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ABSTRACT: New plasmonic materials with tunable proper-
ties are in great need for nanophotonics and metamaterials
applications. Here we present two-dimensional layered, metal
chalcogenides as tunable metamaterials that feature both
dielectric photonic and plasmonic modes across a wide
spectral range from the infrared to ultraviolet. The anisotropic
layered structure allows intercalation of organic molecules and
metal atoms at the van der Waals gap of the host chalcogenide,
presenting a chemical route to create heterostructures with
molecular and atomic precision for photonic and plasmonic
applications. This marks a departure from a lithographic
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method to create metamaterials. Monochromated electron energy-loss spectroscopy in a scanning transmission electron
microscope was used to first establish the presence of the dielectric photonic and plasmonic modes in M,E; (M = Bi, Sb; E = Se,
Te) nanoplates and to observe marked changes in these modes after chemical intercalation. We show that these modal properties
can also be tuned effectively by more conventional methods such as thickness control and alloy composition of the nanoplates.
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ollowing the success of graphene and boron nitride, two-
dimensional (2D) layered metal chalcogenides are being
intensely investigated for their electrical, chemical, and optical
properties." Notable examples include Bi,Se; and Bi,Te,
topological insulators for the spin-polarized, robust surface
electrons® and MoS, thin films for thin-film transistors® and
hydrogen evolution reaction. The layered crystal structure
provides a unique opportunity to tune the materials properties
by controlling the layer thickness and by inserting guest species
at the van der Waals gap, known as intercalation. Thus, novel
applications in addition to currently studied spintronics, optical
sensors, transistors, and catalysts may be possible. Here, we
explore 2D metal chalcogenides as a potential material platform
for plasmonic and photonic applications due to the
combination of the precise thickness control down to a single
layer and intercalation of various functional building blocks.
Because of their ability to squeeze electromagnetic energy
into extremely small volumes, plasmons have enabled many
novel applications including photonic chips,® chemical and
biological sensors,®” solar energy conversion,® photocatalysts,9
and nanoscale lasers.'” Noble metals such as gold and silver
have been successfully used because their plasmonic responses
can be effectively tuned through shape control of chemically
synthesized nanoparticles, nanorods and hollow structures,"'
and the geometrical control of lithographically patterned metal
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structures such as holes, bowties, and metal/dielectric
heterostructures.>'* In addition to gold and silver, there are
intense interests in exploring new plasmonic materials with
functionally more diverse and potentially superior properties.'*
Several materials systems include metamaterials with a gain
medium,'>'¢ intermetallics,'” heavily doped semiconductors
with carrier density tunability,'®'® transparent conducting
oxides,”® and graphene.”’ > Metamaterials in particular are
hotly pursued because the optical properties of such materials
can be engineered in a highly controlled fashion. Metamaterials
with both metallic and semiconductor building blocks in the
size range from 10 to 100 nm have been engineered to achieve
unusual optical effects, such as negative refraction and
cloaking.**

Here, we demonstrate that 2D layered chalcogenides, a
historically well-known class of materials® that are used for
thermoelectric devices as well as plasmonic applications in glass
form,26 can afford a novel chemical method to engineer the
dispersion properties of plasmonic and photonic modes at
molecular- and atomic-level due to the anisotropic 2D bonding
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Figure 1. Photonic and plasmonic modes in Bi,Se; nanoplates. (a) Crystal structure of pristine and intercalated Bi,Se,. (b) EELS spectrum from
Bi,Se; shows five peaks that are attributed to guided dielectric photonic mode (peak #1), surface plasmon (peak #2), and volume plasmon (peak
#3), and Bi O, 5 core-loss edge (peaks #4, 5). Inset shows a dark-field STEM image of a Bi,Se; nanoplate. The dot denotes the location from which
EELS signal is acquired. (c—g) A different nanoplate. (c) EELS line traces at specific energies along the red line, displayed with an offset for visual
clarity. Red curves are exponentially decaying, sinusoidal wave fits to the measured EELS signal profiles. (d—f) The 2D maps of the photonic mode
(<2.5 eV) and surface plasmons at specific energies. The maps are obtained from a 32 X 32 pixel spectral image of the plate, indicated by the blue
box. Scale bars = S0 nm. Supporting Information Movie S1 plays the sequential frames of the maps. (g) Dispersion relation, obtained from the fits
shown in panel d. (h) Calculated dispersion of a 10 nm thick Bi,Se; dielectric slab. The dispersion trend matches the experiment. The discrepancy
between the experiment (g) and calculation (h) may be due to the difference in nanoplate thicknesses as well as the fact that the first-principle
calculation was carried out for bulk crystal, thus the exact amplitude of the dielectric constant may be inaccurate. (i) Calculated 2D map of the
surface plasmon at 3.9 eV of a 10 nm thick Bi,Se; rectangular film. A rectangular geometry was used to simplify the calculation. The intensity

variations are in agreement with (f). Scale bar = S0 nm.

nature. The 2D chalcogenides are layered structures where five
atomic layers (Se—Bi—Se—Bi—Se in the case of Bi,Se;) bond
covalently to form a ~1 nm thick quintuple layer and
neighboring quintuple layers interact through weak van der
Waals force (Figure 1a).” Synthesis of these 2D chalcogenides
into nanoplates and nanoribbons has been reported.””>* The
2D bonding nature renders the opportunity to insert guest
species into the van der Waals gap through a process known as
“intercalation” (Figure 1a).>**' We established chemical
methods to into the
chalcogenide nanostructures at high densities.>>>> Because
the guest species can have drastically different dielectric
function from the host material, intercalation affords significant
control over the photonic and plasmonic modal properties,
carried out at molecular- and atomic-level. Although the 2D
chalcogenides we investigate in this work have loss issues, they
demonstrate, as a proof of concept, intercalation as a widely
applicable novel chemical route to construct metamaterials for
layered materials. We used a scanning transmission electron
microscope (STEM) electron energy-loss spectroscopy (EELS)
to study plasmonic and photonic modes supported in 2D
layered chalcogenide nanoplates of M,E; (M = Bi, Sb; E = Se,
Te). A STEM can not only provide structural information at
the atomic-scale, it can also provide valuable information about
the allowed optical modes supported by nanomaterials by
enabling local EELS measurements. EELS has proven itself as a

intercalate various metal atoms

very powerful technique to study plasmon excitations in
nanostructures, as shown in a recent study of surface plasmon
mapping in triangular silver nanoplates®® and quantum size
effects on plasmon resonances in silver nanopartlcles 3936 EELS
can also probe dielectric photonic modes,”” as demonstrated in
STEM-EELS studies of silicon photonic crystals.*® The ability
to map optical modes in such systems is based on the fact that
the EELS signal is directly proportional to the component of
the local density of optical states (LDOS) along the electron
beam trajectory p, (typically taken as the z-direction).>” This
quantity is in turn proportional (rigorously in nondissipative
systems) to the z-component of the electric field of the
eigenmodes m of a nanostructure at Eigen-energies fic,,
plo, 7) ~ Z IE,(7)"P6(0 — w,,) "
m 1

By mapping the EELS signal at different energy losses, one
can thus obtain maps of the optical modes supported at that
energy.” The range of energy losses that can be captured in our
monochromated EELS system is from 0.5—30 eV at the
dispersion setting that gives the energy resolution of ~0.14 €V,
sufficient for this study.

Our STEM-ELLS study on chalcogenide nanoplates
proceeds by first experimentally demonstrating the existence
of dielectric photonic and plasmonic modes and by analyzing
their dispersion relations. The presence of these two types of
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Figure 2. Thickness control over dielectric photonic and plasmonic modes in 2D chalcogenides. (a) EELS spectra from Bi,Se; plates of different
thicknesses show systematic shifts in the dielectric photonic and surface plasmon peaks, showing the ability to engineer dispersion in these
nanomaterials by controlling the thickness. Numbers indicate plate thicknesses in nanometers. The red dots are a visual guide. For clarity, the EELS
spectrum for a 164 nm thick ribbon is displayed separately as inset. (b) Peak energies plotted against the plate thickness. (c) Calculated EELS signal
resulting from surface plasmon excitations as a function of the plate thickness. The color represents intensity where yellow denotes higher intensity,

as indicated in the color scale.

modes is consistent with first-principle calculations of the
dielectric function of these materials. Supporting Information
Figure S1 shows a representative calculation for the specific
case of Bi,Se;. The real part of its dielectric constant is large
and positive in the visible and infrared part of the spectrum,
where it can support dielectric photonic modes, and negative at
higher energies in the ultraviolet where it supports plasmons.*’
We then continue by showing how the dispersive properties of
the photonic and plasmonic modes can be engineered by the
more-or-less established means of tuning the plate thickness
and composition. Finally, we demonstrate the new tantalizing
opportunity to atomically engineer these modes by means of
chemical intercalation.

A monochromated EELS spectrum taken from a Bi,Se;
nanoplate shows five distinct peaks (labeled from 1 to S,
Figure 1b). Consistent with the spectral features of the
dielectric function of Bi,Se; (Supporting Information Figure
S1), the lowest energy loss peak is assigned to a dielectric
photonic guided mode, while the peak at 6.4 eV is attributed to
surface plasmon excitation. The third peak at ~17 eV is a
volume plasmon, and the remaining two peaks at even higher
energies are core-loss Bi Sd electron transitions (O, edge).*!
To further confirm these assignments, we use EELS to obtain
their dispersion relation and make a comparison to theory. To
this end we map the spatial properties of the modes near the
edge of a ~ 16 nm thick nanoplate. Figure 1d—f (and also
Supporting Information Figures S2 and S3) shows EELS maps
taken at different loss energies (1.5, 2.9, and 3.9 eV) over an
integration window of 0.3 eV. Each map exhibits a spatial
variation of the EELS signal with a characteristic dark band
close to the edge of the plate. The width of this band depends
on the magnitude of the energy loss (Supporting Information
Movies S1 and S2 play sequential frames of EELS maps that
clearly show gradual reduction of the dark band with increasing
energy loss). A calculated surface plasmon intensity map at 3.9
eV of a 10 nm thick Bi,Se; rectangular film shows similar
intensity variations (Figure 1i). The spatial variation of the
EELS signal near the plate edge can be explained with an
intuitive classical picture, where the electric fields induced by
the electron beam in the plate act back on the electron in a
spatially dependent fashion. For example, at some spatial
locations an incident electron can excite a guided wave in the
plate, which after reflection of the plate edge can act back on

the next incoming electron to slow it down, that is, to induce
energy loss. Thus, the surface plasmon is actually the surface
plasmon polariton. When propagating modes are excited, eq 1
predicts that the spatial variations in the EELS signal at a
certain energy loss will occur with a characteristic spatial
frequency that is twice the spatial frequency of the relevant
mode, that is, 2k,. This is because EELS measures intensity,
not the field amplitude. Figure lc shows characteristic EELS
signal traces taken along the red line (inset) at different
energies in the range from 1. § to 5.3 eV. By fitting these traces
with exponentially decaying sine waves one can obtain an
approximate dispersion relationship for the supported modes as
shown in Figure 1g. Figure 1h shows the simulated dispersion
relations for the dielectric photonic and plasmonic modes as
obtained by using the fitted materials dispersion as given in
Supporting Information Figure S1. The experimental and
simulated curves exhibit similar qualitative trends for the
dielectric photonic and plasmonic modes, further confirming
our mode assignment. Quantitative differences can be expected
based on the inaccuracy in the presented calculation of the
dielectric constant, but are within reasonable bounds
(Supporting Information Figure S1). The photonic and
plasmonic maps (Figure 1) suggest that Bi,Se; is lossy as the
modal propagation extends to a few hundred nanometers only.
This can be deduced from the high imaginary part of the
dielectric function between 2 and 3.5 eV energy range
(Supporting Information Figure SI).

Next, we explore the possibility to geometrically tune the
modal dispersion of the dielectric photonic and plasmonic
modes. The 2D nature of layered chalcogenides naturally allows
for precise control over layer thickness. Extremely thin films
down to a single quintuple layer were found to be stable.*”
Figure 2a,b shows the impact of the plate thickness in the range
from 10 — 300 nm on the modal dispersion (Supporting
Information Figure S4 explains the thickness calibration). With
decreasing thickness from 300 to 10 nm, the dielectric photonic
peak in the EELS spectrum shifts to higher energies from 0.7 to
~3 eV while the surface plasmon peak shifts to lower energies
from 7.1 to 4.5 eV. Bi,Se; nanoplates are the dielectric
waveguide that carries the photonic mode and the modal
energy of the photonic mode is dictated by the thickness of the
plate. The lateral dimensions of the plates are much larger than
the thickness and thus do not affect the modal energy. The blue
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Figure 3. Plasmon tuning via compositional control of Bi,(Se,Te,_,); nanoribbons. (a) EELS spectra taken from Bi,(Se,Te,_,); nanoribbons with
different values of x. From bottom to top, x are 0, 0.26, 0.41, 0.77, and 1, respectively. Shifts in plasmon peaks due to compositional changes are
clear. (b) Peak A position, plotted against the percentage of Bi,Se; in Bi,(Se,Te,_,);. (c) High-resolution TEM images of Bi,Se; (top) and Bi,Te;
(bottom) nanoribbons, showing larger lattice constants for Bi,Te;. (d) Intensity profiles of diffractograms, Fourier transform of lattice images, of
Bi,(Se,Te,_,); nanoribbons with different values of x. From bottom to top, x are 0, 0.42, 0.77, and 1, respectively. The lattice spacing decreases
systematically with increasing ux.
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Figure 4. Pyridine-, nitrobenzene-, and dodecylamine-intercalated Bi,Se; and corresponding changes in EELS spectra. (a) EELS signal before
(dotted black) and after (solid red) pyridine intercalation. The presence of the photonic mode is apparent after intercalation. Inset shows a pyridine
molecule. (b) EELS signal before (dotted black) and after (solid red) nitrobenzene intercalation. The EELS signal for the photonic mode at ~2 eV
decreases distinctly after intercalation. Inset shows a nitrobenzene molecule. (c) Electron diffraction of a dodecylamine-intercalated Bi,Se; ribbon,
showing incommensurate charge density wave formation due to intercalation. (d) EELS signal of a clean Bi,Se; nanoribbon (dotted black) and a
dodecylamine-intercalated Bi,Se; nanoribbon (slid red). The spectral shape has distinctly altered from pristine Bi,Se;. The inset shows a

dodecylamine molecule.

shift of the photonic peak is explained by the fact that the
dispersion relation for dielectric slab modes shifts up for
thinner slabs due to the increased modal overlap with the lower
index surroundings (vacuum). In the meantime, the red shift of
the surface plasmon mode is due to enhanced surface plasmon
coupling between the top and bottom surfaces in thinner plates
which pushes the entire surface plasmon dispersion curve to
lower energies.* These results directly show the ability to tune
modal dispersion by thickness control and provide further
evidence that our initial modal assignment is correct. As
expected, the volume plasmon does not change with thickness.
Finite-difference time-domain (FDTD) calculations of the
surface plasmon of Bi,Se; slabs (Figure 2c) show good
agreement with the experiment. EELS loss functions including
full retardation effects are also calculated for different slab
thicknesses and show the same result (Supporting Information
Figure SS).

The presence of the observed photonic and plasmonic
modes turns out to be a general property for a family of binary
chalcogenides, including Bi,Se;, Bi,Te; and Sb,Tes, paving the
way for compositional control over the modal properties. As
the “parent” compounds share the same crystal structure, we
can grow ternary chalcogenides Bi,(Se,Te;_,); and
(Sb,Bi,_,),Te; with arbitrary composition,**** which affords

an opportunity to tune the property by alloying at the atomic
scale. As the ratio x changes from 0 to 1 in Bi,(Se,Te,_,);
lattice constant and dielectric permittivity should change from
those of Bi,Te; to Bi,Se;. To eliminate surface plasmon
coupling effects due to thickness changes, EELS spectra in this
part of the study are measured from thick Bi,(Se,Te;_,);
nanoribbons. All plasmon peaks shift systematically with the
ratio x (Figure 3a,b), for example, from 5.9 eV at x = 0 to 7.1
eV at x = 1 for peak A. Interestingly, the peak energy has a
linear dependence on composition x, which makes precise
control possible. We note that no subtraction procedures such
as subtracting the tail intensity of the zero loss peak or
subtracting the intensity contribution from the volume plasmon
were carried out in determining the peak position of the surface
plasmon. High-resolution TEM images show larger lattice
spacing for Bi,Te;, compared to Bi,Se; (Figure 3c), and
correspondingly Bi,Te; plasmons are at lower energies than
Bi,Se; plasmons. The gradual change in the lattice constant of
Bi,(Se,Te,_,); with increasing x is revealed by the systematic
shift of the (1120) diffraction peak, obtained by Fourier
transform of high-resolution TEM images (Figure 3d). The
atomic ratio x is measured by TEM-energy dispersive X-ray
spectroscopy. Plasmons of thick (Sb,Bi,_,),Te; nanoplates also
show systematic shifts (Supporting Information Figure $6). We
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note that the charge carrier type and density also depend on the
composition in these ternary chalcogenides,*** offering a
platform of plasmonic materials with rich electrical and optical
properties.

Owing to the chalcogenides’ 2D nature, intercalation can be
used as a completely new way to tune the photonic and
plasmonic modes by making heterostructures of chalcogenide
and intercalant layers at molecular and atomic scale. It is well
documented that various organic molecules and alkali metals
can readily be intercalated into the van der Waals gap of these
layered chalcogenides.*>***® High densities of pyridine have
been intercalated into the van der Waals gaps of TaS,,*’ and
recently up to 60% of Cu atoms were intercalated into Bi,Se;
nanoribbons.>* These intercalants can change the dielectric
permittivity of Bi,Se; significantly, thus presenting intercalated
Bi,Se; as new plasmonic metamaterials. We compared EELS
spectra of Bi,Se; nanoplates before and after pyridine (CsHsN)
and nitrobenzene (CqH{NO,) intercalation and also examined
dodecylamine (C;,H,,N)-intercalated Bi,Se; nanoribbons.
Intercalation was carried out by placing SiN, TEM grids that
contained examined Bi,Se; nanoplates in intercalant solution
for 26 h under reflux; excess solution was washed off with
ethanol or acetone.

The morphology of the nanoplates is found to be intact after
intercalation, and the electron diffraction pattern shows a
redistribution of the intensities among diffraction peaks. For
dodecylamine intercalation, incommensurate charge density
waves are sometimes observed in the diffraction pattern
confirming successful intercalation (Figure 4¢).*® After
intercalation, the photonic mode is enhanced visibly in
pyridine-intercalated Bi,Se; (Figure 4a) while it is reduced in
nitrobenzene-intercalated Bi,Se; (Figure 4b). Multiple plates
consistently show such results for both intercalations
(Supporting Information Figures S7 and S8). For dodecylamine
intercalation, direct comparison before and after intercalation
was difficult because residual solution could not be completely
removed. Thus, we compare dodecylamine-intercalated Bi,Se;
ribbons with pristine ribbons. The optical mode at ~2 eV
appears much enhanced in dodecylamine-intercalated Bi,Se;
and the plasmon mode becomes asymmetrical (Figure 4d). We
tentatively attribute the enhancement of the photonic mode to
a reduction of the imaginary part of the dielectric permittivity
for pyridine and dodecylamine intercalation. The DC dielectric
constants of pyridine and dodecylamine are ~12 and ~S§,
respectively, while that of nitrobenzene is ~35.* The marked
difference in the dielectric constants of pyridine versus
nitrobenzene is due to the different dipole moments in these
molecules; the dipole moment of nitrobenzene (3.98 D) is
almost twice as large as that of pyridine (2.2 D).** This leads to
a wide tunability of the photonic property of the host material
using organic molecules of similar sizes and structures and yet
with very different dielectric constants. We note that additional
changes in the electronic band structure may be induced by
intercalation, which may contribute to the observed changes in
the EELS spectra. Because of the limited tilt range in the
electron microscope, anisotropic excitation of photonic modes
possibly due to intercalation could not be carefully investigated.
In addition to organic molecules, copper-intercalated Bi,Se;
also show distinct plasmon responses (Supporting Information
Figure S9) although detailed study is left for future.

In summary, we demonstrated the presence of dielectric
photonic and plasmonic modes in thin 2D chalcogenides
nanoplates. We presented three distinct ways to tune the

dispersion of these modes via thickness and composition
control as well as chemical intercalation of organic molecules
and metals in the van der Waals gap. Intercalation, in particular,
presents an exciting opportunity for emergence of new
fundamental phenomena and potential optoelectronic applica-
tions. Anticipated functionality or applications of atomic-scale
metamaterials achieved via intercalation may be quantum
plasmonic effects where the intercalated metal sheets are
separated by a single chalcogenide layer or indefinite
metamaterials. The combination of thickness control, composi-
tional tuning, and intercalation chemistry in 2D chalcogenide
nanoplates paves a way for the development of new plasmonic
and photonic metamaterials that can be engineered at multiple
length scales simultaneously. One issue with the chalcogenide
nanoplates studied here is the relatively high loss, which must
be overcome for wide applications. Intercalating gain medium
may be one solution. This work also highlights the ability of a
transmission electron microscope to study and correlate optical
phenomena in nanomaterials to their structural properties at a
length scale well below the diffraction limit.

B ASSOCIATED CONTENT
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Methods including materials synthesis, intercalation, exper-
imental setup, and simulation details. Additional figures and
supporting movies. This material is available free of charge via
the Internet at http://pubs.acs.org.
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