter 50 nm durch die oberflächen-
verstärkte Raman Streuung (SERS) gekennzeichnet. Per Manipulation der topologischen
Oberflächenzustände von Bi2Se3 Nanoribbons (NRs) mit Au-Partikeln (AuNPs) wurde
in Resonanz Hot Carrier Injection beobachtet, was sich im Raman-Experiment auf der
Nanometer-Skala anhand einer Verstärkung der Phononen-Moden zeigt, die von der An-
regungswellenlänge und der Entfernung zum Au-NP abhängt. In Resonanz bei einer
Anregungswellenlänge von 633 nm und bei einer Nanopartikelgröße von 108 nm demon-
strieren wir einen Raman-Verstärkungsfaktor von 350. Wir führen dieses Verhalten auf
den Doppel-Resonanzeffekt zurück, der zum einen durch plasmonische AuNPs und zum
anderen Interband-Übergänge in Bi2Se3 TI hervorgerufen werden.
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Chapter 1

General Introduction

1.1 Introduction

Over the past decade, research on topological insulating (TIs) materials is inexhaustibly
advancing due to the intriguing exotic properties of their edge/surface states. It is not
surprising that the properties of these unique materials are explained by the quantum
mechanical theory [1] but rather the exotic behaviours associated with the edge/surface
states. The unique nature of these materials is due to their insulating bulk with metallic
edge/surface states that are time reversal symmetry protected Dirac fermions [2]. These
materials hold potential for exciting effects such as Majorana fermions, charge fraction-
alization in a Bose Einstein condensate, anomalous quantization of magneto-electric cou-
pling, magnetic monopole and also applications in spintronics, optoelectronics and quan-
tum computing [3] [4] [5]. As TI are robust against disorder, energy per second dissipa-
tion could be greatly reduced and that is the advantage of TI materials over conventional
conductors. Furthermore, the spin-momentum locking in TI surface states enables the
conduction of spin-polarized currents over long distances without backscattering [6]. All
these properties make TI an active research field.

A lot of materials are predicted and experimentally observed to have signatures that
are peculiar to TIs, some of them have exotic edge states (Two-dimensional (2D) TIs)
and some others have metallic surface states (Three-dimensional (3D) TIs) [1] [7]. Bis-
muth selenide (Bi2Se3) as an example of 3D TI, is predicted to has a simple band structure
with the largest band gap of about 0.3 eV, a single Dirac point, and promising candidate
for realizing Majorana fermions [1]. By manipulating and controlling the surface states
of Bi2Se3, one can engineer TI devices with enhanced properties to match engineering
requirements for optoelectronics devices [6] [8]. Therefore, it is extremely important to
study the interaction between surface phonons in Bi2Se3 TI and injected carriers (either
from gold substrate or from the resonantly excited surface plasmons in gold nanoparticles
(AuNPs)), and how this interaction modifies and enhances the surface phonon dynamics.
It is also interesting to examine the role played by surface plasmons as the size of cylindri-
cal Bi2Se3 nanowires (NWs) is reduced geometrically from 2D limit to One-dimensional
(1D).

In this work, we will report on (a) synthesis and characterization of Bi2Se3 nanoflakes
(NFs), nanowires (NWs) and nanoribbons (NRs), (b) design and production of Bi2Se3
devices for transport measurement, (c) nanoscopic study of phonons in Bi2Se3 with a
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custom-made micro-Raman of beam spot diameter ≈ 211 ± 3 nm , (d) the geometric
cross-over of Bi2Se3 NWs from 2D limit to 1D, and (e) manipulating the surface state of
single crystalline Bi2Se3 NR with a single AuNP and gold substrate for optoelectronics
applications.

This thesis is organized in chapters and each chapter has a specific aim. Chapter 1
focuses on introduction and a short review of low-dimensional TIs. Chapter 2 deals with
the literature review of the physics of TIs and 3D TIs with emphasis on the Bi2Se3 TI. It
also deals with the theoretical background of light matter interaction, bulk and surface
states of Bi2Se3 TI. Surface plasmons in AuNPs, plasmons in Bi2Se3 TI and phonon-
electron interaction will be highlighted. The theory of inelastic scattering and phonon
propagation at the surface of Bi2Se3 will be discussed. We will mention the scientific
questions that motivated this work and describe more specifically (a) the role of surface
plasmons as the size of the Bi2Se3 is reduced from 2D limit to 1D, (b) the effect of injected
carriers on the lattice dynamics of the surface states of Bi2Se3 TI. In chapter 3, we will
present our experimental set-up, measurement and characterization techniques used in
this work. The results and discussion will be the focus of Chapter 4. Finally, chapter 5
will concentrate on summary, conclusion, outlook and acknowledgments.

In the following section, we will first introduce the low-dimensional topological insula-
tors (LDTIs).

1.2 Low-dimensional topological insulators
In topological insulators, the surface states are always obscured and suppressed by the
bulk carriers. Exploiting the topology induced quantum phenomena in such a material is
challenging [9], [10]. In order to mitigate the challenges, the contribution from the bulk
carriers are reduced by growing low-dimensional topological insulators (LDTIs). LDTIs
are TIs that have at least one dimension at the nanoscale range. By reducing the dimen-
sion of TIs, their surface-to-volume ratio is increased which effectively increases the carrier
contribution from the topological surface states. Indeed, LDTIs provide the opportunity
to take advantage of every atomic layer to study the topology related phenomena [11].
LDTIs such as 1D (nanowires, nanoribbons) and 2D (nanoflakes, nanofilms) are grown
either by top-down or bottom-up approaches. Bottom-up approach offers potentials and
possibilities for producing LDTIs with less defects and more homogenous chemical compo-
sition. Chemical vapor deposition (CVD) and wet-chemical reactions are mostly used in
the bottom-up approach to build up LDTIs from atom by atom or molecule by molecule to
form nanowires or nanoflakes. In this study, we utilized CVD and wet chemical methods
to synthesize 1D and 2D geometrical TIs, respectively. Fig 1.1(a) shows 5 atomic layers
(top view) of Bi2Se3 TI whereas Figs. 1.1(b and c) show a single nanoflake and nanowire,
respectively.

2 Chapter 1 Christian Nweze
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Figure 1.1: Examples of low-dimensional topological insulator. (a) Top view of 5 atomic
layers of Bi2Se3. (b) Hexagonal nanoflake. Nanoflake is an example of a 2D material
because one of its dimensions is in nanoscale range. (c) Nanowire. Nanowire has two of
its dimensions in nanoscale range and therefore a 1D material

Chapter 1 Christian Nweze 3



Chapter 2

Literature Review and Theoretical
Background

2.1 Literature review – topological insulators

Coherent study and characterizing different phases of matter is one of the core objectives
of condensed matter physics. The study of superconducting and magnetic phases of
matter reveals that these phases (magnets and superconductors) spontaneously break
the symmetries [12]. Is there order in the quantum ground state entanglement? And if
yes, does this order break any symmetry? In order to explain the quantum Hall effect,
the concept of topological order was introduced [13]. The quantum Hall state exhibits
topological order and does not break any symmetries, rather it is robust against changes in
the material parameters. The topological order is also found in a new phase of materials,
the TIs. The discovery of TIs as a topological phase of material whose gapless edge |e⟩
/surface states |s⟩ are protected by time reversal symmetry are of particular importance.
Like the integer quantum Hall state, the edge |e⟩ /surface |s⟩ states of TIs have gapless
electronic states that are topologically protected and immune to backscattering by non-
magnetic impurities. Previously in chapter one we defined TIs as materials with exotic
metallic edge |e⟩ /surface |s⟩ states but with insulator bulk states. The metallic surface
states |s⟩ are associated with a 2D electron gas (2DEG) and hence the electronic wave
functions of the system change when traversing from the valence band to the conduction
band [14].

2.1.1 Historical perspective

In order to appreciate the physics of TIs, a brief discussion of the relevant historical
background of TIs is important. In the conventional insulating state of condensed matter
physics, due to the quantization of the energy of the atomic orbital (Fig. 2.1(a)), there is
an energy gap separating the occupied electronic states from the unoccupied states (Fig.
2.1(b)) [15]. As theoretically predicted in 1974, the quantum Hall phase is another exotic
insulating state [16]. In 1980, the experimental discovery of the quantum Hall effect in
a high mobility 2D semiconductor, under strong magnetic fields, points to quantization
of the Hall conductivity σxy to integer multiples of e2

h
at very low temperature [1] [17].

In such a system, the motion of electrons is in circular orbit (due to the perpendicular
Lorentz force on electrons in the magnetic field), corresponding to an atomic orbital with
quantized energy (Fig. 2.1(c)). Just like in an ordinary insulator, there is an energy
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gap separating the occupied and unoccupied states. At the edge of the quantum Hall
phase, electrons propagate in the so-called skipping orbit [14] (i.e. electron motion is
in one direction without quantized energies) (Fig. 2.1(c)). The energy as a function
of momentum in such a system is shown in Fig. 2.1(d). In 1982, Thouless, Komoto,
Nightingale, and den Nijs (TKNN) showed that in the quantum Hall system the k-space
is mapped to a topological-nontrivial Hilbert space [13] and with an invariant topology
n such that σxy = n e2

h
. The TKNN invariant n is called the winding number or Chern

number and it is equivalent to the Berry phase of the Bloch wave function calculated
around the Brillouin zone boundary divided by 2π (see section 2.1.2). The quantum Hall
state exhibits topological order and hence is considered the first topological insulator [14].
The electrons in quantum Hall states are protected from impurity scattering and therefore
there is no dissipation of energy in the form of heat. The quantum Hall effect occurs
only when a strong magnetic field B is present and it is not priori clear how one can
achieve the quantum Hall effect in the absence of a magnetic field B. In 2004, Kato
et al. experimentally verified the appearance of transverse spin current in response to
longitudinal electric field [18]. In 2005, the quantum spin Hall (QSH) insulator was
proposed by Kane and Mele which are mainly two copies of the quantum Hall system [2].
In the QSH state (simplest 2D topological insulator), the role of the magnetic field is
taken up by spin-orbit coupling (SOC). The SOC is the interaction between the spin of
an electron and its orbital motion through space. Furthermore, the spin-orbit force is
strong in atoms with a high atomic number because electrons in such atoms move at
relativistic speed [2]. Electrons traversing through materials composed of high atomic
numbers feel a strong spin and momentum dependent force that resembles a magnetic
field. In 2D TIs, as predicted by Kane and Mele, the spin-up and spin-down electrons
feel equal and opposite spin-orbit "magnetic fields" that are each in quantum Hall states
(Fig. 2.2(a)) [2]. The existence of edge states |e⟩ in which the spin-up and the spin-
down electrons propagate in opposite directions, the Hall conductance is zero, because
the two motions (spin-up/spin-down) cancel each other. Since the edge states |e⟩ in 2D
TIs (like the quantum Hall edge states) form a 1D conductor, the 2D TIs can conduct
(Fig. 2.2(b)). The QSH edge states are protected from backscattering by time reversal
symmetry (TRS) because TRS ensures the stability of the edge states |e⟩. In 2007,
König et al. observed the predicted edge conductance σxy with quantization of 2 e2

h
in

a zero magnetic field when the chemical potential is tuned into the band gap [19]. As
predicted, König et al. observed that the measured conductance is independent of the
width of the sample. Furthermore, theorists observed that the topological classification
of insulators can be extended to 3D systems [19] [20] [21]. In 2008, Hsieh et al. in an
angle resolved photoemission spectroscopy (ARPES) experiment observed that Bismuth
antimonide (Bi1−xSbx) is a 3D TI [22] and their result was corroborated by the transport
study conducted in 2009 by Taskin and Ando [23]. In a 3D TI, the direction of electron
motion along the surface is determined by the spin direction which varies continuously as
a function of propagation (Fig. 2.2(c and d)). The surface states |s⟩ of a 3D TI are like
half of a 2D conductor and additionally have a 2D metallic state where the spin direction
is locked to the direction of propagation.

2.1.2 The Berry phase and curvature in electronic structure

Geometric phase angle running between 0 and 2π that is carried around a loop in its vector
form is the Berry phase [24]. The Berry phase is a crucial concept in topological band
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Figure 2.1: (a) Schematic diagram of the insulating state of condensed matter showing
(b) the occupied and unoccupied electronic states separated by an energy gap. (c) The
quantum hall effect showing the skipping orbits in the presence of magnetic field, B. The
skipping orbits cause the one directional edge conduction in quantum hall devices. (d)
The occupied and unoccupied electronic states showing the edge states. (Copyright [15]).

theory and plays a vital role in Bloch periodic systems where Bloch momenta are varied in
closed paths by applying electric fields [25]. Consider a time varying Hamiltonian H(R)
in a loop which depends on parameters (R), say magnetic field, the adiabatic evolution
of the system along the loop as the parameter R(t) is varied slowly is given as [25]:

H(R) |n(R)⟩ = En(R) |n(R)⟩ (2.1)

where |n(R)⟩ is the eigenstates. The phase adiabatic evolution of the eigenstate is
given as

|Ψ(t)⟩ = exp−iθt |n(R(t))⟩ (2.2)

Solving eqn. 2.2 with schrödinger wave eqn. 2.3 we obtain eqn. 2.4

Ĥ |Ψ⟩ = iℏ
d

dt
|Ψ⟩ (2.3)

θ(t) =
1

ℏ

∫ L

0

En(R(t1))dt1 − i

∫ t

0

⟨n(R(t1))| d

dt1
|n(R(t1))⟩ dt1 (2.4)

The first term on the RHS of eqn. 2.4 is the conventional dynamical phase and the second
term is the Berry phase. From the second term, the Berry phase is "minus the complex
phase of the product of inner products of the state vectors at neighboring points around
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Figure 2.2: Edge and surface states of TIs with Dirac dispersions. (a) Schematic diagram
of 2D TI showing the spin-up and spin-down electrons. (b) Energy dispersion of the
spin non-degenerate edge states of the 2D TI forming a 1D Dirac cone. (c) Schematic
diagram of 3D TI. (d) Energy dispersion of the spin non-degenerate surface state of a 3D
TI forming a 2D Dirac cone. (Adapted with permission from JPSJ [1]).

the loop [26]. The second term could be re-written as a dot product integrated over a
closed path

Φ = i

∫ t

0

⟨n(R(t1))| d

dt1
|n(R(t1))⟩ dt1 =

∫
C

d̄k · Ā (2.5)

Ā = i ⟨n| ∇̄k |n⟩ is the vector field defined over 2D surface.

Stokes theorem: Using Stokes theorem, eqn. 2.5 can be re-written as an integral
over the surface of the closed path and the associated vector field is called the Berry
curvature:

Φ =

∫
C

d̄k.Ā =

∫
S

d̄s · Ω̄ (2.6)

where the Berry curvature Ω̄ in the vector field is Ω̄ = ∇̄ X Ā. The Berry curvature mod-
erates the paths of the electrons in the same way as magnets do, however unlike magnetic
field, Berry curvature is defined over a momentum space [27].
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Eqn. 2.5 is always real and with a value of 0 or π depending on the sign of the integral [26].

Chern theorem: Using the Chern theorem in the limit of continuum, Φ computed
on any closed 2D manifold S is quantized to be 2π multiplied by an integer.

Φ =

∫
S

d̄s · Ω̄ = 2πC (2.7)

where C is the Chern number or topological invariant [28] [29]. C = 0 for a trivial insulator
and |C| = 1 for a nontrivial insulator. A 1D topological nontrivial phase is characterized
by Φ = π, corresponding to edge states at the bulk band gap, whereas a trivial topology
has Φ = 0 and no edge states [28].

2.1.3 Z2 Topological order

To understand many body phases with bulk energy gaps, the topological invariant of
electronic states is a robust tool. We mentioned in the historic perspective that Hall
conductance for non-interacting electron gas according to TKNN [13] is given as.

σxy = n
e2

h
(2.8)

where n is a TKNN integer. Eqn. 2.8 is the origin of the topological invariant for the non-
interacting integer quantum Hall effect [2] and distinguishes TI from a simple insulator.
Hall conductivity violates time reversal symmetry (TRS) [2] therefore, TKNN integers
are non-zero [30] when the TRS is lifted (existence of gapless edge states on the sample
boundaries) but vanishes in the presence of TRS. At this point, we would like to emphasis
that TRS plays a crucial role in the dynamics of the helical edge states [31] [32]. Even and
odd numbers of pairs of helical states at each edge play a role in classifying topologies as
trivial and nontrivial. For an even number of pairs, many body interactions or impurity
scattering can open a gap at the edge and make the system topologically trivial (simple
insulator). For an odd number of pairs, this cannot open a gap provided that TRS
is not broken at the edge and hence the system is topologically nontrivial (topological
insulator). Kane and Mele argued that the existence of spin-orbit interaction leads to the
TRS invariant quantum spin Hall (QSH) state which has a bulk energy gap and a pair of
gapless spin edge states on the boundary [33]. To support the idea that the QSH ground
state is distinguishable from a simple insulator, the concept of Z2 topological order that
characterizes the TRS invariant system was introduced by Kane and Mele. There is a
single Z2 topological invariants that distinguishes a simple insulator from the QSH phase
in 2D, whereas in 3D there are four Z2 invariants [34] that distinguishes the ordinary
insulator from weak TI (WTI) and strong TI (STI) [35]. STI are robust and lead to
novel surface states (metallic) while WTI is destroyed by disorder [35]. WTI has an even
number of Dirac points transversing the bulk band gap whereas in STI there are an odd
number of Dirac points. The simplest TI would have one Dirac point transversing the
bulk band gap. Some materials such as Bi2Se3, Bi2Te3, Sb2Te3 were predicted to have a
single Dirac point and indeed experimental results confirmed the prediction [36] [37] [38].
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2.1.4 Band inversion symmetry in TI

Unlike the realization of QSH in Z2 topological order by [2], Bernevig, Hughes and Zhang
(BHZ) theoretically presented an alternate route to realize QSH through band inversion
which modifies the electronic state of such material [39]. The idea spans from the thickness
of a quantum well of mercury telluride-cadmium telluride (HgTe-CdTe) semiconductor.
In CdTe-HgTe-CdTe heterostructure, CdTe is the barrier material and HgTe is the well
material [39]. Band inversion occurs at a certain thickness dc of the well material [39] which
closes the gap at Dirac point to form topological nontrivial with helical edge states. The
prediction was experimentally demonstrated in [19] [40]. The inversion of band at gamma
point by HgTe (topological nontrivial) but not in CdTe (topological trivial) differentiates
the two materials [41] [34] [42]. The band inversion in HgTe is because Γ6 (s-type, doubly
degenerate) appears below Γ8 (p-type, j = 3/2 quadruply degenerate) [43] as shown in
Fig. 2.3(b) unlike in CdTe shown in Fig. 2.3(a).

Figure 2.3: Bulk energy bands of HgTe and CdTe near the Γ point. Γ1
8 is a light hole and

Γ8 is a heavy hole. (a) Normal energy band of CdTe (topological trivial). (b) Inverted
energy band of HgTe (topological nontrivial). Γ6 appears below Γ8. The red horizontal
dashed line is the Fermi level. (Adapted with permission from AAAS [39]).

The combination of Γ6 and Γ8 forms six basic atomic states per unit cell that combined
into a six-component spinor [39]:

Ψ = (|Γ6, 1/2⟩ , |Γ6,−1/2⟩ , |Γ8, 3/2⟩ , |Γ8, 1/2⟩ , |Γ8,−1/2⟩ , |Γ8,−3/2⟩) (2.9)

By combining spin up and spin down (±) states reduce the six bands into three sub-bands
E1, H1 and L1. The separation of L1 sub-bands from E1 and H1 reduced the consideration
into an effective four band model. However we would like to mention that six band kane
Hamiltonian has been used to explain band inversion [42] [41]. By considering symmetries,
the effective Hamiltonian for E1 and H1 states is reduced to 2 x 2 subspace that takes
the form of the (2+1)-dimensional Dirac Hamiltonian + ϵ(ω) term [39].
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Heff (k) = ϵ(ω) +


m(ω) Aπ† 0 0
A∗π −m(k) 0 0
0 0 m(−k) −A∗π
0 0 −Aπ† −m(−k)

 (2.10)

where ϵ(k) = C − D(k2
x + k2

y) and m(k) = M − B(k2
x + k2

y). B, C, and D are the
expansion parameter. The Hamiltonian in eqn. 2.10 is block diagonal and related by
the time reversal operation. The difference between E1 and H1 level at the Γ point is
the mass (gap) parameter M. In band inversion, the level crossing occurs at a defined
critical thickness dc of the HgTe (well). The plot of the energies of E1 and H1 sub-bands
at in-plane momentum, k=0, as a function of HgTe thickness is shown in Fig. 2.4(b).
The corresponding band dispersion is shown in Fig. 2.4(a). Fig. 2.4 shows that for thin
HgTe (i.e d < dc), the contribution of CdTe (barrier) dominates over HgTe (well) and
E(Γ6) > E(Γ8), we have a normal condition as shown in Fig. 2.3 (a). As the thickness
of the well increases beyond the critical conduction, dc < d, the contribution of the well
dominates and E(Γ8) > E(Γ6), in this case we have an inverted condition (Fig. 2.3(b)).
At d = dc band crossing region, the mass parameter M changes sign between the two
sides of transition [39]. The foregoing discussion establishes the fact that the mass term is
tuned by changing the thickness of the quantum well. At M = 0, gapless Dirac dispersion
appears. From the calculation of the quantized Hall conductance in [44] and the number
of edge states in 2D insulators, it is evident that pairs of helical edge states differ by 1 at
each side of the critical thickness dc [39]. Thus one side of the transition is Z2 odd and the
other side is Z2 even. The microscopic mechanism in CdTe-HgTe-CdTe heterostructure
can be generalized to other 2D or 3D systems. 3D TI can be realized in an insulating
system in which valence band and conduction band have opposite parity [34] and a band
inversion (which is mediated by the strength of some parameters, such as spin orbit
coupling (SOC)) and, of course, TRS is not lifted.

2.2 3D topological insulator (Bi2Se3)
In 3D TI, the spin of an electron is locked to its momentum at the surface (Fig. 2.2(d))
and it is immune, just like in 2D quantum well, to backscattering from non-magnetic
impurities. The simplest 3D TI has one single gapless Dirac cone at Γ point ((K = 0) i.e.
the center of the bulk band gap) [35]. Bi2Se3 was predicted to be 3D STI by [45]. STI
hosts potentials for realizing novel magnetic and electronic properties [46] [47] because of
its unusual 2D edge states which may provide a route to spin-charge separation [48] [49].
Ab initio calculations [50] and experimental demonstrations using scanning tunnelling
microscopy [51] and angle resolved photoemission spectroscopy (ARPES) [52] [53] [54] [55]
confirm that Bi2Se3 is a STI and has a metallic surface state with a single Dirac cone
(Fig. 2.5(a)) near the Γ point of the surface Brilloiun zone.

2.2.1 Bi2Se3 strong topological insulator (STI)

Bi2Se3 is a layered material with a bulk band gap of about 0.3 eV. It crystallizes in a
rhombohedral crystal structure with space group D5

3d(R3̄m) [56] [57] [58]. Its unit cell
has five atoms and the atomic layers, Se1-Bi1-Se2-Bi2-Se3, are covalently stacked along
its c-axis to form a quintuple layer (Fig. 2.5(b)). The Se2 site serves as the center of
inversion and under an inversion operation, Se1 changed to Se3 and Bi1 changed to Bi2 [45].
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Figure 2.4: (a) Energy dispersion relations E(kx, ky) of the E1 and H1 sub-bands at d =
40, 63.5, and 70 Å (from left to right). Colour coding indicates the symmetry type of the
bands at that k point. At 40 Å, the conduction band is dominated by E1 and the valence
band by H1. Near dc, the states are evenly mixed. At 70 Å, the region near in-plane
momentum k|| = 0 has exchanged their character (b) Energy of E1 (gray) and H1 (black)
bands at k|| = 0 as a function of quantum well thickness d. (Adapted with permission
from AAAS [39]).

Each quintuple layer is bonded to another by van der Waals forces which allows for easy
cleaving of the layers. The five atoms in its primitive cell has 15 zone center phonon
branches, 12 optical phonon and 3 acoustic modes according to group theory predictions.
Out of the 12 optical phonon modes, 4 are symmetry infrared-active (2A1u, 2Eu) and
another 4 are symmetry Raman-active (2A1g, 2Eg). The irreducible representation of
Raman-active and infrared-active modes at the zone center phonon can be written as:
Γ = 2A1g + 2Eg + 2A1u + 2Eu [57]. Fig. 2.6(d) shows the schematic diagram of the bulk
3D Brillouin zone of Bi2Se3 and the 2D Brillouin zone of the projected (111) surface. The 4
symmetry Raman active and their vibration modes are shown in Fig. 2.5(c). Eg modes are
the in-plane and A1g are the out-of-plane vibration modes. Their corresponding Raman
tensors are shown in eqn. 2.11 [57]. In this work, we detected 3 out of the 4 vibration
modes.

A1g =

a 0 0
0 a 0
0 0 b

 ; Eg =

 0 −c −d
−c 0 0
−d 0 b

 ,

c 0 0
0 −c d
0 d 0

 (2.11)

The existence of metallic surface in Bi2Se3 was predicted by [45] through the ab initio
calculations and found that the energy-momentum plot of the local density of states
(LDOS) formed a single Dirac cone at the Γ point (Fig. 2.6(c)). Note that the imaginary
part of the surface Green’s function is the LDOS. Recall that spin orbit coupling (SOC)
plays a vital role in TIs and more especially in the STI like Bi2Se3 system. Band structure
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calculation with and without SOC is shown in Figs. 2.6(a and b), respectively. Due to
SOC effects, an inversion between conduction and valence bands was observed and such
band inversion is lifted without SOC. The metallic surface state of Bi2Se3 TI is spin
polarized and hosts quasi-relativistic or relativistic electrons depending on its mass [52]
[59] [60]. Electron-phonon interaction at the metallic surface states of Bi2Se3 has been
studied extensively with ARPES measurements [61] [62]. In a time-resolved ARPES
(trARPES) study, the surface state dispersion oscillations were utilized to differentiate
A1g optical phonon that couples to both the bulk band and surface band of Bi2Se3 [63]
and hence distinguishing bulk and surface electron-phonon coupling in Bi2Se3.

Figure 2.5: (a) Dispersion relation of the metallic surface state of Bi2Se3 TI. (b) Crystal
structure of Bi2Se3 with the indicated quintuple layer. (c) The 4 symmetry Raman active
vibration modes of Bi2Se3.

2.2.2 3D TI nanowire enclosed in a magnetic field

On the surface of 3D TI, the spin of an electron is locked perpendicular to its momentum
and scattering by non-magnetic impurities is forbidden [64] [65] [66]. Recall that the
relativistic dispersion relation of an electron with momentum p and rest mass m is given
as [67] [68]:

E(p,m) = c
√

p2 +m2c2 (2.12)

for m ≈ 0 (relativistic), E(pm) = cp, linear dispersion relation which is associated to
the metallic surface. The characteristic band dispersion of such a system is a Dirac
cone [45] [69] (Fig. 2.7(a)). For a massive electron (non-relativistic), eqn. 2.12 leads to
a parabolic dispersion relation with a gap that is dependent on the mass. The parabolic
dispersion is associated to the bulk band. The unique property of 3D TI nanowire (1D)
compared to geometrical 2D TI lies in the number of surfaces and the spin momentum
locking at such surfaces. In TI of 2D geometry (nanofilms, nanoflakes or nanoribbons),
there exist two surfaces (top and bottom) hosting the quasi-relativistic electrons. As the
thickness of the films is reduced below 6 nm, due to quantum confinement effects, the
insulating bulk band splits into sub-bands, the top and bottom surface hybridizes and
results in a gapped surface state [70] [71].

In TI of 1D geometry (i.e. cylindrical nanowire), there exist one curved surface and
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Figure 2.6: Calculated band structure for Bi2Se3 TI (a) with spin orbit coupling (SOC)
and (b) without spin orbit coupling (NO-SOC). (c) Energy and momentum dependence
of the local density of states (LDOS) for Bi2Se3. The surface state is clearly shown as
the red lines at the Γ point. (d) Schematic diagram of the bulk 3D Brillouin zone (BZ)
of Bi2Se3 TI. The projected blue hexagonal shows (111) surface of the 2D BZ. (Adapted
with permission from [45]).

the topological surface band splits into discrete 1D sub-bands [72] [73] [74] as the radius
of the cylindrical nanowire is decreased. This quantization leads to gapped surface state
at the Dirac point and the sub-band becomes doubly degenerate [74]. The electron spin
in such a system is constrained in the tangent plane of the nanowire like in a closed loop
(see section 2.1.2). The rotation of the electrons along the perimeter of the nanowire leads
to a π-Berry’s phase (see section 2.1.2).

The dispersion relation for 1D cylindrical nanowire in a magnetic field of flux ratio r
is given as [74] [75] [76]:

El(k) = ±ℏνF

√
k2 +

(
l − r

Rw

)2

(2.13)

where νF is Fermi velocity, Rw is the nanowire diameter, r is the flux ratio (r = Φ/Φ0),
Φ0 is the flux quantum and l is the angular momentum quantum number with values of
±1

2
, ±3

2
, ±5

2
and so on. Eqn. 2.13 is periodic in r and for r = 0, all branches of El(k)

are doubly degenerate [75] and opens a gap at the Dirac point. The degeneracy is lifted
when r ̸= 0. However, eqn. 2.13 does not explicitly contain the band gap term. Iorio et
al. derived a dispersion relation containing the band gap term [72] [77] i.e.

E(k) = sC2

√
k2 + (1 + 2m− 2r)2∆̃2(R0) (2.14)
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where m is the quantum number (cylindrical symmetry confinement), the band gap
∆(R0) = C1

R0
= 2C2∆̃(R0), C1 and C2 are the interorbital and interspin coupling con-

trol, r is the magnetic flux ratio (r = Φ/Φ0).

In the absence of a magnetic field, r = 0, a gap opens at the Dirac point and like eqn. 2.13,
E(k) are doubly degenerate as shown in Fig. 2.7(b). The opening of the gap is ascribed
to geometric effect (π-Berry phase) (see section 2.1.2) because the electron spins that en-
circling the Dirac cone by 2π acquires a π phase shift. In the presence of a magnetic field
applied longitudinally to the nanowire axis, the band gap ∆(R0) is reduced. At r = 0.5,
degeneracy is lifted and the gap closes at the Dirac point (Fig. 2.7(c)) because half flux
quantum nullifies the effect of the Berry phase that induced gap opening [73] [78] [79] [72].

Figure 2.7: (a) Spin polarized metallic surface of bulk TI with the accompanied Dirac
cone. (b) Degenerate state of Bi2Se3 NW showing the splitting of the surface state into
sub-bands and opening of gap at the Dirac point. The inset shows a cross-section of the
NW with (mix) spin configuration (c) Non-degenerate state of Bi2Se3 NW when magnetic
field, B, is applied along the NW axis. The insets show a cross-section of the NW with
(non-mix) spin configuration.

2.3 Inelastic light scattering and lattice dynamics
Light-matter interaction leads to some exciting phenomena which could be studied. It
drives many systems [80] and helps in understanding some exotic properties of matter
such as excitons, and collective oscillations. Through light-matter interactions we can
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derive the behaviour of electrons, phonons and electron-phonon couplings. Light matter
interaction is a two photon process in which a photon is created and another photon
is destroyed. The created photon (scattered light) can have the same energy with the
destroyed photon (incident light) and in such a case it is called elastic (Raleigh) scattering.
However, in inelastic scattering, the incident light has different energy compared with the
scattered light and the difference in energy is used to excite the vibrational state in the
system. This inelastic scattering was first discovered by C. V. Raman in 1928 [81] and it
is now called Raman scattering.

2.3.1 Raman scattering

In Raman scattering, the created photon can have more (less) energy than the annihilated
photon and it is referred to as anti-Stokes (Stokes). The difference in energy of the incident
photon and the scattered photon called Raman shift (ν) is represented as

∆ν̄ = ν̄0 − ν̄ =

(
1

λ0
− 1

λ

)
· 107cm−1 (2.15)

where ν̄0 = ω0/2πc (wavenumber of the incident photon), ν̄ = ω/2πc is the wavenumber
of the scattered photon.
At room temperature, the intensity of Stokes is significantly higher than the intensity
of anti-Stokes. Raman susceptibility of a medium is the probability that the incident
photon is inelastically scattered by the medium and it is referred to as Raman cross-
section [82]. Change in polarizability of the scattering medium makes its vibrational
state to be Raman active [83]. The scattering intensity I for each Raman active mode
is given by I(ω) ∝ |ẽs · R · ẽi| where R is the Raman (3 x 3) tensor, ẽs and ẽi are the
polarization of scattered and incident photons, respectively. The Raman spectroscopy
probes the optical phonons at the Brillouin zone center where the momentum transfer q̃
≈ 0 since the probing wavelengths are much longer than the lattice constant. q̃ = 2ki
and ki = 2π/λ and the distance between the Brillouin zone center to the zone boundary
is π/a (a = lattice constant) [84]. On the other hand, when the incident photon energy is
close to one or more allowed electronic transitions, the intensity of the scattered photon
is amplified unlike when the incident photon energy is not close to the allowed electronic
transition [85]. The former is called resonance Raman and the latter is called ordinary
Raman (non-resonance).

2.3.2 Theory of Raman scattering in crystals

In this section, we concentrate on the quantum mechanical approach of the Raman scat-
tering process in conventional materials.

Quantum mechanical approach
The Hamiltonian (H̄) describing the light-matter scattering consists of Hamiltonians
for unperturbed H̄0 and perturbed H̄(t̸=0) systems. H̄(t) is described by electron-
phonon interaction H̄EP , photon-phonon interaction H̄PP and photon-electron interaction
HPE [86] [87]. H̄ is given as:

H̄ = H̄0 + H̄EP + H̄PP + H̄PE (2.16)
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Let’s consider the coupling of photon to electron described by the H̄PE (which of course
is the most significant process for Raman effect). The interaction of radiation field vector
potential Ā(r) with an electron of momentum operator p̄j and position vector r̄j for p̄j →
p̄j + eĀ(r̄j) is described by H̄PE as:

H̄PE =
e2

2me

∑
j

Ā(r̄j) · Ā(r̄j) +
e

me

∑
j

p̄j · Ā(r̄j) (2.17)

where me is the mass of electron and e is the elementary charge. The first term in eqn.
2.17 is the A·A term and the second term is the p·A term. A·A has no resonance properties
and contributes significantly if the initial and final states are the same. p·A contributes to
scattering in second order matrix elements [88] and dominates when the incident photon
energy is close to the transition energy from the initial |i⟩ to the final |f⟩ state which
is the case for resonance Raman scattering. The components of the polarization tensor
αρσ representing a transition from the initial state |i⟩ to a final state |f⟩ through an
intermediate state |r⟩ are described by the Kramers-Heisenber-Dirac equation as [89] [90]:

(αρσ)fi =
∑
r ̸=i,f

(
⟨f |Pρ |r⟩ ⟨r|Pσ |i⟩
ℏωri − ℏω0 − iΓr

+
⟨f |Pσ |r⟩ ⟨r|Pρ |i⟩
ℏωrf − ℏω0 − iΓr

)
(2.18)

where ωri is the transition frequency from |i⟩ to |r⟩, ωrf is the transition frequency from
|r⟩ to |f⟩, ρ and σ are the coordinates of the electric dipole operator. The transition
probability from the ground state |m, t⟩ to the excited state |n, t⟩ is given by [88]:

Pmn =
2πt

ℏ
δ(En − Em)| ⟨n| H̄(t) |m⟩ |2 (2.19)

where H̄(t) is time dependent Hamiltonian. From eqn. 2.19, the transition probability
per unit time t is written as:

Pmn =
2π

ℏ
δ(En − Em)| ⟨n| H̄(t) |m⟩ |2 (2.20)

The Raman cross section which represents the probability of coupling between a photon
and investigated material is a function of polarizability of the material. The differential
Raman cross section is proportional to the transition rate and it is given by

d2σ

dωdΩ
=

2π

ℏ
α(ℏω0)

∑
n,m

e−βEn

Z
| ⟨n| H̄(t) |m⟩ |2δ(En − Em + ℏω0) (2.21)

where Z is the partition function, ℏω0 is the incident photon energy, β = 1/KBT , α(ℏω0)
is the proportionality factor. Eqn. 2.21 is the Fermi’s "Golden Rule". In the limit of H̄(t)
being smaller that H0, eqn. 2.21 can be rewritten as

d2σ

dωdΩ
= −2π

ℏ
α(ℏω0)2(n(ω) + 1)ℑ(R(ω + iδ)) (2.22)

n(ω) is the occupation function and ℑ(R(ω + iδ) is the imaginary part of the response
function.

Recall that when the excitation photon energy is close to allowed electronic transition,
the intensity of the scattered photon is amplified and it is called resonance Raman. The
difference between ordinary and resonance Raman scattering is depicted visually in the
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Feynman diagrams of the four photon Green’s function [91] shown in Fig. 2.8.

Figure 2.8: Feynman diagram of the four photon Green’s function for (a) first non-order
resonant for dominant inelastic light scattering at the surface state and (b) second order
resonant interband inelastic light scattering in the bulk. VB and CB are the valence and
conduction bands, respectively. Electron and hole line represent in (a) excitations within
the Dirac cone and in (b) conduction and valence bands, respectively. The arrow above
the phonon in (a) and (b) indicates the Stokes direction.

Fig. 2.8(a) shows the non-resonance Raman scattering process. The incoming laser
(ωinc, kinc) couples to the electronic system via A2

local matrix element and electron couples
to phonon via g(q = 0) term. The phonon (double horizontal lines) propagates in the
direction of the arrow. The Raman scattering intensity for non-resonance processes can
be approximated by [92] [88]

Inres(ω) = −Im[R̄(ω)] = −Im[(TA·A
e )2g2π2

0D
0] (2.23)

where TA·A
e is the non-resonant term, g is electron-phonon coupling constant, D0 is

the phonon propagator, π0 is the polarization bubble and R̄(ω) is the Raman response
function. For resonance Raman scattering processes (Fig. 2.8(b)), the incoming laser
(ωinc, kinc) couples to the electronic system via T p̄·Ā

e matrix element which is dependent
on the incoming laser energy. The Raman scattering intensity for resonance processes can
be approximated by [88]

Ires(ω, ωinc) = −Im[R̄(ω, ωinc)] = −Im[(T p·A
e )4g2π0(ωinc)

2D0] (2.24)

where T p·A
e is the resonant term.

2.3.3 Phononic Raman scattering in topological insulator

The inelastic scattering in TIs is expected to differ from conventional materials due to
the existence of conducting surface state and insulating bulk state hosting electrons that
behave differently at the surface compared to the bulk of TI. We consider the metallic
surface states hosting the spin textured electrons.
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Metallic surface states of TI
From the Feynman diagrams (Fig. 2.8) and considering all bubbles contributing to the
non-resonant matrix element, the Raman response function according to Bock et al. [93]
is

R(ω) = −i
[
(iTA2)2(−χel(ω)) + (iTA2)2(ig1)

2(−χ2
el(ω))iḠ(0, ω)

]
= T 2

A2χel(ω)− T 2
A2(g1)

2χ2
el(ω)Ḡ(0, ω)

= Rel(ω) +Rpho(ω)

(2.25)

Now consider electronic susceptibility χel(ω) to be

χel(ω) = πre + iπim (2.26)

Phonon propagator that is renormalized by the low energy electronic susceptibility is

Ḡ(0, ω) =
1

2Γ̄ω + (ω2 − ω̄0
2)

(2.27)

with ω̄2
0 = ω2

0 + g21πre and Γ̄ω = 2Γω − g21πim.

The contribution of the imaginary part of electronic susceptibility leads to a broaden-
ing of the phonon linewidth. Squaring the electronic susceptibility (eqn. 2.26), we obtain
eqn. 2.28 which is the mixing of the real and imaginary part of electronic susceptibility
with the imaginary part of the dressed phonon propagator.

χ2
el(ω) = (πre + iπim)

2 = π2
re − π2

im + 2iπreπim (2.28)

The intensity associated with the mixing is given as [94]

I(ω) = η(ω, ωinc, T )
(
−T 2

A2πim +
T 2
A2g21Γ̄ω

(Γ̄ω)2 + (ω2 − ω̄2
0)

2[
π2
im − π2

re + 2πreπim

(
ω2 − ω̄2

0

Γ̄ω

)]) (2.29)

By definition, Fano parameter q̄(ω) = πim(ω)/πre(ω) and therefore we obtain a generalized
Fano equation which utilizes exact phonon propagator see eqn. 2.30

I(ω) = η(ω, ωinc, T )
(
−T 2

A2πim +
T 2
A2g21Γ̄ωπ

2
re

(Γ̄ω)2 + (ω2 − ω̄2
0)

2[
q̄2 − 1 + 2q̄

(
ω2 − ω̄2

0

Γ̄ω

)]) (2.30)

q̄ which is the ratio of imaginary and real parts of the electronic susceptibility and it is
dependent on the frequency. For an increasing imaginary (conversely decreasing real) part
of electronic susceptibility, q̄ becomes large and Fano eqn. 2.30 recovers to Lorentzian
symmetric phonon line shape given as

I(ω) = η(ω, ωinc, T )

(
−T 2

A2πim +
T 2
A2g21Γ̄ωπ

2
im

(Γ̄ω)2 + (ω2 − ω̄2
0)

2

)
(2.31)
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For TIs, we obtain

I(ω) = η(ω, ωinc, T )
(
−T 2

A2πim +
T 2
A2g21Γ̄ωπ

2
re

(Γ̄ω)2 + (ω2 − ω̄2
0)

2[
q̄2 − 1 + 2q̄

(
ω2 − ω̄2

0

Γ̄ω

)
+

R

π2
re

]) (2.32)

Eqn. 2.32 is the Raman response of TI. R
π2
re

is correction term for Fano parameter q̄.
Therefore in TIs both the low energy susceptibility and the ratio between resonant and
non-resonant Raman scattering drive the phonon asymmetry. Schematic representation
of coupling between discrete and continuum state is shown in Fig. 2.9

Figure 2.9: Schematic representation of discrete and continuum state interfering. An
incident photon |i⟩ excites the continuum |e⟩ and discrete |p⟩ states with coupling factor
of v and w, respectively. |e⟩ and |p⟩ interact by a coupling strength g and the interaction
results to Fano asymmetry shape.

2.4 Surface plasmons, carrier and hot carrier injection
into the TI surface states

Charges can be transferred onto the Bi2Se3 TI, however only charges that are transferred
to the surface (below the gap of 3D TI) have a possibility of retaining the Dirac particle-
like features. We discuss two modes of charge transfers which we studied in this work,
(a) carrier injection mediated by metal/TI interface (Fig. 2.10(a)) and (b) hot carrier
injection by resonantly decayed surface plasmons (Fig. 2.10(b)).
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2.4.1 Metal/TI interface

The carrier injection from metal/TI interface and more specifically from Au substrate to
Bi2Se3 TI bulk and surface states was studied theoretically by Spataru and Leonard [95].
The transferred charges accumulate at the interface side of Bi2Se3 TI and cause band
bending. For Au/Bi2Se3 TI interface, the TI bands can be shifted by ≈ 1 eV and thus
locating the fermi level several hundreds of meVs above the conduction band edge [95].
The calculated spectral function with eqn. 2.33 projected on quintuplet layers and the
associated density of states show that the spin momentum locking is maintained with
minimal hybridization in such a system [95].

Aj(k⃗, E) =

iϵQLj∑
n,i

ωi
nk⃗
δ(E − εnk⃗) (2.33)

where n, i, k, εnk⃗, and ωi
nk⃗

are the band index, atomic site index, crystal momentum,
electron energy and site-projected electron wave function, respectively.

2.4.2 Localized surface plasmons

Plasmons are oscillations of free electrons in metals with a well defined frequency [96]. As
the size of the metal is decreased below the wavelength of the exciting incident light, the
associated electric field penetrates the metal and polarizes the conduction electrons [97].
The generated plasmons are localized at the surface of the nanoparticles (NPs) [98]. The
localized surface plasmons (LSP) can be modeled as mass spring harmonic oscillator.
The inertness and optical properties of gold NPs (Au NPs) made it an ideal candidate for
localized surface plasmon generation and decay [97]. For a spherical Au NP, the extinction
cross-section, σext, is [96] [99]:

σext =
18π[εm(λ)]

1.5

λ
VNP

Im[ε(λ)]

[Re[ε] + 2εm(λ)]2 + Im[ε(λ)]2
(2.34)

where VNP is the volume of NP, εm is the dielectric constant of the non-absorbing
(Im[εk,m,r] = 0) medium, and ε = Re[ε(ω)] + iIm[ε(ω)] is the complex dielectric function
that is frequency dependent. For maximum σext, the LSP is excited at the frequency
where Re[εNP (ω)] ≈ −χεm(ω) called Fröhlich condition.

Decay of LSP
The decay of LSP is guided by the total relaxation rate Γ which is proportional to the
surface plasmon resonance (SPR) bandwidth represented as [97]:

Γ = Γnr + ω2Γr (2.35)

The first term in eqn. 2.35 is for non-radiative decay and the second term is for radiative
decay which depends on the SPR frequency. Non-radiative decay (via Landau damping)
is accompanied by the emission of hot electrons and holes. It can occur through inter-
band transition from d-band to s-band leading to a generation of low energy hot electrons
in s-band and high energy hot holes in d-band or intra-band transition from sp-band to
empty sp-band above the Fermi level [100] [101] [102]. In inter-band transition, Studies
on non-radiative decay of surface plasmons can be found in [103] [104] [105] [106].
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Injection into topological surface states
The injection of carriers from the plasmonic metal into the topological surface states was
modeled theoretically based on density matrix formalism. The density of generated hot
carriers is given by eqn. 2.36 [107] and that of the injected carriers into the surface state
of 3D TI along the x-axis is given by eqn. 2.37 [107]. Recall that only carriers that are
injected at the metallic surface states (i.e. below the bulk gap of 3D TI) could retain
spin polarized behaviour. Due to spin momentum locking of a single particle Dirac state
in reciprocal space, only hot electrons (with tangential momentum direction) which have
closely overlapping spin components to the Dirac states are injected into the 3D surface
states [107].

δρk =
2

(2π)3
1

ℏω
k2
r |Ωk,q|2

m

ℏ2q
log

(
kf

k − q

)
Θ(k − kF ) (2.36)

where Θ(k− kF ), kr, q, Ly and kF are the Heavyside step function, wave vector, momen-
tum, length of Bi2Se3 sample along the y direction and Fermi wave vector, respectively.
Ωk,q is the excitation rate that describes the number of carriers generated per second.

δη =
δρk
2

V

N

E
3/2
F

[(EF + eϕ)3/2 − E
3/2
F ]

1

LyℏνF
eφb (2.37)

where νF ≈ 6 × 105 m/s is the Fermi velocity for Bi2Se3, EF is Fermi energy, V/N ≈
10−22 cm3.

Figure 2.10: Schematic representation of (a) interface and (b) hot carrier injection into
Bi2Se3 TI. The injected carriers at the metallic surface states are spin polarized and are
immune to non-magnetic backscattering.
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Chapter 3

Experimental Techniques

In this chapter, we will present the growth of Bi2Se3 nanoflakes (NFs), nanoribbons (NRs)
and nanowires (NWs). We will examine the micro-Raman set-up, photolithography pro-
cess of contatcing the samples, and electrical transport measurement. Sample prepara-
tions and brief discussions of different characterization techniques used in this work will
be discussed.

3.1 Synthesis methods

This section will dwell on synthesis methods used to fabricate the samples. Bi2Se3 NWs
and NRs were fabricated in an oven by the chemical vapour deposition (CVD) method.
Bi2Se3 NFs were fabricated using a wet chemical polyol (WCP) method.

3.1.1 Chemical vapour deposition method

Chemical vapour deposition (CVD) is an attractive and widely used fabrication method
to fabricate high quality monocrystalline, polycrystalline and amorphous nanostructure
materials on different substrates. In this work, we used the CVD method to grow high
quality monocrystalline Bi2Se3 NWs and NRs on silicon ⟨100⟩ substrates. Fig. 3.1 shows
the schematic diagram of the CVD.

Figure 3.1: Schematic diagram of chemical vapour deposition (CVD) showing the up-
stream (540oC) and downstream (460oC) temperatures.
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Growth of Bi2Se3 nanoribbons and nanowires

NRs and NWs of Bi2Se3 were grown in an oven and we followed a general approach in
CVD [108] [11] [9] with full optimization for the growth process. The furnace is made up of
two heating zones, the downstream and the upstream. During synthesis, the downstream
and the upstream were heated to 440 oC and 540 oC, respectively. The growth mechanism
is by vapour liquid solid (VLS) process in which gold (Au) catalyst activates the reaction.
The eutectic composition of Au:Bi2Se3 lowers the melting temperature of the Au alloy,
thereby allowing the alloy to melt and subsequently reaching saturation point from which
crystal growth can occur. The general procedures for synthesizing Bi2Se3 NRs and NWs
in an oven are summarized as below:

(a) Preparation of the silicon substrates
Silicon substrates were cleaned in Piranha solution and rinsed multiple times in deionized
water in order to remove dirt.

(b) Functionalizing the silicon substrates
Silicon substrates were functionalized with 0.1 % w/v aqueous poly-L-lysine to enhance
the attachment of gold nanoparticles to the substrates.

(c) Coating the substrates with gold nanoparticles
The substrates were dipped inside a colloid solution of gold nanoparticle (AuNPs) (50 nm
diameter) for 5s.

(d) Growth of the Bi2Se3 nanostructures
0.2g of granular Bi2Se3 was placed in an alumina boat and loaded at the upstream zone
of the furnace. Si substrates coated with AuNPs were loaded at the downstream zone of
the furnace. The tube was pumped to a pressure of 40 mTorr, and flushed multiple times
with ultrapure argon gas to minimize oxygen contamination in the 2.5 cm diameter quartz
tube. The downstream and upstream zones were heated to their various temperatures in
1 hour. The carrier gas flow rate, the pressure and reaction time were set to 30 standard
cubic centimeters per minute (sccm), 780 mTorr, and 1 hour, respectively (Fig. 3.1). In
order to provide a selenium environment and to protect the surface of the Bi2Se3, after
the reaction, the argon flow was systematically switched off and the system was allowed
to cool down to room temperature within 2.5 h. (Figs. 4.5 and 4.12 in Chapter 4 for the
result).

(e) Tuning the growth parameters
In order to obtain nanostructures of different sizes and shapes, the growth parameters
such as the Argon flow rate, the pressure in the quartz tube and/or growth temperature
were tuned.

3.1.2 Wet-chemical polyol method

The synthesis of Bi2Se3 nanoflakes follows a standard wet-chemical method [109] [110].
The chemicals used for the synthesis include Bismuth (III) nitrate (Bi(NO3) ∗ 5H2O, 98
% Sigma Aldrich) as source of Bismuth (Bi), Sodium selenite (Na2SeO3, 99 % Sigma
Aldrich) as source of Selenium, polyvinylpyrrolidone (PVP, C6H9NO, 55.000M, Sigma
Aldrich) as a reducing agent/growth surface stabilizer and ethylene glycol (EG, C2H6O2,
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99.5 %, ROTH, JT Baker) as a solvent medium for the synthesis. The synthesis process
involves dissolving 0.66 g PVP (55K), 0.30 g Bi(NO3) ∗ 5H2O, and 0.15 g Na2SeO3

in 30 mL EG at 60 oC. The solution was transferred into a three-neck flask which is
connected to a water cooled reflux (Fig. 3.2). The stirring was done with a teflon bar at
450 revolution per minute (rpm). The reaction temperature and time were 190 oC and
120 minutes, respectively. The first process in the reaction is that EG reacts with O2 to
form glycolaldehyde [111], which acts as a reducing agent for the precursor. Bi plates,
hexagons and Se needle are formed as a parallel side product [109] [110]. After a certain
time, Bi2Se3 nucleates and grows into nanoflakes. The solution changes from transparent
to a stable homogeneous black liquid. After the reaction, the solution is allowed to cool
down to room temperature. The product of the reaction is washed with acetone and
isopropanol in a centrifuge and stored in isopropanol [109] [110]. see Fig. 4.1 in Chapter
4 for the results.

Figure 3.2: Schematic diagram of the wet chemical set-up. (Adapted with permission
from [112]).

Drop Casting the Bi2Se3 nanoflakes on the finder grid and decorating individ-
ual Bi2Se3 nanoribbons with AuNPs

The solution containing the nanoflakes was drop-cast on finder grid substrates and the
isopropanol was allowed to evaporate. The finder grid substrates (gold sputtered and
silicon) were marked such that individual nanoflakes could be identified and measured.
10 µL of dispersed AuNPs in water was drop-cast on the individual nanoribbons and
dried before measurement. As mentioned earlier in section 3.1, individual nanoribbons
were transferred to the custom-made 100 µm x 100 µm silicon finder grid with the aid of
a micro-manipulator.
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3.2 Raman spectroscopy

The Raman data were acquired at the Center for Free Electron Laser Science (CFEL)
in Hamburg using a micro-Raman set-up that is coupled to the Ultimate Triple 3 (UT-
3) [113].

3.2.1 The Ultimate Triple 3

This is a triple-grating, fully achromatic, deep ultraviolet (UV) to near-infrared (IR)
spectrometer [113]. The UT-3 is designed such that the image aberration is minimized by
using on-and off- axis parabolic mirrors. The Raman signal is collected with a reflective
entrance objective of numerical aperture 0.5. A strong stray light rejection with high
resolution in the UV and IR region is achieved by the use of elliptical mirrors [113]. The
whole set up is located in a controlled cleanroom. For long term stability, the controlled
temperature and relative humidity are kept at 22 oC ± 0.5 oC and 40 % ± 3 %, respec-
tively. UT-3 uses two Tsunami Ti:Sapphire laser systems (3950-X1BB, Spectra Physics
Lasers Inc., California) to achieve a wide range of incident wavelengths. This is realized
by the use of either second, third or fourth harmonic generation (Spectra Physics Lasers
Inc., California). The green Millennia Pro Xs 10sJS and Millenia eV diode laser (Spectra
Physics Lasers Inc., California) are used as the pump lasers. The auto correlator (APE
GmbH, Berlin) was used to determine the pulse width of the laser and it is about 1 ps.
The schematic diagram of the UT-3 is shown in Fig. 3.3

Figure 3.3: Schematic diagram of the UT-3 showing the entrance optics, which focuses the
light into the pre-monochromator (Mono1, relay stage and Mono2). The light is spectrally
resolved in Mono3 in order to achieve a strong stray light rejection with high resolution.
(Adapted from [113]).

3.2.2 Micro-Raman

A custom made micro-Raman with beam spot diameter in the range of 211 nm ± 3 nm
- 400 nm ± 5 nm, depending on laser wavelength, was developed by us [92] [114]. We
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used the micro-Raman to resolve different diameters of gold nanoparticles on the Bi2Se3
nanoribbons and nanoflakes down to 39 nm and were able to conduct detailed Raman
study on a single nanowire, nanoribbon and nanoflake. The custom made micro-Raman
was mounted on an aluminum support to ensure stability of the set-up. The set-up
was mounted on a translation stage which allows for x, y, and z translational degrees of
freedom. The incoming laser light was guided through a spatial filter, and focused on the
sample by an infinitely corrected microscope objective 50X Mitutoyo Plan Apo HR (NA =
0.75) or 50X Mitutoyo Plan Apo (NA = 0.5). With the aid of the focusing objective, IC50
(Olympus, Japan), the scattered light from the sample was focused on the entrance optics
(EO) of the UT-3 spectrometer. At the back of the construction is the white light source
QTH10/M (Thorlabs, USA) which is in-coupled into the beam path by a beam splitter
BS064 (Thorlabs, USA) with 70 % reflection and 30 % transmission. The white light
and the probe laser light were focused on the sample: switching between light microscope
and the Raman mode is controlled by a motorized mirror. The reflected light is focused
on the CCD camera by tube lens when the mirror is driven out. The scattered Raman
light is focused onto the UT-3 spectrometer axis when the mirror is driven in. The CCD
camera specification is as follows: 5 M pixel CCD chip DFK37BUX264 (The Imagine
Source, USA), 3.45 µm × 3.45 µm pixel size, 50X magnification. The image size per pixel
is approximately 70 nm. The computer aided design (CAD) drawing of the micro-Raman
set up is shown in Fig. 3.4 [114].

Figure 3.4: CAD drawing of the micro-Raman set-up. The incoming laser beam enters the
spatial filter and it is focused on the sample by an infinity corrected microscope objective.
The scattered light from the sample is redirected and focused on a CCD camera through
the entrance optics of UT-3. (Figure taken from [115]).

3.2.3 Beam path in the micro-Raman

The schematic diagram of the micro-Raman is shown in Fig. 3.5. The beam path of the
monochromatic laser light i.e. red laser (633 nm), is shown as a red arrow. The incoming
red laser enters the spatial filter through the wave plate (λ/2) as shown at the left hand-
side of the diagram. The first lens, with 25 mm focal length, focuses the laser light into
a 25 µm pinhole. With the aid of the second lens, of 75 mm focal length, the beam is
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widened to a diameter of about 12 mm. The widened beam is guided through two 45o
mirrors on to the first beam splitter (BS1), which reflects 70 % and transmits 30 %, and
then to the second beam splitter (BS2), which reflects 10 % and transmits 90 % of the
monochromatic laser beam. The monochromatic laser light is then focused on the sample
by microscope objective (MO) (Mitutoyo Japan, 50X objective, NA = 0.75/0.5). Note
that the sample is mounted on top of a multi-axis piezo scanner P-517 (PI, Germany),
which is operated by an E-710.3CD controller (PI, Germany) for precise positioning of
the sample, laser spot and scanning of the samples during measurements [92] [114]. The
Raman signal (shown in rainbow color), together with the reflected light, were focused on
the entrance objective (EO) of the UT-3 using an objective IC50 (Olympus, Japan).

Figure 3.5: Schematic diagram of beam path in the micro-Raman set-up. The incoming
monochromatic laser light passes through the wave plate (λ/2) and enters the spatial
filter. The spatial filter is made up of a 25 mm lens, 20 µm pinhole and then a 75 mm
lens. To modify the beam height, a periscope is used. The beam passes through a beam
splitter (BS) (reflect 10 % and transmission 90 %) and is focused on the sample by the 50X
objective of numerical aperture (NA) (0.75 or 0.50). The scattered light passes through
the BS and it is directed at 90o by a motorized mirror to Olympus objective (NA=0.4).
The Olympus objective focuses the signal to the entrance optics of the UT-3. (Figure
adapted from [92]).

3.2.4 Raman study

The study on Bi2Se3 NWs was conducted with a green laser (532 nm wavelength) whereas
the measurements on Bi2Se3 NRs and NFs were conducted with a red laser, (633 nm
wavelength) except for the Resonance study. The resonance study was conducted on NRs
and NFs and the following lasers were used (a) red laser, 633 nm wavelength (Gas, 05-
LHP-123-496 HeNe), (b) yellow laser, 594 nm wavelength (Diode, OBIS 594LS 1233468),
(c) light green laser, 560 nm wavelength (Diode, OBIS 561LS 1223779) and (d) green
laser, 532 nm wavelength (Diode, Millenia Pro 10sJS). The nanoscopic beam spot size
enabled us to precisely place the beam on the sample during measurements. The power
on the sample was measured with a power meter (PM160, Thorlabs, USA). The maxi-
mum laser power at the sample during measurements depended on the laser wavelength
and Mitutoyo objective lens used. Typically, the power at the sample was less than 50
µW. The beam spot diameter (full width at half maximum (FWHM)) was around 200
nm - 550 nm depending on the laser wavelength and the microscope objective used. In
order to determine the beam spot size, the laser spot was focused on a bare <111> silicon
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substrate and the image of the beam spot was recorded. The intensity cut in different
directions through the 2D image of the laser spot was obtained and fitted with a Gaussian
profile. Fig. 3.6(b) shows an exemplary line cut through the 2D image obtained with 633
nm wavelength and the corresponding FWHM is shown in Fig. 3.6(a). For more detail
of the line cut of various wavelengths, (see section 2.1 of Appendix B).
For a typical Raman measurement, the spectra were acquired in back-scattering configura-
tion while employing Porto notation configuration (Fig. 3.6(c and d)) [116] [117]. All mea-
surements were acquired in parallel configuration except for polarization dependence study
where perpendicular configuration was used (Fig. 3.6(d)). The acquisition time for the
study depended on whether we were measuring the nanoflakes or nanowires/nanoribbons.
To exclude laser heating of the samples, the laser power on the sample was kept at low
values depending on the laser wavelength used. Note that several pre-test measurements
were carried out before the actual measurement.

Figure 3.6: Beam spot size and Porto configuration. (a) Gaussian fit of the intensity
profile from (b) in four different directions. (b) Intensity cut from 2D image of red laser
spot. Porto configuration showing the parallel (c) and perpendicular (d) polarization of
the incident and scattered light. Adapted from [118].

3.2.5 Magnetic field dependent Raman measurements

Magnetic field dependence was conducted on our sample during Raman study. In order
to achieve this, a custom made aluminum construction was designed to hold two bar
magnets each of 500 mT. The bar magnets were used to create fields along the long axis
of the Bi2Se3 nanowires. Adjustable screws were used to adjust the distance between
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the bar magnets to about 7 mm apart [115]. The magnetic field at the sample position
is determined using a Hall effect sensor GM05 (Hirst Magnetic Instruments Ltd., UK).
For magnetic field dependence Raman study, the Bi2Se3 nanowire was aligned parallel to
both the magnetic field of the two bar magnets, and the polarization of the laser light.
The measurement sequence was (a) measuring a sample in the construction without the
magnetic field, (b) switching on the magnetic field and repeating the measurement, (c)
turning off the magnetic field and repeating the measurement. After that, the sample was
removed and another sample was used and the sequence was repeated.

Figure 3.7: Sketch of the Raman study when the magnetic field is applied along the long
axis of the wire. The 532 nm laser is focused on the NW and magnetic fluxes are created
in NWs by two permanent magnets along the axis. The white double head arrow is the
scan direction. Taken from [115].

3.3 Sample Characterization

In this section, we discuss various characterization techniques used in characterizing our
samples. Techniques such as scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), se-
lected area electron diffraction (SAED), energy filtered transmission electron microscopy
(EFTEM), electron energy loss spectroscopy (EELS), energy dispersive x-ray spectroscopy
(EDX), and atomic force microscopy (AFM) were used to investigate our samples.

3.3.1 Atomic force microscopy

A commercially available atomic force microscopy (AFM) (Q-scope 250 model) was used
to determine the shape and height (thickness) of the samples. The AFM has a 40 µm x 40
µm scan head, a lateral resolution of 0.6 nm, and a vertical resolution of 0.05 nm. In the
measurement condition, the cantilever is scanned along the x -axis (horizontal scan) and
it is in intermittent contact mode. The data acquired in the AFM were analyzed with
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Gwyddion and ImageJ software and the results obtained with the AFM are presented and
discussed in chapter 4 (results and discussion).

3.3.2 Scanning electron microscopy

A commercially available field effect scanning electron microscopy (FESEM) (ZEISS
ΣIGMA) was used to determine the position and size of the AuNPs on the nanostruc-
tures. For bright resolution images, an acceleration voltage was set between 1kV - 8kV.
Depending on the nanostructure under study, the in-lens detector for secondary electrons
with a working distance of about 3 mm and a magnification of between 50, 000 - 120, 000
was used.

3.3.3 Transmission electron microscopy

TEM was used to determine the crystallinity and the growth direction of the samples.
The TEM study was conducted with a JEOL JEM-2100 with 200 kV acceleration voltage
and a LaB6 cathode. Samples were transferred to carbon coated CU TEM grids from
the Si substrate and pre-characterized with SEM before TEM study. Multiple samples
were studied with TEM, high resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED). The shells of the samples were studied with
energy filtered transmission electron microscopy (EFTEM) and electron energy loss spec-
troscopy (EELS)(FEI Tecnai F30 G2 STwin). The results are presented and discussed in
chapter 4.

3.3.4 Energy dispersive x-ray spectroscopy

EDX was used to determine the stoichiometry of the samples. Both the SEM and TEM
were equipped with a nitrogen cooled X-Max 50 detector (Oxford). This allowed for the
in-situ characterization of the stoichiometry of the samples during SEM and TEM study.

3.4 Magneto-transport study
In this section, we outline processes involved in magneto-transport measurements of the
samples. Sequentially the process involves: designing the markers and the electrode pat-
tern, photolithographic patterning of markers on the substrate, transferring nanowires
onto the marked substrate, spin coating the substrate with photoresist, writing the
electrodes on the sample, developing the pattern, etching the nanowire, contacting the
nanowire with metal electrodes, wire bonding the electrodes and electrical-transport mea-
surement.

3.4.1 Device pattern design

The design that can be printed on the sample could be designed in any chip design envi-
ronment. In our case, we used K-layout. The K-layout design contains the marker and
the electrodes. For precise contact on the nanowire, the markers are first printed on the
silicon (Si) substrate (note Si substrate is covered with 300 nm SiO2 layer) and nanowires
transferred to the markers before the electrodes are written on the sample.
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3.4.2 Photolithography patterning

The µPG 101 Micro pattern generator from Heidelberg Instrument was used to print the
design on the Si substrate Fig. 3.8(e). Before printing the design on the Si substrate,
various processes for cleaning and depositing positive photoresist were carried out. A Si
wafer was cleaned with acetone, isopropanol, deionized water, dried with nitrogen and
baked at 115 oC for 60 s. 30 µL of positive photoresist (S1813, Rohm and Haas electronic
materials LLC) was dropped on the substrate and initially spun at 500 rpm (revolutions
per minute) for 5 s and then at 4000 rpm for 30 s and pre-baked at 115 oC for 60 s before
exposing it to µPG 101 laser printer to print either the markers or the contact electrodes.
The exposure dosage was 15 mW, 50/60 %, x4. The exposed pattern was developed with
microposit MF-319 developer (Dow Europe GmBH, c/o DSP Germany), gold coated in a
sputtering chamber and the unexposed photoresist was removed with remover mr-Rem 400
(micro resist technology GmbH) at 60 oC to expose the device markers or the electrodes.
Note that all the photolithography processes were conducted in a cleanroom under yellow
light illumination.

3.4.3 Transfer of the nanoribbons and nanowires

A custom-made x,y,z - positioner micro-manipulator was used to transfer the nanoribbons
and nanowires to the Si substrate (Fig. 3.8(b)). For Raman study, the nanostructures
were transferred to the 225 fields of 100 µm x 100 µm custom-made silicon finder grid.
For electrical transport study, the nanowire was transferred to the design marker before
repeating the process for the electrode contact. The positioner has 51 mm long tungsten
picoprobe tips (T-4-10) with a wire shaft diameter of 10 µm, a point radius <0.1 µm and
a tip length of 3.3 mm. Fig. 3.8(f) shows the picoprobe tip with the attached nanowires.

3.4.4 Etching of the nanowire

Argon etching of the nanowire was carried out at room temperature in the reactive ion
etching system ICP-RIE (SI 500, Sentech instrument GmBH). The etching was done
in order to remove photoresist residues as well the native oxide layer on the nanowire.
After etching, the nanowire was quickly transferred into the Physical Vapour Deposition
system (PLS 500, Balzers Pfeiffer) in order to make metal contact on the exposed surface
and to reduce the oxidation of the nanowire surface. Note that etching the nanowire
occurred immediately after developing the device (containing nanowire), just before the
metal contact.

3.4.5 Wire bonding

The Si substrate was mounted on a puck and electrically connected to the terminals of the
puck. The puck is about 2 cm in diameter and contains large areas that are specifically
designed to bond thin aluminum wires on the areas. The thin aluminum wires were
bonded from the four electrodes (channel pads) on the device containing the nanowire,
onto the four terminals (channel pads) of the puck (viz I-, V-, V+, I+) (Fig. 3.8(d)) by a
wire bonder system (TPT wire bonder). In this way, the wire is connected to the circuit of
the puck and the puck is electronically connected to the Dynacool (physical measurement
system).
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3.4.6 Electrical transport measurement

Electrical measurement was conducted in a physical property measurement system (PPMS)
Dynacool (Quantum Design) (Fig. 3.8(a)). The Dynacool is equipped with a cryostat
that can cool the sample down to 2 K and can apply a magnetic field between ± 9T. The
resistance measurements were performed in the helium atmosphere in a 4-point configura-
tion Fig. 3.8(c) and 4.6(c)(in Chapter 4) using lock-in techniques with the applied current
I and measured voltage V . Note that before mounting the puck in the Dynacool, 2-probe
and 4-probe room temperature resistance measurement was performed on the device with
source measurement unit (Rohde & Schwarz, 6241A) to verify the contacts.

Figure 3.8: (a) Set-up of PPMS dynacool used for the magnetotransport measurement.
[119] (b) Micro-manipulator set. Magnified image of the picoprobe tip with the attached
NWs is shown in (f). (c) Schematic diagram of the device. Four electrode terminals of
current and voltage are shown in yellow colour. The contacted NW is represented in grey
colour. (d) Magnified image of the device mounted on the puck and electrically bonded.
(e) Image of the laser writer (µPG 101 Micro pattern generator).
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Chapter 4

Results and Discussions

The results are presented in three different sections namely: (1) carrier injection from
gold substrates into the topological insulator Bi2Se3 nanoflakes, (2) quantum confinement
of the spin Berry phase on 1D topological surfaces of Bi2Se3 nanowires and (3) plasmonic
hot carrier injection into topological insulator Bi2Se3 nanoribbons. In each case, detailed
characterization results which validate the quality of our samples are presented in chrono-
logical order.The position of the Fermi energy was estimated with the results from the
electrical magneto-transport measurements. The results of Raman spectroscopic studies
on Bi2Se3 nanoflakes, nanoribbons and nanowires are outlined and critically evaluated.
Furthermore, the interactions of photons, plasmons, electrons and phonons are elucidated
from the Raman spectra.

4.1 Carrier injection from gold substrates into the topo-
logical insulator Bi2Se3 nanoflakes

In this section, we present the results of the electron-phonon coupling, interface enhance-
ment and phonon renormalization at the Bi2Se3 nanoflake/gold substrate interface. We
utilize Raman scattering to study the dependency of the nanoflake thickness on the
electron-phonon coupling at the Bi2Se3/gold interface. The effect of carrier injection
from gold substrate at the interface and how it modified the band structure of Bi2Se3
nanoflakes in the first few quintuple layers is discussed. We first examine the quality of
the synthesized Bi2Se3 nanoflakes by conducting various characterization processes out-
lined in chapter three.

4.1.1 AFM, SEM, TEM, HRTEM and SAED Characterization of
the nanoflakes

The as-grown nanoflakes dispersed in isopropanol solution were drop-cast onto silicon and
gold substrates for further studies. Fig. 4.1(a) shows a representative AFM image of the
synthesized nanoflakes. The height profile of the nanoflake in Fig. 4.1(a) is shown in
Fig. 4.1(d) with an average size of 12 nm. Note that the average size of the synthe-
sized nanoflakes is 8 QL (quintuple layer) [120] [121] [110]. The thickness of each QL of
Bi2Se3 is ≈ 1 nm [122] and the measured nanoflakes were carefully analyzed since the
height of the nanoflakes plays an important role in the carrier injection at the metal/TI
interface. EDX shows that the grown samples have the correct stoichiometry i.e. Bi:Se
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(2:3) [121] [120] [109].
Fig. 4.1(b) shows a representative SEM image of the synthesized nanoflakes. During
the growth process, the solution changes from transparent to a stable homogeneous black
liquid [120] [109]. The synthesized nanoflakes are mostly hexagonal in shape, while a few
of the nanoflakes show truncated trigonal shape as shown in Fig. 4.1(b).
To elucidate the crystallinity, morphology and growth direction of the synthesized nanoflakes,
we performed a detailed TEM characterization. Fig. 4.1(c) clearly shows the hexago-
nal shape of an exemplary nanoflake. The high-resolution TEM (HRTEM) image of the
nanoflakes is shown in Fig. 4.1(e) and indicates that the nanoflakes have single crystalline
quality. The lattice spacing was determined from the HRTEM to be 0.22 nm as shown
in Fig. 4.1(e) and it is in agreement with the 112̄0 spacing in the ab-plane [56] [123]. In
order to determine the growth direction of the nanoflake, the SAED pattern was taken
from the sample in the [001] zone axis and the result indicates that the growth is in
⟨110⟩ directions as shown in Fig. 4.1(f). Indexing the bright reflections in the SAED
pattern of Fig. 4.1(f), R3̄m/D5

3d space group was obtained [122] [56] [57]. Apart from the
bright reflections, weak reflections (marked in blue circles) were observed and attributed
to selenium vacancies (superlattice) [109].

Figure 4.1: AFM, SEM, TEM and HRTEM images of grown NFs. (a) AFM image of
15 nm thick NF as determined by the height profile shown in (d). (b) SEM images of
NFs showing hexagonal and truncated triangular shapes. (c) An exemplary TEM image
of NF. (e) HRTEM image of NF, lattice spacings of 0.22 nm was obtained as shown in
yellow lines. (f) SAED pattern of NF shows orientation along [001]. The observed weak
reflections marked in blue circles are attributed to superlattice. (Adapted with permission
from APS [120]).
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4.1.2 Thickness dependence Raman study of Bi2Se3 nanoflakes

We earlier discussed band structure, crystalline structure, and Raman modes of Bi2Se3
(for details see section 2.2.1). Here we present the result of Raman spectroscopy study on
thickness dependence of Bi2Se3 nanoflakes (NFs) on gold (Au) substrate. The thickness
of the NFs studied is between 7 nm to 13 nm. We established a relationship between
the optical contrast and the thickness of the NFs.The optical contrast was determined
by calculating the average greyscale value of the NFs compared to the surrounding Au
substrate. For thin NFs, we found that the optical contrast is proportional to the thickness
of the NFs (for details, see section 4.1 on Appendix B). The calculated optical contrast
for the studied NFs and corresponding thickness is shown in Fig. 4.2(e - j). The optical
contrast of 31.51, 39.48, 42.38, 42.83, 44.83, 56.18 has corresponding thickness of 7.90 ±
1.0, 8.97 ± 0.6, 9.80 ± 1.3, 10.10 ± 0.8, 9.92 ± 0.8, 12.56 ± 1.4, respectively. All data were
corrected for the spectral response of the instrument [113]. Fig. 4.2 shows the Raman
spectra for the 6 NFs studied with 633 nm excitation wavelength. 633 nm corresponds to
the energy of interband transition in Bi2Se3 [45] [124]. From the Raman spectra of NFs of
thickness greater than 12 nm, we can assign the three distinct phonon modes to A1

1g, E2
g

and A2
1g symmetry [57] [125] [126] [127]. As the thickness of the NFs is decreased below

10 nm, we found strong renormalization in the A1
1g and A2

1g phonon modes and splitting
of the E2

g phonon mode into two peaks. This shows that the three modes are sensitive to
NF thickness. For a careful line shape analysis, the Eg modes were fitted with simplified
Lorentzian (eqn. 4.1) and the A1g modes with simplified Fano (eqn. 4.2) [128].

L(ω) = I0
ωΓ

(ω2 − ω2
0)

2 + (Γω)2
(4.1)

F (ω) = I0
(q + (ω−ω0

Γ
))2

1 + (ω−ω0

Γ
)2

(4.2)

where I0, q, ω, ω0, and Γ represent the intensity, Fano parameter, scattering frequency,
phonon frequency, and FWHM, respectively. Fig. 4.2(c) shows the full width at half
maximum (FWHM) as a function of NF thickness. We observe broadening of the A1

1g and
A2

1g modes as the NF thickness is decreased. The A1
1g mode broadens from 5 cm−1 to 12

cm−1 and the A2
1g mode broadens from 9 cm−1 to 13 cm−1 as the thickness is decreased

from about 13 nm down to 8nm. This peak broadening (decrease of the phonon lifetime) of
the Bi2Se3 modes is attributed to a strong electron-phonon coupling [129]. The broadening
of the A1

1g and A2
1g modes is accompanied by a strong decrease in the Fano parameter, q

(Fig. 4.2(d)). The Fano parameter is the ratio between imaginary and real parts of the
electronic susceptibility. This implies the interference between discrete phonon states and
low-energy electronic degrees of freedom, [130] and it determines the asymmetry of the
profile and hence electron-phonon coupling strength [129]. The smaller the q, the stronger
the effective interference between electrons and phonons due to an increased contribution
of the imaginary part of the electronic susceptibility. We reveal that q decreases with
thickness of the NF, which indicates that the electron-photon interaction is stronger for
thin NFs (Fig. 4.2(d)). Furthermore, the plot of the frequency as a function of the NF
thickness is shown in Fig. 4.2(d). We found softening of the A1

1g mode by 3 cm−1 and
hardening of the A2

1g mode by 2.6 cm−1. The phonon frequency is renormalized by the
real part of an electronic susceptibility [93] [120] [110], therefore, softening of the A1

1g

mode can be explained as coupling to a positive real part and the hardening of the A2
1g

mode as coupling to a negative real part of the electric susceptibility [110]. Considering
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the signs of q for A1
1g and A2

1g modes, it is clear that the coupling of these modes to the
electronic susceptibility occur at the frequency range between 60 cm−1 - 130 cm−1 [110].
We observe the splitting of the E2

g mode as a function of NF thickness as shown in Fig.
4.2(b). The E2

g mode splits into two on the low energy side of the bulk E2
g mode and

the emerging new mode is related to a surface vibrational mode [110]. Perturbing the
surface crystalline symmetry results in reduction of the bulk point group symmetry Dd

3

to the surface point group Cv
3 [131] [132]. This surface point group contains irreducible

representations that include infrared (IR) active bulk phonons that transform to Raman
active upon the breaking of inversion symmetry at the surface [110]. The mode around
124 cm−1 can be assigned to the in-plane bulk IR mode of E2

u symmetry [57] and this
assignment is supported by the polarization dependence study (for details, see section
4.3 on Appendix B). This mode has been observed in both thin and bulk Bi2Se3 at
temperatures of 80 K and 13 K respectively [133] [132] [127].

Figure 4.2: Thickness dependent phonon renormalization in Bi2Se3 on Au substrate. (a)
Raman spectra of NFs with thicknesses from 7.7 nm - 12.5 nm corresponding to optical
contrast (OC) of 31.51 - 56.18. The vertical dashed lines represent the A1

1g,E2
g and A2

1g

modes and correspond to the modes of bulk Bi2Se3. The developing IR mode is marked
by asterisks. The OC are given next to the spectra. (b) Frequency as a function of NF
thickness. Frequency is renormalized with decreasing NF thickness. (c) Broadening of
FWHM with decreasing NF thickness. (d) Fano parameter as a function of NF thickness.
Grey horizontal lines in (b - d) represent reference value obtained from the thickest NF.
Dashed lines are guide to the eye. (e - j) Microscope images of the studied NFs in (a) and
corresponding to OC of 31.51 - 56.18 respectively. (Reprinted with permission from [110]).

4.1.3 Resonance Raman study of Bi2Se3 nanoflakes

In order to determine in- and off-resonance behaviour of the phonons in Bi2Se3 as well
as the injected carriers from the gold substrate, we conducted resonance Raman study
on silicon (Si) and Au substrates. We used excitation wavelengths of 532 nm, 560 nm,
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594 nm, 633 nm, and 705 nm. Fig. 4.3(a) shows the Raman spectra of single Bi2Se3 NFs
on Si and Au substrates at different excitation wavelengths. The dotted lines represent
measurements on Si substrate while the solid lines represent measurement on Au substrate.
We can assign the two distinct phonon modes to E2

g and A2
1g symmetry as previously. All

data were corrected for the spectral response of the instrument, scattering volume and the
dielectric properties of Bi2Se3 (for details, see section 3.2 on Appendix B) [113] and fitted
by Lorentzian. The plot of phonon susceptibility as a function of excitation wavelength
is shown in Fig. 4.3(b). Tuning the excitation wavelength into resonance of the NFs, we
reveal the strongest phonon susceptibility at 633 nm corresponding to 1.96 eV. Recall that
633 nm corresponds to interband transitions in Bi2Se3 and has been reported previously
[58] [124] [134] [135]. For the NFs on Si substrate, when tuning the excitation wavelength
into resonance, we obtain signal enhancement by a factor of 10. The bulk reference shown
in Fig. 4.3(b) has weak signal enhancement in comparison with the NFs [129]. Measuring
equivalent NFs on Au substrate, we show signal enhancement by a factor of 50 when tuning
excitation wavelength into resonance [110]. This is because the injected carriers from Au
substrate into the NFs increase the number of available electrons for resonant interband
transition and hence increase the enhanced Raman response function. The susceptibility
enhancement which is the ratio of the peak phonon intensity for NF on Au substrate
to the comparable NF on Si substrate measured at the same excitation wavelength (i.e.
E = XAu/XSi) is shown in Fig. 4.3(c). The susceptibility enhancement increases with
increasing excitation wavelength. Note that the strongest susceptibility enhancement,
which is approximately 20-fold is found at slightly above the resonance wavelength. The
intensity ratio E2

g/A2
1g as a function of the wavelength is shown in Fig. 4.3(d). Our result

shows that A2
1g mode is more sensitive to the resonant wavelength than the E2

g for NFs
on Si and Au substrates. This indicates that resonance is intrinsic to the Bi2Se3 [110].

4.1.4 Carrier injection and electron-phonon interaction in Bi2Se3
nanoflakes

The strong renormalization of the phonons in our system (NFs/Au contact) is a result
of enhanced electron-phonon interactions that is associated with Au substrate injecting
electrons into Bi2Se3 NFs. Spataru et al., predicted the injection of carriers from gold
into Bi2Se3, which leads to substantial band bending and accumulation of free electrons
on the interface side of the contacted NF [95]. Substantial phonon renormalization, i.e.
softening of A1

1g mode of up to 3 cm−1 and hardening of A2
1g mode of up to 2.6 cm−1,

distinguishes our observed carrier injection from the so called phonon confinement model
of out-of-plane vibrations observed by Zhang et al. [129]. Zhang et al. studied Bi2Se3
NFs on Si substrate and observed softening of A1

1g mode by 1.2 cm−1 when thickness
of NF is decreased from 13 nm to 8 nm [129]. Further, our observed changes in Fano
parameter and FWHM strongly support a low-energy electronic susceptibility. Fig. 4.4(e)
shows a model of carrier injection and charge accumulation at the interface side of the
contacted NFs. The accumulated charges yield an electric field across the NF due to
the insulating bulk and hence the electric field in combination with the induced band
bending effect enhances the Raman scattering cross section [110]. Fig. 4.4(c) shows the
phonon intensity as a function of NF thickness. The phonon intensity is corrected for the
scattering volume. We find a thickness dependence of all three phonon modes, with the
intensities increasing with thickness. Our result reveals strongest phonon renormalization
at thicknesses below 10 nm which indicates strong electron-phonon coupling. Moreover,
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Figure 4.3: Resonance Raman studies of Bi2Se3 NFs/bulk on Au and Si substrates. (a)
The spectra acquired at different excitation wavelengths (532 - 705 nm). Dashed vertical
lines are the phonon modes (E2

g and A2
1g). Si and Au substrates are represented by the

dotted and solid lines. Spectra from measurement on Si substrate is scaled by a factor
of 5. (b) Phonon susceptibilities as a function of excitation wavelength. The suscepti-
bility is normalized to the value at 532 nm. Resonance profiles of the E2

g (squares) and
A2

1g (circles). The solid lines are the Lorentzian fit to the data. Yellow, grey and black
symbols represent the spectra from NF on Au, Si substrates and the spectra from bulk
Bi2Se3 respectively. The vertical dashed line is the resonance frequency. (c) Enhancement
between the NF Raman signal on gold and silicon substrates at the corresponding wave-
length of the E2

g (squares) and A2
1g (circles) phonons. (d) Susceptibility ratios of the E2

g

and A2
1g for the NFs on Au (open circles) and Si (grey diamonds) substrates. (Reprinted

with permission from [110]).

as the thickness increases beyond 10 nm, we find a step increase of the phonon intensity.
In Fig. 4.4(d) we show the band bending effects predicted by Spataru et al. for Bi2Se3
on Au substrate. The injected carriers populate the bulk conduction bands and lead to
a downward band bending by 1 eV changing the electronic band structure to a depth of
5 nm from the interface [95]. Further, it is evident that reducing the thickness of the
NF, will also reduce the contribution from the insulating bulk region primarily because
of the band bending mediated by the carrier injection at the interface. For a thin NF, the
band bending effects tune the bulk conduction band out of resonance condition, thereby
suppressing the interband transition [110]. This leads to weak Raman susceptibility in
thin NFs (with thickness less than 10 nm). In order to explain the electron-phonon
interactions, the phonon linewidth can be used to estimate the coupling strength of the
electron-phonon coupling [93]. The renormalized width of the phonon is given by

gc2 =
√

|2Γ̄ω0 − 2Γ0ω0| (4.3)

where ω0 and Γ0 are frequency and width of the phonon before renormalization. Γ̄ is
the renormalized width of the phonon. c2 is proportional to the imaginary part of the
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electronic susceptibility π1 and g is a variable that hints at the electron-phonon coupling.
Recall that the imaginary part of the electronic susceptibility determines the electronic
background which is necessary for Fano interference. If there is no change in the electronics
background then c2 is constant and g determines the electron-phonon coupling. Indeed
our result shows that there is no change in the Bose corrected electronic background
after subtraction of the phonons as shown in Fig. 4.4(b) and therefore we applied eqn.
4.3 to determine the dependence of g on electron-phonon coupling as a function of NF
thickness. Fig. 4.4(a) reveals that electron-phonon coupling is enhanced at the same
critical thickness at which the phonon frequency is drastically reduced, thus demonstrating
the band bending effects [110].
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Figure 4.4: Phonon renormalizations and Raman intensity enhancement induced by car-
rier injection. (a) Electron-phonon coupling strength as a function of NF thickness. (b)
Raman spectra of Bi2Se3 NFs with varying thickness (OCs) and their Bose corrected
extracted background corresponding to the imaginary part of a low energy electronic
susceptibility. (c) Raman intensity as a function of NF thickness. The intensities were
corrected for the scattering volume and normalized to the value of the thickest NF. The
insets represent the NF model. (d) The model of the band bending effects adapted from
Spataru et al., thick NF has band bending effects localized at the contacted surface while
thin NF has band bending effects across the entire NF. Three regions are observed, (i)
the strongly bent contact surface, (ii) the bulk insulator region and (iii) the top surface
in contact with the vacuum. The black dot represents the position of the Dirac point.
Ec, EF, EV are the conduction band edge, the Fermi level and the valence band edge,
respectively. (e) Schematic diagram of charge injection from gold substrate into the con-
tacted Bi2Se3 surface and appearance of an electric field across a thick NF. (Reprinted
with permission from [110]).
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4.2 Quantum confinement of the spin Berry Phase on
1D topological surfaces of Bi2Se3 nanowires

In this section, we present the results of the geometrical crossover from 2D to 1D in TI
Bi2Se3 nanowires and how the geometrical crossover results in a new state with a Spin
Berry Phase (SPB). We show how reduction in the radius of Bi2Se3 nanowire results
in surface-enhanced Raman scattering (SERS) and the quenching of the SERS with the
magnetic field applied along the long axis of the nanowire. In order to validate the quality
of the grown nanowires, we first present the characterization results.

4.2.1 AFM, SEM, TEM, EDX, HRTEM and SAED Characteri-
zation of the circular nanowires

Fig. 4.5 shows the AFM, SEM, EDX and HR-TEM of the synthesized Bi2Se3 nanowires.
Before the characterization, the wires were transferred onto Si substrates and TEM grid
with the aid of a custom-made micro-manipulator. The synthesized nanowires have di-
ameters ranging from 20 nm to 800 nm and with lengths from 5 µm to 35 µm [115]. Fig.
4.5(a-b) shows an exemplary AFM image of the synthesized nanowire. The radius of the
nanowire is 105 nm and Fig. 4.5(b) shows the circular cross section of the nanowire. SEM
images of nanowires of radius 100 nm and 175 nm are shown in Fig. 4.5(c-d) respectively.
The observed curve surface supports the circular cross section of the nanowires.
To confirm single crystallinity and morphology of the synthesized nanowires, detailed
TEM, HRTEM and SAED characterization were performed on the nanowires. Fig. 4.5(e)
shows the TEM image of Bi2Se3 nanowire with 37.5 nm radius. It is clearly observed from
Fig. 4.5(e) that the nanowire was covered with a thin (approximately 1.5 nm) amorphous
oxide shell which protects the surface of the topological insulator nanowires from oxida-
tion (unlike in nanoflakes where the polymer (PVP) provides protection to the surface).
The correct stoichiometry of the grown nanowires is determined with the TEM-EDX.
Fig. 4.5(g) shows an exemplary EDX spectra acquired from a single nanowire and on
average, the ratio of Bi to Se is observed to be 0.613 (i.e 38 atm% Bi and 62 atm% Se).
The observed Cu peak came from the Cu TEM grid. Furthermore, the HRTEM image
of nanowire with a diameter of 42 nm shows clearly the stacking of quintuple layers with
a spacing of 0.95 nm as shown in Fig. 4.5(h) and it is in agreement with the thickness
of 1 QL of Bi2Se3 [129]. The HRTEM image of Fig. 4.5(f) shows that the nanowires
have lattice spacing of 0.21 nm which is in agreement with previous reports [136] [137].
HRTEM in combination with the SAED confirms that the grown nanowires are single
crystalline in Bi2Se3 R3̄m structure as shown in Fig. 4.5(i). The growth is found to be
perpendicular to c-axis direction along the [112̄0] (Fig. 4.5(i)), in agreement with pre-
vious growth mechanisms [108] [9]. Fast Fourier transform (FFT) shown in Fig. 4.5(j)
shows hexagonal symmetry due to the orientation along [0001] and confirms the growth
direction of the nanowires.

4.2.2 Determination of carrier concentration in Bi2Se3 nanowire

To determine the carrier concentration of the NW, we conducted magneto-transport study
on the NW. For magneto-transport measurement, contacts are applied to a NW with the
aid of a photolithographic process as described in chapter three. Fig. 4.6(a and b) are
the SEM images of a NW with a chromium-contact pattern. The diameter of the NW
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Figure 4.5: AFM, SEM, EDX, TEM and HRTEM of the grown NWs. (a) AFM image of
105 nm radius NW with a circular cross-section shown in (b). (c) and (d) SEM images of
NW of radius 100 nm, and 175.5 nm NWs, respectively. (e) TEM image of 37.5 nm NW
radius. The 1.5 nm amorphous oxide shell covering the surface of the NW is visible in
the TEM image. (f) HRTEM image of a NW, lattice spacings were clearly resolved. (g)
Exemplary EDX from the NW shows correct stoichiometry of Bi:Se (2:3). The Cu peak is
from the TEM copper grid. (h) HRTEM image of nanowire with a radius of 21 nm reveals
the stacking of each quintuple layer with a thickness of about 0.95 nm. (i) Selected area
electron diffraction (SAED) pattern shows that the NW growth is perpendicular to the
c-axis. (j) Fast Fourier transform (FFT) shows the hexagonal symmertry of the NW due
to the orientation along [0001]. (Adapted from [115]).

is 260 nm as can be seen in Fig. 4.6(b). The configuration for measuring the resistance
along the long axis of the NW i.e. RXX and the magnetic field B applied perpendicular
to the NW is shown in Fig. 4.6(c). Temperature dependent electrical measurements are
displayed in Fig. 4.6(d). The NW shows metallic behaviour as the resistance decreases
with decreasing temperature. We recall that in TI NW, the surface is metallic with an
insulating bulk and therefore decreasing size of the NW gives a higher surface to volume
ratio which in turn leads to higher total electrical conductivity [138] [139].
I - V characteristic of the contact at different temperatures confirms ohmic contact as
shown in Fig. 4.7(a). Note that surface states in NWs can be investigated by utilizing mag-
netoresistance (MR) oscillations such as Shubnikov-de Haas and Weak-Anti-Localization
(WAL) effect. The MR as a function of magnetic fields (in the low-field limit) that are
applied perpendicular to the nanowire axis and the current direction at different tempera-
tures is shown in Fig. 4.7(b). Our results show the WAL which decreases with increasing
temperatures. WAL is a common tool to verify the existence of Dirac states and strong
spin-orbit coupling in TIs [140] [141] [142]. From the magneto-transport data, a polyno-
mial fit (representing smooth bulk background) was subtracted to expose MR oscillations.
Fig. 4.7(c) shows the oscillating MR as a function of 1

B
in the high-field limit. The vertical

lines represent the minima (Landau level, n) which can be indexed [142]. The MR oscil-
lations in 2D systems are periodic in 1

B
such that the minima (Landau level) is constant

and this gives rise to a linear dependence between the index and the inverse magnetic
field [143] [140].
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n2D =
1

B

(
k2
Fℏ
2e

)
− γ (4.4)

n2D =
k2
F

2π
(4.5)

where B, n, e, kF , and γ are magentic field, index level, electron charge, Fermi wave
vector and y-axis intercept. Furthermore, the 1D Landau level can be expressed as

n1D =
1

B

(
k2
Fℏ
2e

) 1√
1−

(ℏkF
erB

)
− γ (4.6)

where r is the radius of the NW. At large value of r, eqn. 4.6 reduces to eqn. 4.4.
Fig. 4.7(d) is the graph of the index plot as a function of the inverse magnetic field. Two
regions can be identified in the graph i.e. the high field (1D) and the low field (2D) regions
in accordance with eqns. 4.6 and 4.4. From eqns. 4.6 and 4.4, we can derive the Fermi
wave vector, kF = (1.24 ± 0.42) x 10−2Å−1. From the Fermi wave vector, the effective
carrier concentration n of the measured NW was estimated to be 4.9 x 1011cm−1 [115].
The low carrier concentration of NW shows that we are indeed dealing with Dirac states
which in effect supports our observation of the spin Berry phase as can be seen later in
this section.

4.2.3 Geometrical crossover from 2D to 1D in TI Bi2Se3 nanowires

Raman spectra as a function of nanowire (NW) radius is shown in Fig. 4.8(a). Recall
that the distinct phonon modes can be assigned to A2

1g and E2
g modes. The spectra show

a gradual disappearance, reappearance and decrease of the Raman signal as the radius
of the NW is steadily decreased from about 200 nm down to about 20 nm. The Raman
signal obtained from a geometrical 2D NF is comparable to the Raman signal from NW
of radius 206 nm (Fig. 4.8(a)) and of course the 206 nm radius NW could be considered
as a 2D or bulk limit [115]. By decreasing the radius of the NW from 200 nm to 100 nm,
the corresponding Raman signal decreases to around 100 nm, when the Raman signal
completely disappears. This is associated with the decreased scattering volume of the
NW. As the radius of the NW is decreased beyond 100 nm, the Raman signal reappears
again and peaks at about 30 nm NW radius. This clearly shows crossover from 2D to
1D behaviour [115]. As we mentioned earlier, the line shape of the Raman spectra can
be modeled either with eqn. 4.2 or eqn. 4.1. Fig. 4.8(b) shows the mode difference as a
function of NW radius and we show that A2

1g and E2
g modes are approaching each other

as the NW radius is decreased. The mode difference of 2.42 cm−1 (0.3 meV) is obtained
as the NW radius is decreased from 206 nm down to 21 nm. This phonon renormalization
shows the existence of interaction between discrete and continuous states. The scattering
volume corrected intensity which is normalized to the intensity of the 206 nm radius NW
is shown in Figs. 4.8(c and d). The result shows that the susceptibility enhancement
of both A2

1g and E2
g modes are NW radius dependent with the intensity of A2

1g and E2
g

modes peaking at about 28 nm and 20 nm, respectively [115]. Figs. 4.9(a and b) show
exemplary spectra fitted with Lorentzian and Fano, respectively, for comparison. In order
to extract the Fano parameter q, Raman spectra are fitted with Fano (eqn. 4.2) and in
the limit of low signal intensity due to small scattering volume, it is unfortunately not
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Figure 4.6: Device for magnetotransport studies. (a-b) SEM images of the device contain-
ing 130 nm radius nanowire. The nanowire is connected to the chromium (Cr) contacts as
shown in (b). (c) Schematic diagram of the device showing four terminals, the direction of
the magnetic field (B) and the Rxx for determining Shubnikov-de Haas oscillation. (d) Re-
sistance as a function of temperature measured during cool down. (Adapted from [115]).

reasonable to fit the spectra with Fano. From Fig. 4.9(b), we found that the 206 nm NW
has Fano parameters of −67 and +109 for E2

g mode and A2
1g mode, respectively. Again,

we found phonon width of the 206 nm NW to be 5.07 and 6.20 for E2
g mode and A2

1g

mode, respectively (see SI 6 of Appendix C for details of the fit parameters). For NW
of radius 25 nm, we found broadening of the phonon width as well as decreased Fano
parameter. The phonon linewidth of 5.5 and 6.98 were obtained for E2

g mode and A2
1g

mode, respectively and the Fano parameter of −10.30 was obtained for E2
g mode. The

broadening of the phonon linewidth is expected due to electron-phonon interaction that
can be derived from the phonon self-energy effects [88] [93]. Our result shows that the 206
nm NW, which we earlier stated as 2D limit, shows sharp and symmetric phonon modes
whereas the 25 nm NW, which is 1D geometry, shows broad and asymmetric phonon
modes [115].

Quenching of surface-enhanced Raman scattering with magnetic field

Fig. 4.9(c and d) show the Raman spectra obtained when the magnetic field is switched
off and on. The magnetic field is applied along the long axis of the NW. The study was
conducted on two different NWs of radii 31 nm and 45 nm. In each case, we applied a
magnetic field of 80 mT resulting in a different flux ratio (r) which is dependent on the
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Figure 4.7: Magnetoresistance (MR) studies on nanowire of radius 130 nm. (a) I - V
characteristic of the nanowire at 2, 4, 8 and 16 K. The result shows ohmic contacts. (b)
MR in the low field limit showing the weak ant-localization (WAL) effect at 2 and 4 K.
(c) Oscillating MR obtained after subtracting the polynomial bulk from the raw data at
4 K. The position of the minima is marked with grey vertical lines. (d) Index plot of the
minima n as a function of inverse magnetic field B−1. The red solid lines are the fit to
the data at high and low magnetic fields. (Taken from [115]).

radius of the NW [72]. The predicted critical value to quench the SERS is half a flux
quantum [72] which corresponds to 165 mT and 350 mT for NW of radii 45 nm and 31
nm, respectively [115]. Our experimental result shows a total quench of the SERS on the
two studied NWs when a magnetic field of 80 mT is applied along the axis of the NWs.
Again, the signal re-appears when the magnetic field is turned off (Fig. 4.9(c and d)).
Our model in the next section explains the quenching and reappearance of the Raman
signal on turning the magnetic field on and off. This behaviour, according to our model,
clearly reveals the existence of spin Berry phase in 1D topological insulator surface states.

4.2.4 The model and result interpretation

The surface to volume ratio of topological insulators (TIs), and of course other materials,
increases with decreasing diameter. By reducing the radius of cylindrical TI nanowires
(NWs), charge density at its surface increases [72] and can couple to the photon field and
enhance the Raman response of TIs. As can be seen from the plasmonic study in the next
section, surface enhanced Raman scattering (SERS) shows Raman enhancements by 102

to 109 -fold if the frequency of the photon is at resonance with the frequency of the surface
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Figure 4.8: Raman studies on cylindrical nanowires of different radii. (a) Raman spectra
of Bi2Se3 nanowires of radii from 206 to 21 nm, including reference Bi2Se3 NF with
thickness of 10 nm. The two dashed vertical lines are the E2

g and A2
1g modes. The result

shows variation of Raman intensity with nanowire radius. (b) Energy difference (E2
g -

A2
1g) as a function of nanowire radius. The dashed horizontal line is the energy difference

obtained from reference NF. Raman susceptibility as a function of nanowire radius for
(c) A2

1g mode and for (d) E2
g mode. The susceptibilities were corrected for the scattering

volume and normalized to the susceptibility at 206 nm. The red and blue dotted profile
are the Lorentzian guide to the eye with maximum radius at 28 nm and 18 nm for E2

g

mode and A2
1g mode, respectively. (Taken from [115]).

plasmons [144] [145]. We consider a non-resonant process, since frequency of the photons
and that of plasmons differs, coupled with the fact that our observed enhancement is less
than 102 -fold. The Feynman diagram representing four photon Green’s function [91] for
non-resonant Raman scattering is shown in Fig. 4.10 (see section 2.3.1 for details).

Photons excite plasmons and the excited plasmons couple to the low energy phonons
and these low energy phonons get enhanced. Therefore phonons can act as local probes
for the plasmons. Understandably, the energies of the phonons in Bi2Se3 TI, in this case,
E2

g and A2
1g are expected to be in the range of the energy scale of plasmons in the 1D

confined surface state [115] [72] and the highest effect is expected when the frequency of
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Figure 4.9: Raman studies on two different nanowires in the presence and absence of
magnetic field. Exemplary Raman spectra fitted with (a) Lorentzian and (b) Fano profiles.
Raman spectra acquired in the ON (blue and green markers) and OFF (red marker)
magnetic field for (c) 45 nm and (d) 31 nm nanowire radii. (Adapted from [115]).

Figure 4.10: Feynman diagram of the four photon (wavy lines) Green’s function for non-
resonant Raman process. The polarization bubble represents the plasmons and the two
horizontal solid lines represent the phonon propagator. The arrow on the phonon propa-
gator represents the Stokes direction. The vertices, solid square and circles, represent the
photon-electron and electron-phonon coupling respectively.

the phonons matches that of the plasmons. The interaction between the plasmon and the
phonon is expected to change the phonon frequency [146] [93] and indeed we observed
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frequency shift in our experiment (Fig. 4.8(b)). In other to model the plasmon-phonon
interaction considering that plasmons in TI NW depend on the radius of the NW [72], we
follow the plasmonic dispersion relation in magnetic field and it is given as

ϵk,m,r(R0) = ±C2

√
k2 + (1 + 2m− 2r)2∆̃(R0) (4.7)

where k, m, ∆̃(R0), and r are the momentum, sub-band quantum number, band gap (as
a function of radius), and magnetic flux ratio (ratio of applied magnetic field to quantum
flux (ℏ/2e)), respectively. The band gap ∆̃(R0) is inversely proportional to the radius of
NW as in eqn. 4.8

∆̃(R0) =
C1

C2

1

2R0

=
α

d
(4.8)

where C1, C2, R0 and d represent inter-spin coupling, inter-orbit coupling, radius of NW,
and diameter of NW, respectively.
To model plasmon dispersion relation in TI NW as a function of the NW radius, we
take m = 0 (assuming first sub-band is occupied), k = 0.0005 Å−1 (compatible with the
average photon momentum transferred to the electrons along the wire axis [115] [72]),
C1 = C2 = C = 3.33eV Å(to ensure particle-hole symmetry) we obtained α = 0.866
and therefore C1 = 2.88 eVÅ. From eqn. 4.7 we plot the dispersion relation ϵk,m,r as a
function of NW radius R0 at different magnetic flux ratio r as shown in Fig. 4.11(a). From
the plot, we can deduce that the dispersion relation is sensitive to the applied magnetic
field and also to the radius of the NW. The plasmonic dispersion is completely quenched
when the magnetic flux ratio is 0.5 as predicted by [72]. The value 0.5 (or its multiple)
corresponds to a magnetic flux shift of π which cancels the π spin Berry’s phase [73].
NWs of radius above 50 nm have a negligible effect on the dispersion relation as shown in
Fig. 4.11(a). Dashed horizontal lines represent the phonon energies for E2

g and A2
1g. The

phonon energies of E2
g and A2

1g modes match the plasmonic excitation energies when the
radius of the NWs are 28 nm and 18 nm, respectively. This supports our experimental
result (Fig. 4.8(c and d)).
Consider the Feynman diagram i.e. Fig. 4.10, the local field enhancement is represented
as A2

local and estimated to be of the order 10 A2 (A2 being the first order non-resonant
term of the light-matter interaction). The plasmonic susceptibility can be written as [147]

χPlas(R0) =
1

ω2 − (2ϵk,m,r(R0))2 + 2i
ϵk,m,r(R0)

τk

= χRe
P las + χIm

Plas (4.9)

where R0, ϵk,m,r, τk present the NW radius, electron dispersion relation and plasmonic life
time respectively. Note that χ2

Plas(R0) would always be real.
From the Feynman diagram in Fig. 4.10, plasmon couples to phonon by means of coupling
constant g. Since TI properties are dominated by the center of the Brillouin Zone (BZ)
[115] we utilize a Raman probe at k = q ≈ 0 limit. The phonon susceptibility (propagator)
is given by

χPhon(ω0,Γ) =
1

ω2 − ω2
0 + 2iΓ

(4.10)

The Feynman diagram in Fig. 4.10 can be approximated as the product of eqn. 4.9
squared and eqn. 4.10 multiply by effective coupling constant |A2

local/A
2|g2 as shown in

eqn. 4.11
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I(ω,R0) = −Im

(∣∣∣∣A2
local

A2

∣∣∣∣2 g2χ2
Plas(R0)χPhon

)
(4.11)

Eqns. 4.7 and 4.9 produced an identical dispersion relation shown in Fig. 4.11(a) when the
ω0 and Γ are fixed at the values obtained from Lorentizian fitting of the reference nanoflake
(4.9(a)). The only unknown parameter is the plasmon lifetime τk and we estimated the
τk to be 500 ps [115]. From eqn. 4.11, we calculated the Raman intensity of E2

g and A2
1g

modes at zero (0) magnetic field for different NW radii. Fig. 4.11(b) shows the plot of the
calculated Raman intensity as a function of Raman shift for different wire radius. The
result shows that the Raman intensity for E2

g mode peaks at 25 nm NW radius whereas
the Raman intensity for A2

1g mode peaks at 20 nm NW radius in conformity with the
experimental results. Fig. 4.11(f) shows the susceptibility enhancement as a function of
wire radius for experimental and calculated values. It is evident that our calculation can
reproduce the experimental results by considering a single plasmonic mode that obeys the
dispersion relation of eqn. 4.9. We performed the same calculation with eqn. 4.11 on 30
nm NW radius and applied a magnetic flux of 0.13. Fig. 4.11(c) shows the reduction of
the Raman intensities of E2

g and A2
1g modes in the presence of the magnetic field. The

intensity of E2
g mode is nearly suppressed but that of A2

1g mode was reduced by a factor
of 0.4 and interestingly, we could not find any sign of A2

1g mode in our experiment (Fig.
4.9). The complete quenching of E2

g and A2
1g modes intensity by the magnetic field clearly

supports the presence of the SBP in 1D quantum confined TIs [115].
In order to explain the reason why the intensity of E2

g and A2
1g modes peaks at 25 nm

and 20 nm NW radii, respectively, we will plot the graph of χ2
Plas(R0) i.e. square of

eqn. 4.9. Fig. 4.11(d) is the plot of plasmonic susceptibility squared as a function
of Raman shift for different NW radii in the absence of a magnetic field. Note that
the plasmonic susceptibility is corrected for the scattering volume i.e. by scaling with
R2

0. The vertical black dashed lines represent E2
g and A2

1g modes. The plot shows the
diameter dependent Raman matrix element and the plasmon energy of 25 nm radius wire
matches the phonon energy of E2

g mode and therefore the energy of plasmon in the wire of
radius 25 nm is in resonance with th E2

g mode. Furthermore, for A2
1g mode, the plasmon

energy matches the phonon energy for a wire of radius less than 40 nm. These results
are in conformity with our experimental results shown in Fig. 4.8(c and d). Again, for
25 nm radius wire, we calculated the effect of the magnetic field (applied along the axis
of the wire) on the plasmon energy as shown in Fig. 4.11(e). The result shows that
the plasmonic susceptibility is shifting in energy with the impact of such shift increasing
with the magnetic flux and hence reduces the interference between phonon and plasmon
susceptibilities leading to quenching of the phonon intensities [115]. Our experimental
results, together with the simulation results show that application of a magnetic field
along the wire axis suppresses the phonon intensities and hence unambiguous proof of the
existence of the π spin Berry phase at the TI surface state as theoretically studied [72]
[79] [78].
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Figure 4.11: Simulation of the Raman data: (a) Dispersion relation (ϵk,m,r(R0)) as a
function of cylindrical nanowire radius for m=0 (first sub band), k=0.0005 Å−1, α = 0.866,
flux ratios r = 0.0 to 0.5. The phonon energies are represented by the dashed horizontal
lines. in the absence of a magnetic field, the gap opens and surface plasmons interact
with the phonons and subsequently enhances the Raman matrix element. (b) Nanowire
radius dependent on the intensity of Raman signal (non-resonant SERS of the 1D TI).
By decreasing the radius of nanowires, E2

g mode goes into resonance before A1
1g mode.

(c) Raman spectra as a function of magnetic field. Magnetic field suppresses the modes
differently. Plasmonic susceptibility as a function of (d) nanowire radius and (e) magnetic
flux ratio. (f) Simulated (solid line) and experimental data (markers) of the susceptibility
enhancement as a function of nanowire radius. The susceptibilities were normalized to
the value at 206 nm radius wire. (Figures adapted from [115]).
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Topological insulators (TIs) exhibit unconventional quantum phases that can be tuned by external 

quantum confinements. The geometrical crossover from 2D to 1D in a TI results in a novel state 

with a Spin Berry Phase (SBP). We use Raman scattering on single crystalline Bi2Se3-TI nanowires 

to track the geometrical crossover from quasi 2D to quasi 1D. It is marked by the sudden 

appearance of plasmonic surface-enhanced Raman scattering (SERS) in nanowires below 100 nm 

diameter. A magnetic field applied along the wire axis results in a quenched SERS, providing clear 

evidence that spin-polarized plasmonic excitations of the SBP dominate the electronic excitation 

spectrum. 

 

Topological insulators (TIs) exhibit Dirac cones, segments of nearly linear dispersion, where 

both dispersion branches have opposite spin orientation.1–3 The spin-polarized bands make TIs 

interesting candidates for many applications such as room-temperature spintronics, quantum 

computing, and thermoelectric generators.4 Experimental studies report on the investigation of 

electrical transport properties from nano-ribbons.5–11 TIs offer an exciting avenue to study 

physical anomalies and unconventional states in matter.6 In particular, geometric quantum 

confinement leads to exciting effects. For instance, morphing a 3D TI such a Bi2Se3 into a 1D 

cylinder leads to a splitting of the 2D conical Dirac band structure of the SS into 1D discrete 

subbands.12,13 As a consequence, 1D plasmonic bands are formed with gaps in the electronic 

excitation spectrum due to self-interference of the electronic wave functions around the cylinder 

perimeter. These gaps are inversely proportional to the wire diameter.12,14 Electronic bands of the 

TI are spin-polarized and consequently a Spin Berry Phase (SBP) is formed. The application of a 

magnetic field along the wire axis adds an additional phase shift to the electronic wave function 
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yielding a high sensitivity to small magnetic fluxes and as a consequence the restoration of the 

Dirac cone for magnetic fields of the order of a single flux quantum.12,14,15 

In 3D TIs with planar geometry, such as 2D-flakes and thin films, optical studies of plasmons 

have provided a deep insight into their electronic structure.16–22 Raman scattering on TIs has 

revealed the thickness-dependent quantum confinement of phonons in Bi2Se3 flakes and thin 

films.20–23 Plasmonic excitations at surfaces can enhance the Raman scattering cross-section by 

surface-enhanced Raman scattering (SERS).24,25 Thus, Raman scattering is a powerful tool to 

study the low-energy excitation spectrum, which is determined by novel plasmonic states, and to 

understand the coupling between spin, charge, and lattice degrees of freedom in TIs. 

Low-energy 1D plasmonic excitations of TIs have an energy scale of the order of 10 meV.12,13 

Direct absorption measurements of the plasmonic excitations will fail, as these low energies 

correspond to electromagnetic wavelengths of more than 100 µm exceeding the nanowire 

diameter by far. In this letter, we report on the study of single nanowires in a diameter range 

suitable to study the geometrical crossover from 2D to 1D TI SS and provide evidence for the 

presence of a SBP in nanowires with a diameter below 100 nm. We have designed a micro-

Raman setup26 that uses a circular diffraction limited spot with a diameter of (544 ± 13) nm 

within a magnetic field provided by two permanent magnets (Fig. 1(a) and (b), see SI 4). The 

heating of the wire even for powers of 140 µW from a 532 nm diode laser, was mitigated by 

scanning along the nanowire axis (see Fig. 1(a)). We have synthesized circular Bi2Se3 nanowires 

with lengths from 5 µm to 35 µm (see Fig. 1(d)-(f)) and diameters ranging from 22 nm to 

800 nm (see SI 2). Bi2Se3 nanowires with diameters down to 42 nm together with the laser focus 

were observed in the custom-made optical microscope, enabling a precise control of the scanning 

procedure (see Fig. 1(d)). The cylindrical shape of the nanowires is demonstrated by scanning 
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electron microscopy (SEM) and atomic force microscopy (AFM) images (Fig. 1(e) and (f), see 

SI 2). High-resolution transmission electron microscopy (HRTEM) confirms the single 

crystallinity of the wires and a 1D wire growth perpendicular to c-axis direction along the [11-

20] axis (Fig. 1(c)) in agreement with previous growth mechanisms.8,27 The wires exhibit an 

amorphous oxide shell as can be seen in Fig. 1(c), which is also evident in energy filtered TEM 

maps of the Oxygen-K edge (see lower inset and SI 2). Energy-dispersive X-ray spectroscopy 

(EDX) studies shown in the SI (SI 2) support the 2:3 (Bi:Se) stoichiometry. The wire, its 

quintuple layers, and orientation during the experiment are shown in Fig. 1(b) with the c-axis 

being perpendicular to the wire axis. We expect a Raman spectrum of phonons that is essentially 

comparable to that of a conventional 2D-flake of Bi2Se3.
23,28 Magneto-transport measurements 

on devices as shown in Fig. 1(g) obtained from a 260 nm diameter wire reveal the presence of 

metallic SS. Weak anti-localization effects prove the strong spin-orbit coupling, which is 

prerequisite for the band inversion and the formation of Dirac-like SS. The measurements show a 

magnetic field-dependent crossover between 2D- and 1D-electrical transport in agreement with 

previous observations.29–31 From the transport measurements the Fermi vectors can be estimated 

to be kF = (1.24 ± 0.42) ∙ 10-2 Å-1 leading to an effective carrier concentration n = (kF)2/2π = 

4.9 ∙ 1011 cm-2 in good agreement with the 2:3 stoichiometry. More details are given in SI 8.  
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Figure 1. Experimental setup and sample characterization: (a) Sketch of the experimental Raman 

setup. A 532 nm diode laser beam is focused on a single Bi2Se3 nanowire. The scan direction 

along the wire axis is shown (white arrow). A magnetic field can be applied along the wire axis. 

(b) Schematic illustration of the quintuple layers and the wire growth in relation to the Raman 

experiments. (c) HRTEM micrograph of a wire (42 nm diameter). The wire is viewed along [2-1-

10] showing the quintuple layer stacking. The FFT shown in the upper inset reveals a growth 

direction of [11-20] orthogonal to the c-axis. The lower inset presents an exemplary EFTEM 

elemental map of the O-K edge at 530 eV. (d) Microscopy image of a wire with 73 nm diameter 

and the laser spot (green). (e) SEM image of a 316 nm wire. (f) Cross-sections as determined by 

AFM on wires with 80 nm and 140 nm diameter, respectively. The shapes are approximated by 

circles. (g) Device for transport measurements. The SEM image shows the 260 nm wire 

connected to the Cr contacts. 

The results of the Raman measurements as a function of nanowire diameter are shown in 

Fig. 2. In Fig. 2(a) we observe the E2
g- and A2

1g-modes of the Bi2Se3 phonons characteristic for 

the structure building quintuple layers.32 The measurements of the 2D flake and the 411 nm 
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nanowire show nearly identical phonon modes, which is in agreement with the stacking of the 

quintuple layers perpendicular to the wire elongation. The observed Raman intensity decreases 

proportional to the square of the wire diameter reflecting the decreased scattering volume. 

Finally, at around 200 nm, the signal strength of the nanowires is lost. Four nanowires with 

diameters between 180 nm and 225 nm were measured confirming this result. Surprisingly, the 

intensity of the Raman signal from wires smaller than 100 nm starts to increase again, peaking 

around 60 nm. This observation marks a clear crossover from a 2D to a 1D behaviour. In order to 

model the contributing phonons, the line shape can be described by Lorentz- or Fano-profiles.33–

36 The details of the line shape analysis are given in SI 6. For the sake of clarity, we fit Lorentz-

profiles to the phonons.  In Fig. 2(b) we plot the energy difference between the E2
g- and A2

1g-

modes, which is reduced by about 0.3 meV as the wire diameter is decreased. The simultaneous 

changes in intensity and relative phonon position point clearly towards the interaction of the 

phonon with an electronic mode that is characteristic for a 1D confined TI (see SI 7). The 

intensities of the E2
g- and A2

1g-modes divided by the square of the wire diameter and normalized 

to the susceptibility of the 411 nm wire are plotted in Fig. 2(c) and (d). While the E2
g-mode 

intensity peaks at a wire diameter of 55 nm the A2
1g-modes intensity continues to rise indicating 

that the highest intensity of the A2
1g-mode occurs below 40 nm. These results suggest a coupling 

of these phonons to an electronic low-energy excitation with an excitation energy depending on 

the diameter of the wire.  
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Figure 2. Experimental Raman data: (a) Raman spectra of Bi2Se3 nanowires with diameters from 

411 nm to 42 nm, as well as from a Bi2Se3 flake with a thickness of 10 nm. (b) Energy difference 

between the E2
g- and the A2

1g-modes as function of wire diameter. The dashed line guides the 

eye. (c) Raman susceptibility of the E2
g-mode and (d) Raman susceptibility of the A2

1g-mode as 

function of wire diameter. Curves were normalized to their respective susceptibilities at 411 nm. 

A Lorentzian with a maximum at a wire diameter of 55 nm models the E2
g-mode susceptibility. 

(d) A Lorentzian with a maximum at 36 nm was added as guide to the eye. 
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For circular 3D TIs, surface charges build up with decreasing wire diameter.12 The resulting 

electric field can couple to the photon field in Raman scattering. Surface enhanced Raman 

scattering (SERS) shows Raman enhancements between 102 and 109 in resonance with surface 

plasmons of metallic nanoparticles.24,25 Since the frequency of the optical photons and the 

frequency of the plasmons in TIs are expected to be different by two orders of magnitude, we 

adopt a non-resonant picture of the Raman process. This assumption is supported by the fact that 

the spectra in the 1D regime reveal the same contributing phonons that are present in the 2D 

limit, suggesting that a local field enhancement effect amplifies the conventional response. This 

mechanism is pictorially shown in Fig. 3(a). For 3D TI SS that are confined in 1D a photon 

excites plasmons and the phonons coupling to them get enhanced. In this context, the phonons 

act as low-energy probe of the electronic excitation spectrum. The energies of the E2
g-mode and 

the A2
1g-mode are 15.6 meV and 20.86 meV matching the expected energy scale of the plasmon 

in the 1D confined SS.12 The largest effect is expected when the energy of the plasmon matches 

the phonon energy. Note, the same plasmon that is responsible for the enhancement of the 

Raman process also interacts with the phonon so that we would expect changes in the phonon 

frequencies as observed in Fig. 2(b). As shown in SI 6, the Eg
2-mode exhibits a distinctive 

enhancement of the Fano-parameter at smaller NW diameter concomitantly with an enhanced 

width (broadening) and shift in mode frequency (hardening) clearly indicating the presence of a 

novel low-energy mode.33–35 

A novel quasi-particle excitation in an unconventional quantum state reveals itself by its 

dispersion relation. Experimentally, one would vary the momentum to probe the dispersion 

relation. However, the plasmonic dispersion relation depends strongly on the wire diameter. 

Therefore, our study on single nanowires as a function of wire diameter is suitable to track the 
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dispersion of electronic excitations in the SBP. The dispersion relation of electronic states of a 

1D cylinder in a magnetic field is given by12,37, 

𝜀𝑘,𝑚,𝑟(𝑅0) = ±𝐶2√𝑘2 + (1 + 2𝑚 − 2𝑟)2 ∆̃2(𝑅0)   , (1) 

with a gap opening in the electronic excitation spectrum that is inversely proportional to the 

wire diameter 

∆̃(𝑅0) =
𝐶1

𝐶2

1

2𝑅0
=

𝛼

𝑑
   . (2) 

C1 and C2 are the inter-spin and inter-orbital coupling constants. R0 and d are the radius and 

diameter of the wire, respectively. k is the momentum, m is the sub-band quantum number, and r 

is the magnetic flux ratio along the wire axis in units of an elementary flux quantum. We take the 

following values. m = 0 assuming that only one sub-band is occupied. This is motivated by the 

2:3 stoichiometry (see EDX analysis in SI 2) and transport studies (see SI 8).  k = 0.0005 Å-1 is 

compatible with the averaged photon momentum transferred to the electrons along the wire axis. 

From Ref. 12 one obtains C2 = C1 = 3.33 eV Å. However, we have obtained  = 0.866 leading to 

C1 = 2.88 eV Å. With these parameters, we plot the electronic energies of the first sub-band as a 

function of wire diameter in Fig. 3(b). The energies of the E2
g- and A2

1g-phonons are marked by 

straight lines. Two essential conclusions can be made: Firstly, the impact of the cylindrical 

quantum confinement becomes relevant for wire diameters below 100 nm and, secondly, the 

energies of E2
g-mode and the A2

1g-mode match the excitation energies of the 1D plasmon at 

slightly different wire diameters of 55 nm and 36 nm, respectively. Both observations are well in 

line with the key findings in our experiment (Fig. 2(c) and (d)), strongly suggesting that the 

phonons couple to the photons by means of the electronic SS of the cylindrical TI. Note, with 
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increasing magnetic flux parallel to the NW axis, it is possible to quench these plasmonic 

excitations, which vanish for a fractional magnetic flux quantum of r = 0.5.12 Since the 

topological properties are dominated by the centre of the Brillouin Zone and as we apply a q ≈ 0 

Raman probe, we will evaluate the Feynman diagram in the k = q ≈ 0 limit. From the Feynman 

diagram shown in Fig. 3(a)38 we obtain: 

𝐼(𝜔, 𝑅0) = −Im[𝑀0
2 𝜒Plas

2 (𝑅0) 𝜒Phon]  , (3) 

where 𝑀0
2 = |

𝐴local
2

𝐴2 |
2

𝑔2, with A2 being the first order non-resonant term of the light-matter 

interaction to a free electronic particle and g being the electron-phonon coupling constant. 𝐴local
2  

is representing the local field enhancement, which we estimate to be of the order of 10 A2. The 

plasmonic susceptibility depends now critically on R0 due to the dispersion relation 

(equation (1)). The real and imaginary parts of the plasmonic susceptibility can be modelled by39 

𝜒Plas(𝑅0) =
1

𝜔2 − (2𝜀𝑘,𝑚,𝑟(𝑅0))
2

+2𝑖 
𝜀𝑘,𝑚,𝑟(𝑅0)

𝜏𝑘

  , (4) 

with τk being the plasmon lifetime. The phonon susceptibility is given by 

𝜒Phon(𝜔0, 𝛤) =
1

𝜔2 − 𝜔0
2 + 2𝑖𝛤

  . (5) 

The observed Raman intensity depends on the radius of a nanowire via the dispersion relation 

(equation (1)) in the susceptibility of the 1D-plasmon. The required input parameters were fixed 

in the following way. The bare phonon frequencies ω0 and damping constants  for both 

phonons were taken from the 2D limit, i.e. fits to the phonon spectrum of the flake. The 

dispersion in equation (4) was identical to the one shown in Fig. 3(b). The only unknown 
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parameter is the plasmon lifetime. It determines the width of the resonance as a function of wire 

diameter. For the calculations shown in Fig. 3(c) we have assumed an interaction of both 

phonons with one and the same plasmonic excitation and an estimated plasmon lifetime of 

500 ps. When comparing Fig. 2(c) and (d) with Fig. 3(d), it is evident that our simplified 

calculation can reproduce the experimentally derived different resonance behaviours of the E2
g- 

and A2
1g-modes by considering a single plasmonic mode that obeys the dispersion relation of 

equation (1) with m = 0 and r = 0 (for more details see SI 7). 

If these plasmons originate from the proposed SBP they should be very sensitive to the 

application of even small magnetic fields, as indicated by the sensitivity of the dispersion 

(equation (1)) to an applied magnetic field (see Fig. 3(b)). The critical value is half a flux 

quantum.12 For wires of 90 nm and 62 nm diameter this corresponds to magnetic fields of about 

165 mT and 350 mT, respectively. We have applied a field in axial geometry as outlined in 

Fig. 1(a). The results are shown for a 62 nm wire in Fig. 3(e) with a field of 80 mT 

corresponding to r = 0.13 in equation (1). The effect was reproduced for a wire with a diameter 

of 90 nm (see SI 4). The SERS is completely quenched with an applied magnetic field and 

recovers to the original results without field. This behaviour is even more dramatic than 

anticipated by our model. The calculation in Fig. 3(f), performed with the same parameters as the 

calculations in Fig. 3(c), would indicate a strongly suppressed E2
g -mode but only a 40 % 

suppression on the high energy A2
1g-mode. Yet, we could not find any sign of the A2

1g-mode in 

magnetic field measurements on wires with diameters of 62 nm and 90 nm. The extraordinarily 

strong magnetic field suppression clearly supports the presence of the SBP in 1D quantum 

confined TIs. Furthermore, the strong dependence suggest that magnetic fields applied along the 
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wire axis influence parameters such as the ratio  indicating changed inter-spin or inter-orbital 

coupling constants. 

 

Figure 3. Simulation of the Raman data: (a) Feynman diagram showing the Raman process for 

phonons. (b) Dispersion εk,m,r(R0) for m = 0 (first sub band) of a cylindrical nanowire for finite 

momentum k = 0.0005 Å-1 as a function of wire diameter with α = 0.866 and ratios r of the 

magnetic flux quantum (r = 0 to r = 0.5). Dashed straight lines mark the phonon energies. As the 

gap opens, the surface plasmons interact with the phonons and enhance the observed Raman 

phonon intensities. (c) Calculated non-resonant SERS of the 1D TI nanowires for different wire 

diameters. The E2
g-mode at 15.6 meV goes into resonance for larger wire diameters as compared 

to the A2
1g-mode at 20.86 meV. (d) Calculated (solid line) and experimentally observed 

(markers) susceptibility enhancement of the E2
g- and A2

1g-mode. The Raman susceptibilities 

were normalized to the susceptibilities at 411 nm. (e) Experimental Raman spectra of a 62 nm 
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wire without, with, and again without magnetic field of 80 mT (see SI 4). (f) Simulated Raman 

spectra as a function of magnetic field. 

In conclusion, we have shown the geometrical crossover from a 2D to 1D confined 

topologically protected SS below a critical nanowire diameter of about 100 nm. The 1D TI SS 

exhibits SERS that is strongly dependent on the diameter of the nanowires. We attribute these 

effects to novel spin-polarized plasmonic excitations within the SBP. We support this assignment 

by the observed SERS signal and the signal quenching induced by very small magnetic fluxes 

along the wire axis. The basic features of our experiments could be understood by modelling the 

coupling between spin-polarized 1D plasmons of the TI with the phonons. The 1D plasmons 

obey the expected dispersion relation and the only free parameters used in our model are  and  

representing the ratio between inter-spin to inter-orbital coupling strengths and the plasmon 

lifetime, respectively. Thus, we have provided clear evidence that spin-polarized plasmonic 

excitations of the SBP dominate the electronic excitation spectrum and we have established a 

new route to study low-energy excitation spectrum of 1D TI nanowires by means of Raman 

scattering.  
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Tuning the Electron-Phonon Interaction in Bi2Se3 TI

4.3 Plasmonic hot carrier injection into topological in-
sulator Bi2Se3 nanoribbons

In this section, we present the result of our study on manipulating the electronic surface
states of Bi2Se3 TI with a single AuNP and how the phonon modes in Bi2Se3 are used
to locally probe the modified relativistic surface state of Bi2Se3. We will discuss the
interplay between the resonantly excited plasmons in AuNP and the electronic surface
states of single crystalline Bi2Se3 nanoribbons (NRs). In order to validate the quality of
our samples, we will first present the characterization results.

4.3.1 AFM, SEM and EDX results

AFM is used to determine the thickness of the NRs. Fig. 4.12(a) shows an exemplary
AFM image of the studied NR and one can clearly see a single AuNP attached to it. The
profile through the NR (dashed blue line) shown in Fig. 4.12(c) shows that the thickness
of the NR is 47 nm. SEM was used to determine the position of the attached AuNP and
to further confirm the width of the NRs. Fig. 4.12(e - l) show SEM images of two different
NRs and on each of them, different sizes of AuNPs were attached. EDX was conducted
to determine the stoichiometry of the grown sample. Fig. 4.12(b) shows an exemplary
spectra acquired from the NRs. This shows atm% of Bismuth and Selenium to be 39
and 61, respectively, which represent the correct stoichiometry i.e. Bi : Se = 2 : 3. The
result of the polarization study which validates the crystallinity of the NRs is presented in
"polarization dependence study" of Appendix D. Fig. 4.12(d) shows the TEM image and
the average absorbance of the polydisperse AuNP used in this work. For more information
on the synthesis and characterization of AuNP see [148].

4.3.2 Resonance Raman study on AuNP attached on nanorib-
bons

The spectra acquired from a single NR decorated with different sizes of AuNP at different
excitation wavelengths is shown in Fig. 4.13. In Figs. 4.13(a - c) the NR is attached
with a 108-nm AuNP , a 141-nm AuNP and Off_AuNP (i.e. bare NR). The spectra were
corrected for the scattering and the spectra response of the instrument [113] and are fitted
with the generalized Fano eqn. 4.12 (see section 2.3.3 for details)

I(ω, T = 0) = y +
ĀΓ̄ω

(Γ̄ω)2 + (ω2 − ω̄2
0)

2
[q̄2 − 1 + 2q̄

(ω2 − ω̄2
0)

Γ̄ω
] (4.12)

with
y = −T 2

A2πim (4.13)

Ā = −T 2
A2g21π

2
re (4.14)

As previously, the two distinct phonon modes are assigned to E2
g and A2

1g symmetry.
We mentioned earlier in section 4.1.3 that when tuning the excitation wavelength into
the interband transitions of Bi2Se3, the Raman signals are enhanced. For the 100 nm
thick NR studied, we found that tuning the excitation wavelength into resonance when
measuring on the bare nanoribbon (from 532 nm to 633 nm), the Raman signal of E2

g and
A2

1g modes (red symbols) increases by a factor of 11 and 20 respectively (Fig. 4.13(d)).
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Figure 4.12: (a) An exemplary AFM image of Bi2Se3 nanoribbon with attached AuNP.
(c) The profile from the blue dashed line (in (a)) shows the thickness of 47 nm. (b) An
exemplary EDX spectra from na single Bi2Se3 nanoribbon showing correct stoichiometry.
The Silicon peak emanated from the Si substrate. (d) Absorbance of AuNPs as a function
of wavelength. The inset is the TEM image of the AuNPs. (e-l) show the SEM images of
two Bi2Se3 nanoribbons decorated with different sizes of AuNPs. Each scale bar represents
a length of 200 nm. (Adapted with permission from [118]).

Again, tuning the excitation wavelength into resonance when measuring on the 141-nm
AuNP, the Raman signal is increased by a factor of 40 and 98 for E2

g and A2
1g modes

(black symbols), respectively. This enhancement is attributed to hot carrier injection into
the Bi2Se3 TI. Weinhold et al. observed a similar behaviour in graphene [8]. Interestingly,
tuning the excitation wavelength into resonance when measuring on the 108-nm AuNP,
the Raman signal is increased by a factor of more than 160 and 350 for E2

g and A2
1g modes

(blue symbols), respectively. This strongly enhanced Raman signal in 108-nm AuNP is
explained as the excitation wavelength (633 nm) and is in resonance range to the surface
plasmon energy of 108-nm AuNP [149] [150] [151]. The results show that the presence of
AuNP on the Bi2Se3 TI surface enhances the Raman signal and opens the opportunity to
control the local electronic properties of the TI by different sizes of AuNP [118].

4.3.3 Scan related hot carrier injection into the surface states of
topological insulator

Fig. 4.14(a) shows the Raman spectra acquired when scanning along a 76.3 nm NR
decorated with a single 120 nm AuNP. The scan direction (white arrow) and polarization
of the laser light (red arrow) is shown by the SEM image of Fig. 4.14(e). The spectra were
fitted with eqn. 4.12. We scanned from +900 nm to −900 nm with the AuNP at position
0 nm and we reveal the strongest Raman susceptibility enhancement when measuring at
the On_AuNP position. We obtained susceptibility enhancement factors of 19, 18 and 41
for A1

1g, E2
g , A2

1g, respectively Fig. 4.14(d). The normalized frequency as a function of the
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Figure 4.13: Resonance Raman spectra of a single Bi2Se3 nanoribbon with different sizes
of AuNPs (a) Off_AuNP (bare TI), (b) 141-nm AuNP and (c) 108-nm AuNP. The Ra-
man spectra taken with 633, 594, 561 and 532 excitation wavelengths are shown in red,
yellow, light green, and green, respectively. The data obtained form 633 nm wavelength of
Off_AuNP, 141-nm and 108-nm is scaled down by 2.5, 3, and 5, respectively. The dotted
vertical lines represent A2

1g and E2
g phonon modes. (d) Phonon susceptibility as a function

of wavelengths. The A2
1g and E2

g phonon modes are represented with square and circle
markers, respectively while the blue, black, and red symbols represent 108-nm AuNP,
141-nm AuNP and Off_AuNP positions, respectively. (Figure adapted with permission
from [118]).

distance from the AuNP is shown in Fig. 4.14(b). The frequency was normalized to the
value at the position 0 nm (On_AuNP position). The result shows that the frequencies
of A1

1g and A2
1g are sensitive to the position of the AuNP and are strongly renormalized

when scanning across the AuNP. The scan related normalization of the phonon modes
has been observed in graphene and attributed to the coupling of the optical modes with
hot electrons transferred from resonantly excited AuNPs plasmons [8]. Furthermore, we
observed the broadening (decrease of the phonon lifetime) of the normalized full width at
half maximum (FWHM) as we scanned across the AuNP (Fig. 4.14(c)). This broadening
of the three phonon modes has been reported in Bi2Se3 NFs and attributed to strong
electron-phonon coupling [129]. We reveal that the Fano parameter q̄ has a lower value
when measuring at the On_AuNP position than at the Off_AuNP position Fig. 4.14(f). q̄
implies the interference between discrete phonon states and low-energy electronic degrees
of freedom [130] [118]. The smaller the q̄ the stronger the effective interference between
electrons and phonons due to an increased contribution of the imaginary part of the
electronics susceptibility [118]. The lower value of q̄ at the On_AuNP position indicates
that the electron-phonon interaction is strong.

4.3.4 Gold nanoparticle size dependent Raman study

Fig. 4.15(a) shows the Raman spectra acquired from 90 nm thick NR decorated with
39, 50, 120 and 147 nm size AuNPs. The spectra were fitted with eqn. 4.12. The
distinct phonon modes are the A1

1g, E2
g and A2

1g symmetry as previously assigned. We
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Figure 4.14: Raman studies of a single Bi2Se3 nanoribbon in the vicinity of AuNP. (a)
Raman spectra acquired from 76.3 nm thick nanoribbon of width 400 nm and decorated
with a single AuNP of size 120 nm. The spectra were acquired when scanning across
the AuNP from +900 nm to -900 nm (The AuNP is at position 0nm). The dotted
vertical lines represent the position of the phonon modes. (b) Normalized frequency, (c)
Normalized FWHM, (d) Susceptibility enhancement and (f) Normalized Fano parameter,
q̄ as a function of distance from AuNP. All data normalized to the value at On-AuNP
position. (e) SEM image of the studied nanoribbon with the AuNP attached to the
surface. The red and white arrows represent the polarization of the incident laser and
scan direction, respectively. (Figure taken with permission from [118]).

observe renormalization of the A2
1g mode mostly in 39 nm and 50 nm AuNPs as shown

in Fig. 4.15(b). The observed hardening of the A2
1g mode originates from the interaction

of the phonon modes with the real part of the low energy electronics susceptibility of the
hot carriers from plasmonic AuNPs [118]. Renormalization of phonon modes in periodic
arrays of nanoribbons of Bi2Se3 has been observed previously [152] [153]. Fig. 4.15(c)
shows the normalized Fano parameter q̄ as a function of AuNP size. We stated earlier that
q̄ measures the interference between the phonon states and electronic degrees of freedom
and this results in an asymmetric Fano profile that is dependent on AuNP size. Our result
shows no noticeable dependence of FWHM on the AuNP size as shown in Fig. 4.15(d).

4.3.5 Plasmonic decay and hot carrier injection

Raman intensity enhancement, phonon renormalization and peak broadening in the dis-
tinct phonon modes observed in our results can be explained in the scheme, Fig. 4.16.
Metal/TI interface is associated with a band bending region as a result of carrier injec-
tion [95]. This region has a dimension of about 3 - 5 nm and it is obscured by the AuNP
(blue shaded area) Fig. 4.16(a). Photon irradiation on the AuNP generates excitation
of collective free carrier oscillations at the surface of AuNP (i.e. surface plasmons). The
excited plasmons in resonance with the incident light field leads to a confinement of the
incident light field [154] [118]. The resonantly excited plasmons decay non-radiatively by
generation of hot carriers as shown in Fig. 4.16(c). The surface states conduction band
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Figure 4.15: Raman studies of a single Bi2Se3 decorated with different sizes of AuNPs. (a)
Raman spectra acquired from 90.1 nm thick nanoribbon of width 292 nm and decorated
with four different AuNPs of sizes 39, 50, 120, and 147 nm. The dotted vertical lines
represent the phonon mods of the bare TI. (b) Frequency, (c) Fano parameter, (d) FWHM
as a function of AuNP diameter. All normalized to the value at 39 nm position. (Figure
taken with permission from [118]).

(CB) and valence band (VB) are represented by the black linear dispersion lines whereas
the grey parabolic curves represent the bulk. The dotted red horizontal line represents
the Fermi energy of the bare TI and the blue curve at the bottom of the surface state CB
represents the hot electrons injected from the resonantly decayed surface plasmons into
the upper dirac cone. Detailed reports on the injection of hot electrons from resonantly
decayed plasmons into the CBs of semiconductors can be found in ref. [155] [156] [157].
From the diagram, one can see that low energy phonons cannot interfere with the bulk
electrons provided that the Fermi surface lies between the bulk CB and VB. However,
low-energy phonons can interact with the quasi-relativistic electrons that populate the
surface state of the TI. Fig. 4.16(b) shows the q̄ as a function of the wavelength measured
at bare TI and On-AuNP positions. The blue, black and red symbols represent the q̄ when
measuring on the 108-AuNP, 141-AuNP and bare TI, respectively. Our results show that
the q̄ has no significant dependence when measuring on bare TI, whereas measuring on
108-nm AuNP and 141-nm AuNP the q̄ shows a dependence on excitation wavelength. q̄
measures the interaction between electronic susceptibility and phonon. The fact that q̄ is
constant in bare TI and strongly wavelength dependent on AuNP positions, supports a
hot carrier injection mechanism [118]. Therefore the scheme in Fig. 4.16(c) supports our
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observations. Recall that when measuring on 108-nm AuNP, we observed strong signal
enhancement by a factor of 350. This can be explained as double-resonance behaviour.
The band structure calculations for Bi2Se3 show that Bi2Se3 has interband transition en-
ergy of 2.0 eV [124] [45]. The 633 nm excitation wavelength (1.96 eV) that generated the
surface plasmons in the 108-nm AuNP is simultaneously in resonance with the plasmon
frequency of the 108-nm AuNP and also in resonance with the interband transition in
Bi2Se3 [118]. This double resonance enhances the hot carrier transfer and consequently
the Raman matrix element.

Figure 4.16: Schematic illustration of plasmon decay and hot electron injection. (a) TI
nanoribbon decorates with AuNP. The blue area is the band bending region (this region
is about 3n m and it is covered by the laser spot). (b) Fano parameter, q̄ as a function
of wavelength for the bare TI (red symbol), 141-nm AuNP (black symbol) and 108-nm
AuNP (blue symbol) position. All normalized to the value at 633 nm wavelength. (c)
Schematic representation of hot carrier in TI. The decayed plasmon injects electrons into
the surface states Dirac cone(blue parabola). The grey parabola and the black linear
dispersion are the bulk and surface electronic bands. The red dotted horizontal line is the
Fermi energy of the bare TI. CB and VB are the conduction band and the valence band.
(Figure taken with permission from [118]).
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Plasmonic hot carrier injection from single gold
nanoparticles into topological insulator Bi2Se3
nanoribbons†

Christian Nweze, *a Tomke E. Glier, a Mika Rerrer,a Sarah Scheitz,a

Yalan Huang,b Robert Zierold, b Robert Blick,b Wolfgang J. Parak, b

Nils Huse b and Michael Rübhausen*a

Plasmonic gold nanoparticles injecting hot carriers into the topological insulator (TI) interface of Bi2Se3
nanoribbons are studied by resonant Raman spectroscopy. We resolve the impact of individual gold par-

ticles with sizes ranging from 140 nm down to less than 40 nm on the topological surface states of the

nanoribbons. In resonance at 1.96 eV (633 nm), we find distinct phonon renormalization in the Eg
2- and

A1g
2-modes that can be associated with plasmonic hot carrier injection. The phonon modes are strongly

enhanced by a factor of 350 when tuning the excitation wavelengths into interband transition and in reso-

nance with the surface plasmon of gold nanoparticles. At 633 nm wavelength, a plasmonic enhancement

factor of 18 is observed indicating a contribution of hot carriers injected from the gold nanoparticles into

the TI interface. Raman studies as a function of gold nanoparticle size reveal the strongest hot carrier

injection for particles with size of 108 nm in agreement with the resonance energy of its surface plasmon.

Hot carrier injection opens the opportunity to locally control the electronic properties of the TI by metal

nanoparticles attached to the surface of nanoribbons.

Introduction

Topological insulators (TIs) are a new set of quantum
materials with conducting surface states and an insulating
bulk.1 The surface states of TIs have gapless electronic states
that are protected by time reversal symmetry.2–4 These surface
states host quasi-relativistic electrons2,5 and are immune to
backscattering by nonmagnetic impurities due to strong spin–
orbit coupling.2,6 TIs with their spin-textured surface states
find applications in quantum computing, spintronics, photo-
nics, fibre lasers, and optoelectronic devices.7–10 Bismuth sele-
nide (Bi2Se3) is considered an ideal candidate for realizing
intriguing phenomena associated with TIs due to its surface
state band structure of Dirac-like linear dispersion with a bulk
energy band gap of about 0.3 eV, which is significantly larger

than the room temperature energy scale of around 25 meV.6,11

Moreover, the Dirac point of Bi2Se3 is supposed to be within
the bulk bandgap and not buried in the bulk bands as in
bismuth telluride (Bi2Te3) and antimony telluride (Sb2Te3).
Device applications requiring Dirac materials demand detailed
understanding of the role of contacts and carrier injection in
controlling their relativistic surface states.8,12 The interface
between the conducting surface states of Bi2Se3 and metals
has been theoretically studied.13,14 Most of these theories are
concerned with the generation of hot plasmonic carriers and
their injection into the semiconductors interface and mole-
cular surfaces.15,16 Remarkably, contacting the surface of
Bi2Se3 with gold thin films does not destroy the spin-momen-
tum locking in Bi2Se3.

13 Gold nanoparticles (AuNPs) have a
large number of delocalized electrons, which can interact with
electromagnetic fields to generate surface plasmons17 which
exhibit a large absorption cross section that has been exploited
to enhance and trap light.15 The resonantly excited surface
plasmons change the optical properties of AuNPs drastically
and can decay non-radiatively into hot electron–hole pairs.12,18

In graphene-based devices, hot electron–hole pairs increase
local electron densities and generate photocurrents.19,20 The
local manipulation of relativistic quantum states of nano-
structures with AuNPs is an emerging research field8,21,22 and
in this fashion, the surface states of Bi2Se3 can be engineered

†Electronic supplementary information (ESI) available: Additional information
on the Bi2Se3 nanoribbon synthesis and Au nanoparticle synthesis, transfer of
ribbons, drop casting of AuNPs, AFM, EDX, and SEM image, polarization depen-
dence study. See DOI: https://doi.org/10.1039/d2nr05212a

aInstitut für Nanostruktur- und Festkörperphysik, Centre for Free Electron Laser

Science (CFEL), Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg,

Germany. E-mail: cnweze@physnet.uni-hamburg.de,

mruebhau@physnet.uni-hamburg.de
bInstitut für Nanostruktur- und Festkörperphysik, Centre for Hybrid Nanostructures

(CHyN), Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany
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into future device requirements by locally manipulating the
electronic band structure in nanostructures.23 The hot photo-
injected electrons interact with the relativistic quantum states
of TIs and couple to the surface phonon modes.15 Micro-
Raman spectroscopy with a high local resolution of about
200 nm enables the investigation of the local electronic pro-
perties by probing the phonons on sample scales of less than
400 nm. Furthermore, controlling the interaction of the
surface states with hot photoinjected electrons by means of an
electromagnetic field opens the opportunity to control the
local electronic properties of TIs optically. Spatially resolved
micro-Raman spectroscopy is as an excellent tool for simul-
taneously studying the generation of electron–hole pairs and
detection of the corresponding electron–phonon interaction.12

In this work, we probe the local area around AuNPs which
are not easily accessible in the electrical transport measure-
ment. We locally manipulate the electronic structure of 1D
nanostructures (nanoribbons) of Bi2Se3 with single AuNPs and
use the phonon modes in Bi2Se3 as local probes of the modi-
fied relativistic surface state. The interplay between the elec-
tronic surface states of a single crystalline Bi2Se3 nanoribbon
and resonantly excited plasmons in a AuNP is studied by
micro-Raman spectroscopy with spatial resolution of 211 nm
(see Fig. S7 in the ESI(F)† for details). Different sizes of AuNPs
on the same Bi2Se3 nanoribbon were employed to locally
manipulate the electronic band structure. We scan across
single AuNPs deposited on a Bi2Se3 nanoribbon in order to
determine the changes in electron–phonon interactions as a
function of distance from the respective AuNP and reveal the
phonon self-energy effect due to electrons injected into the
relativistic surface state.

Results and discussion

Bi2Se3 with its layered, rhombohedral crystal structure belongs
to the space group (R3̄m/D5

3d).
6,24–26 Its structure consists of

five atomic layers, Se–Bi–Se–Bi–Se, that are covalently stacked
along its c-axis to form a quintuple layer with a thickness of
∼1 nm. The unit cell of Bi2Se3 contains three quintuple layers
and each quintuple layer is bound to neighbouring quintuple
layers by van der Waals forces. Group theory predicts the
five atoms in the primitive cell of Bi2Se3 to have 15 zone-
centre phonon branches, 3 acoustic and 12 optical phonon
modes. Of the 12 optical modes, 4 are symmetry Raman-
active (2A1g, 2Eg) and 4 are symmetry infrared-active (2A1u,
2Eu). The irreducible representations for the zone-centre
phonon can be written as: Γ = 2Eg + 2A1g + 2Eu + 2A1u [1].25

The Raman tensors and their corresponding atomic displa-
cements of the Raman-active modes in Bi2Se3 are shown in
Fig. S6 (in the ESI(E)).† The correct stoichiometry (2 : 3
(Bi : Se)) of the nanoribbons is confirmed by SEM-EDX (see
Fig. S4 in the ESI(D)†). SEM and AFM studies shown in the
inset (Fig. 1 and 3) and the ESI† support the reported width
and thickness of the nanoribbons, respectively (Fig. S5 in
the ESI(D)†).

The in- and off-resonance study of a single Bi2Se3 nano-
ribbon decorated with AuNPs is shown in Fig. 1. Fig. 1(a–c)
shows the Raman spectra of a single Bi2Se3 nanoribbon deco-
rated with a 108 nm AuNP, a 141 nm AuNP, and Off_AuNP in
the laser focus (=Off_AuNP, i.e. spectrum recorded far away
from any AuNP) at different excitation wavelengths. We can
assign the two distinct phonon modes to Eg

2 and A1g
2

symmetry27–29 and the assignment is supported by the Raman

Fig. 1 Resonance Raman spectra of a single Bi2Se3 nanoribbon with a
thickness of 100 nm and width of 210 nm decorated with gold nano-
particles (AuNPs) of the following diameters: (a) Off_AuNP, i.e. spectrum
recorded far away from any AuNP, (b) 141 nm, and (c) 108 nm. The
Raman spectra taken with 633, 594, 561, and 533 nm are shown in red,
yellow, light green, and green, respectively. The solid black line rep-
resents the fit to the data and the dashed vertical lines represent the
positions of the respective Eg

2 and A1g
2-modes in the Bi2Se3 nanoribbon

taken with 633 nm. The data obtained for 633 nm excitation of the
108 nm AuNP, the 141 nm AuNP, and Off_AuNPs is divided by 5, 3 and
2.5, respectively, as indicated in panels (a–c). The insets in panels (a–c)
show the SEM images of the studied sample area. Each scale bar rep-
resents a length of 200 nm (d) Phonon susceptibilities as a function of
excitation wavelengths normalized to the phonon susceptibility at
532 nm. The blue, black, and red markers correspond to the measure-
ments on 108 nm AuNP, 141 nm AuNP, and Off_AuNP respectively.
Square and circle markers correspond to Eg

2 and A1g
2-modes,

respectively.
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tensor in Fig. S6(a) (ESI)† as well as the polarization-dependent
data in Fig. S8 (ESI†). The spectra were fitted with eqn (1)
(“Generalized Fano equation”).30

Iðω; T ¼ 0Þ/ yþ ĀΓ̄ω

ðΓ̄ωÞ2 þ ðω2 � ω̄0
2Þ2 q̄2 � 1þ 2q̄

ðω2 � ω̄0
2Þ

Γ̄ω

� �

ð1Þ

with

y ¼ �TA2
2πim

Ā ¼ �TA2
2g 2πre2

where Ā, y, q̄, ω0, Γ̄, g and T represent the amplitude, elec-
tronics background, ratio between imaginary and real parts of
the electronic susceptibility, frequency, width of phonon line,
electron–phonon coupling, and electron–photon coupling,
respectively. πim and πre are the imaginary and real part of
electronic susceptibility while A2 is the non-resonant matrix
element.53 All data were corrected for the scattering volume
and the spectral response of the instrument.31 Fig. 1(d) shows
the relative phonon susceptibilities of 108 nm AuNP, 141 nm
AuNP, and Off_AuNP as a function of the excitation wavelength
λ. The phonon susceptibilities were normalized to the suscep-
tibility at 532 nm wavelength. The circle and square markers
correspond to the A1g

2 and the Eg
2 mode, respectively. As we

tune the excitation wavelength into resonance of the nano-
ribbon (from 532 nm to 633 nm), the Raman signal increases
by a factor of 20 for the A1g

2 mode and a factor of 11 for the
Eg

2 mode (red symbols) in the Off_Au position. This resonance
has been reported previously and it is attributed to interband
transitions in Bi2Se3.

26,32–34 We observe that tuning the exci-
tation wavelength into resonance when measuring on the
141 nm AuNP results in a further increase in the Raman signal
by a factor of 98 for A1g

2 mode and a factor of 40 for the Eg
2

mode (black symbols). We attribute the enhancement of the
Raman signal to the hot carrier injection into the Bi2Se3 TI.
Our reference measurements on silicon substrate decorated
with AuNPs support our attribute (see Fig. S10 in the ESI(I)†).
A similar behaviour has been observed in graphene.12

Surprisingly, measuring on 108 nm AuNP results in a signal
enhancement factor of more than 350 for the A1g

2 mode and a
factor of 160 for the Eg

2 mode (blue symbol). The plasmonic
enhancement factor at 633 nm excitation wavelength on
141 nm and 108 nm AuNP is 5 and 18 for A1g

2 mode, respect-
ively and the corresponding plasmonic enhancement factor for
Eg

2 mode is 3.6 and 15, respectively. Note that without the
capping layer on AuNP, we would expect stronger hot carrier
injection.54,55 The Raman spectra in Fig. 1 were measured on
the same Bi2Se3 nanoribbon with the differently sized AuNPs
spaced more than 2.2 µm apart from each other. Hot carriers
are efficiently excited when the localized surface plasmon
(LSP) of AuNP is in resonance with the excitation wavelength.35

By means of Landau damping, the excited hot carriers decay
non-radiatively into hot electron–hole pairs.36 Note that non-
radiative decay can occur either through intraband excitations

within the sp (conduction) band above the Fermi level or
through interband transition from d-band to s-band.37,38 The
density of generated hot carriers and excitation rate in metallic
surface plasmons was theoretically studied by Paudel et al.14

and it was observed that the density of the generated hot car-
riers scales with the square of the excitation rate.14 The data in
Fig. 1 reveals the strongest hot carrier injection into the Bi2Se3
nanoribbon by 108 nm AuNP which can be explained by the
resonance energy of its surface plasmon in the red wavelength
range.39–41 We show that the presence of AuNPs, more
especially AuNP whose LSP is in resonance with the excitation
wavelength, on Bi2Se3 strongly enhances the Raman signal and
thus opens an opportunity to control the local electronic pro-
perties of the TI by different sizes of AuNP. Furthermore, we
conducted measurements in the vicinity of an AuNP with
633 nm excitation wavelength as shown in Fig. 2. We scanned
across a single AuNP on a Bi2Se3 nanoribbon from −900 to
+900 nm with the AuNP at 0 nm (Fig. 2(b)).

Fig. 2(a) shows the Raman spectra while moving the focus
of the laser beam away from the AuNP, i.e. scanning along the
nanoribbon. We can assign the three distinct phonon modes
to A1g

1, Eg
2, and A1g

2 symmetry. All three modes show strong
characteristic enhancements in the vicinity of the AuNP and
the enhancement decays when moving the focus of the laser
beam away from the AuNP. Fig. 2(b) shows the SEM image of
the measured sample. The scan direction is depicted by the
white double-headed arrow. The polarization of the laser is
along the long axis of the Bi2Se3 nanoribbon as shown by the
double-headed red arrow. The phonon modes were fitted with
the generalized Fano line shape described by eqn (1). Fig. 2(c)
displays the normalized Fano parameter, q̄ as a function of dis-
tance from the AuNP. The Fano parameter q̄ implies the inter-
ference between discrete phonon states and low-energy elec-
tronic degrees of freedom.42 The smaller the q̄, the stronger
the effective interference between electrons and phonons due
to an increased contribution of the imaginary part of the elec-
tronics susceptibility. We reveal that q̄ is smaller for On_Au
position than Off_Au position. This indicates that the elec-
tron–phonon interaction is much stronger when measuring at
the On_Au position than measuring at the Off_Au position.
Fig. 2(d) shows the normalized full width at half maximum
(FWHM) as a function of the distance from the AuNP. We
observe broadening of the three phonon modes as we scan
towards the AuNP due to high density of hot electrons, in the
vicinity of AuNP, which interact with the phonons. The density
of the hot carriers injected into the Bi2Se3 TI at the AuNP/TI
interface decreases with the distance from the AuNP. This is
corroborated by the small value of Fano parameter q̄ for
On_Au position and the ratio between the FWHM of A1g

2/A1g
1

(Eg
2/A1g

1) mode that increases from 1.77 (1.60) to 2.28 (1.83) at
the AuNP position (see Fig. S9 in the ESI(H)†). Such a decrease
of the phonon lifetime (peak broadening) of the Bi2Se3 modes
has been observed previously and attributed to a strong elec-
tron–phonon coupling.6 Our observation of high density of hot
electrons near the AuNP and a reduced one away from AuNP is
supported by the theoretical study of carrier distribution on
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the surface of the Bi2Se3 TI at different length scales after the
hot carrier injection by Paudel et al.14 Furthermore, we observe
phonon renormalization of the A1g

1 and A1g
2 modes when

scanning across the AuNP (Fig. 2(e)). The scan-related renor-
malization of the phonon modes has been observed in gra-
phene and attributed to the coupling of the optical phonon
modes at specific wave vectors with hot electrons transferred
upon resonant excitation of AuNPs plasmons.12 Fig. 2(f )
reveals the Raman susceptibility enhancement when scanning
across the AuNP. The Raman susceptibility enhancement

factor of 19, 18, and 41, for A1g
1, Eg

2, and A1g
2 modes, respect-

ively, is obtained when measuring at the On_AuNP position. In
short, the observed Raman susceptibility enhancement shows
that the presence of AuNPs enhances the Raman scattering by
injection of hot electrons from the AuNP into Bi2Se3.

In Fig. 3 we present the study of four different sizes of
AuNPs on a single Bi2Se3 nanoribbon. The Raman spectra are
shown in Fig. 3(a). The insets are the SEM images of 39, 50,
120, and 147 nm size AuNPs and each scale bar represents a
length of 100 nm. The spectra were fitted with the generalized
Fano eqn (1). Line shape analysis of the Raman spectra reveals
an asymmetric Fano profile depending on the diameter of the
AuNP (Fig. 3(b)). We like to recall that the Fano parameter q̄
measures the interference between the phonon states and elec-
tronic degrees of freedom. We further observe a hardening of
the A1g

2 mode mostly in 39 and 50 nm AuNPs (Fig. 3(c)) as
indicated by the blue shift in this mode. The frequency shift
originates from the interaction of phonon mode with the real
part of the low energy electronic susceptibility of the injected
hot carriers from plasmonic AuNPs. The mutual interaction of
plasmons with phonons leads to phonon renormalization.
This renormalization of phonon modes is the result of inter-
actions of the phonons with surface plasmon polaritons.

Fig. 2 Raman studies of single Bi2Se3 nanoribbon in the vicinity of
AuNP with 633 nm excitation wavelength. (a) Raman spectra of Bi2Se3
nanoribbon of thickness 76.3 nm and width 400 nm and decorated with
a single 120 nm AuNP. The spectra were collected scanning across the
nanoribbon in different distance to the AuNP from −900 to +900 nm as
shown in (a). The black vertical dashed lines represent the positions of
A1g

1, Eg
2 and A1g

2 modes of the bare nanoribbon. The data obtained at
the AuNP position is divided by 3 as indicated in the panel (a). (b) SEM
image of the studied nanoribbon with the AuNP. The red and white
arrows represent the polarization of the laser and the scan direction. (c)
Fano parameter, q̄, (d) Norm_FWHM (normalized full width at half
maximum), (e) Norm_Freq (normalized frequency) and (f ) susceptibility
enhancement as a function of the distance from the AuNP. All normal-
ized to the value at the On_AuNP (0 nm) position. The vertical and hori-
zontal dashed lines represent guide to the eye.

Fig. 3 Raman studies of a single Bi2Se3 nanoribbon decorated with
AuNPs of different sizes. (a) Raman spectra of a Bi2Se3 nanoribbon with
thickness of 90.1 nm and width of 292 nm and decorated with four
different AuNPs of sizes 39, 50, 120, and 147 nm. The insets in (a) show
the SEM images. Each scale bar represents a length of 100 nm. The
black vertical dashed lines indicate the positions of A1g

1, Eg
2 and A1g

2

modes without AuNPs present. (b) Fano parameter q̄ (c) Frequency and
(d) FWHM as a function of the AuNP diameter. All plotted line-width
parameters are normalized to the value of the 39 nm AuNP. The hori-
zontal dashed line represents a guide to the eye.
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Similar effects have been reported previously in the periodic
arrays of ribbons of Bi2Se3.

43,44 In Fig. 3(d), we show the nor-
malized FWHM as a function of the diameter of AuNPs. Our
result shows no noticeable dependence of FWHM on the size
of AuNPs.

Plasmonic decay and hot electron
transfer

Fig. 4a shows the schematic illustration of the measured
Bi2Se3 nanoribbon. The blue shaded area beneath the AuNP
indicates the region of band bending which is associated with
the metal/TI interface,13 note that this region has a dimension
of only 3–5 nm and its lateral extent is governed by the size of
the AuNP. The phonon enhancement and renormalization in
our results are explained in the scheme in Fig. 4c. Laser
irradiation on the AuNP leads to excitation of collective free
carrier oscillations at its surface, i.e., surface plasmons. The

generated plasmons in resonance with the incident light field
lead to a confinement of the incident light field.45 The reso-
nantly excited plasmons decay non-radiatively by generation of
hot carriers as depicted in Fig. 4(c). The density of the gener-
ated hot carriers decreases at some distance away from the
AuNP. The grey parabolic dispersion lines represent the Bi2Se3
bulk conduction band (CB) and valence band (VB) while the
black linear dispersion lines represent the surface states’ CB
and VB. The black thick horizontal lines represent the energy
levels of the low energy phonons. The red dash line represents
the Fermi energy (EF) for the bare TI. The resonantly decayed
plasmons inject hot electrons into the CB (the upper Dirac
cone) of the TI. There have been detailed reports on the extrac-
tion of hot charge carriers from the resonantly excited plas-
mons into the CBs of semiconductors.16,19,46 The transferred
hot electrons populate states on the thick blue parabola in
Fig. 4(c). The schematic diagram illustrates that low-energy
phonons cannot interfere with the bulk electrons provided
that the Fermi surface lies between the bulk CB and VB.
Conversely, low-energy phonons can couple to the quasi-relati-
vistic electrons that populate the surface states of the TI. This
picture supports our observation of the coupling between the
electronic degrees of freedom and the phonon states evi-
denced by the phonon renormalization in the vicinity of the
AuNPs as explained earlier. Fig. 4(b) shows the dependence of
Fano parameter q̄ on the excitation wavelength λ when measur-
ing on the 108 nm AuNP (blue symbol) and 141 nm AuNP
(black symbol). Fig. 4(b) further shows that measuring on the
bare TI (red symbol), the Fano parameter q̄ has no significant
dependence on the excitation wavelength. The Fano parameter
represents a measure of the electronic susceptibility interact-
ing with a phonon. The fact that this parameter is constant in
the bulk but strongly wavelength dependent for the AuNPs,
strongly supports a hot carrier injection mechanism.
Furthermore, our observation of the strong signal enhance-
ment by a factor of 350 on the 108 nm AuNP can be explained
as double-resonance behaviour: the band structure calcu-
lations for Bi2Se3 show an interband transition energy of 2.0
eV.11,32 The 633 nm excitation wavelength (1.96 eV) that gener-
ated the surface plasmons in the 108 nm AuNP is simul-
taneously in resonance with the plasmon frequency of the
108 nm AuNP and also in resonance with the interband tran-
sition in Bi2Se3. This double resonance enhances hot electron
transfer and consequently, the Raman scattering cross-section.

Conclusions

We have studied photoinduced doping of the topological insu-
lator Bi2Se3 surface states by means of hot electrons generated
from the decayed surface plasmons of AuNPs by nanoscopic
Raman spectroscopy. We showed that the lattice dynamics in
Bi2Se3 are modified in the vicinity of a gold nanoparticle. By
tuning the excitation wavelength into double resonance with
the plasmon frequency and interband transition in Bi2Se3, we
reveal the strongest enhancement of the phonon modes by a

Fig. 4 (a) Schematic illustration of the TI nanoribbon decorated with a
AuNP. The blue shaded area indicates the region of band bending (note
that the band bended region is covered by the AuNP), the laser spot
covers predominantly areas in the vicinity of the AuNP (t = thickness and
w = width of the nanoribbon). (b) Fano parameter q̄ as a function of the
excitation wavelength for the bare TI (red marker), 141 nm AuNP (black
marker), and 108 nm AuNP (blue marker) position. All normalized to the
value at 633 nm wavelength. The horizontal dashed line represents a
guide to the eye. (c) The scheme for the hot carrier injection in TI. The
resonantly excited plasmons of a AuNP decay by injecting hot electrons
into the conduction band of TI. The grey parabolic dispersion represents
the conduction band (CB) and the valence band (VB) of bulk TI. The
surface state (SS) is represented by the black linear dispersion. The red
dashed horizontal line represents the Fermi energy (EF) of the bare TI.
The black thick horizontal lines represent the phonons. The phonons lie
in the SS of the linear dispersion and interact with the injected electrons
(thick blue parabola).
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factor of 350. Our result shows strong electron–phonon inter-
actions and phonon renormalization induced by hot-carrier
injection from the resonantly excited plasmons into the elec-
tronic surface states of the Bi2Se3. Our study provides a funda-
mental understanding of the interaction between electrons
and phonons on the nanoscale. This insight opens the oppor-
tunity to locally investigate and control a variety of active opto-
electronic and optical properties.

Methods

Single crystalline Bi2Se3 nanoribbons were grown in a two-
heating zone furnace via chemical vapor deposition (CVD).
The furnace was equipped with a quartz tube of diameter
2.5 cm. Bi2Se3 nanoribbons were grown on silicon 〈100〉 sub-
strates with a native oxide (SiO2) layer. We followed the general
approach in CVD method47–49 with full optimization for
growth of Bi2Se3 nanoribbons (see the ESI(A)† about the
experimental procedure). A custom-made x, y, z – positioner
micro-manipulator was used to transfer the nanoribbons to a
custom-made silicon finder grid with 225 fields of 100 µm ×
100 µm. Atomic force microscopy (AFM) was utilized to
measure the thickness (height) and width of the nanoribbons.
Scanning electron microscope (SEM) was used to determine
the position and size of the AuNPs. Energy dispersive X-ray
spectroscopy (EDX) was employed to investigate the stoichio-
metry of the nanoribbons. The nanoribbons were decorated
with single gold nanoparticles of different sizes before the
Raman measurement (see ESI(C)†). For this a polydisperse
solution of AuNPs with mean diameter of 96 nm was used,50

which comprise a range of different AuNP diameters (see the
ESI(B)† about the synthesis and characterization of the
AuNPs). By using SEM AuNPs of different size on the nano-
ribbons could be selected for measurements. All nanoribbons
were characterized before and after the Raman study. Raman
scattering spectroscopy of AuNP decorated single nanoribbons
was carried out at room temperature with a custom-made
piezo-controlled micro-Raman set-up.31,51 The spatial resolu-
tion of the micro-Raman is 211 nm at 633 nm excitation wave-
length. The measurements were carried out in back-scattering
configuration while employing Porto notation Z̄(XX)Z configur-
ation.52 In all measurements, the polarization of the laser is
parallel to the c-axis of the wire (except for polarization studies
with indicated polarizations) (see the ESI(G)† about the
Polarization dependence study). In order to exclude laser
heating of the samples, the laser power on the sample surface
was kept below 50 µW.

Abbreviations

AuNPs Gold nanoparticles
Tis Topological insulators
LSP Localized surface plasmon
CVD Chemical vapor deposition

SEM Scanning electron microscopy
AFM Atomic force microscopy
EDX Energy dispersive X-ray
VB Valence band
CB Conduction band
FWHM Full width at half maximum
Bi2Se3 Bismuth selenide
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Chapter 5

Summary, Conclusion and Outlook

5.1 Summary

We investigated lattice dynamics and phononic processes in single crystalline Bi2Se3 topo-
logical insulator (TI) nanowires (NWs), nanoribbons (NRs) and nanoflakes (NFs). High
quality Bi2Se3 NWs, NRs and NFs were synthesized by the wet chemical polyol method
and in the oven by the vapour liquid solid (VLS) process. We determined the quality
of the Bi2Se3 TI materials by characterizing them with atomic force microscopy (AFM),
scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDX), trans-
mission electron microscopy (TEM), high resolution TEM (HRTEM), and selected area
electron diffraction (SAED). The AFM/SEM/TEM images show cylindrical NWs, NRs
and hexagonal/truncated triangular NFs. SEM-EDX and TEM-EDX show correct sto-
ichiometry (i.e. Bi:Se (2:3)). HRTEM and SAED reveal a quintuple layer thickness of
0.95 nm and single crystallinity with growth direction perpendicular to the c-axis of the
Bi2Se3 nanostructures. Magnetotransport measurements were carried out on the NW and
from the Shubnikov-de Haas oscillations we calculated the carrier concentration and the
position of the Fermi level in the NW. The result shows a low doping range (4.9 x 1011

cm−1) for the effective stoichiometry.

By means of micro-Raman spectroscopy of beam spot size down to 211 nm we studied
carrier injection into the topological surface states of Bi2Se3 NFs, geometrical crossover
from 2D to 1D in topological insulator Bi2Se3 NWs and plasmonic hot carrier injection
into the topological surface states of Bi2Se3 NRs.

Carrier injection into the topological surface states of Bi2Se3 NFs
10 µL of Bi2Se3 NFs in isopropanol was drop-cast on marked Au and Si substrates. The
isopropanol was allowed to evaporate leaving behind the NFs. Different thicknesses of the
NFs were identified with the aid of AFM and were measured with micro-Raman. The
laser power on the sample depended on the excitation wavelength used and generally was
kept below 40 µW for a 633 nm wavelength of beam spot size 211 ± 3 nm resulting in
power density of 114 kW/cm2. The measurements were conducted while scanning over
the NF by about 3 µm2. Resonance and thickness dependent Raman studies were per-
formed on the NFs on Au substrate and compared with that on Si substrate. The result
shows the presence of interface-enhanced Raman scattering, strong phonon enhancement
(by a factor of 50) and renormalization (softening of A1

1g mode by 3 cm−1 and hardening
of A2

1g mode by 2.6 cm−1) as a result of carriers injected into the surface states of the
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contacted NF side from the Au substrate. Fig. 5.1(c and d) show the schematic diagram
of carrier injection into the Bi2Se3 surface states. The result also reveals significant peak
broadening (by about 8 cm−1 for A1

1g mode and 4 cm−1 for A2
1g mode) with the associated

decreasing Fano parameter q̄ as the thickness of the NF is decreased. q̄ determines the
electron-phonon coupling strength and implies the interaction between low energy elec-
tronic degrees of freedom with the discrete phonon state. The fact that A1

1g mode softens
and A2

1g hardens means that A1
1g mode interacts with the positive real part of electronics

susceptibility whereas A2
1g interacts with the negative real part of electronics susceptibility.

Geometrical crossover from 2D to 1D in topological insulator Bi2Se3 NWs
Single NWs of different radii were transferred to the marked Si substrate with the aid
of a custom made micro-manipulator. The radius was determined with the AFM and
SEM before the Raman study. Micro-Raman spectroscopy was conducted with a green
laser (532 nm wavelength) of beam spot size 544 ± 13 nm. The laser power on the sam-
ple surface was kept less than 140 µW. To avoid sample damage, Raman spectra were
acquired while scanning along the NW axis with a speed of about 250 nm/s. A NW
radius dependent Raman study was conducted. The result shows that the Raman in-
tensity decreases with decreasing NW radius (i.e. reduction of scattering volume of the
NW) and the signal intensity appears to vanish around 50 nm radius. Further decrease
of the NW radius results in the appearance of a Raman signal that peaks at about 30
nm radius. We attributed the behaviour to crossover from 2D limit to 1D in TI and it is
characterized by the sudden appearance of plasmonic surface-enhanced Raman scattering
(SERS). Furthermore, on application of the magnetic field along the NW axis as depicted
in Fig. 5.1(a), we observed quenching of the surface enhanced Raman signal (SERS). This
shows that spin-polarized plasmonic excitation of the spin Berry phase dominates over
the electronic excitation spectrum. We simulated our observation following non-resonant
Raman scattering since the observed enhancement is less than a factor of 100 and also
since the frequency of phonon and that of plasmons is assumed to differ. By considering
plasmonic dispersion relation in the magnetic field and the plasmonic susceptibility from
four photon Green’s function, we show that a magnetic field (flux ratio ≈ 0.5) along the
wire axis suppresses the phonon intensities (as shown in Fig. 5.1(b)) and therefore, un-
ambiguous proof of the existence of the π spin Berry phase at the TI surface states.

Hot carrier injection into topological surface states of Bi2Se3 NRs.
We conducted micro-Raman spectroscopy on single crystalline NRs decorated with single
AuNP of different sizes. NRs were transferred onto a marked Si substrate before Raman
study. We performed resonance Raman study on bare NRs and on NRs decorated with
different sizes of AuNPs. We carried out a scan study around the vicinity of 120 nm
AuNP. In all the studies, the laser power was kept below 50 µW and Raman spectra
were acquired in 20 mins. The results show that on tuning the excitation wavelength
into resonant frequency while measuring on the bare NR, we obtained an enhancement of
the signal with a factor of 11 and 20 for E2

g and A2
1g modes, respectively. Measuring on

the same NR but at a position containing 141 nm AuNP, we obtained an enhancement
factor of 40 and 98 for E2

g and A2
1g modes, respectively. The enhancement is attributed to

hot carrier injection into the Bi2Se3 TI (Fig. 5.1(e)). A similar behaviour was observed
by Weinhold et al. in graphene. Furthermore, we obtained a maximum enhancement
factor of 160 and 350 for E2

g and A2
1g modes, respectively, when measuring on a position

containing 108 nm AuNP. We attribute this behaviour to hot carrier injection occurring
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at resonance range of surface plasmons. The 633 nm excitation wavelength that produced
the maximum enhancement is in resonance range to the surface plasmon energy of 108 nm
AuNP. The result acquired when scanning across the 120 nm NR shows strong renormal-
ization and broadening of the phonon modes. The out-of-plane vibrations of the phonon
modes show more sensitivity when approaching AuNP. The renormalization of the modes
is attributed to the coupling of the optical modes to hot electrons transferred from res-
onantly excited AuNP plasmons and the broadening of the phonon modes is attributed
to strong electron-phonon interactions. Results of the AuNP size dependent study reveal
renormalization of the A2

1g mode mostly in 39 nm and 50 nm AuNP. The observed hard-
ening of the A2

1g mode is a result of the interaction of the phonon mode with the real part
of the low energy electronics susceptibility of the hot carriers from plasmonic AuNP.

Figure 5.1: (a) Sketch of SPB experimental set-up.(b) Simulated plasmon energy as a
function of magnetic fluxes. Schematic representation of (c and d) carrier injection and
(e) plasmonic hot carrier injection into the topological surface states of Bi2Se3 TI. (Figure
adapted with permissions from [115] [110] [118]).

.

5.2 Conclusion

We studied the phonon dynamics in topological insulators of Bi2Se3 NWs, NRs and NFs
by means of Raman scattering. We found the effect of thickness of NRs or radius of NWs
on the phonon mode intensity. For the NWs, we have shown that reducing the radius
of the NW results in a crossover from 2D to 1D confined topological protected surface
states. Below 50 nm radius, we observed the appearance of SERS on 1D TI surface states
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and we attributed the effects to the novel spin-polarized plasmonic excitations within
the spin Berry phase. A magnetic field applied along the axis of the NW completely
quenched the SERS. Our simulations and experimental results provided evidence that
in TI NWs of smaller radius, spin polarized plasmonic excitation of the SBP dominates
the electronic excitation spectrum. We established and distinguished between hot carrier
and carrier injection at the TI surface states. We showed that, in NFs drop-cast on Au
substrate, doping by carrier injection dominates and it is characterized by strong phonon
enhancement by a factor of 50. Significant broadening and renormalization of the modes
is a result of strong electron-phonon interaction mediated by carrier injection from Au
substrate into the NF surface states. The injected carrier at the contacted region of the
NF causes a band bending effect which enhances the field locally. At NF thickness below
10.5 nm, an increasing surface contribution becomes apparent in the detection of the bulk
infra red (IR) E2

u mode. The injected carrier causes reduction of the resonant Raman
condition and subsequently decreased the Raman intensity. On the other hand, by tuning
the excitation wavelength into double resonance while measuring on NR decorated with
AuNP, we reveal that doping by hot carrier injection dominates. The associated phonon
enhancement factor of more than 350 was obtained. We showed that phonon dynamics in
TI is modified by the attached AuNP. Our results provide a fundamental understanding
of the electron-phonon interactions and the capability of studying this interaction at the
interface which is not easily accessible by other measuring techniques.

5.3 Outlook
Understanding fundamental interactions between quasi-relativistic electron-phonon cou-
pling in submicron range is a key factor in realizing predicted exotic properties of Dirac
materials including TIs. The interaction between phonon and low energy electronic sus-
ceptibility at nanoscale will open the opportunity to manipulate, control and investigate
optoelectronic properties of Dirac materials. To systematically study the disappearance
of the SERS, systematic application of external magnetic fluxes is required. Low surface
doping and hence the position of Fermi energy in TIs plays a vital role in enhancing in-
terference between the spin Berry phase and the magnetic field and therefore tuning the
position of the Fermi level is expected to affect the plasmon dispersion and spectral weight
of TIs [72]. To achieve this, in situ Raman measurement and electric field induced Fermi
level tuning/modulation is necessary. The surface states of TIs are spin polarized and we
manipulated it with AuNP (non-magnetic); however, it would be interesting to manipu-
late the spin-polarized state with magnetic nanoparticles. "Electro-magneto-phononic" in
which the lattice vibrations of materials depend on both the direction of the applied mag-
netic field and the direction of current is expected to open opportunities for fundamental
understanding of 1D plasmonic relations. Transient plasmonic decay from resonantly ex-
cited surface plasmons on TI and the associated electron-phonon interaction within the
vicinity of the plasmonic AuNP is an interesting outlook and 2D NF is a candidate for
the study.
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5. Optical response of Au Substrate 12

1. Sample preparation  

Two-dimensional nanoflakes (NFs) of Bi2Se3 and Bi2Te3 are grown via the wet-chemical polyol method 
following our earlier work.1 Details on the procedure are given in [1] for Bi2Se3 and [2] for Bi2Te3 NFs. An 
overview of the used chemicals and quantities is given in Table S1. For both materials the synthesis exploits 
the selective binding of the polymer ligand polyvinylpyrollidone (PVP) to the (001) facet of growing  
nanocrystals, which hinders the growth in c-direction leading to a two-dimensional growth in the  〈1120〉
direction.2 This yields highly anisotropic NFs with a high surface to bulk ratio that are only several nm thick. 
For Bi2Se3 and Bi2Te3 NFs, we find average heights of 7.7 ± 2.7 nm and 14.8 ± 5.2 nm, respectively.2 Both 
chalcogenides have a rhombohedral crystal structure, schematically shown in the inset of Figure 1a in the 
main text, and are built up of layers of alternating Bi and Se/Te atoms. The strongly restricted growth in c-
direction hence results in NFs consisting of a finite number of layers.

Table S1. Chemicals used in the sysnthesis of the topological insulator nanoflakes.
Bi-Precursor Se/Te-Precursor Solvent Ligand Additive T (°C) t

Bi2Se3

[1]
Bismuth nitrate 
pentahydrate 
(Bi(NO3)3∙5(H20),
Sigma Aldrich, 
98 %)
n = 0.0096 mol∙L-1

Sodium selenite 
(Na2SeO3, Sigma 
Aldrich, 99 %)
n = 0.0144 moL∙L-1

Ethylene 
glycol 
(C2H4(OH)2, 
VWR, 
99.7 %)
V = 30 mL 

PVP 
(55K M, 
Sigma 
Aldrich) 
m = 0.33 g

- 180 6 h

Bi2Te3

[2]
Bismuth nitrate 
pentahydrate 
(Bi(NO3)3∙5(H20),
Sigma Aldrich, 
98 %)
n = 0.02 mol∙L-1

Potassium 
tellurite 
monohydrate 
(K2TeO3 ∙H2O, Alfa 
Aesar, 97 %)      
n = 0.03 mol∙L-1

Ethylene 
glycol 
(C2H4(OH)2, 
Carl Roth, 
99 %)
V = 50 mL

PVP 
(30K M, 
Carl Roth)
m = 0.5 g

Sodium 
hydroxi
de 
(NaOH, 
Merck, 
98 %) n 
= 0.2 
mol∙L-1

180 22 h

To remove solvent and precursor residues the as synthesized products were washed subsequently in 
isopropanol and aceton and stored in isopropanol as explained in Ref. [2]. Individual NFs on silicon or gold 
substrates were prepared by dropcasting the NF solution on the substrates and isopropanol was allowed 
to evaporate at room temperature. For the silicon substrate a Bor-doped Si(100) substrate was purchased 
(EM-Tec FG1 silicon finder grid substrate) which had a chrome grid of 1 mm pitch (25 mesh) deposited on 
its surface. The silicon substrate had no coating except a native oxide layer of about 2 nm. The grid allowed 
to identify individual NFs and measure the same NFs with several techniques like sub-micro-Raman 
spectroscopy and subsequent AFM and SEM analysis.  
Gold substrates were prepared by sputtering a gold layer of about 100 nm thickness on a chromium 
adhesion layer (10 nm) on Si (100) substrates. Both metals have been deposited in a Cressington 308R 
coating system equipped with two DC sputter sources (Au, Cr)  without vacuum break at 40 mA current 
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for 10 min and 2 min, respectively. The base pressure was 1E-6 mbar and was adjusted to 0.01 mbar during 
deposition. Patterning of the Au substrate was achieved by scratching a grid of 500 µm pitch into the gold 
layer using a scalpel.  

2. Raman measurements

2.1 Raman setup, used laser sources and laser spot characterization 

Raman spectroscopy on individual Bi2Se3 and Bi2Te3 NFs was conducted using a custom made sub-
micro-Raman setup in combination with the UT-3 Raman spectrometer.3 The details of the sub-micro-
Raman setup are given in 4. The optical elements in the setup are optimized for laser light in the visible 
spectrum and allow for a resonance Raman study with excitations wavelengths from 705 nm to 400 nm. 
An overview of the laser sources used for the resonance study is in given in Table S2. 

Table S2. Laser sources specifications.
Wavelength 704.96 nm 632.82 nm 593.72  nm 560.35 nm 532.04 nm
Laser type Mode locked 

Ti:sapphire 
laser pumped 
by a Millenia 
eV 

Gas Diode Diode Diode

Model Tsunami 3950-
X1BB

05-LHP-123-
496 HeNe

OBIS 594LS 
1233468

OBIS 561LS
1223779

Millenia Pro  
10sJS

manufacturer Spectra-
Physics Lasers, 
Inc.

Melles Griot Coherent, Inc. Coherent, Inc. Spectra-
Physics Lasers, 
Inc. 

Focused Beam 
FWHM on 
sample

283 ± 3 nm 211 ± 2  nm 269 ± 2 nm 389 ± 2 nm 255 ± 4 nm

Furthermore, the sub-micro-Raman setup allows to measure individual nanostructures with a high sample 
to substrate ratio by focusing the laser spot down to a full width at half maximum (FWHM) ~ 250 nm 
depending on wavelength. The sub-micron spot diameters are achieved by first widening the incoming 
laser beam with a spatial filter to homogenously illuminate an infinity corrected 50X objective (Plan 
Apo HR, Mitutoyo, Japan) with a numerical aperture of NA=0.75. Simultaneously, the sample and laser 
spot are monitored by a color industrial camera (DFK 37AUX264, The Imaging Source, Germany) in 
combination with a framegrabber software (IC Measure 2.0.0.161, The Imaging Source Europe GmbH). 
The focus and sample position are adjusted using a multi-axis piezo scanner (P-517) in combination with a 
controller (E-710.3CD, PI, Germany) enabling a correct positioning of the laser on the NFs. This also gives 
the possibility to scan the laser spot over a defined NF area during a measurement to reduce laser heating 
and exclude possible ionization damage. 
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The beam spot diameters were determined by evaluating laser spot images on a blank Si(111) wafer. In 
the recorded images, shown as insets in Figure S1, a resolution of 1 px = 69 nm is given. Horizontal and 
vertical line cuts through the grey value images of all laser spots are shown in Figure S1. Each intensity 
profile was fitted by a Gaussian profile resulting in an average FWHM. The nearly identical FWHM for 
vertical and horizontal line cuts, differing by less than 3 %, validate the symmetrical beam profiles 
generated by the setup.  
The smallest beam diameter with FWHM = 212 ± 2 nm was achieved using the HeNe gas laser with an 
emission line of 632.82 nm. The semiconductor lasers with emission of 560.35 nm and 593.72 nm achieved 
similar beam widths of around 260 nm.

Figure S1. 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 532nm, respectively. The scale bars in the laser 
spot images (20 x 20 pixel) correspond 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 given in color. The grey value images are displayed in false color.   

 

2.2 Employed Laser Powers

In Table S3 surface laser power densities employed for single NF measurements on silicon and gold 
substrates are presented. These powers and additional scanning over the NFs in areas of 2 to 4 µm2 were 
chosen to allow for spectra recording with sufficient signal to noise ratio and at least three accumulations 
per measured NF. In general, for all wavelengths and samples extensive care was taken to exclude beam 
damage and obtain reproducible results from a large number of NFs. Please note, that for NFs on silicon 
longer integration times were chosen due to the much lower Raman signal compared to NFs on gold. 

Table S3. Surface laser power densities PD in kW/cm2 and integration times tint in min for single NF 
measurements.

wavelength 705 nm 633 nm 594 nm 560 nm 532 nm
PD tint PD tint PD tint PD tint PD tint

Bi2Se3 on Au 167 10 114 20 223 5 18 10 106 10
Bi2Se3 on Si 167 30 175 30 223 20 50 30 106 30
Bi2Te3 on Au - 255 30 - - -
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3. Data analysis

3.1 General data treatment of Raman spectra 

Acquired Raman spectra were normalized to the used integration time and laser power. The laser power 
at the sample positioned was measured with a Si photodiode powermeter (PM160, Thorlabs). 
Furthermore, all normalized spectra were background corrected by subtraction of a 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. 

3.2 Correction factors for resonance Raman study 

To compare Raman intensities obtained from single NFs with varying thicknesses and measured with 
different excitation energies we determined a correction factor for each measured NF3. The Raman 
correction factor includes the varying spectral response of Bi2Se3 for the different excitation energies. The 
laser energy dependent refractive index n and absorption coefficient k of Bi2Se3 were determined from 
calculations by Zhang et al.5 and selected values for our used excitation energies are given in Table S4. 
Furthermore, since several NFs were measured for the resonance study, the obtained spectra were 
corrected for the varying scattering volume of each corresponding NF. 

First we determined the effective transmission of laser signal into the NF since only a fraction      𝑇eff
i  𝑇eff

i =  
 will transmit into the NF and contribute to the Raman process, with  being the |1 ― 𝑅(𝜈i)|2 𝑅(𝜈i)

reflectivity. The reflectivity of Bi2Se3 as a function of excitation energy  is given as 𝑅(𝜈i) 𝜈𝑖

,            (S1)𝑅(𝜈i) =  |𝑛1 ―  𝑛2 

𝑛1 +  𝑛2 |
2

with  being the real refractive index of air ( =1) and Bi2Se3, respectively. The effective transmission 𝑛1,2(𝜈i) 𝑛1

 as a function of laser energy is shown in Figure S2(b). Secondly, we determine an effective scattering 𝑇eff
i

volume  of each measured NF. Due to the absorption of laser signal with increasing penetration depth 𝑉eff
i

in the NF each atomic layer will experience 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  , where  𝐼(𝑧) = 𝑒 ―𝛼𝑖𝑧 𝑧

is the NF thickness and  is the absorption coefficient determined by   with the extinction 𝛼𝑖 𝛼𝑖 =  
2𝑘𝑖𝜈𝑖

𝑐

coefficient  and speed of light in vacuum . Additionally, the generated Raman signal can be reabsorbed 𝑘𝑖 𝑐
before exiting the NF depending on the depth, which is also described by Lambert-Beer’s law.  Please note, 
that the penetration depth  of all used lasers is around 9 nm as shown in Figure S2(c) with only the 𝛼𝑖

705 nm excitation line having a slightly larger penetration depth of 12 nm.  
We account for the change in laser intensity by integrating  over the entire NF thickness. Furthermore, 𝐼(𝑧)
the overall contributing scattering volume will be different for each laser energy and NF thickness. 
Therfore, we have estimated the contributing NF volume by a cone that includes the varying dispersion of 
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the used laser in the NF and the varying laser spot radii. A schematic illustration of the NF volume 
contributing to the Raman scattering is shown in Figure S2(a).

We, therefore, calculate an effective scattering volume , which includes the laser intensity integrated 𝑉eff
i

over the NF thickness and absorption of generated Raman signal as

 .            (S2)𝑉eff
i =  ∫𝑧

0𝑒
―2𝑘i𝜈i

𝑐 𝑧 ∙ 𝜋𝑟i(𝑧)2 ∙ 𝑒
―2𝑘i𝜈i

𝑐 𝑧 𝑑𝑧

The contributing NF volume estimated by a cone will have a penetration depth dependent radius due 𝑟i(𝑧) 
to the dispersion of the laser, which we calculate by . Here,  is the laser spot 𝑟i(𝑧) = 𝑟0 +𝑧 ∙ tan (𝜃′i) 𝑟0

radius and  is the laser energy dependent diffraction angle as indicated in Figure S2(a). The diffraction 𝜃′𝑖

angle was determined according to Snellius’ law , where is sin (𝜃′i) =  
1
𝑛i

∙ sin (𝜃) sin (𝜃) = 0.75 
determined by the used focusing objective. Lastly, to account for the varying thicknesses of each measured 
NF the integration range was adapted according to the NF thickness . Thicknesses of the measured NFs 𝑧
on silicon and gold substrates for the resonance study are given in Table S4. For the reference bulk sample 
an integration range for the effective scattering volume of 20 nm was selected for all energies, as the 
effective laser intensity for all energies has decreased below 20 %. The resulting correction factor CF shown 
in Figure S2(d) was calculated by 

 .            (S3)𝐶𝐹i =  𝑇eff
i ∙  𝑉eff

i

To determine the Raman susceptibilities of the Bi2Se3 phonon modes at all excitation energies the modes 
were fit by a Lorentzian function

 ,            (S4)𝐼(𝜔) =
𝐼𝜔𝛤

(𝜔2 ― 𝜔2
0)2 + 𝜔2𝛤2

with the Raman shift , the phonon mode eigenfrequencies , and the spectral width Γ. From the fit 𝜔 𝜔0

parameters the maximum mode intensities were determined as . Finally, the phonon mode 𝐼max =  𝐼/𝜔0𝛤
intensities  obtained from Lorentzian fits of the resonance Raman spectra were divided by their 𝐼max

associated correction factor to yield their Raman susceptibility 

             .            (S5)𝛸max(𝜔i) =  
𝐼max(𝜔i)

𝐶𝐹i

Table S4. Critical parameters for the determination of resonance Raman correction factors. 

Laser 
Wavelength 

 (nm)𝜆𝑖

Laser 
Energy   𝜈𝑖
(eV)

Bi2Se3 
𝑛2

Bi2Se3 
𝑘𝑖

Diffraction 
angle  (°)𝜃′i

Laser spot 
(nm)𝑟0 

NF thickness 𝑧 
on Si (nm)

NF thickness 
 on Au (nm)𝑧

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
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Figure S2. 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 illustrated as red cone is focused onto the NF 
resulting in a beam spot radius of r0 and will disperse into the NF according to the refractive index n2 according to 
the used laser energy. The scattering volume of the NF contributing to the Raman signal is indicated by the bright 
red area and estimated by a truncated cone. The decreasing laser intensity I(z) with penetration depth 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  , penetration depth , effective scattering volume  and, correction factor 𝑇eff

i 𝛼𝑖 𝑉eff
i

CF, respectively. In (d,e) values depicted by grey 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.
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4. Thickness dependent Raman study for Bi2Se3/Bi2Te3 NFs on 

gold 

 4.1 Quantification of NFs 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 optical contrast microscopy images of all NFs 
were obtained with identical acquisition software settings. The optical contrast was calculated by 
determining the ratio of the average greyscale value of the NFs  to the surrounding gold substrate 𝐺𝑉Flake

:𝐺𝑉Au

           (S6)𝑂𝐶 =  
𝐺𝑉Au ― 𝐺𝑉Flake

𝐺𝑉Au

To ensure comparability, the area to determine the average grey value of each NF was 20x20 pixel for 
Bi2Se3 (10x10 pixel for Bi2Te3) and the area on the gold substrate was 100x100 pixel as illustrated in 
Fig. S3(b) . 

Figure S3. 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 grey 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). The height scale bar shown to the right is in units of nm. (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 micrograph. The 
colors of the profiles are in agreement with the corresponding Raman spectra of the measured NFs given in the 
main text in Figure 2 and Figure 3.  

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 
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Bi2Se3 NFs of varying OC is shown in Figure S3(d) to give an impression of the strongly varying contrast for 
NFs on gold differening by only a few nm in thickness. 
The OC was assigned to 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 x 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 S3(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 S3(e,f). The colors of the profiles correspond to the Raman 
spectrum of each NF shown in the main text in Figure 2 and Figure 3. 
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 S3(a). We find a six times stronger 
dependency of the OC on the NF thickness for Bi2Se3 than for Bi2Te3:

                                                                    𝑂𝐶Bi2Se3 ∝ ―6.822 + (5.04 ± 0.357) ∙ 𝑑Bi2Se3

(S7)

                                                                                                                 𝑂𝐶Bi2Te3 ∝ 23.842 + (0.76 ± 0.068) ∙ 𝑑Bi2Te3

(S8)

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 to correlate the OC with a certain NF height. The correlated NF 
thicknesses dcorr according to the relations given in Eq.(S7) and Eq.(S8) (see Table S5) were used to plot the 
Raman spectra fit parameters as a function of NF thickness in Figure 2(b-d), Figure 3 (b-d) and Figure 4(a,e) 
in the main text. From Table S5 it is apparent that the correlated thicknesses dcorr vary by < 5 % from the 
actually measured thicknesses dAFM.

Table S5. Measured optical contrasts and NF thicknesses for the thickness dependent Raman study. 
Bi2Se3 Bi2Te3

OC dAFM from height 
profiles (nm)

dcorr correlated to 
OC (nm)

OC dAFM from height 
profiles (nm)

dcorr correlated 
to OC (nm)

56.18 12.56 ± 1.4 12.47 ± 0.9 37.40 18.26 ± 1.4 17.74 ± 1.5
44.83 9.92 ± 0.8 10.23 ± 0.7 36.56 16.07 ± 1.0 16.69 ± 1.5
42.85 10.10 ± 0.8 9.89 ± 0.7 34.45 13.22 ± 1.3 13.88 ± 1.2
42.38 9.80 ± 1.3 9.79 ± 0.7 31.99 11.37 ± 0.9 10.66 ± 0.9
39.48 8.97 ± 0.6 9.10 ± 0.6 31.30 10.18 ± 0.9 9.76 ± 0.9
31.51 7.90 ± 1.0 7.71 ± 0.5 31.38 9.44 ± 1.2 9.86 ± 0.9

30.62 10.04 ± 1.0 8.87 ± 0.8
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4.2 Influence of NF lateral dimensions 

For every NF at least three spectra were accumulated, which showed no change in phonon frequency or 
intensity warranting the robust laser spot positioning ensured by closed-loop piezos. The small laser spot 
size of d = 211 nm, larger lateral dimensions of the NFs (at least 1.5 µm), and optical control of laser spot 
position ensured that the NFs were illuminated at their center and not at the edge. Measurements at the 
edge would have resulted in lower spectra intensities due to the higher amount of contributing substrate. 
This ensures that all observed renormalizations are connected to the NFs thickness and not to their lateral 
dimensions or forms. 

4.3 Symmetry properties of phonons – Polarization study  

Figure S4. Polarization dependence of phonons in Bi2Se3 and Bi2Te3 NFs of varying thicknesses. (a,b) Raman spectra 
obtained in parallel (black) and cross (red) polarization configuration of five Bi2Se3 and two Bi2Te3 NFs with varying 
OC, respectively. Spectra of each NF are displayed with offsets and spectra of thinner NFs are multiplied by factor 
2. The insets show the intensity ratio of the four phonon modes extracted from 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. 
Deconvolutions are given for spectra obtained in both polarization configurations. 

To confirm the symmetry properties of the measured bulk phonons and phonons emerging for thin Bi2Se3 

and Bi2Te3 NFs placed on a gold substrate a polarization study was conducted. Both Bismuth chalcogenides 
crystallize with a rhombohedral crystal structure and belong to the point group D3d

5. With five atoms in 
the primitive unit cell there exist 15 lattice vibration modes whose irreducible representations at the 
Brillouin zone center (q=0) are given as Γ = 2A1g + 3A1u + 2Eg + 3Eu .6 Of these lattice vibration 12 correspond 
to optical phonons with symmetries 2A1g + 2A1u + 2Eg + 2Eu where the in-plane vibrational modes with E-
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symmetry are two-fold degenerate due to the hexagonal lattice structure. These modes are either Raman 
or infrared (IR) active due to the inversion symmetry of the crystal. There are four even-parity Raman 
active phonons, Eg

1+A1g
1 + Eg

2+A1g
2 and four odd-parity IR active phonons, Eu

1+A1u
1+Eu

2+A1u
2. It is known, 

that the IR active phonons can become Raman active upon the breaking of inversion symmetry at the 
crystal surface leading to the reduction of the point group to C3v.7 In Table S7 we give an overview about 
reported detection of IR modes in Bi2Se3 and Bi2Te3 by Raman spectroscopy. We can identify the symmetry 
of the bulk Raman modes and Raman-active IR modes emerging at the surface by exploiting the Raman 
selection rules for both point groups. 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.7 The  Raman selection rules for the 
bulk and surface point group for parallel (xx) and cross polarization (xy) scattering geometry are given in 
Table S6.  

Table S6. Raman selection rules for the different point groups representing the bulk and the surface for 
different scattering geometries.8

Scattering geometry Bulk (D3d) Surface (C3v)
XX (parallel) A1g + Eg A1 + E
YX (cross) A2g + Eg A2 + E

Table S7. Overview of observed bulk IR modes becoming Raman active in Raman measurements of Bi2Se3 

and Bi2Te3 samples in comparison with the values reported in this work. All frequencies from modes with 
A and E symmetry are given in cm-1.

Ref. sample Temperature Bulk Raman modes Raman active bulk IR modes
A1g

1 Eg
2 A1g

2 Eu
1 A1u

1 Eu
2 A1u

2

Bi2Se3
9 Crystal 3 K 73.3 132.9 175.4 68 129 125 160
10 Thin film 

(6 nm)
80 K 74.0 135.0 177.0 - - 134 159

11 Thin film 13 K 75 137 180 67 136 126 158
2 NFs 

(~9 nm)
160 K 71.5 131.0 174.6 - - - 158

This 
work 

NF on Au 
(10 nm)

300 K 68 128 173 - - 124 -

Bi2Te3
12 Thin film 

(7 nm)
300 K 61 102 134 - 95 - 108

13 Thin 
plates 
(11 nm)

300 K 93 - 113

2 NFs 
(~13 nm)

100 K 63.2 105.2 137.8 - 98 - 113

This 
work 

NF on Au 
(~10nm)

300 K 61 102 133 - - 93 -

Figure S4(a) and (b) shows Raman spectra of NFs on gold substrate with varying thicknesses in cross and 
parallel polarization configuration for Bi2Se3 and Bi2Te3, respectively. For both materials, the bulk A1g 
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modes significantly decrease in cross polarization mode, whereas the intensity of the bulk Eg mode stays 
constant in agreement with the D3d

5 selection rules. The emerging modes splitting from the Eg
2 phonons 

at lower energies are detected in both parallel and cross polarization. This is shown in more detail in 
Figure S4(c) and (d) for a thin Bi2Se3 and Bi2Te3 NF, respectively. Since this mode is detected in both 
scattering configurations they can only belong to modes with E symmetry of the C3v point group. These 
modes include the bulk IR modes of Eu symmetry. For Bi2Se3 the observed frequency of the emerging mode 
agrees well with frequencies for the IR Eu

2 mode around 125 cm-1 from IR reflectance measurements6,14 
and ab-initio calculations.15 Furthermore, the appearance of this mode in Raman spectra has been 
observed at for single crystal and thin film samples as shown in Table S7. Similarily, the emerging split 
mode in Bi2Te3 is also assigned to the IR Eu

2 mode whose frequency again fits well to frequencies of the 
bulk IR Eu

2 mode at 95 cm-1 from experiments6 and ab initio calculations.15 According to literature a mode 
with very similar frequency around 93-95 cm-1 has been observed in thin film samples (see Table S7) and 
was also assigned to a Raman active IR-mode, however, with A1u symmetry. The A1u

1 and Eu
2 phonons in 

Bi2Te3 have very similar frequencies6,15, hence making their differenciation difficult. Our polarization study 
excludes the possibility of this mode belonging to the A1u

 symmetry due to the Raman selection rules of 
the C3v point group, which mark the A2 mode (includes the bulk A1u) forbidden for the parallel scattering 
configuration. Since we detect the emerging IR mode with identical intensity in parallel and cross 
scattering configuration as shown in Figure S4(b) and (d) we unambiguously assign it to the Raman active 
IR Eu

2 phonon mode. 

4.4 Estimated injected carrier density for Bi2Se3 NFs on gold 

The injected carrier density σ is estimated assuming a plate condensator geometry, where carriers from 
the gold are injected into the first quintuple layer of Bi2Se3. With an estimated band bending potential in 
the first d=1 nm of φ =0.7 eV (see Figure 4) this corresponds to an injected carrier density of:

𝜎 =
𝑈ɛ ɛ0

𝑑 𝑒  ≈  
0.7 V ∙ 8.854 ∙ 10 ―12C (Vm) ―1 ∙ ɛ

10 ―9 m ∙  1.602 10 ―19 C
 ≈  3,8 ∙ 1012 cm ―2

4.5 Interface-enhanced Raman scattering in Bi2Te3 NFs on gold 

Additional Raman spectra of two thicker Bi2Te3 NFs are displayed in Figure S5(a) in comparison with 
Figure 3(a) in the main text. For Bi2Te3 NFs on gold substrates a similary strong non-linear increase in 
Raman response by about 65 % is observed for thick NFs (d > 10 nm), as shown in Fig. S5(b). The scattering 
volume corrected intensities are constant for thick NFs and abruptly decrease at a critical thickness of 
10.6 ± 0.8 nm, determined from sigmoidal fits of the A1g

2 and Eg
2 mode intensities extracted from 

Lorentzian fits. Intensities extracted from the A1g
1 mode show a slightly higher critical thickness of 13.6 ± 

0.3 nm.
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Figure S5. Carrier injection induced Raman enhancement in Bi2Te3 NFs on gold substrate. (a) Raman spectra of 
seven Bi2Te3 NFs with decreasing optical contrast given next to the spectra. (b) Scattering volume corrected 
intensities of the three measured phonon modes as a function of NF thickness with sigmoidal fits. Intensities are 
normalized to the value of the thickest NF. 

5. Optical response of Au Substrate 

Measurements of the complex dielectric function of the employed gold substrate were conducted on a 
SENpro spectroscopic ellipsometer (SENpro, SENTECH INstruments) in the spectral range between 1.4 eV 
to 3 eV with an incident angle of 70 °. The dielectric function shown in Figure S6(a,b) agrees well with 
measurements obtained from planar gold films in literature.16,17 The Drude response at low energies 
corresponds to a plasma frequency of ħωp = 8.67 eV and lies in the typical range for gold substrates.16 
Modelling the dielectric function by two additional Lorentz oszillators at 2.72 eV and 3.22 eV we extracted 
the refractive index n and extinction coefficient k shown in Figure S6(c,d). The Lorentz oscillators at higher 
energies are attributed to interband transitions that are characteristic for gold substrates. Our 
measurements do not indicate any significant features at our employed Raman excitation energy of 
1.96 eV and, therefore, plasmonic SERS effects coupling to surface plasmon polaritons, which are present 
in nanoporous gold thin films,17 can be excluded. 
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Figure S6. Pseudo dielectric function with the real part ɛ1 in (a) and imaginary part ɛ2 in (b) obtained from 
ellipsometrie measurements on the gold substrate employed for all Raman measurements. Dashed graph 
correspond to the Drude-Lorentz fit function. (c) Refractive index n and (d) extinction coefficient k of the gold 
substrate. The grey dashed line corresponds to the excitation laser energy of 1.96 eV used for the thickness 
dependent Raman studies. 
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SI 1 Bi2Se3 Nanowire Synthesis 

Single crystalline Bi2Se3 nanowires were fabricated inside a two-zone tube furnace equipped with a 

2.5 cm diameter quartz tube in order to increase the vapour pressure. We followed the general 

approach outlined in ref. [1–5] and did a detailed optimization study. Bi2Se3 nanowires were grown on 

silicon 〈100〉 substrates via the vapour liquid solid (VLS) method using gold (Au) nanoparticles as 

catalyst. The silicon 〈100〉 substrates were cleaned in Piranha solution to remove organic residues, 

functionalized with a binding agent (0.1% w/v aqueous poly-L-lysine solution), and dipped in Au colloid 

solution (5–20 nm diameter) for 5 s.[3–8] Commercial grade Bi2Se3 granular (Sigma-Aldrich, purity 

99.999 %) was used as source material. 0.2 g Bi2Se3 granular was placed in an alumina boat and loaded 

in the up-stream zone of the furnace. The Au coated silicon substrate was placed down-stream, 

pumped to a base pressure of 40 mTorr, and flushed multiple times with ultrapure argon gas to reduce 

oxygen residues. In a typical synthesis process, the up-stream and down-stream zone of the furnace 

were heated to 540 °C and 460 °C in 1 hour, respectively. The pressure was set to 780 mTorr and the 

carrier gas flow rate was 30 standard cubic centimetres per minute (sccm). The reaction duration was 

1–3 hours (see Fig. S1(a) for schematic diagram). After reaction, the argon flow was switched off and 

the system was allowed to cool down in 2.5 h. This method provides selenium environment for 

passivating the wires forming a selenium oxide shell as confirmed by EFTEM (see Fig. S4). After the 

synthesis, we obtain nanowires on the silicon substrate as shown in Fig. S1(b). A custom-made X, Y, Z-

positioner micro-manipulator with 51 mm long tungsten picoprobe tips (T-4-10) with a wire shaft 

diameter of 10 µm, a point radius < 0.1 µm, and a tip length of 3.3 mm was used to transfer the wires. 

The micro-manipulator was coupled to an optical microscope. By electrostatic charge, the wires were 

picked up by the tungsten picoprobe tip (Fig. S1(c)) and transferred onto silicon finder-grid substrates 

(Micro to Nano EM-Tec FG-1 Silicon Finder Grid Substrate with 144 fields of 1x1 mm). 

 

Fig. S1: (a) Schematic diagram of VLS. During synthesis, the up-stream zone and down-stream zone of the oven 

are accurately set to 540 °C and 460 °C, respectively. (b) SEM image of a silicon substrate containing mostly 

nanowires. (c) Tungsten picoprobe tip picking up nanowires (the inset shows the tungsten tip with some 

nanowires lifted above the silicon substrate). 
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SI 2 Sample Characterization 

SI 2.1 Scanning Electron Microscopy (SEM) 

Pre-characterization of all nanowires that were measured by Raman spectroscopy was carried out by 

SEM. The nanowires’ shape and diameter were studied with a commercial field emission electron 

microscope (ZEISS ΣIGMA). For a good resolution and signal to noise ratio, the in-lens detector for 

secondary electrons was used with an acceleration voltage set between 1 kV and 8 kV and a working 

distance of approximately 3 mm with a magnification of up to 120,000 in order to determine the 

diameter of the nanowires. Fig. S2 shows nanowires of various diameters transferred on the silicon 

finder-grid for the Raman study. The diameters, lengths, and respective reaction times of all wires 

investigated via Raman spectroscopy are listed in Table S1.  

 

Fig. S2: SEM images of nanowires of various diameters transferred on silicon grids. The nanowires are arranged 

according to the diameter given in each panel. 

Table S1: Diameter, length, and synthesis time for all Bi2Se3 nanowires that were measured by Raman 

spectroscopy. 

Diameter (nm) Length (µm) Reaction time (min) 

42  5.8 60 
50 8.4 60 
60 7.5 60 
65 6.0 60 
73 16.2 180 
90 29.0 180 
127 15.0 60 
200 15.6 180 
324 31.6 180 
411 13.6 180 
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SI 2.2 Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDX) 

TEM was carried out in order to determine the crystallinity as well as the growth direction of the 

nanowires as outlined in the main text. The nanowires were studied with a JEOL JEM-2100 TEM with 

200 kV acceleration voltage and a LaB6 cathode. The microscope is equipped with an Oxford 

Instruments EDX (Energy dispersive X-Ray) detector allowing the characterization of the stoichiometry 

of the wires. Energy filtered TEM and electron energy loss spectroscopy was carried out using a FEI 

Tecnai F30 G2 STwin. The samples were transferred onto carbon coated Cu TEM grids by dry scraping 

from the Si wafer. 

To ensure that the morphology of the wires matches those measured by SEM and micro-Raman, the 

examined samples were pre-characterized by SEM. Fig. S3(a) and (d) show comparisons between SEM 

images and TEM bright-field images of identical wires. Multiple wires with diameters ranging from 

40 nm to 300 nm were measured by TEM, high resolution (HR)TEM, selected area electron diffraction 

(SAED), and EDX. Wires of all parameters were found to be single crystalline in Bi2Se3 R3m structure by 

SAED and HRTEM (see exemplary analysis in Fig. S3(b) and (e)). Very few crystal defects were found 

producing additional reflections in the SAED-patterns and FFTs. In combination with the TEM EDX 

giving on average a composition of 39 atm% Bi to 61 atm% Se with a standard deviation of 2 atm% , 

our synthesis route is proven to result in high-quality, single crystalline nanowires. The deviation from 

2:3 ratio is within the margin of error. An exemplary spectrum can be seen in Fig. S3(c) where the 

bismuth and selenium peaks are clearly distinguishable. For the wire measured in Fig. S3(c) the 

composition was 38 atm% Bi to 62 atm% Se. The Cu peak is an artifact due to the use of a Cu TEM grid. 

 

Fig. S3: SEM/TEM investigations of two nanowires with diameters of 280 nm, (a)-(c), and 105 nm, (d)-(e), 

respectively. (a) Comparison between SEM and TEM images of the same nanowire with a diameter of 280 nm. 

(b) HRTEM micrograph of the marked area from (a) with inset FFT showing the hexagonal symmetry due to the 

orientation along [0001]. (c) Energy dispersive X-ray (EDX) spectrum of the same wire with bismuth and selenium 

peaks as well as Cu from the TEM grid. A composition of 38 atm% Bi to 62 atm% Se was found for this wire. 

Averaging all measured wires gave a composition of 39 atm% Bi to 61 atm% Se with a variance of 2 atm%. (d) 

Comparison between TEM and SEM images of the identical wire with a diameter of 105 nm. (e) Selected area 

electron diffraction (SAED) pattern of the area marked in (d) confirming the growth of the wire orthogonal to the 

c axis. The wire was oriented along [2-1-10]. 
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Specifically, with SAED and HRTEM, a growth direction of [11-20] was determined. The wires were 

oriented so that either the hexagonal symmetry of the structure becomes apparent in FFT/SAED, Fig. 

S3(b), or the stacking of the quintuple layers can be seen, Fig. 1(c). In the latter case, reflections (000l) 

are strongly excited in FFT/SAED (Fig. S3(e)), and the c direction is orthogonal to the elongated 

direction of the wire. These findings agree with other reports on Bi2Se3 nanowires grown by VLS.[1,3,5] 

No difference in stoichiometry, crystallinity, and growth direction was found for wires of different 

diameters. This strongly indicates that the preparation method is robust and that the nanowires show 

no structural differences for different wire diameters.  

 
Fig. S4: (a) Zero loss filtered EFTEM micrograph of a single Bi2Se3 nanowire where an amorphous shell can clearly 

be seen. (b) EFTEM elemental map of the O-K edge at 530 eV of the identical nanowire and region from (a) 

showing oxygen to be mainly present towards the outer region of the nanowire. (c) Background subtracted O-K 

edge in the EEL spectrum. (d) Intensity scan across the O-K map from (b) with the intensity profile hinting at a 

core-shell like structure.   

In Fig. S4(a) an amorphous oxide shell around the crystalline nanowire can clearly be observed (see 

also Fig. 1(c) in the main text). To investigate this shell, energy filtered TEM (EFTEM) as well as electron 

energy loss spectroscopy (EELS) are utilized. By comparing the zero loss filtered TEM micrograph in Fig. 

S4(a) with the O-K filtered micrograph in Fig. S4(b) it becomes evident that the amorphous layer 

coincides with the highest amount of oxygen. The clearly visible O-K edge in the EEL spectrum confirms 

the presence of oxygen (see Fig. S4(c)). Thus, the Bi2Se3 nanowires are found to have an amorphous 

oxide shell with a width of 1-2 nm as indicated by HRTEM and EFTEM. Detailed XPS studies show that 

Bi2Se3 both forms SeO2 and Bi2O3 after prolonged exposure to ambient air [21]. It was found that the 

thickness of the oxide layer did not exceed 2 nm even after exposure to air for more than a week, 

which is in very good agreement with the findings from HRTEM. Additionally, first principle calculations 

showed that topological surface states in Bi2Se3 are robust against surface oxidation [22]. Thus, the 

nanowires in this work are both effectively protected against bulk oxidation by the formation of an 

oxide layer as well as having robustness in their topological surface states. From the Se rich atmosphere 
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introduced towards the end of the synthesis process as well as the slight excess of Selenium observed 

in EDX it seems plausible that the oxide shell exhibits an excess of SeO2 compared to Bi2O3.  

SI 2.3 Atomic Force Microscopy (AFM) 

In order to obtain information on the nanowire shape, AFM measurements were conducted on several 

nanowires as shown in Fig. S5. A commercially available AFM Q-Scope 250 model with (40 x 40) µm 

scan head, a lateral resolution of 0.6 nm, and a vertical resolution of 0.05 nm was used to determine 

the shape of the nanowires. During the measurements, the cantilever was in intermittent contact and 

scanned along the x-axis (horizontal scan mode). The cylindrical cross-section of the nanowires (see 

Fig. 1(f) main text) confirms the shape obtained from SEM.  

 

Fig. S5: 2D and cross-sectional AFM images of exemplary wires showing an effective circular cross section. 

SI 3 Raman Measurements 

Raman measurements on Bi2Se3 nanowires were obtained by the UT-3 Raman spectrometer [9] and 

by using a custom-made Raman microscope with a spot FWHM of the focused beam on the sample of 

(544 ± 13) nm. A CAD drawing of this setup is shown in Fig. S6. As laser source, a 532 nm Millennia Pro 

Xs 10sJS diode laser (Spectra Physics Lasers Inc., California) was used. The incoming laser beam was 

widened with a spatial filter to a diameter of around 12 mm and focused on the sample through the 

infinity corrected 50X objective Plan Apo NA = 0.55 (Mitutoyo, Japan). At the sample, a laser power of 

140 µW was measured. By using a multi-axis piezo scanner P-517 in combination with the controller E-

710.3CD (PI, Germany), the sample was moved along the wire axis with a speed of 250 nm/s in order 

to avoid sample damage during the measurement by excessive heating. The reflected light and Raman 

signal were focused on the entrance objective using an objective IC50 (Olympus, Japan). 

The Mitutoyo objective was used in combination with the MT-40 accessory tube lens (Mitutoyo, 

Japan), a color industrial camera DFK 37AUX264 (The Imaging Source, Germany), and a LED lamp 

QTH10/M (Thorlabs, USA) to obtain an optical microscope image of the nanostructure with a 
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magnification of 50X. In this way, the laser spot could be placed precisely on the nanowire before and 

during the measurement. A motorized mirror was reproducibly driven in and out to switch between 

the optical microscope mode and the Raman mode (Nanotec, Germany). Fig. S7 shows an image of the 

green laser spot on a bare silicon substrate as well as intensity cuts through the 2D image in three 

different directions, which could be fitted with a gaussian profile resulting in a FWHM of around 

540 nm. 

 

Fig. S6: CAD drawing (Solid Edge 2020, Siemens PLM Software) of the used Raman microscope setup. The 

incoming laser beam (532 nm, Millenia laser) passes a spatial filter and is focused on the sample with a 

microscope objective (Mitutoyo). In Raman mode, the reflected light is redirected and focused on the entrance 

objective. The motorized mirror that redirects the beam towards of the entrance objective can be moved out in 

order to create an optical microscope image. The optical microscope mode contains the LED lamp (Thorlabs), a 

tube lens (Mitutoyo) as well as the color industrial camera (The Imaging Source). 

 
Fig. S7: (b) – (d) Intensity cuts through the 2D image of the green (532 nm) laser spot shown in (a) in three 

directions (dashed lines). The image was recorded with the color industrial camera DFK 37AUX264 (The Imaging 

Source, Germany) as described above (see Fig. S6). The laser spot was focused on a bare silicon substrate. The 

cuts were fitted by a Gaussian profile with a FWHM of around (544 ± 13) nm. 
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SI 4 Magnetic Field Dependent Raman Measurements 

Two bar magnets (each 500 mT) were used to create a magnetic field along the wire direction. An 

aluminum construction as shown in Fig. S8(a) was applied to hold the magnets. The distance between 

the magnets was set to 7 mm by using two screws. A magnetic field of 80 mT was measured at the 

sample position by using a Hall effect sensor GM05 (Hirst Magnetic Instruments Ltd., UK). The single 

Bi2Se3 nanowires on their silicon substrate were placed in the middle of the sample holder and aligned 

parallel to the polarization of the laser light and the magnetic field. Firstly, the sample was measured 

in the construction without the magnets, secondly the magnets were added to the setup and the 

Raman measurement was repeated. Thirdly, the measurement was reproduced without the magnets. 

This procedure was done for two wires – a 62 nm diameter wire as shown in the main text in Fig. 3(d) 

and a 90 nm wire as shown in Fig. S8(b). 

  
Fig. S8: (a) Sample holder with two movable clamps, which hold two bar magnets with a magnetic field of 500 mT. 

By using a distance of 7 mm between the magnets, a magnetic field of 80 mT was achieved at the sample position 

and the numerical aperture of the Mitutoyo 50X Plan Apo objective was not obscured. (b) Raman data of a 90 nm 

wire (1, blue) without magnetic field, (2, red) with magnetic field (80 mT) and (3, green) without magnetic field.  

SI 5 Data Analysis 

The Raman spectra were corrected by subtraction of a substrate measurement, which was recorded 

under same conditions as the respective nanowire measurement. Furthermore, the data were divided 

by the laser power on the sample (140 µW) and used integration time (usually 1800 s). For Fig. 2(c) 

and (d) in the main text, the intensity was divided by the wire diameter squared in order to correct the 

Raman intensity for the scattering volume.  

SI 6 Line Shape Analysis 

As expected, the line shapes to the phonons develop due to the interaction with plasmonic excitations 

into a Fano, i.e., an asymmetric line shape. For the analysis shown in Fig. S9 we have used the following 

simplified Fano equation [13] 
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Fig. S9 clearly reveals a strong enhancement of the Fano Parameter of the Eg
2-mode in the 1D case. 

The wire with a width of 411 nm, which we consider to be in the 2D-limit, shows sharp and symmetric 

line shapes with Fano parameters of q = -67 and q = +109. This strongly suggests Lorentzian type line 

shapes as expected from eq. (S1) in the limit of large Fano parameters. Clearly asymmetric are 

parameters with a magnitude below 30, which is evident for the Eg
2-mode with q = -10.3 for the 50 nm 

wire. This change is accompanied by changes in mode frequencies and phonon widths, which we would 

expect from a phonon interacting with an electronic continuum due to the resulting phonon self-

energy effects. Even though it is quite compelling now to fit the entire data set with Fano profiles 

instead of Lorentzian profiles we have to issue a number of warnings. Firstly, eq. (S1) and (S2) are just 

a simplified approximation for phonons interacting with an constant continuum of electronic states. 

Secondly, the assumption that there is only one type of electron-phonon interaction that needs to be 

considered might not hold. A more detailed analysis of the spectra requires an even better 

understanding of the observed electronic background (see e.g. [14]) and especially to make sure that 

there are no contributions coming from the Silicon substrate and from stray light. Thirdly, in order to 

make the fit meaningful with respect to the observed intensity of the phonon, we have to take into 

account that the asymmetry parameter also acts to amplify the mode intensity. Thus, q and CFano are 

coupled and it requires an excellent and constant signal to noise for all wire diameters to derive 

meaningful parameters of both q and CFano. Since our signal and in the same regard the signal to noise 

ratio strongly varies with wire diameter, we refrain from doing a full Fano analysis according to eq. (S1) 

and (S2), especially as we would also expect that the required assumptions for theses simplified 

equations are not fulfilled. With all these warnings in mind, we show the fit results of a Fano-Fit to the 

data in Table S2. For exemplary samples in the 1D-limit (50 and 60 nm), we find reproducibly Fano 

paramters in the Eg
2 mode reaching -11.6 and below. Phonon frequencies increase in the 1D samples 

(hardening) and the widths are increased (broadening) compared to the 2D limit. These results indeed 

indicate the interaction of the phonons with a novel electronic state.  

Table S2: Wire diameter and essential fit parameters of the samples with the strongest signal. 

Wire Diameter [nm] Eg
2-Mode [Fit Parameters] A1g

2-Mode [Fit Parameters] 

411    (2D) q = - 67,0 ± 0.009 

ω = 125,3 ± 0.005 

Γ = 5.07 ± 0.005 

q = 109,3 ± 0.005  

ω = 166,99 ± 0.004 

Γ = 6.2 ± 0.004 

60      (1D) q = -11,6 ± 2.52 

ω = 127,04 ± 0.24 

Γ = 5.5 ± 0.247 

q = 140 ± 286  

ω = 168,6 ± 0.29 

Γ = 7.3 ± 0.28 

50      (1D) q = -10,30 ± 1.9 

ω = 126,27 ± 0.23 

Γ = 5.5 ± 0.236 

q = 156 ± 338  

ω = 167,51 ± 0.22 

Γ = 6.98 ± 0.23 
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Fig. S9: Line shape analysis of a wire in the 1D-limit (50 nm diameter) and 2D-limit (411 nm diameter). The Fano 

parameters for the Eg
2- and A1g

2-modes are given in the figure. Please note the substantial change in Fano-

parameter of the Eg
2-mode from -67 (411 nm), which can be regarded as symmetric to -10.3 (50 nm), which is 

clearly asymmetric. Please note that the widths of the phonons for the 50 nm wire is clearly enhanced indicating 

substantial self-energy effects of the phonons in the 1D-limit. 

SI 7 Calculation 

We follow in our calculation a non-resonant Raman matrix element that couples via a local field 

enhancement, conventionally by means of a plasmonic excitation, to a phonon mode. The Feynman 

diagram in Fig. S10(a) represents a four-photon Greens function encoding Stokes and Anti-Stokes 

processes.[11] The photon field is represented by the vector potential of the electromagnetic field. 

Coupling of photons to free charged particles occurs via the kinetic energy term of the electrons 

 (S3) 

with  leading to 

  . 
(S4) 

 

The quadratic term in the verctor potential 𝐴 of the interaction Hamiltonian Hint allows a non-resonant 

coupling in first order perturbation theory, whereas the linear term requires second order perturbation 

theory and becomes resonantly enhanced. In our case, however, without impurity activation, IR 

excitation, or in off-resonance conditions, we can disregard this term. A Raman process always requires 

two photon fields. One is the incident photon field and the second one is created together with an 

elementary excitation of matter. The coupling constant of the non-resonant term is determined by the 

ratio of e2/c2 with e being the elementary charge of an electron and c is the velocity of light. Since the 

photon energy is of the order of a few eV, the resonant term requires typically interband transitions 
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leading to resonant Raman scattering. If the energy of the photon field and the excited electrons are 

drastically different, the non resonant term will dominate Hint. If the involved electronic excitations 

couple to phonons via the electron-phonon coupling constant g(q), the four photon Greens function 

(ref [11]) can be expressed by a Feynman diagram shown in Fig. S10(a). However, the calculation of 

this Feynman diagram in our case is possible only with a number of strong simplifications, that we 

would like to outline in the following. Firstly, we assume that the non-resonant coupling constant gets 

amplified by a local field due to the build up of charges on the surface of a topological nanowire.[10] 

This enhances the coupling constant leading to an effective locally enhanced field. Secondly, since 

optical photons are in the long wavelength limit at small momentum and the topological properties of 

the nanowire are also dominated by the physics of small momenta, we consider the coupling constant, 

especially g(q), only at q = 0 and all other parameters only at small k. Then the Feynman diagram in 

Fig. S10(a) can be approximated by an effective coupling constant M0 multiplied by the square of the 

plasmonic susceptibility 𝜒Plas times the phonon susceptibility 𝜒Phon leading to 

I w,R
0( ) = -Im M

0

2c
Plas

2 (R
0
)c

Phon
é
ë

ù
û (S5) 

with  
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𝐴𝑙𝑜𝑐𝑎𝑙
2  is representing the local field enhancement, which we estimate to be of the order of 10 𝐴2. The 

plasmonic susceptibility can be approximated by (ref [12])   
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so that 
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is always real. The imaginary part required for equation (S5) to give a finite intensity results from the 

phonon susceptibility 

c
Phonon
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In this sense the dominant effect of the plasmonic excitation of the topological nanowire is to enhance 

the Raman matrix element. The plasmon is characterized by its dispersion 

 

 

,
 (S10) 

 

with a gap ∆̃(𝑅0) in the electronic excitation spectrum according to 
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  . (S11) 

 

The parameters C1 and C2 represent the inter-spin to inter-orbital coupling constants. For exact 

particle-hole symmetry they are identical with values of 3.33 eV Å taken from literature.[10] The 

plasmonic dispersion is key for the calculation of equation (S8). For fixed momentum, i.e. fixed photon 

energy it depends critically on the diameter of the nanowire due to equation (S11). It thus makes sense 

to plot the plasmonic energy as a function of diameter for a fixed momentum that is compatible with 

the wavelength of the photons. Exemplary curves are given in Fig. S10(b). With this dispersion and with 

a plasmonic life time of 500 ps we can now calculate the square of the plasmonic susceptibility 

according to equation (S8) in Fig. S10(c). We also denote as black dashed lines the respective energies 

of the two phonons that each would be described by equation (S9). However, it is already clear from 

Fig. S10(c) that the multiplication of the plasmonic susceptibility with the phonon susceptibility will 

lead to a strongly diameter dependent Raman matrix element with the strongest intensity when the 

wire diameter dependent plasmon energy matches the phonon energy. From this we would also 

clearly expect that the low-energy E2
g-phonon mode gets enhanced at a larger diameter prior to the 

A2
1g-mode at higher energies, which will experience its largest resonance enhancement at smaller 

diameters. The bare phonon parameters required for our model can be taken from fits to e.g. the data 

from a flake. These fits and parameters are given in Fig. S10(d). With these parameters, we can now 

calculate the Raman spectra as function of wire diameter as shown in Fig. S10(e). As shown in the main 

text this simple model accurately describes the intensity variation of both phonon modes due to the 

wire diameter dependent interference of a plasmon that is described by the dispersion given in 

equation (S10). Besides the wire diameter the dispersion of the plasmons in a cylindrical nanowire is 

critically dependent on the magnetic flux along the wire axis. The calculation of equation (S8) for 

different fractions of a flux quantum coupled along the axis of the wire is shown Fig. S10(f). The 

plasmonic susceptibility is shifting according to equation (S10) and, thus, reduces the interference 

between phonon and plasmon susceptibilities leading to a suppression of the phonon intensities as 

described in the main text and seen in section SI 4 for a 90 nm wire. With these arguments, we have 

shown that the phonon intensities in of 1D topological surface states in nanowires are determined by 

a plasmonic excitation following the quasi-particle dispersion (equation (S10)). It is worthwhile to 

remark, that these results are further supported by the observed phonon self-energy effects. The 

enhanced Fano-parameter indicates the presence of a low energy electronic state coupling to the 

phonons. The real part of equation (S8) would push the energy of the phonon towards higher Raman 

shifts resulting in the observed hardening (see Table S2) and the imaginary part would result in an 

enhanced broadening. These effects are reminiscent to effects observed in high temperature 

superconductors, where a low energy gap in the electronic continuum leads to a hardening and 

broadening in case the phonon mode energy is higher than the energy of the superconducting gap. 

[13-17] Nevertheless, a detailed theory accounting for an ab-initio self-consistent calculation is not 

intended and missing as our approach has a semi-phenomenological character due to the use of eq 

(S1) and eq (S2), which are approximated for a constant electronic continuum. The electronic spectrum 

of a SBP, however, cannot be approximated by such an assumption. 
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Fig. S10: (a) Raman scattering as Feynman diagram showing a four photon Greens function. Wavy lines represent 

the photon field represented by its vector potential. The squares reprensent the A2 term in first order 

perturbation theory to a free particle. The polarization bubbles represent the plasmonic excitations and the 

double solid line the phonon. Circles represent the electron-phonon coupling. See text for more details. (b) 

Plasmon dispersion with finite and fixed k as a function of wire diameter. (c) Plasmonic susceptibilities as a 

function of wire diameter. (d) Raman measurements of Bi2Se3 flakes and fit to the phonon susceptibilities. (e) 

Dependence of the Raman intensity as a function of wire diameter for the E2
g- and A2

1g-modes when using the 

susceptibilties of (c) and (d). (f) Magnetic field dependence of the plasmonic susceptibility at a 50 nm diameter 

wire for different ratios r of a flux quantum coupled along the wire axis. 

 

SI 8 Nanowires and Magneto-Transport Measurements 

Electrical transport measurements were performed on the device shown in Fig. S11. A Si wafer with 

300 nm SiO2 was cleaned with acetone, isopropanol, de-ionized water, dried with nitrogen, and was 

pre-baked at 115 °C for 60 s. The substrate was spin-coated with positive photoresist S1813 (Rohm 

and Haas electronic materials LLC) at 4000 rpm for 30 s and pre-baked at 115 °C for 60 s before 

exposing it to Heidelberg µPG 101 Laser Writer to imprint the mask of the contacts for precise 

identification of nanowires. The pattern was developed with microposit MF-319 developer (Dow 

Europe GmBH, c/o DSP Germany), gold coated in a sputtering chamber and removed with remover 

mr-Rem 400 (micro resist technology GmBH) to expose the device markers shown in Fig. S11 (a). A 

Bi2Se3 nanowire of about 260 nm diameter (see Fig. S11 (b)) was transferred on the design using a 

custom-made micromanipulator. The device was then subject to a second spin-coating step to 

manufacture the Cr-contacts on the nanowire. With precise alignment the electrode design was 

written on the nanowire, developed, and then etched with argon in the reactive ion etching system in 

order to remove the native oxide layer/photoresist on the surface of the nanowire before making the 

Cr coating for proper electrical contact (see Fig. S4 (c)). The etched nanowire was quickly transferred 

into the Physical Vapor Deposition (PVD) system to make Cr contacts on the nanowire and to minimize 

oxidation of the nanowire surface. Finally, the remaining photoresist was removed. Electrical magneto-
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transport measurements of the nanowire were performed in a PPMS Dynacool (Quantum Design) 

system equipped with the Electrical Transport Option (ETO) in magnetic field between ±9T from 300 K 

down to 2 K. Prior to the measurement, the samples had been glued to the standard measurement 

puck and thin Al wires had been bonded (TPT wire bonder) from the macroscopic bonding pads to the 

channel pads of the puck. Subsequently, 2-probe and 4-probe room temperature resistance 

measurements had been performed by utilizing the sample puck clamped on the PPMS user bridge 

(Quantum Design) in combination with a source-measurement-unit (Rohde&Schwarz, 6241A) to check 

the contacts. 

The temperature dependent transport measurements are shown in Fig. S11 (c). The linearly decreasing 
resistance indicates the contact to metallic-like surface channels at the surface of the wire. In Fig. S11 
(d) we reveal the ohmic behavior of the contacts at low temperatures that were used for the magneto-
transport measurements shown in Fig. S12. 

 
Fig. S11: Device for transport measurements. The SEM image shows the nanowire (horizontal line in the center) 

connected to the Cr contacts. (b) Shows the blue rectangle indicated in (a) to reveal a diameter of ~ 260 nm for 

the nanowire. (c) Resistance vs temperature plot. The resistance decreases with decreasing temperature 

indicating metallic transport channels. (d) Each panel shows the I-V curve of the setup for 2, 4, 8, and 16 K, 

respectively. The linearity of the curves confirms ohmic contacts. 

 

Fig. S12 (a) shows the basic experimental configuration for the Shubnikov-de Haas oscillations 

measuring the resistance along Rxx while the magnetic field is perpendicular to the plane of the Si-

wafer used to fabricate the device. The temperature dependent magneto-transport measurements in 

the low-field limit are shown in Fig. S12(b). The Weak-Anti-Localization (WAL) effect can be observed 

for 2 K and is decreasing for increasing temperatures. The occurrence of the WAL effect proves the 

strong spin-orbit-coupling, which can be considered as a requirement for the presence of Dirac states 
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in topological insulators.[18] From the magneto-transport data a polynomial fit was subtracted in order 

to unveil the resistance oscillations.[4] The resulting resistance in the high-field limit for the 4 K 

magnetoresistance measurement are shown in Fig. S12 (c). Vertical grey bars indicate the position of 

the minima. According to Bäßler et al. [19] the minima can be indexed and related to the Landau level 

n. In lower fields the dependence of the occupied Landau level with the magnetic field can be described 

by 2D tpological surface states giving rise to a linear dependence between index and the inverse 

magnetic field. 

  . (S12) 

n is the index level, e the charge of an electron, kF is the Fermi wave vector, B the magnetic field, and 

 as the y-axis intercept. The index plot showing n as a function of inverse field and a linear fit according 

to eq. (S12) are shown as solid red line in Fig. S12(d). We can derive kF = (1.24±0.42)*10-2 Å-1 . With this 

value an effective carrier concentration can be estimated to be n = (kF)2/2π = 4.9 1011 cm-2, which puts 

the samples in agreement with the HRTEM studies in the low doping range for effectively 

stoichiometric samples. For Dirac states one would expect an intercept  at 0.5 , i.e. not an integer 

value. The fit yields  = 0.58 ± 0.52. One could interpret this also as supporting for our observations 

that we are dealing indeed with Dirac states. However, the large error bars already indicate that this 

value is rather susceptible to the details of the fit and should be considered with caution. For higher 

fields the index needs to be fitted with an expression in agreement with an effective 1D behavior. 

.                      (S13)

 

With r being the radius of the wire. In the 2D limit, when r becomes large, eq. S13 can be approximated 

by eq. S12. The radius r of the nanowire is 130 nm (see Fig. S12 (b)). For large fields and a finite radius 

eq. S13 leads to a deviation from the linear behavior as can be clearly seen in Fig. S13 (d). Fitting eq. 

S13 to the high field data leads to kF = (1.24±0.42)*10-2 Å-1 ,i.e. a value for the Fermi vector close to the 

value obtained from the fit in the low field 2D limit. The intercept yields 0.56 ± 1.55 and is less reliable 

than the value obtained from the 2D fit. Nevertheless, our results show a very good agreement with 

Bäßler et al. indicating that we have fabricated nanowires in the low doping range. This view is also 

supported by our Raman data that we could model with effectively only one occupied sub-band and 

by the detailed HRTEM study showing samples in core-shell geometry with effectively exact 

stoichiometry. Note, other origins of resistance oscillations, such as universal conduction fluctuations, 

have been discussed in literature before and could complicate the data analysis.[20] Future studies to 

unveil electrical-transport phenomena on these ondimensional nanowires are on-going and would be 

in anyway beyond the scope of this Raman-based analysis.   

 

148



S16 
 

 

 
Fig. S12: Magnetoresistance measurements at low temperatures. (a) Experimental configuration to measure the 

Shubnikov-de Haas oscillations in Rxx. The magnetic field is aligned perpendicular to the wire and the resistance 

is measured parallel to the long axis of the wire. (b) Magnetoresistance curves in the low-field limit. The Weak-

Anti-Localization (WAL) effect can be observed for 2 K and is decreasing for increasing temperatures. (c) Data set 

for the 4 K magnetoresistance measurement in the high-field range. Vertical grey bars indicate the position of 

the minima. (d) Index plot of the respective minima n of the 4 K measurement vs the inverse magnetic field B-1. 

The fits (red solid lines) are conducted with equations (S12) an (S13) for the magneto-transport in the 2D and 1D 

limit respectively. 
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Fig.	S2:	The	figure	gives	an	overview	of	the	electronic	transport	data	and	the	subsequent	
data	analysis.	
(a) Magnetoresistance	curves	in	the	low-field	are	shown.	The	magnetic	field	is	aligned	

perpendicular	to	the	wire	(shown	in	the	inset)	and	the	resistance	is	measured	
parallel	to	the	long	axis	of	the	wire.	The	Weak-Anti-Localization	(WAL)	effect	can	be	
observed	for	2	K	and	is	decreasing	for	increasing	temperatures.	The	occurrence	of	
the	WAL	effect	shows	strong	spin-orbit-coupling,	which	is	necessary	for	Dirac	states	
in	topological	insulators.[hamdou]	

(b) Smoothed	data	set	for	the	4	K	magnetoresistance	measurement	in	the	high-field	
regime.	Vertical	grey	bars	indicate	the	position	of	the	minima.	

(c) Index	plot	of	the	respective	minima	n	of	the	4	K	measurement	vs	the	inverse	
magnetic	field	B-1.	The	fits	are	conducted	with	

With	Planck’s	constant	and	the	fundamental	charge	e	as	physical	constants.	n	is	the	
index	level,	kF	is	the	Fermi	wave	vector,	B	the	magnetic	field,	and	g	as	the	y-axis	
intercept.	We	note	that	the	original	derivation	for	the	1D	limit	was	originally	taken	
from	[nemec].	An	instructive	source	for	the	index	function	in	the	2D	limit	can	be	
found	in	[qu]	The	radius	r	of	the	nanowire	is	130	nm	(see	Fig.	S1	(b)).	The	index	value	
for	the	g	value	in	the	1D	and	2D	regime	are	0.56	±	1.55	and	0.58	±	0.52,	respectively.	
The	calculated	Fermi	wave	vector	kF	for	the	1D	and	2D	regime	are	(1.87±0.02)*10-2	
and	(1.24±0.42)*10-2	in	Å-1,	respectively.	The	shape	of	the	index	data	in	the	high-field	
regime	looks	identical	the	to	data	published	in	[svenja],	indicating	a	sample	
condition	of	similar	quality.	The	index	value	of	g reported	in	[svenja]	for	the	2D	
regime	is	0.67,	comparable	to	our	corresponding	value	from	(c).	The	Fermi	wave	
vector	kF	equals	2.27*10

-2	and	2.17*10-2	in	Å-1,	comparable	to	our	corresponding	
values	from	(c).	

(a) Schematic	graphic	showing	the	setup	from	Fig.	S1	(a)	with	the	magnetic	field	B	
applied	perpendicular	the	long	wire	axis	and	the	parallel	resistance	Rxx.	
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Luruper Chaussee 149, Hamburg, 22761 Germany 

 

A. Experimental procedure 

Single crystalline Bi2Se3 nanoribbons were grown in a two-heating zone furnace in a chemical 

vapor deposition (CVD) set up. The furnace was equipped with a quartz tube of diameter 2.5 cm. 

The Bi2Se3 nanoribbons were grown on silicon 〈100〉 substrates with native oxide (SiO2) layer. 

We followed a general approach in CVD method [1]–[3] with full optimization for growth of 

Bi2Se3 nanoribbons. The growth process involves: (a) cleaning the 1x1 cm silicon 〈100〉 substrates 

in Piranha solution and rinsing in deionized water in order to remove dirt, (b) functionalizing the 

substrates with 0.1% w/v aqueous poly-L-lysine to enhance gold attachment to the substrates, (c) 

dipping the substrates in colloid solution of gold (50 nm diameter) for 5 s, and (d) growth of Bi2Se3 

nanoribbons on the functionalized substrates. The source material is a commercial grade Bi2Se3 

granular (Sigma-Aldrich, purity 99.999%). 0.2 g of granular Bi2Se3 was used for the synthesis. The 

granular Bi2Se3 was placed in an alumina boat and loaded at the upstream zone of the furnace and 

the gold coated 1x1 cm silicon substrates were loaded at the downstream zone of the furnace. The 

tube was pumped to a pressure of 40 mTorr, and flushed multiple times with ultrapure argon gas 

to minimize oxygen contamination in the quartz tube. For synthesis, the downstream and upstream 

zones were heated in 1 hour from room temperature to 440 oC and 540 oC respectively. The carrier 

gas flow rate and the pressure were set to 30 standard cubic centimeters per minute and 780 mTorr, 

respectively. The reaction time was 1 hour. In order to provide a selenium environment and to 

protect the surface of Bi2Se3 with selenium powder, after the reaction, the argon flow was switched 
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off and the system was allowed to cool down to room temperature in 2.5 h. To validate the quality 

of the grown samples, various characterization techniques were employed. A custom-made x, y, z 

– positioner micro-manipulator was used to transfer the nanoribbons to a custom-made silicon 

finder grid with 225 fields of 100 µm x 100 µm. The positioner has 51 mm long tungsten picoprobe 

tips (T-4-10) with a wire shaft diameter of 10 µm, a point radius < 0.1 µm, and a tip length of 3.3 

mm. The atomic force microscopy (AFM, Q-Scope 250 model with 40 µm x 40 µm scan head 

with a lateral and vertical resolutions of 0.6 nm and 0.05 nm, respectively) was used to determine 

the thickness (height) of the nanoribbons. Scanning electron microscope (SEM, ZEISS ΣIGMA) 

was used to determine the width of the nanoribbons. Energy dispersive x-ray spectroscopy (EDX, 

ZEISS) was used to determine the stoichiometry of the nanoribbons. 

B. Synthesis and characterization of gold nanoparticles 

The synthesis of the spherical citrate-stabilized gold nanoparticles (AuNPs) of different sizes was 

prepared as previously reported [4]. According to the chosen growth speed of the AuNPs in our 

method, the mean core size dc,TEM of the AuNPs was expected to be around 100 nm. The AuNPs 

used in this manuscript were double phase-transferred and finally coated with PMA-g-dodecyl, an 

amphiphilic polymer which is based on a backbone of poly(isobutylene-alt-maleic anhydride), 

functionalized with dodecylamine [4].  

The UV/vis absorption spectra of the PMA-g-dodecyl coated AuNPs as dispersed in water was 

recorded with an Agilent 8453 spectrophotometer as previously reported [4]. NPs were dispersed 

in water, see Fig. S1(a). The wavelength of the surface plasmon peak was λSPR = 578 nm (table 

S1) 
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Figure S1. (a) UV/vis absorbance spectrum of the AuNPs. (b) Representative TEM image of the AuNPs.  

 

 

Figure S2. Histogram of the core diameter distribution N (dc,TEM) as determined from the TEM images, and a 

corresponding Gaussian fit. The mean value of dc,TEM as displayed in Table S1 was calculated from 100 AuNPs. 

 

Transmission electron microscopy (TEM) images were used to investigate the size distribution of 

the AuNP diameter. In order to determine the size distribution of the core diameter dc,TEM of the 

AuNPs, dc,TEM was determined as mean value from 100 NPs in the TEM images using the ImageJ 

software [4]. Illustrative TEM images of the AuNPs are displayed in Fig. S1(b) and the obtained 

size distribution histograms and further characterization can be seen in Fig. S2 and table S1.     
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Table S1. Characterization table of the AuNPs  

λSPR /nm dc,TEM / nm dh(N) / nm dh(V) / nm dh(I) / nm ζ /mV  

578 95.7±9.6 76.9 ± 3.7 127.5 ± 3.4 130.3 ± 2.7 -39.0 ± 0.4 

 

In order to determine the hydrodynamic diameters dh of the AuNPs as dispersed in water, dynamic 

light scattering (DLS) was used [4]. Also, the zeta potential ζ of the AuNP solution was measured 

with laser Doppler anemometry (LDA). DLS and LDA were carried out using a Malvern Zetasizer 

ZS instrument. Data are presented in Fig. S3 and table S1.     

 

 

Figure S3. Distribution the hydrodynamic diameter dh of the AuNPs recorded by DLS based on (a) the number 

distribution N(dh(N)), (b) the volume distribution N(dh(V)), and (c) the intensity distribution N(dh(I)). (d) Zeta 

potential of the AuNPs. The obtained mean values for the hydrodynamic diameters and zeta potential are shown in 

Table S1. 
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C. Decorating the Bi2Se3 nanoribbons with gold nanoparticles 

10 μL of the dispersed AuNPs in water was drop cast on the Bi2Se3 nanoribbons and dried before 

characterization.  

D. Characterization 

Bi2Se3 nanoribbons were characterized before the Raman study. The width of the nanoribbons was 

measured via AFM and SEM. The exemplary SEM images for the Bi2Se3 nanoribbons of width 

210 nm and 292 nm (thickness 100 nm and 90.1 nm) are shown in Figs. S4 (b and c), respectively. 

The quantitative analysis of the SEM-EDX data collected from the nanoribbons shows the correct 

stoichiometry (2:3 (Bi:Se)) as shown in Fig. S4 (a). The silicon peak in the spectra comes from the 

silicon substrate. The thickness of the Bi2Se3 nanoribbons was obtained with an AFM. Figs. S5 (a 

- d) show exemplary AFM images of the Bi2Se3 nanoribbons of thickness 47 nm and 90 nm. 

 

Figure S4. (a) EDX spectra acquired from Bi2Se3 nanoribbons. Quantitative analysis of the EDX data shows a 

composition of 39 atm% Bi and 61 atm% Se. The silicon peak comes from the silicon substrate. Exemplary SEM 

images of Bi2Se3 nanoribbons with (b) width of 210 nm and thickness of 100 nm, (c) width of 292 nm and thickness 

of 90.1 nm are shown. The Bi2Se3 nanoribbons have single AuNP of different sizes. The scale bar represents a length 

of 200 nm. 
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Figure S5. Exemplary AFM images and height profiles. The height of (c) 47 ± 1 nm, and (d) 90 ± 2 nm was obtained 

from the AFM images (a) and (b), respectively. Blue dotted lines indicate the location of the height profiles. 

 

E. Crystal structure, Raman tensors and atomic displacements of Bi2Se3  

The crystal structure, Raman tensors and atomic displacements of the Raman active modes in 

Bi2Se3 are shown in Fig. S6. The Raman tensors show that the Eg – mode has non-vanishing off-

diagonal elements in comparison with the vanishing components in the off-diagonal elements of  

A1g – mode [5]. 
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Figure S6. (a) Crystal structure showing quintuple layer, (b) atomic displacement of Raman active modes showing in 

and out of plane vibrations and (c) Raman tensors of Bi2Se3. 

 

 

 

F. Raman study 

The Bi2Se3 nanoribbons were pre-characterized before Raman study. Raman spectroscopy of Au 

decorated single nanoribbons was carried out at room temperature with a custom-made micro-

Raman set-up [6], [7]. With the aid of a 50x objective (Plan Apo HR, Mitutoyo, Japan), with 

numerical aperture (NA) of 0.75, the backscattered Raman signal was collected and focused into 

the entrance objective of the fully reflective UT-3 spectrometer [6]. The beam spot size of the 

micro-Raman is between 211 ± 3 – 389 ± 3 nm depending on the excitation wavelength. For a 633 

nm wavelength, the full width at half maximum (FWHM) is 211 ± 3 nm. Fig. S7 shows an 

exemplary image of a 633 nm laser spot focused on silicon substrate and the intensity cuts in four 

different directions through the laser spot. The intensity is fitted with a Gaussian profile. The 

measurement was done in back-scattering configuration while employing Porto notation Z̅(XX)Z 

configuration [8] (Fig. S8(b)). The spectra were acquired in 20 mins. In order to exclude laser 

heating of the samples, the laser power on the sample surface is kept less than 50 µW. Several pre-

test measurements were carried out on different Bi2Se3 nanoribbons before the actual 
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measurement. The laser sources used for the resonance study were (a) red laser, 633 nm 

wavelength (Gas, 05-LHP-123-496 HeNe), (b) yellow laser, 594 nm wavelength (Diode, OBIS 

594LS 1233468),  (c) greenish-yellow laser, 560 nm wavelength (Diode, OBIS 561LS 1223779) 

and (d) green laser, 532 nm wavelength (Diode, Millenia Pro 10sJS). Note that the pre-test 

measurement was done on the Bi2Se3 nanoribbons from the same synthesis used in this study. 

Figure S7. Exemplary red laser beam spot diameter. (a) The intensity profile for four different directions (1-4) fitted 

with a Gaussian profile. The resulting FWHM has an average value of 211 ± 3 nm. (b) 2D image of red laser spot 

showing intensity cuts in four different directions. 
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G. Polarization dependence study 

We conducted a polarization dependence study on our sample. The angle between the incident and 

scattered polarized light is tuned from 0o – 90o. For Z̅(XX)Z, the angle is 0o and it corresponds to 

the x-x component of the Raman tensors (Fig. S8 (b)). For Z̅(YX)Z, the angle is 90o and it 

corresponds to the y-x component of the Raman tensors (Fig. S8 (c)). Fig. S5(a) shows the Raman 

spectra of Bi2Se3 for On_AuNP (blue) and Off_AuNP (red) positions. The result shows that the 

intensities of A1g
1  and A1g

2  – modes have reduced considerably for the perpendicular polarized state 

in comparison to the parallel polarized state. Furthermore, the intensity of the Eg
2 remains unaltered 

in adherence to the Raman tensor of Fig. S6(c). This dependence of A1g
1  and A1g

2  – modes on 

polarization indicates that our Bi2Se3 sample is single crystalline [9]. Note that the sensitivity of 

the UT-3 spectrometer at 633 nm wavelength is 41% and 4% for horizontal (parallel) and vertical 

(perpendicular) polarized light, respectively [6]. 

 

Figure S8. Polarization dependence Raman studies of Bi2Se3 nanoribbon with a thickness of 83 nm and width of 300 

nm and decorated with a single AuNP of diameter 128 nm. (a) Raman spectra of Bi2Se3 nanoribbon at different 

polarized angles. The spectra acquired in On_AuNP and Off_AuNP positions are represented in blue and red colours, 

respectively. The parallel and perpendicular polarization of the incident and scattered lights are shown in (b) and (c), 

respectively. 
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H. Ratio between the FWHM of 𝐀𝟏𝐠
𝟐 /𝐀𝟏𝐠

𝟏  and  𝐄𝐠
𝟐/𝐀𝟏𝐠

𝟏  modes 

The ratio between the FWHM of A1g
2 /A1g

1  (blue symbol) and Eg
2/A1g

1  (black symbol) as a function of 

distance from the AuNP (Fig. S9). The solid blue and black lines are the Gaussian fit to the data. The 

broadening of the phonon modes at On_Au position shows strong electron-phonon interaction as a result 

of high density of hot injected electrons around the AuNP. The density of these hot electrons decreases with 

distance from AuNP along the nanoribbon and hence, the electron phonon interaction weakens on scanning 

away from the AuNP.  

 

 

 

 

Figure S9. Plot of the relative FWHM as a function of distance from the AuNP. The blue and black symbols represent 

the ratio of A1g
2 /A1g

1  and Eg
2/A1g

1 , respectively. The solid lines represent the Gaussian fit to the data. 
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