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significant optical contrast, such as at a 
metal/dielectric interface. Upon excita-
tion, surface plasmons enable enhance-
ment, confinement, and manipulation of 
incident light at the nanoscale level.[1–6] 
The unique optical properties of surface 
plasmons have offered transformative 
solutions for a wide range of high impact 
applications in ultra-efficient nanostruc-
tured solar cells, ultra-fast data transport, 
and photothermal biomedical therapeutic 
applications.[5–7]

Supporting strong field enhancement 
in the visible spectral range (1.7–3.2 eV), 
noble metal-based (Ag, Au) nanostructures 
are the most widely studied plasmonic 
materials.[8] However, strong dissipation 
originating from interband electronic tran-
sitions and Drude losses in noble metal-
based nanostructures, makes it impera-
tive to investigate alternative plasmonic 
building blocks.[9] This has inspired an 
intense search for new low-loss materials 
that can support plasmonic excitations 
particularly in the visible range and into 
the UV regime.[1,10–12]

Recently, 2D materials and group  
V–VI chalcogenides known for their excellent thermoelectric 
and topological insulator (TI) properties, have attracted con-
siderable attention due to their active plasmonic properties 
with potentially lower losses.[10] In these systems, bulk carriers  

The Bi2Te3/Sb2Te3 in-plane heterostructure is reported as a low-dimensional 
tunable chalcogenide well suited as plasmonic building block for the visible−
UV spectral range. Electron-driven plasmon excitations of low-dimensional 
Bi2Te3/Sb2Te3 are investigated by monochromated electron energy loss spec-
troscopy spectrum imaging. To resolve the nanoscale spatial distribution of 
various local plasmonic resonances, singular value decomposition is used to 
disentangle the spectral data and identify the individual spectral contributions 
of various corner, edge, and face modes. Furthermore, defect-plasmon inter-
actions are investigated both for nanoscale intrinsic and thermally induced 
extrinsic polygonal defects (in situ sublimation). Signature of defect-induced 
red shift ranging from a several hundreds of millielectronvolts to a few elec-
tronvolts, broadening of various plasmon response, together with selective 
enhancement and significant variations in their intensity are detected. This 
study highlights the presence of a heterointerface and identifies defects as 
physical tuning pathways to modulate the plasmonic response over a broad 
spectral range. Finally, the experimental observations are compared qualita-
tively and validated with numerical simulations using the electron-driven dis-
crete dipole approximation. Low-dimensional Bi2Te3/Sb2Te3 as a less explored 
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the door for nanoengineering of plasmonic properties in such systems.
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1. Introduction

Surface plasmons are the collective excitations of conduction-
band electrons formed at the interface of two materials with 
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(nonequilibrium carriers from interband transitions) and sur-
face charge carriers (gapless metallic surface states in topologi-
cally protected surface states) are the two major contributors for 
potential metal-like plasmonic behavior.[13,14] Therefore, among 
the 2D crystal family, TI chalcogenide systems can be consid-
ered as promising candidates for plasmonic alternatives beyond 
gold and silver with thermoelectric and topologically insu-
lating properties serving multiple thermal and optoelectronic 
applications.[1,8,9,15]

In the last decade, a few TI-based nanostructures such 
as Sb2Te3 thin films,[16] Bi2Se3 nanoflowers and nanoplate-
lets,[17–19] chemically intercalated Bi2Se3 nanoplatelets,[20] 
Bi1.5Sb0.5Te1.8Se1.2 metamaterials,[1,10] and Bi2Te3 nanoplate-
lets[7,21] have been experimentally investigated. These studies 
exhibit plasmonic responses in a broad-spectral region from 
the visible to UV regime. In particular, for 2D Bi2Te3 nano-
plates multiple distinct plasmon modes have been observed in 
the visible range.[21] Bi2Te3 is a narrow band gap semiconductor 
(band gap: ≈0.15 eV) with a rhombohedral crystal structure and 
space group of R3m. Bi2Te3 has a layered structure consisting 
of five alternating atomic layers of Bi and Te (Te(1)-Bi-Te(2)-Bi-
Te(1)) arranging in ABC order along the c-axis. The alternating 
layers are bonded covalently, forming charge-neutral quintuple 
layers (QLs) with 1 nm thickness. However, neighboring QLs 
are predominantly bound by weak van der Waals interactions, 
making it easy to cleave the crystal along inter-QL neighboring 
planes.[14,21–23]

Defects such as vacancies, dislocations, and interfaces 
are structural features that interrupt the crystal lattice perio-
dicity, but they can significantly modify the physical and opto-
electronic properties. In 2D transition metal dichalcogenides, 
defects are specifically used for band gap engineering of the 
crystal.[24,25] Among defects, vacancies are of particular interest 
since they can act as quantum emitters with an impactful role 
on enhancing the quantum efficiencies for various optical 
quantum computation and sensing applications. Negatively 
charged nitrogen-vacancy (NV) centers in diamond[26] and hexa-
gonal boron nitride (hBN)[27,28] are two examples of how vacan-
cies can significantly contribute to enhanced optical properties 
of the crystal.

Hollow nanostructures, as nanostructures with large clus-
ters of vacancies, have been found to exhibit promising plas-
monic enhancement in comparison to their solid counterpart 
in noble metals-based plasmonic nanostructures.[29] This 
enhancement originates from the open yet confined geometry 
of cavities and results in enhanced transmission and reduction 
in absorption.[30–33] These studies show various hollow nano-
structures with different hole configurations, such as Au rec-
tangular holes,[34] Ag circular cavities,[35] and Ag nanoslits,[36] 
hold promise as building blocks in a wide range of applications 
from nanoscale sensors to wavelength filters for complemen-
tary metal-oxide semiconductor applications.[30,33] Such hollow 
nanostructures also highlight the role of interfaces, where 
two dissimilar materials, in this case the empty space and the 
crystal, meet each other.

Defects can be categorized into intrinsic and extrinsic. 
While intrinsic defects, i.e., hollow cavities, can naturally 
form during the synthesis process, extrinsic defects can form 
by external stimuli such as irradiation, electric potential, and 

thermal stress.[24,37,38] With a near-atomically real-time observa-
tion capability, in situ scanning/transmission electron micros-
copy (S/TEM) serves as an advanced nanoprobe to manipulate 
and characterize defects including their stability and transition 
dynamics under extreme environments.

To correlate the microstructural dynamics with the plas-
monic properties and compositional changes during subli-
mation, in situ S/TEM can be combined with TEM analytical 
capabilities including X-ray energy dispersive spectroscopy 
(XEDS) and monochromated electron energy loss spectro    scopy 
(Mono-EELS). In particular, in situ S/TEM in combination 
with EELS can be utilized to spatially and energetically resolve 
various plasmonic resonances.[39–41] While a wide range of tech-
niques including scattering scanning-type near optical micros-
copy (s-SNOM)[42,43] photon electron emission microscopy,[44] 
cathodoluminescence,[45,46] electron energy loss spectroscopy 
(EELS)[41,47–49] has previously been used to study the surface 
plasmon resonances (SPRs), here we choose high-resolution 
scanning transmission electron microscopy (STEM)-(mono) 
EELS to characterize plasmonic resonances. While each of 
these techniques offers unique capabilities, each comes with its 
own limitations as well. For instance, while s-SNOM provides 
a higher spectral resolution, it is limited in the spatial resolu-
tion when compared with EELS.[39,42,50] In contrast to s-SNOM, 
a sub-nanometer-converged electron probe in EELS can probe 
both surface and volume (bulk) plasmonic states[40,41] near the 
defects as small as few nanometers in size at both static and 
dynamic conditions, such as defect growth during structural 
transformation.

Here, using in situ S/TEM combined with monochromated 
EELS, we investigate the electron-driven defect-plasmon inter-
action and explore how intrinsic defects (pinholes) and ther-
mally induced polygonal defects can modulate the localized 
plasmonic response of nanostructures in low-dimensional 
chalcogenide crystals. Mono-EELS spectral imaging has been 
carried out to map the nanoscale spatial distribution of various 
plasmon resonances in 2D Bi2Te3/Sb2Te3 with ≈0.15 eV energy 
resolution. The studied 2D Bi2Te3/Sb2Te3 in-plane heterostruc-
tures contains a sharp heterointerface between Bi2Te3 and 
Sb2Te3 that is formed under a multistep solvothermal synthesis 
process.[51] Investigating physical and chemical tuning path-
ways as potential toolkits for tuning the plasmonic resonances 
in 2D Bi2Te3/Sb2Te3 in-plane heterostructures, we demonstrate 
how defects, interfaces, and edges can modulate and selectively 
enhance the plasmon modes in addition to shifting and broad-
ening their excitation energies at room temperature ranging 
from hundreds of milielectronvolts to a few electronvolts.

The role of defects on the plasmonic response of the flake 
is further explored by intentionally introducing polygonal 
extrinsic defects into the flakes through a thermal sublimation 
process during an in situ TEM annealing experiment. Singular 
value decomposition (SVD) is used as a mathematical tool to 
disentangle the spectral data and identify the individual spec-
tral contributions of various corner, edge, and face modes. The 
experimental findings are further combined with electron-
driven discrete dipole approximation (e-DDA) simulations. 
Our results suggest that 2D Bi2Te3/Sb2Te3 in-plane heterostruc-
ture flakes can serve as an emerging platform for integrated 
plasmonics, offering a wide range of tunability and design  
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flexibility. In addition, defects as physical inclusions can highly 
impact the selective enhancement of SPRs through intro-
ducing a confined geometry with new interfaces and edges in 
the system.

Sb2Te3 and Bi2Te3 can both support SPRs, and the pres-
ence of SPRs in the visible range of the pristine Bi2Te3 nano-
plates has been previously reported.[21,52] 2D Bi2Te3/Sb2Te3 as 
a multicomponent hybrid heterostructure can offer a diversity 
of plasmonic responses. This can originate from the varying 
chemical composition along the heterointerface. Therefore, 
chemical modification of these hybrid nanostructures is a 
potential pathway to modify the plasmonic response. Further-
more, a heterointerface offers energetically favorable sites for 
forming thermally induced defects. To our knowledge, this is 
the first time both chemical and physical alterations have been 
combined in low-dimensional chalcogenide heterostructures 
to explore the response beyond the Bi2Te3 pristine nanoplates 
for enhanced plasmonic applications. In addition, integration 
of new interfaces (heterointerface, voids, etc.) allows for the 
design of plasmonic devices with new architectures. Plasmonic 
nanovoid structures and nanostructures containing plasmonic 
cavities have been shown to offer a promising platform for a 
wide range of biomolecular sensing applications including the 
next-generation sequencing technologies and single molecule 
detection.

2. Results and Discussion

Figure 1 shows the TEM structural analysis on 2D Bi2Te3-Sb2Te3 
in-plane heterostructure. Figure 1a shows a TEM image of the 
2D Bi2Te3-Sb2Te3 in-plane heterostructure on a lacey carbon 
grid with Bi2Te3 on the inside and Sb2Te3 at the outside of the 
junction. The contrast in Figure 1a reveals the presence of bent 
contours originating from the strain in the sample. The strain-
induced ripple like pattern has been previously reported in sol-
vothermally processed Bi2Te3 nanoplates.[21,51] A magnified TEM 
image of marked rectangular region (Figure 1a) is presented 
in Figure 1b, displaying how bent contours originate from the 
proximity of Te nanorod (NR) core at the center of the flake. 
Electron diffraction pattern (EDP) of the entire flake along the 
[0001] direction shown in Figure 1c shows that the flakes are 
single crystalline. While the diffraction spots from Bi2Te3 and 
Sb2Te3 are overlapped, the extra spots marked with orange cir-
cles are associated with the Te nanorod from the same zone 
axis at the central part of the flake. A high angle annular dark 
field (HAADF)-STEM of a flake with intrinsic pinhole defects 
is presented in Figure 1d. The corresponding XEDS chemical 
composition maps of this flake in Figure 1e–g show the flakes 
to be composed of a Bi-rich core with pinhole defects and Sb-
rich outer shell. All images presented in Figure 1 have been 
acquired under static conditions at room temperature (RT) and 
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Figure 1. a) TEM image of interface area of Bi2Te3/Sb2Te3 in-plane heterostructures displaying bending contours. b) Magnified TEM image of marked 
rectangular area on a) displaying how bend contours origin from the neighboring area of Te nanorod. c) Electron diffraction pattern of the entire flake 
in (a) along [0001] direction exhibiting diffraction from Sb2Te3 and Bi2Te3 region and Te nanorod. d) Corresponding HAADF-STEM of the heterostructure 
containing intrinsic pinhole defects. e) Sb EDS chemical composition map confirming the composition of Sb2Te3. f) Bi EDS chemical composition 
map confirming the composition of Bi2Te3 region (Bi deficiency corresponding to defective regions). g) Te EDS chemical composition map confirming 
a relatively uniform distribution of Te atoms on both sides of the heterointerface.
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accelerating voltage of 80 kV. The XEDS chemical composition 
maps of the pristine (defect free) flake is presented in Figure S1 
in the Supporting Information.

Pinhole defects are observed as intrinsic defects in these 
in-plane heterostructures. Intrinsic pinhole defects can mimic 
the response of a cluster of vacancies in the structure. To 
understand the effect of pinholes on the plasmonic response, 
plasmon resonances are studied through 1D spectrum imaging 
(line scan) EELS. Figure 2a shows a jet color map of the pin-
hole defects scattered within Bi2Te3 over lacy carbon. A line 
scan EELS over the pin hole defects and across the flake with 
5 nm step size containing ≈800 data points is performed in the 
STEM mode (Figure 2b,c). Figure 2b shows an HAADF-STEM 
image with a 1D line scan spectrum image passing across 
the flake. Figure 2c shows the low-loss EELS spectrum stacks 
corresponding to data points along the line scan with every 
25th spectrum present in the graph. The distinct yellow spec-
trum corresponds to the vicinity of a pin-hole defect with an 
enhanced surface-plasmon response in the visible-UV regime. 
This spectrum shows a dominant surface plasmon mode at 
≈3 eV. The spectra corresponding to defect-free region show a 
dominant peak centered around ≈16 eV corresponding to the 

bulk plasmon resonance of Bi2Te3 and Sb2Te3. A small chemi-
cally induced blue shift to higher energies in the bulk plasmon 
response is observed between Bi2Te3 and Sb2Te3. This blue shift 
is due the chemical composition variation across the interface. 
The bulk plasmon peak in Sb2Te3, Bi2Te3 based materials has 
been consistently observed and reported via EELS. The resolved 
bulk plasmon peak position is consistent with previous meas-
urements.[19,20,53–55]

The bulk plasmon resonances originate from the bulk 
response in Bi2Te3 and Sb2Te3. The bulk (volume) plasmon 
energy changes due to the density of valence electrons in insu-
lators and semiconductors. Bulk plasmons correspond to lon-
gitudinal waves and are the electron oscillations relative to the 
positive ion cores. In EELS, using fast electrons as an excitation 
source, we can excite and probe the bulk plasmon resonances 
in a geometry where the probe penetrates the sample.[56]

To further explore and quantify the possible effect of intrinsic 
defects on the plasmonic response, the line scan is sectioned 
into four segments, region of interest (ROI) (1–4), with each 
segment consisting of 120 data points along the Bi2Te3 and 
Sb2Te3 regions (Figure 2d). ROI 1 and 4 are both from Sb2Te3 
while ROI 2 and 3 are from Bi2Te3 and share the same chemical 

Adv. Optical Mater. 2022, 10, 2101968

Figure 2. Modulation of plasmonic response in the presence of intrinsic pinhole defects. a) Jet colored TEM image of a Bi2Te3-Sb2Te3 in-plane hetero-
structure flake, highlighting the presence of intrinsic pinhole defects. b) Low-mag HAADF-STEM image of the Bi2Te3-Sb2Te3 in-plane heterostructure 
flake, displaying the area that the low-loss EELS spectra been acquired (passing through the intrinsic pinhole defects). c) Waterfall graph of the low-loss 
EELS line scan marked on (b) for every 25 spots in the original dataset, the distinct yellow spectrum corresponds to the one acquired from a pinhole 
defect. d) Average low-loss EELS spectra for ROIs 1–4 in which ROI 1 and 4 correspond to Sb2Te3 regions, ROI 2 and 3 correspond to Bi2Te3 regions. 
ROI 2 is from a region containing intrinsic defects (pinhole). e) Low-mag HAADF-STEM image of the Bi2Te3-Sb2Te3 in-plane heterostructure flake dis-
playing the corresponding regions marked ROI (1–4) from which the average low-loss EELS spectra are plotted. f) Plot of bulk plasmon peak position 
variations by Gaussian fitting the bulk plasmon for 800 data points along the line scan displaying over 1.1 eV peak position shift toward lower energies 
(red shift) induced by intrinsic defects. g) Plot of bulk plasmon width variations by Gaussian fitting the bulk plasmon for 800 data points displaying 
over 0.7 eV defect-induced width broadening.
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composition. The average plasmonic response of data points 
for each ROI is plotted in Figure 2e. At the vicinity of the pin-
hole in ROI 2 with a defect, the broad surface plasmon peak 
is red shifted and the surface to bulk plasmon ratio is highly 
increased compared to the other segments. An obvious red 
shift to lower energies as well as broadening is also observed 
in the bulk plasmon peak in ROI 2. ROI2 and ROI3 have the 
same chemical composition, therefore, any shift or broad-
ening should be attributed to morphological changes such as 
presence of defects or strain. The enhanced surface to bulk 
plasmon ratio at the vicinity of the defects is due to the pres-
ence of a higher surface area as well as the nanoscale cavity 
with enhanced transmission. In addition, we observe a small 
broad peak (Figure 2e, shown by blue arrow) that is enhanced 
in the defective region of Bi2Te3 (ROI2). This peak could be 
attributed to either excitation of a new surface plasmon mode 
(between 5 and 7 eV) or significant enhancement of an existing 
mode that is heavily suppressed in the defect-free region of 
Bi2Te3. It is worth noting that these broad surface plasmon fea-
tures may also consist of multiple surface plasmon modes too 
close in energy to be resolved distinctly due to our limited spec-
tral resolution.

To quantify how defects modulate the energy and width of 
the bulk plasmon peak, we did Gaussian fitting for the bulk 
plasmon peaks. Figure 2f shows the bulk plasmon energies cor-
responding to all data points along the line scan (marked on 
Figure 2b). A drastic red shift of over 1.1 eV is observed in the 
bulk plasmon energy at the vicinity of the pinhole defect com-
pared to defect-free areas in Bi2Te3 region. The bulk plasmon 
mode is red shifted to as low as ≈15.25 eV in vicinity of the 
defect.

Furthermore, the bulk plasmon peaks width across the line 
scan is quantified and plotted in Figure 2g. Peak broadening 
of around ≈0.7 eV is observed across the line scan with the 
broadest bulk plasmon peak corresponding to the defective 
region (pinhole intrinsic defect). Our observations highlight 
how defects and morphological changes can significantly mod-
ulate the local plasmonic response, observed as peak shift and 
broadening. These observations suggest strong hybridization 
between inner and outer electric field leading to the enhance-
ment of the local electric field at the vicinity of the defects. In 
addition, the small local fluctuations in bulk plasmon energy 
in the area with same chemical composition (observed in  
Figure 2e,g) can arise from strain or impurities. Strain can 
potentially induce a small local change in lattice parameter and 
modulate the density of valence electrons, which can cause a 
slight shift in the plasmon peak as previously observed.[57]

Controlled introduction of the defects into the structure can 
be a powerful tool to optimize a targeted plasmonic response 
and can be a promising route toward nanopore plasmonic 
devices.[24] In addition, understanding the underlying physics 
behind the formation and growth process of the defects is of 
utmost importance. Using in situ S/TEM heating, we have suc-
cessfully induced facetted polygonal defects within the Bi2Te3/
Sb2Te3 heterostructure. The induced defects start to appear in 
2D Bi2Te3/Sb2Te3 flake at about 300 to 370 °C by a constant 
heating rate of 5 °C min−1 under vacuum with no chemical 
agent. Figure S2 in the Supporting Information shows pristine 
2D Bi2Te3/Sb2Te3 heterostructures on the in situ heating device 

at RT before annealing. Figure S3 in the Supporting Informa-
tion displays the formation and growth of polygonal defects in 
the 2D Bi2Te3/Sb2Te3 heterostructures with preferential sub-
limation along prismatic {1100} planes. Here by thermally 
induced defects, we are referring to thermally induced nano-
pores (cavities). The polygonal nanopores form as the materials 
sublime and leave a materials deficient region which appears 
with white contrast in Figure 3a and Figure S3 in the Sup-
porting Information. Figure S4 in the Supporting Information 
shows the XEDS of a Bi2Te3/Sb2Te3 flake during sublimation 
indicating the chalcogenide (Te) depletion. The details on the 
mechanism behind the sublimation and growth of the defects 
under annealing are beyond the scope of this work and are pre-
sented in a separate paper.

To understand the impact of these thermally induced defects, 
1D low-loss EELS spectrum imaging is carried out during in 
situ heating of the sample. Figure 3a shows an STEM image 
of the flake at ≈330 °C displaying the EELS line scan location. 
To understand how the surface plasmon modes evolve at the 
vicinity of the defects, the 2D EELS line scan plot is extracted 
and presented in jet color map in Figure 3b along with the 
observed polygonal defect in Figure 3a. The blue regions corre-
spond to lack of signal from the Bi2Te3 bulk plasmon resonance 
inside the defect (it is marked in Figure 3c). The data presented 
in Figure 3d–g are focused on the defect 2 (marked with a 
white circle inside Bi2Te3 region). Figure 3d shows a magni-
fied image of defect 2. Three segments of the line scan corre-
sponding to upper edge (blue), middle (orange), and lower edge 
(green) are marked in Figure 3d. Figure 3e displays the three 
average spectra corresponding to segments 1–3 in Figure 3d.  
An enhanced surface plasmon response for spectra 1 and 3 
which corresponds to the edge modes is observed. In addition, 
the ratio of surface to bulk plasmon is increased at the edge 
in comparison to what we observed in Figure 2c for intrinsic 
defects. In other words, the bulk response at the edges of 
the defect is highly suppressed, while the surface plasmon 
response becomes dominant. Eventually, the surface response 
decays as the electron beam moves away from the edge of the 
defect toward the center as is shown for region 2 in Figure 3d. 
Looking at spectrum 2 at the center of the defect, the electron 
beam does not sense the surrounding environment and the 
very subtle and broad bump likely arises from the ultrathin 
amorphous carbon underneath the flake.

To further probe how the edges contribute to the plasmon 
excitation, we probe the surface plasmon excitation at the 
vicinity of the defect edge in consecutive spot scans. Figure 3f,g  
shows a magnified image of defect 2 with a few consecutive 
probe positions and the EELS spectra associated with each 
point. At the defect edge, the surface plasmon peak 1 is red 
shifted to lower energies. In addition, the surface plasmon peak 
2 (marked with circle) starts to dominate at the defect edge 
potentially indicating an excitation of a new surface plasmon 
from a strong hybridization of inner and outer electromagnetic 
field at the defect edge. Beside the modulations in the surface 
plasmon modes, the bulk response is also suppressed and 
nearly disappearing right on the edge of the defect. These obser-
vations strongly suggest that the induced polygonal defects can 
be a promising tool for tuning the plasmonic response in 2D 
Bi2Te3/Sb2Te3 in-plane heterostructures.

Adv. Optical Mater. 2022, 10, 2101968
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While intrinsic and extrinsic defects can have a profound 
effect on the plasmonic resonance of nanostructures, edges and 
interfaces in nanostructures can also modulate the plasmon 
resonances. Figure 4 shows how plasmonic resonances could 
be modulated at the heterointerface (between Bi2Te3 and 
Sb2Te3) and the edges in a nanostructure. Figure 4a shows three 
assigned ROIs (0–2) corresponding to Bi2Te3, Sb2Te3, and their 
heterointerface. Figure 4b–d displays the SPRs below 8 eV and 
the bulk plasmon peak around 16 eV. A blue shift of ≈0.4 eV to 
higher energies is observed in bulk plasmon originating from 
chemical composition variation as the electron probe moves 
from Bi2Te3 to Sb2Te3. The bulk plasmon peak energy for the 
heterointerface region 1 is in the middle of the bulk plasmon 
energy range as both Bi2Te3 and Sb2Te3 are probed in this meas-
urement. This is a confirmation that the observed shift in bulk 
plasmon peak position originates from variations in chemical 
composition across the interface.

Figure 4d shows modulations in the surface plasmons with 
composition. A red shift to lower energies is observed in sur-
face plasmon excitations as the electron probe moves into 
Sb2Te3. In addition to a red shift of about 0.35 eV, the lower 
energy plasmon mode in Sb2Te3 is significantly enhanced com-
pared to the other two spectra. This shift and enhancement can 
have a mixed nature of chemical, geometrical, and morpholog-

ical origin due to having a different size as well as being closer 
to the flake edge. Overall, the plasmon peak position and ratio 
variations indicate that heterointerfaces can potentially offer 
another way to tunability and flexibility for Bi2Te3/Sb2Te3 in 
comparison to Bi2Te3 hexagonal flakes reported previously.[21]

Our experimental observations show defects and heteroint-
erfaces to have profound effects on the surface plasmon exci-
tations in Bi2Te3/Sb2Te3 in-plane heterostructures. To spatially 
resolve the distribution of various plasmon resonances, a 2D 
low-loss EEL spectrum image is acquired from the marked 
region in Figure 4e. Figure 4f–n shows selected series of 2D 
low-loss EELS maps acquired at indicated energies with an 
energy window of (0.4 eV). These 2D EELS maps highlight the 
spatial distribution of the plasmon resonances corresponding 
to the observed peaks (intensity amplitude for each pixel posi-
tion in the 2D spectrum image). Edge- and face-localized sur-
face plasmon modes are the dominant resonances observed in 
Figure 4. Edge-localized modes are mainly excited at a lower 
energy range, while face-localized modes are excited at higher 
energies. Although there are similarities in the corresponding 
spatial distribution maps of face-localized and bulk plasmon 
mode, these modes are fundamentally different from each 
other since they are excited at very different energies. Movie S 
1a in the Supporting Information plays the sequential frames 

Adv. Optical Mater. 2022, 10, 2101968

Figure 3. Plasmonic variations induced by an extrinsic polygonal defect. a) Formation of extrinsic/thermally induced polygonal defects at ≈330 °C in 
Bi2Te3-Sb2Te3 in-plane heterostructure. Green line corresponds to the low-loss line scan EELS. b) 2D plot of line-scan spectra in jet color map. Dark 
regions correspond to lack of bulk plasmon signal therefore where defects are located, c) a zoomed-in 2D line scan plot acts as a road map to pre-
cisely identify the data points corresponding to the defect edge/border of defect 2 (central defect inside Bi2Te3 region). d) Magnified image of defect 
2 showing three segment of the line scan across the defect (1–3). e) Three averaged low loss EELS spectra acquired from marked segments on (d) 
corresponding to the upper edge, middle, and lower edge of the defect (the upper edge and lower edge for defect 2 is marked by dashed line in (c). 
f) Magnified image of defect 2 displaying the five consecutive locations across the upper edge of defect. g) Five consecutive low loss EELS spectra 
corresponding to the marked point on the defect.
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of the real space 2D EELS maps (intensity maps) acquired from 
the top corner of the flake for energy losses below 20 eV. As 
the energy navigator moves along the energy loss axis on the 
average low-loss spectrum (Movie S 1b, Supporting Informa-
tion), the transition from edge-localized modes to face-localized 
and finally to bulk plasmon mode can be observed. Here, we 
mainly observe edge, face, and bulk plasmon resonances, since 
the individual plasmon peaks are too close to each other over-
lapping in the energy space and cannot be resolved individually 
with our experimental energy resolution.

To reduce the noise and dimensionality of the data and fur-
ther deconvolute the surface plasmon modes and the overlap-
ping features of the spectrum, we apply SVD to resolve various 
plasmonic resonances.[58–61] SVD analysis was carried out to the 
dataset in Figure 4 to assess various spectral contributions in 
the spectrum images and the resulting deconvoluted resonance 
maps are presented in Figure 5b–h. Figure 5j,k shows the S and 
U components of the SVD analysis. U contains the singular vec-
tors with the highest intensity, each representing a basis spec-
trum present in the data, while S contains the singular values 
that encode the weighting of each component. In addition, V 
contains the right singular vectors that hold the amplitude of 
the spectra at a given pixel number and can be reshaped to x,y 
as a 2D image. Among the first ten SVD components, the first 
seven seem to contain physical information which is shown as 

the intensity variation maps in Figure 5b–h. The intensity maps 
are the 2D images of the reshaped right singular vectors V and 
display the spatial origin of the first even components resulting 
from the SVD.

The 2D maps presented in Figure 5b–h can be compared to 
the 2D EELS maps presented in Figure 4. SVD components 1 
and 2 in Figure 5b,c present plasmon resonance modes similar 
to the 2D EELS maps for the surface (face mode) and bulk plas-
mons. These two modes are the first two major components 
mainly describing the bulk and face-localized response out 
of the seven significant SVD components. Components 3–7 
show significant variations along the edges and boundaries. 
Among them, components 3, 5, and 7 all display edge intensity 
enhancement corresponding to dissimilar SPRs (edge modes). 
For example, components 3 and 5 show the surface plasmon 
edge mode maps corresponding to the energy range of 1.2–1.6 
and 2.4–2.8 eV, respectively. In contrast, component 4 displays 
a corner-localized intensity enhancement which is due to the 
presence of a corner-localized plasmonic mode in the struc-
ture. This mode is not revealed in the pristine 2D EELS maps 
in Figure 4, most likely due to the noise and the possibility of 
having low energy hidden under the tail of the zero-loss peak 
(ZLP). The intensity maps for components 8–10 (Figure S5 
in the Supporting Information) do not hold any significant 
physical information about the structure and the intensity  

Adv. Optical Mater. 2022, 10, 2101968

Figure 4. Plasmons modulation by the presence of a heterointerface and spatial distribution of SPR modes. a) HAADF-STEM of Bi2Te3-Sb2Te3 hetero-
junction displaying the 3 ROI (0–2) from where the spectra in (b) is acquired, ROI0: Bi2Te3, ROI1: heterointerface, ROI2: Sb2Te3. b) Low-loss EELS 
spectra corresponding to ROI (0–2), exhibiting a shift in both SPR and BP as the electron probe moves from Bi2Te3 region to Sb2Te3. Plasmon energy 
shift in both sides of the junction. c) Magnified low-loss EELS spectra displaying the chemical composition-induced shift in the bulk plasmon reso-
nance. d) Magnified low-loss EELS spectra displaying the red shift in SPR energy as the electron probe moves into Sb2Te3. e) Low-mag HAADF-STEM 
displaying where the 2D EELS spectrum images are acquired (green rectangle). f–n) 2D EELS map acquired using an energy window of 0.4 eV, exhibiting 
the spatial origin and distribution of various electronic excitations including SPR and BP, the SPR modes displaying two major spatial distribution with 
edge modes dominating the lower energy range excitations and face modes dominating the beyond visible range (UV regime) excitations.
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variation is most likely due to the noise in the original data-
cube. By edge mode or corner mode, we are particularly refer-
ring to the spatial distribution of the localized surface plasmon 
modes. Corner, edge, and face modes are transverse modes and 
the term edge, corner, face, etc., only refers to the spatial locali-
zation characteristics of the spectrally probed SPRs.

Both the SVD analysis and the 2D EELS maps indicate good 
agreement for the various SPRs at different energy losses. 
While the experimental 2D maps present all the modes, SVD 
analysis deconvolutes dissimilar edge and corner modes among 
the SPRs observed here. This analysis further shows how the 
morphology and geometry of the flakes can give rise to a wide 
range of dissimilar and complementary SPRs within the energy 
space.

Finally, e-DDA simulations are performed to qualitatively 
support the experimental results and illuminate the underlying 
modes that give rise to the spectra of both the Bi2Te3 and Sb2Te3 
hexagonal flakes. The simulation details and parameters are 
included in the Experimental Section. Figure 6a displays simu-
lated aloof beam EEL spectra for both Bi2Te3 and Sb2Te3 flake 
(the electron beam is located outside of the flake) to compare 
the plasmonic responses of Bi2Te3 and Sb2Te3. A clear redshift 

of the surface plasmon modes to lower energies is observed 
moving from Bi2Te3 to Sb2Te3 which is in accordance with the 
experimental observations in Figure 4,i. Figure 6b presents EEL 
spectra for Sb2Te3 under various electron beam configurations 
relative to the flake (perpendicular vs parallel). As evident from 
Figure 6b, various plasmonic modes can be excited by varying 
the electron beam orientation relative to the flake.

An electron trajectory that runs parallel to the hexagon 
plane can drive not only the corner- and edge-localized surface 
plasmon modes, but also the various face-localized plasmons. 
The face-contained modes are less evident when using an 
electron probe with a trajectory perpendicular to the hexagon 
plane (the same trajectory used in experimental data) as explic-
itly shown by Figure 6b. The first and second peaks in the EEL 
spectrum of Figure 6a,b correspond to the corner-localized 
dipole and quadrupole modes of the hexagon nanoparticles, 
respectively. As the energy increases, the modes evolve from 
corner-localized (3.5–5.5 eV) to edge (≈6 eV) and further into 
face-localized modes (7–10 eV). The comparison of electron 
beam trajectories was made with the Sb2Te3 dielectric material; 
based upon Figure 6a, these peaks would be expected to blue 
shift if the Bi2Te3 dielectric material is used instead. The unique 

Adv. Optical Mater. 2022, 10, 2101968

Figure 5. SVD analysis to assess various spectral contributions. SVD components from the dataset acquired from the ROI in (a). b–h) Right singular 
vectors, V, for component (1–7) indicating the spatial origin of U(:,ii), the right singular vectors contain the amplitude at a given pixel number and can 
thereby be reshaped to x,y. j) S(ii,ii), the singular values contain the weighting, k) U(:,ii), the left singular vectors contain the spectra for the first two 
dominant components.
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TI plasmonic modes of the hexagon flakes are visualized by the 
electric field maps displayed in Figure 6c. These maps shows 
electric field profiles of various surface plasmon modes dis-
played in (a) with the lower-order modes (i.e., the lowest energy 
modes) corresponding to edge- and corner-localized surface 
plasmons and the higher-order modes (i.e., the highest energy 
modes) corresponding to face-localized surface plasmons. In 
all cases, the electric field component normal the flake is dis-
played and is proportional to the surface charge density of the 
plasmon mode at that resonance energy. These maps show the 
normal component of the electric field relative to the flake sur-
face. The surface plasmon peaks on the simulated spectra are 
narrower and easily distinguishable from one another in com-
parison with broad surface plasmon peaks that we observed 
in the experimental EEL. The damping parameter (γ) in the 
Durde–Lorentz model can play a significant role on the peak 
width (narrow peaks in simulated results vs broad peaks in 
experimental results). A comparison between simulated data 
and adapted experimental data[1,9,21] is shown in Figure S6 in 
the Supporting Information. In the simulated spectra shown in 

Figure 6a,b, the damping parameter is reduced by an order of 
magnitude (γ→ γ/10). The experimental data converge well with 
the simulated data for higher damping parameter as shown in 
Figure S6 in the Supporting Information. Damping parameter 
increases as a function of internal collision and scattering 
events (losses). The presence of defects and strain in the flakes 
are the major contributor for increasing scattering events there-
fore higher damping rate and broader surface plasmon peaks 
on the EEL spectra.

3. Conclusions
Our results demonstrate the promising plasmonic proper-
ties of 2D Bi2Te3-Sb2Te3 in-plane heterostructures, particularly 
their wide spectral tunability range. Various SPRs in the UV-vis 
range with varying spatial distributions including corner-, 
edge-, and face-localized modes were identified and resolved 
using STEM-EELS spectrum imaging combined with SVD 
analysis. Two types of defects (extrinsic and intrinsic) have been 

Adv. Optical Mater. 2022, 10, 2101968

Figure 6. Simulated EEL spectra and plasmonic electric field profiles. a) Simulated EEL spectra under an aloof beam trajectory oriented perpendicular 
to a Bi2Te3 and Sb2Te3 flake displaying a red shift in the SPR between Bi2Te3 and Sb2Te3. b) Simulated EEL spectra under three different aloof beam tra-
jectories with the higher-order modes enhanced under the two parallel beam geometries (black, blue). c) Corresponding plasmonic electric field profiles 
of various surface plasmon modes displayed in (a) with the lower-order modes (i.e., the lowest energy modes) corresponding to edge and corner local-
ized surface plasmons and the higher-order modes (i.e., the highest energy modes) corresponding to face localized surface plasmons. In all cases, the 
electric field component normal the flake is displayed and is proportional to the surface charge density of the plasmon mode at that resonance energy.
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explored as potential tools to tune the plasmonic responses in 
the 2D Bi2Te3/Sb2Te3 in-plane heterostructures. In addition, 
we show the presence of heterointerfaces and defects can be 
used as pathways to tune and manipulate plasmonic responses 
over a broad energy range. In situ TEM is further shown as an 
effective tool for thermally inducing controlled defects in this 
structure. Companion e-DDA simulations further identify the 
nature of the plasmonic modes and their corresponding spatial 
distributions. e-DDA simulations highlight the impact of elec-
tron trajectory on selective enhancement of lower-energy SPRs 
(corner modes) versus higher energy modes (edge and face 
modes), therefore, a potential pathway for exploring in future 
studies.

4. Experimental Section
Preparation of Bi2Te3/Sb2Te3 In-Plane Heterostructure: Hexagonal 

2D Bi2Te3 nanoplates were synthesized via a solvothermal process 
and using tellurium oxide (TeO2) and bismuth oxide (Bi2O3) in the 
stoichiometry ratio at 180 °C. Primarily a solution out of 0.48 g of 
polyvinylpyrrolidone and 30 mL ethylene glycol was made at 100 °C. 15 
× 10−3 m sodium hydroxide (NaOH), 1.7 × 10−3 m tellurium oxide (TeO2), 
and 0.6 × 10−3 m bismuth oxide (Bi2O3) were added to the solution 
and stirred continuously till the dispersed solution was acquired. The 
solution was then transferred and maintained at 180 °C for 15 h. A 
schematic of Bi2Te3 nanosheets from Te nanorods is shown in Figure S7 
in the Supporting Information. The material was then washed with water 
several times and freeze-dried to prevent oxidation and kept in argon-
filled glovebox afterward. For Bi2Te3/Sb2Te3 heterostructure synthesis, 
after Bi2Te3 nanosheets were produced and washed they were loaded 
back, and a second synthesis step took place by having Sb2O3 and TeO2 
as precursors to make the growth of Sb2Te3 as an outer junction took 
place from the edges of 2D Bi2Te3 nanosheets section.[23,62]

Characterization (Instrumentation and Data Acquisition): TEM samples 
for 2D Bi2Te3/Sb2Te3 in-plane heterostructure were prepared using solvent-
assisted exfoliation (a 1:1 mixture of isopropyl alcohol and deionized 
water) following 30–45 min of sonication to acquire a clear solution. A 
drop of the clear solution was dropped over a TEM lacey carbon grid 
and left to become dried. Talos F200X scanning/transmission electron 
microscope with a super XEDS detector at accelerating voltage of 80 kV 
was used to acquire HAADF- STEM images and XEDS maps. To remove 
contamination, the samples were beam showered for approximately 
an hour in TEM mode at a low magnification before switching to the 
STEM mode. The STEM-EELS data and in situ TEM data were acquired 
using a double aberration corrected Titan equipped with a Gatan GIF 
and a monochromater, operating at accelerating voltage of 80 kV  
and spot size 14 with energy resolution of ≈0.14 eV under a dual EELS 
condition. During STEM-EELS data acquisition, a C3 aperture of 50 um 
and a C2 aperture of 150 ums were used. Spectrum imaging (SI) data 
were collected using a focused rastering probe over a 2D ROI or 1D ROI 
(line scan) of several hundred nanometers and acquiring electron energy 
loss spectra at every pixel resulting in a 3D dataset (for the case of 2D 
spectrum image) and 2D dataset (in case of 1D line scan). The electron 
probe current was set between 80 and 120 pA. Gatan-GIF aperture 
size of 2.5 mm, energy dispersion of 0.025 eV Ch−1, dwell time of  
10 ms for each spectrum were used during SI data acquisition. SI multi-
dimensional datasets were analyzed using Hyperspy, an open-source 
Python software package.[63] Sequential frames (movies) were made 
using interactive functions between signal space and image space (x,y) 
acquired during SI acquisition.

Spectral Processing: Data analysis was performed on hyperspectral 
images mainly using Hyperspy,[63] an open-source Python software 
package combined with various other Python libraries including Numpy, 
Matplotlib, and Scipy. Using Hyperspy, all spectra were aligned according 
to their ZLP maximum position (finding the maximum between ±1 eV) 

and setting the new position to zero. The energy axis was then calibrated 
using cross-correlation between low-loss spectra (ZLP) and high-loss 
spectra in dual-EELS. Multiple interactive functions were implemented 
in Hyperspy allowing direct comparison between plasmonic response of 
several ROIs and to observe the plasmonic dynamic in the structure in a 
more intuitive way. Experimental 2D-EELS maps were also normalized to 
the same maximum for better visibility.[64]

SVD Analysis: A benefit of noise-free synthetic data was in the 
clear visibility of the data variation among given latent factors. The 
introduction of noise was resulted in smearing of the underlying 
spectral compositions such that the only dominant variation trends were 
visible.[58,61]

Singular value decomposition is a method of decomposing a 2D 
dataset into a series of significant basis vectors. In this case, the 
acquired 3D datacube from spectrum imaging could be reshaped into a 
2D dataset (spectrum, pixel). The resulting matrix was then decomposed 
into its singular vectors: three matrices consisting of two orthogonal 
matrices containing the basis spectra and one diagonal matrix as shown 
below

=A USV T  (1)

In which A is the original 2D matrix (mSpectra x npixels) and it 
decomposes into U (an m x m matrix), S (an m × n diagonal matrix), and 
V (n × n orthogonal matrix). In the case of the partial SVD, only the first 
i components were calculated, in which case the U, S, and V simplified 
to a series of i vectors and values. By taking the first i significant SVD 
components of a dataset, it was possible to reduce the rank and noise 
of the dataset as the SVD components were calculated in the order they 
contributed to the dataset since the actual spectra appeared in the first 
components where the noise or minor artifacts and fluctuations were 
present in later components.[58–60]

EELS Simulation: Numerical EEL simulations were performed with 
the electron-driven discrete dipole approximation (e-DDA) package.[65,66] 
This package utilized the familiar coupled dipole approach of DDA, but 
with the exciting field of a swift electron as the probe instead of the 
optical field. Here, e-DDA was used to analyze the plasmon modes of 
the hexagon nanostructures considered in this experiment, however, 
the simulated hexagons were scaled down in size to facilitate numerical 
convergence. The hexagon flakes used for simulation had a thickness 
of 10 nm and width of 50 nm and were taken to be in vacuum. A high 
discretization (1 nm dipole spacing) was used, and the primary electron 
beam kinetic energy for all simulations was 60 keV. The impact parameter 
was 2 nm for all simulations. Electron beam-induced electric fields were 
calculated on a plane parallel to the hexagon face, 1 nm off the surface 
of the nanoparticle. The dielectric constants used for simulation were 
obtained from fitting a Drude–Lorentz model to the dielectric constants 
of both Bi2Te3 and Sb2Te3 given by Yin et al.[9]

To best capture the plasmonic response of the hexagonal flakes, the 
dielectric functions of both Bi2Te3 and Sb2Te3 were fit to a Drude–Lorentz 
model. The radiative damping of the Drude–Lorentz oscillator, for both 
Bi2Te3 and Sb2Te3, was decreased by an order of magnitude to narrow the 
linewidths of the various peaks so a distinction could be made between 
the many corner-, edge-, and face-localized modes. The process of using 
a dielectric function fit allowed for an appropriate qualitative comparison 
between experiment and simulation, while also offering insight into the 
many plasmonic modes of the system.

Based on the Drude–Lorentz model ( ) p
2

0
2 2 i

ε ω ε
ω

ω ω ωγ= +
− −∞ , the 

dielectric parameters for Bi2Te3 and Sb2Te3 are as follows[9]

Bi2Te3:  ε∞ = 1, ħ ωp = 12.4 eV, ħ ω0 = 1.75 eV, ħγ  = 0.14 eV,
Sb2Te3:  ε∞ = 1, ħ ωp = 11.8 eV, ħ ω0 = 1.90 eV, ħγ  = 0.16 eV.
The computed bulk plasmon energies using the Drude–Lorentz 

model for Bi2Te3 and Sb2Te3 were 12.52 and 11.95 eV, respectively. The 
computed spectra presented in this paper were simulated under aloof 
trajectories and only revealed the SPRs. Under aloof trajectories, the 
electron beam was passing outside of the target in the close vicinity 
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to the outer edge where the bulk resonance was necessarily absent. 
However, the experimental EELS results were acquired under penetrating 
trajectories, therefore both surface and bulk plasmon resonances could 
be experimentally observed.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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