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ABSTRACT: Searching for new plasmonic building blocks which offer tunability and
design flexibility beyond noble metals is crucial for advancing the field of plasmonics.
Herein, we report that solution-synthesized hexagonal Bi2Te3 nanoplates, in the absence
of grating configurations, can exhibit multiple plasmon modes covering the entire visible
range, as observed by transmission electron microscopy (TEM)-based electron energy-
loss spectroscopy (EELS) and cathodoluminescence (CL) spectroscopy. Moreover,
different plasmon modes are observed in the center and edge of the single Bi2Te3
nanoplate and a breathing mode is discovered for the first time in a non-noble metal.
Theoretical calculations show that the plasmons observed in the visible range are mainly
due to strong spin−orbit coupling induced metallic surface states of Bi2Te3. The
versatility of shape- and size-engineered Bi2Te3 nanocrystals suggests exciting possibilities in plasmonics-enabled technology.
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Surface plasmons are electromagnetic waves arising from
collective oscillations of electrons at the interface of a metal

and a dielectric. They can confine light into subwavelength
volumes and propagate along the surface.1 Surface plasmons in
the visible range have been the topic of numerous studies due
to their appealing applications in various fields, such as
photovoltaics,2 sensing,3−5 and waveguides.6,7 However, the
choice of materials that can support surface plasmons in the
visible range is largely limited to noble metals; thus, there are
strong motivations to search for novel plasmonic materials
beyond gold and silver.
Bi2Te3 and its alloys are well-known for their outstanding

thermoelectric properties.8,9 In the past decade, this traditional
semiconductor material has attracted intense interests since it
was discovered to be a three-dimensional (3D) topological
insulators (TIs).10,11 TIs are materials which behave as
insulators in the bulk but have metallic surfaces with a single
Dirac cone. 3D TIs have also drawn interest as emerging novel
plasmonic materials recently. Lupi et al. discovered plasmonic
resonances on Bi2Se3 gratings in the far-infrared range,12 while
Nikolay et al. reported ultraviolet (UV) to visible plasmons in
periodic nanostructures fabricated on Bi1.5Sb0.5Te1.8Se1.2.

13 It
should be noted that the reported plasmon resonances were
excited by fabricating periodic gratings on TI thin films, and

detected by optical spectroscopy. Real space imaging of
plasmon in these materials is not achieved yet.
Understanding the physics embodied in optical phenomena

at the nanoscale helps to drive the development of photonic
and plasmonic devices. Optical dark-field microscopy (DFM)
and near-field scanning optical microscopy (NSOM) are
commonly used to characterize the electromagnetic field
distribution of surface plasmons in nanostructures.14−17

Complementary to DFM and NSOM, TEM-EELS and TEM-
CL are powerful tools for studying plasmons in nanostructures
with high spatial (<1 nm) and energy resolution (<0.1 eV),
with the ability to map the plasmon field distributions.18−21

Moreover, optically forbidden excitations such as dark plasmon
modes can be accessed by TEM-EELS, where insights about
near field coupling can be obtained.22−24

In this study, we synthesized Bi2Te3 nanoplates using the
solvothermal method and characterized the intrinsic surface
plasmon resonances on individual Bi2Te3 nanoplates, excluding
grating effects due to the periodic structure. Taking advantage
of the high spatial precision and energy resolution of TEM-
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EELS and TEM-CL, the spatial distribution of plasmon modes
supported on a single nanoplate was fully characterized. Our
studies revealed that a hexagonal Bi2Te3 nanoplate can support
surface plasmons in the entire visible range from 1.6 to 3.1 eV
(400−800 nm) and we obtained real space imaging of the
plasmon modes in TI for the first time. Different modes were
observed in the center and edge of the nanoplate, and a dark
breathing plasmon mode excited in the center was first
discovered in non-noble metal plasmonic materials. Density
functional theory calculations show that all the observed
plasmon modes are related to the strong spin−orbit coupling
induced surface states of Bi2Te3.
The Bi2Te3 nanoplates were synthesized by the solvothermal

method, in which Bi2O3 and TeO2 were used as the precursors,
ethylene glycol as the major solvent and reducing agent, and
polyvinylpyrrolidone (PVP) as the surfactants.25 As shown in
the scanning electron microscopy (SEM) image (Figure 1a), a

high yield of hexagonal Bi2Te3 nanoplates with lateral widths of
550−700 nm was obtained. The crystal size can be tuned
between 50 and 1000 nm by adding another reducing solvent,
such as isopropyl alcohol or glycerol (see Figure S1). The
crystal structure of the Bi2Te3 nanoplates was analyzed using X-
ray diffraction (XRD), the results of which are shown in Figure
1b. All diffraction peaks in the Bi2Te3 XRD pattern can be
indexed to a single rhombohedral phase with lattice constants a
= 4.395 Å and c = 30.44 Å (JCPDS Card Number 82−0358).
The topographical images obtained by atomic force microscopy
(AFM) reveal that the nanoplates have very flat surfaces
(Figure 1c and Figure S2). The thickness distribution was
determined by measuring 75 randomly chosen nanoplates. As
seen in Figure 1d, most of the nanoplates have thicknesses of
15 ± 5 nm. UV−Vis absorption spectrum of Bi2Te3 nanoplates
(Figure S3) dispersed in isopropyl alcohol shows broad and
strong absorption in the visible range, which motivates us to
further investigate plasmonic properties of individual Bi2Te3
nanoplates in detail.
Individual nanoplates were characterized using a scanning

transmission electron microscope (STEM) equipped with a
monochromator and an electron energy-loss (EEL) spectrom-
eter. Bi2Te3 nanoplates were drop-cast onto a 30 nm thick

silicon nitride membrane and then annealed under Ar/H2
atmosphere to remove impurities and the oxidized layer. The
EELS measurements were carried out using an FEI Titan TEM
equipped with a Schottky electron source in STEM mode,
operated at 80 kV for all measurements (see Supporting
Information for more details). Figure 2a shows a TEM

micrograph of a hexagonal Bi2Te3 nanoplate with a lateral
dimension of ∼700 nm. Strain-induced ripple-like patterns can
be seen. The sharp diffraction spots in the selected area
electron diffraction (SAED) pattern and the hexagonal lattice
arrangements in the high resolution TEM (HRTEM) image
(Figure 2, parts b and c) indicate that the nanoplate is single-
crystalline. Experimental EEL spectra of the Bi2Te3 nanoplate
are shown in Figure 2d. When the electron beam was
positioned near the edge of the nanoplate (about 2 nm away
from the edge in practice), an energy-loss peak at 1.6 eV was
observed (mode I). Moving the electron beam from the edge to
the center of the nanoplate resulted in a broad EEL spectrum
with energy-loss peaks at 2.1 eV (mode II) and at 3.1 eV (mode
III). The losses observed in EEL spectra can be associated with
various forms of loss mechanisms occurring between the
impinging electron beam and the Bi2Te3 crystal, including

Figure 1. Characterizations of the as-synthesized Bi2Te3 nanoplates.
(a) SEM image showing clusters of and individual (insert) Bi2Te3
nanoplates. (b) XRD spectrum with peak assignment. (c) Topo-
graphical AFM image of three uniform nanoplates. (d) Thickness
distribution from a random sample of 75 nanoplates.

Figure 2. Surface plasmon modes of a hexagonal Bi2Te3 nanoplate. (a)
TEM image of the hexagonal Bi2Te3 nanoplate. (b) High resolution
TEM (HRTEM) image of the nanoplate and the corresponding SAED
pattern (c). (d) EELS of the nanoplate when the electron beam is
positioned at the middle of the edge (blue line) and center (red line)
of the nanoplate, corresponding to the blue and red dots in part a. (e)
Corresponding simulation results using COMSOL. (f) Experimental
EELS maps, (g) calculated field intensity, and (h) charge distribution
of the nanoplate at different energies corresponding to the three peaks
in part d.
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surface and bulk plasmon modes.18 We assign these to surface
plasmon resonance modes, instead of bulk plasmons that are
expected to appear at higher energies and exhibit spatially
homogeneous EELS intensity with no size dependence (see
later sections).26,27

EELS mapping was performed to gain insight into the spatial
distribution of the plasmon modes.28,29 Figure 2f shows the
EELS intensity maps at 1.6, 2.1, and 3.1 eV, corresponding to
the three peaks shown in Figure 2d. As shown in Figure 2f, the
1.6 eV mode occurs only at the edges of the nanoplate, with an
obvious evanescent wave field decaying into the vacuum, a
phenomenon which is characteristic of localized surface
plasmons.30 The map of the center mode II shows enhanced
EELS intensity not only in the center, but also at the edges of
the nanoplate. The center mode III at 3.1 eV is delocalized over
the entire nanoplate except the edges.
The EEL spectra and maps were simulated by performing full

wave calculations of the scattered fields using the finite element
method with the commercial software COMSOL and the
boundary element method incorporated in the MNPBEM
toolbox.31 The dielectric function of Bi2Te3 was extracted from
ellipsometry data. The simulation model used a 10 nm-thick
hexagonal Bi2Te3 crystal on top of a 30 nm-thick Si3N4
substrate. Parts e and g of Figure 2 show the simulated EEL
spectra and maps of a Bi2Te3 hexagonal nanoplate with lateral
dimension of 700 nm, respectively. Generally, both the spectral
and spatial features are well matched between the simulation
and experiments. The slight deviation may be attributed to the
thickness variation and surface residues.28 To understand the
origin of these modes, charge distributions of each plasmon
mode were simulated (Figure 2h). The edge mode I exhibits a
strong charge localization at the edges of the crystal, creating a
dipolar electric polarizability along the nanoplate. On the other
hand, the center mode II shows very different resonance
behavior, which is induced by charge oscillations between the
nanoplate center and the edges. The hexagonal shape provides
a broad length range in which the charge can oscillate to/from
the center, varying from the short-distance center-to-edge to
the long-distance center-to-corner radius of the hexagon,
creating a broadened center mode.
A plasmon mode of particular interest is the center mode at

3.1 eV. The simulated charge distribution of this mode shows
that the charge density radially oscillates toward the edges,
which is characteristic of the so-called “breathing mode” surface
plasmon.23,32 A breathing mode is a two-dimensional standing
wave with an antinode at the center of the nanoplate.23 It is
classified as a dark surface plasmon mode, as it cannot be
excited by unpolarised and normal incident light due to its zero
net dipole moment.32 For plasmon-enabled applications,
identification of dark plasmon modes is important because of
their capability to store electromagnetic energy more efficiently
than bright modes, as a result of the suppression of the radiative
decay channel.33 The hexagonal shape and large size of Bi2Te3
nanostructures allow radially oscillating charges on the surface,
giving rise to plasmonic breathing modes.32

Cathodoluminescence spectroscopy (CL), which collects the
photon-emissions in the far field resulting from the radiative
decay of plasmon modes,18 was also applied to characterize the
plasmon modes in Bi2Te3 nanoplates (Figure 3a). When the
electron beam was positioned at the center of the 700 nm
nanoplate (No. 6 in Figure 3a), a broad peak centered at 2.1 eV
was observed, which is consistent with mode II recorded with
EELS. However, the 3.1 eV peak observed in the EELS is

absent in the CL spectrum. As the mode of 3.1 eV is a
breathing mode surface plasmon, of which the main decay
channel is the absorption by the particle,18 it cannot be
detected in far field by CL spectroscopy. The mode assignment
is consistent with the observed broad spectral features, due to
strong radiative damping of the mode.34,35

We also studied how the center mode changes with
nanoplates of different sizes. Figure 3a shows that the plasmon
energy exhibits a monotonous red-shift when the nanoplate size
increases from 200 to 1000 nm. The plasmon wavenumber
(kSP) of this mode can be described using the equation

π λ π= =k d2 / 2 /SP SP

where d corresponds to the effective diameter of the
nanoplate.36 Accordingly, we derive the dispersion relation by
plotting the plasmon frequency (extracted from the peak
positions in Figure 3a) as a function of the wavenumber kSP in
Figure 3b. The curve asymptotically approaches an energy value
of about 2.5 eV, displaying the characteristic dispersion relation
of surface plasmons. Further measurements of size dependence
(see Figure S4) reveal that both the edge and center modes
red-shift with increasing nanoplate size, similar to the plasmonic
behavior of noble metal nanostructures.37,38

The origin of visible surface plasmons in Bi2Te3 was
examined by measuring the dielectric function of a thin layer
of the Bi2Te3 nanoplates using ellipsometry (Figure 4a). To
support surface plasmons at the interface between a medium

Figure 3. CL spectra of Bi2Te3 nanoplates. (a) CL spectra at the
center and the corresponding high-angle annular dark field (HAADF)
image of Bi2Te3 nanoplates with different size. (b) Dispersion relation
of the center mode surface plasmons (error bars represent uncertainty
in determining CL peak energy).
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and a dielectric, the real part of the dielectric function (ε1) must
be negative.39 The zero-cross frequency of ε1 (where ε1 changes
from positive to negative) at 1.6 eV suggests that the surface
plasmons of Bi2Te3 should resonate at energy values greater
than 1.6 eV. The close agreement between the EEL spectra and
the experimentally determined dielectric function supports the
assignment of the observed peaks in EELS as surface plasmon
resonances. We would like to mention that the relatively large
imaginary part (ε2) indicates that the plasmon modes may
suffer from high losses.
It is well-known that such 3D TIs exhibit nontrivial metallic

surface states due to the strong spin−orbit coupling (SOC)
effect.10 However, so far it is not clear how important the
surface states and SOC are in terms of the plasmonic effects. To
clarify the contribution of surface states to the negative
dielectric function, we calculated the electronic band structure,
dielectric function and energy-loss function (ELF) of a 12
quintuple-layer (QL) Bi2Te3 slab. Calculations of the electronic
properties of the Bi2Te3 slab were made with the Vienna ab
initio Simulation Package (VASP) (see Supporting Information
for more details). The frequency-dependent, complex dielectric
function of the Bi2Te3 slab was also calculated. As shown in
Figure 4b, the topological surface states obtained are near the
Fermi level, making the system gapless. The calculated
electronic band structures agree well with those published
earlier in literature10 and thus validate our model, which was
used to derive its dielectric function. The calculated dielectric
function of the Bi2Te3 slab qualitatively agrees well with the
experimental spectra, as shown in Figure 4c. The calculated
zero-cross frequency of ε1 is 1.6 eV as well, thus fulfilling the
requirement to support surface plasmons.
The ELF describes the spectral density of the intrinsic

plasmonic excitations.40,41 The simulated overall ELF spectrum
(Figure 4d) shows two energy-loss peaks at 2.1 and 3.0 eV that
agree well with the experimentally observed center modes in
EELS. The edge mode is not involved in this calculation due to
the application of the periodic boundary condition. The effects

of surface states were elucidated by separating out the
contributions of surface states and bulk states in the ELF,
and we still observed prominent peaks at the same energies due
to the contribution of surface states. The contribution of
surface states was further verified by calculations which show
that the dielectric function and peak energies in ELF (see
Figure S5) are almost thickness-independent when the
thickness is larger than 9 QL. To further clarify the effects of
the SOC on the dielectric function and ELF of Bi2Te3, we
performed calculations for a Bi2Te3 slab without considering
SOC, where we found a blue shift of the zero-cross frequency
of ε1 to 1.9 eV and vanishing of the peaks in ELF (see Figure
S6). We thus conclude that strong SOC and surface states are
responsible for the negative dielectric function of Bi2Te3, which
provides the condition for the surface plasmon modes to exist
in the visible range.
In conclusion, we identified and mapped multiple surface

plasmon modes with energies that cover the entire visible range
in Bi2Te3 nanoplates using TEM-based EELS and CL
spectroscopy. A nontrivial “breathing mode” surface plasmon
was also supported in the hexagonal nanoplates. Calculations
showed that the interplay between spin−orbit coupling induced
metallic surface states and the bulk states in the Bi2Te3
topological insulator gives rise to surface plasmons in the
visible range. By resolving the spatial dependence of various
plasmon modes in single Bi2Te3 nanoplates and clarifying the
relationship with spin−orbit coupling, it provides the blueprint
for the search for novel plasmonic nanocrystals.
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Figure 4. Dielectric function and energy loss function of Bi2Te3. (a)
Experimental dielectric function data of Bi2Te3 obtained from
ellipsometry measurements. (b) Calculated band structure of a 12
quintuple-layer (QL) Bi2Te3 slab (c) Calculated dielectric function
and (d) energy-loss function of the same Bi2Te3 slab.
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Roschuk, T.; Fernańdez-García, R.; Maier, S. A. Small 2010, 6 (22),
2498−2507.
(35) Bosman, M.; Ye, E.; Tan, S. F.; Nijhuis, C. A.; Yang, J. K. W.;
Marty, R.; Mlayah, A.; Arbouet, A.; Girard, C.; Han, M.-Y. Sci. Rep.
2013, 3, 1312.
(36) Schmidt, F.-P.; Ditlbacher, H.; Hohenester, U.; Hohenau, A.;
Hofer, F.; Krenn, J. R. Nat. Commun. 2014, 5, 3604.
(37) Link, S.; El-Sayed, M. A. J. Phys. Chem. B 1999, 103 (21), 4212−
4217.
(38) Lee, K.-S.; El-Sayed, M. A. J. Phys. Chem. B 2006, 110 (39),
19220−19225.
(39) Maier, S. A. Plasmonics: Fundamentals and Applications;
Springer: New York, 2007.
(40) Onida, G.; Reining, L.; Rubio, A. Rev. Mod. Phys. 2002, 74 (2),
601−659.
(41) Stauber, T. J. Phys.: Condens. Matter 2014, 26 (12), 123201.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b03966
Nano Lett. 2015, 15, 8331−8335

8335

http://dx.doi.org/10.1021/acs.nanolett.5b03966

