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Plasmonic gold nanoparticles injecting hot carriers into the topological insulator (TI) interface of Bi,Ses
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 E4?- and
Algz-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
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the Tl 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 Tl by metal
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Introduction

Topological insulators (TIs) are a new set of quantum
materials with conducting surface states and an insulating
bulk." The surface states of TIs have gapless electronic states
that are protected by time reversal symmetry.>™* These surface
states host quasi-relativistic electrons>®> and are immune to
backscattering by nonmagnetic impurities due to strong spin-
orbit coupling.>® TIs with their spin-textured surface states
find applications in quantum computing, spintronics, photo-
nics, fibre lasers, and optoelectronic devices.”'® Bismuth sele-
nide (Bi,Se;) 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
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nanoparticles attached to the surface of nanoribbons.

than the room temperature energy scale of around 25 meV.>""

Moreover, the Dirac point of Bi,Se; is supposed to be within
the bulk bandgap and not buried in the bulk bands as in
bismuth telluride (Bi,Te;) and antimony telluride (Sb,Tes).
Device applications requiring Dirac materials demand detailed
understanding of the role of contacts and carrier injection in
controlling their relativistic surface states.*'> The interface
between the conducting surface states of Bi,Se; and metals
has been theoretically studied.'®'* Most of these theories are
concerned with the generation of hot plasmonic carriers and
their injection into the semiconductors interface and mole-
cular surfaces.">'® Remarkably, contacting the surface of
Bi,Se; with gold thin films does not destroy the spin-momen-
tum locking in Bi,Se;."* Gold nanoparticles (AuNPs) have a
large number of delocalized electrons, which can interact with
electromagnetic fields to generate surface plasmons'” which
exhibit a large absorption cross section that has been exploited
to enhance and trap light."”> The resonantly excited surface
plasmons change the optical properties of AuNPs drastically
and can decay non-radiatively into hot electron-hole pairs.'**®
In graphene-based devices, hot electron-hole pairs increase
local electron densities and generate photocurrents.'®*° The
local manipulation of relativistic quantum states of nano-
structures with AuNPs is an emerging research field>*"**> and
in this fashion, the surface states of Bi,Se; can be engineered
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into future device requirements by locally manipulating the
electronic band structure in nanostructures.>® The hot photo-
injected electrons interact with the relativistic quantum states
of TIs and couple to the surface phonon modes."> 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."?

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 Bi,Se; with single AuNPs and
use the phonon modes in Bi,Se; as local probes of the modi-
fied relativistic surface state. The interplay between the elec-
tronic surface states of a single crystalline Bi,Se; 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 Bi,Se; nanoribbon were employed to locally
manipulate the electronic band structure. We scan across
single AuNPs deposited on a Bi,Se; 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

Bi,Se; with its layered, rhombohedral crystal structure belongs
to the space group (R3m/D3,).***7° 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 Bi,Se; 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 Bi,Se; to have 15 zone-
centre phonon branches, 3 acoustic and 12 optical phonon
modes. Of the 12 optical modes, 4 are symmetry Raman-
active (2A,, 2E,) and 4 are symmetry infrared-active (2Ayy,
2E,). The irreducible representations for the zone-centre
phonon can be written as: I' = 2E4 + 2A;, + 2E, + 2A,, [1].%°
The Raman tensors and their corresponding atomic displa-
cements of the Raman-active modes in Bi,Se; are shown in
Fig. S6 (in the ESI(E)).f The correct stoichiometry (2:3
(Bi: Se)) of the nanoribbons is confirmed by SEM-EDX (see
Fig. S4 in the ESI(D)f). 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)?).
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Fig. 1 Resonance Raman spectra of a single Bi,Ses 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 Eg2 and Algz—modes in the Bi,Sez 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 Eg2 and Aigz-modes,
respectively.

The in- and off-resonance study of a single Bi,Se; nano-
ribbon decorated with AuNPs is shown in Fig. 1. Fig. 1(a—c)
shows the Raman spectra of a single Bi,Se; 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 E,> and Ay’
symmetry>’ > and the assignment is supported by the Raman

This journal is © The Royal Society of Chemistry 2023
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tensor in Fig. S6(a) (ESI)t as well as the polarization-dependent
data in Fig. S8 (ESIf). The spectra were fitted with eqn (1)
(“Generalized Fano equation”).?’

2 _ =2
2 q2_1+2q(w -wO)
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(1)
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where 4, y, g, w,, I', 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. m;,, and =, are the imaginary and real part of
electronic susceptibility while A® is the non-resonant matrix
element.>® All data were corrected for the scattering volume
and the spectral response of the instrument.*! 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
A. The phonon susceptibilities were normalized to the suscep-
tibility at 532 nm wavelength. The circle and square markers
correspond to the A;,> and the E,* 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 A,,”> mode and a factor of 11 for the
E,” mode (red symbols) in the Off Au position. This resonance
has been reported previously and it is attributed to interband
transitions in Bi,Se;.”**** 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 A;,”> mode and a factor of 40 for the E,>
mode (black symbols). We attribute the enhancement of the
Raman signal to the hot carrier injection into the Bi,Se; 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.?
Surprisingly, measuring on 108 nm AuNP results in a signal
enhancement factor of more than 350 for the A1g2 mode and a
factor of 160 for the E,” mode (blue symbol). The plasmonic
enhancement factor at 633 nm excitation wavelength on
141 nm and 108 nm AuNP is 5 and 18 for A1g2 mode, respect-
ively and the corresponding plasmonic enhancement factor for
E,” mode is 3.6 and 15, respectively. Note that without the
capping layer on AuNP, we would expect stronger hot carrier
injection.”>®> The Raman spectra in Fig. 1 were measured on
the same Bi,Se; nanoribbon with the differently sized AuNPs
spaced more than 2.2 um apart from each other. Hot carriers
are efficiently excited when the localized surface plasmon
(LSP) of AuNP is in resonance with the excitation wavelength.>
By means of Landau damping, the excited hot carriers decay
non-radiatively into hot electron-hole pairs.*® Note that non-
radiative decay can occur either through intraband excitations

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

within the sp (conduction) band above the Fermi level or
through interband transition from d-band to s-band.*””*® The
density of generated hot carriers and excitation rate in metallic
surface plasmons was theoretically studied by Paudel et al.'*
and it was observed that the density of the generated hot car-
riers scales with the square of the excitation rate.'* The data in
Fig. 1 reveals the strongest hot carrier injection into the Bi,Se;
nanoribbon by 108 nm AuNP which can be explained by the
resonance energy of its surface plasmon in the red wavelength
range.’**' We show that the presence of AuNPs, more
especially AuNP whose LSP is in resonance with the excitation
wavelength, on Bi,Se; 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 Bi,Se; 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 Ayg', Ey’, and A;,> 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 Bi,Se; 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, g as a function of dis-
tance from the AuNP. The Fano parameter g implies the inter-
ference between discrete phonon states and low-energy elec-
tronic degrees of freedom.*” The smaller the g, 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 g 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 Bi,Se; TI at the AuNP/TI
interface decreases with the distance from the AuNP. This is
corroborated by the small value of Fano parameter g for
On_Au position and the ratio between the FWHM of A;,*/A !
(Eg*/As4") mode that increases from 1.77 (1.60) to 2.28 (1.83) at
the AuNP position (see Fig. S9 in the ESI(H)T). Such a decrease
of the phonon lifetime (peak broadening) of the Bi,Se; modes
has been observed previously and attributed to a strong elec-
tron-phonon coupling.® 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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Fig. 2 Raman studies of single Bi,Ses nanoribbon in the vicinity of
AuNP with 633 nm excitation wavelength. (a) Raman spectra of Bi,Ses
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
Ay, Eg? and A4 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, g, (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.

the surface of the Bi,Se; TI at different length scales after the
hot carrier injection by Paudel et al.** Furthermore, we observe
phonon renormalization of the A,,' and A,,> 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.'” Fig. 2(f)
reveals the Raman susceptibility enhancement when scanning
across the AuNP. The Raman susceptibility enhancement
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factor of 19, 18, and 41, for A,,', E,*, and A;,* 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 Bi,Se;.

In Fig. 3 we present the study of four different sizes of
AuNPs on a single Bi,Se; 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 ¢
measures the interference between the phonon states and elec-
tronic degrees of freedom. We further observe a hardening of
the A;,”> 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.
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Fig. 3 Raman studies of a single Bi,Ses nanoribbon decorated with
AuNPs of different sizes. (a) Raman spectra of a Bi,Ses 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 Ay, Eq® and Ayg®
modes without AuNPs present. (b) Fano parameter § (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 Bi,Se;.*>** 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
Bi,Se; nanoribbon. The blue shaded area beneath the AuNP
indicates the region of band bending which is associated with
the metal/TI interface,” 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

(a) Laser by T T
5 - 2 Z
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Nanoribbon 560 600 640
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g Ee
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Bulk™\ g
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Fig. 4 (a) Schematic illustration of the Tl 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 g as a function of the
excitation wavelength for the bare Tl (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 Tl. 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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generated plasmons in resonance with the incident light field
lead to a confinement of the incident light field.** 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 Bi,Se;
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 (Ey) 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.'®'**® 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 TIL. 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 g on the excitation wavelength A 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 g 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 Bi,Se; show an interband transition energy of 2.0
eV."*? The 633 nm excitation wavelength (1.96 V) 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 Bi,Se;. 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 Bi,Se; 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
Bi,Se; 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 Bi,Se;, we
reveal the strongest enhancement of the phonon modes by a
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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 Bi,Se;. 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 Bi,Se; 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. Bi,Se; nanoribbons were grown on silicon (100) sub-
strates with a native oxide (SiO,) layer. We followed the general
approach in CVD method? ™ with full optimization for
growth of Bi,Se; nanoribbons (see the ESI(A)f 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 um x
100 pm. 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)f). For this a polydisperse
solution of AuNPs with mean diameter of 96 nm was used,*°
which comprise a range of different AUNP diameters (see the
ESI(B)f 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.>"*! 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 Z(XX)Z configur-
ation.>® 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)f 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 pWw.
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