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Plasmon coupling in topological insulator multilayers

Zhengtianye Wang @, Theresa P. Ginley, Sivakumar Vishnuvardhan Mambakkam ®, Greeshma Chandan,
Yuying Zhang, Chaoying Ni®, and Stephanie Law
Department of Materials Science and Engineering, University of Delaware, Newark Delaware 19716, USA

® (Received 20 July 2020; accepted 19 October 2020; published 9 November 2020)

Topological insulators (TIs) house two-dimensional Dirac plasmons on their surfaces. In TI thin films,
plasmons on the top and bottom surfaces couple electrostatically, giving rise to an acoustic and an optical
plasmon mode. By extension, a superlattice comprising TI layers and trivially insulating layers could house
multiple complex plasmon modes which could be used to create a new type of Dirac metamaterial. In this
paper, we synthesize TI superlattices, fabricate them into stripe arrays, characterize their optical and plasmonic
properties, and model the samples using transfer matrices. We excite plasmon modes that couple to the phonons
in the superlattice, resulting in hybrid plasmon-phonon polaritons. These modes are modeled using an analytical
Fano resonance model and the extracted resonant positions are reproduced by transfer matrix modeling. We also
excite an epsilon near-zero mode in the top dielectric material (BijsIngs),Ses;. Understanding the behavior of
the polariton modes in this complex system will lend insight into the many-body interaction in low-dimensional

systems.
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I. INTRODUCTION

Layered van der Waals materials like Bi,Ses, Bi;Tes, and
Sb,Te; have been rediscovered as topological insulators (TIs)
in the past decade [1]. Due to the large spin-orbit coupling
arising from heavy elements like bismuth and antimony, these
materials exhibit an inverted band structure which causes
the formation of nontrivial topological surface states (TSS).
The TSS form a Dirac cone within the bulk band gap at
a high-symmetry point in the Brillouin zone. The electrons
occupying the TSS exhibit spin-momentum locking, which
prevents them from backscattering into other surface states
in the absence of a magnetic perturbation. Such inherent
robustness makes the TSS more resistant to surface quality
issues and ensures a longer lifetime of processes leveraging
the TSS. Electrons occupying the TSS are massless Dirac
fermions, characterized by a linear energy/momentum disper-
sion and vanishing density of states near the Dirac point. The
unique properties of the TSS have great promise in tunable
THz detectors [2—4] and emitters [5], quantum computing [6],
and spintronic devices [7,8]. In addition to these and other
applications, the TSS can also house two-dimensional (2D)
spin-polarized Dirac plasmons. These plasmons are of interest
both for their unusual physics as well as their optoelectronic
device applications in the THz spectral range [9]. In this paper,
we will investigate the coupling among TI Dirac plasmon
polaritons in multilayer heterostructures through both transfer
matrix method (TMM) modeling and experiment to under-
stand how the coupling depends on the physical parameters
of the system including layer thicknesses and wave vector.
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The behavior of TI Dirac plasmons is not dissimilar to that
of the more well-studied graphene plasmons. Both materials
show a Dirac cone band structure, which leads to plasmons
in which o o n'/* where w is the plasmon frequency and n
is the 2D carrier density. In general, the plasmon resonances
in Dirac fermion systems are in the midinfrared and terahertz
bands; these frequency ranges have many applications which
would benefit from plasmonic devices [9,10]. For example,
both materials are highly sensitive to changes in the sur-
rounding dielectric, making them promising for applications
in on-chip sensors. However, unlike graphene, plasmons aris-
ing from the TSS are also predicted to carry a spin-density
wave [11], as a result of strong spin-orbit coupling inside the
bulk. TIs are the only known example of a single-material
system that can house a spin plasmon. Another thing that
distinguishes TI thin-film plasmons from graphene is their
morphology. It is easy to grow TI thin films at a wafer scale,
which makes device patterning straightforward. Finally, un-
like graphene which is by nature a single layer, TI thin films
with thicknesses above the critical thickness will always house
coupled Dirac plasmons, since plasmons will be excited on the
top and bottom surfaces simultaneously. This leads to a bond-
ing and an antibonding mode, or alternatively, an acoustic and
an optical plasmon mode.

There have been significant previous efforts investigating
the physics of Dirac plasmons in single-layer TIs. Dirac plas-
mons in BiySe; were first optically probed experimentally by
Di Pietro et al. and a square-root w(q ) dispersion relationship
was reported where g is the in-plane momentum [12]. This
type of dispersion relationship is characteristic of 2D plas-
mons. Plasmons can also be excited and probed by electronic
spectroscopy, for example, electron energy-loss spectroscopy
(EELS). EELS measurements demonstrated that the morphol-
ogy of the Bi,Se; surface plays a crucial role in determining
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the dominant plasmon type in excitations [13]. Samples pre-
pared by blade cleaving show large flat terraces leading to
excitation of Dirac plasmons and 2D electron gas (2DEG)
surface plasmons [14], which can be further distinguished
by mapping out their dispersions respectively. On the con-
trary, samples prepared by exfoliation show significant surface
roughness and large quantity of defects, thus leading to the
excitation of plasmons arising from massive bulk electrons
[15]. Ginley and Law studied how the plasmon frequency de-
pends on the BiySes film thickness and showed conclusively
that the plasmon excitations in the THz range arise mainly
from the TSS electrons [16]. TI plasmons have also been in-
vestigated in other chalcogenide compounds like Bi,Te; [17]
and Bi; sSbg sTe; gSe;, alloys [18] in the visible range. In
addition, plasmons in a microring geometry were also studied,
where bonding/antibonding plasmon modes formed due to
plasmon hybridization [19]. Finally, because the bulk dielec-
tric constant of TI materials is large (~20-100, depending
on measurement technique) [20,21], these coupled plasmons
show extremely large mode indices which may be useful in
future on-chip THz applications.

Despite these significant achievements, to date there have
been few investigations of the physics of TI plasmons in
multilayer heterostructures. In traditional materials, it is
known that plasmons can couple across multiple interfaces
in metal/dielectric heterostructures. This leads to complex
bulk plasmon modes and, with enough layers, to hyperbolic
metamaterial behavior in normal metal/dielectric heterostruc-
tures [22,23]. In a material hosting Dirac plasmons like
graphene or TIs, we would expect to observe similar com-
plex coupled plasmon modes, with the potential to create
a Dirac metamaterial. There is existing work on related
graphene/dielectric plasmonic multilayer structures [10,24—
29]. Nevertheless, experimental research into the plasmonic
excitations of graphene multilayer structures has been rela-
tively limited. This is likely due to the difficulty in fabricating
these structures: structures are usually made by transferring
one graphene layer onto a substrate, depositing a dielectric
spacer, transferring the next graphene layer, and so on. Di-
rect growth of graphene multilayer heterostructures is still
challenging, making it difficult to understand the properties
of plasmon modes in stacked graphene structures, which is
essential for creating Dirac metamaterials.

Fortunately, we can create large-area films containing
multiple coupled Dirac plasmons by growing TI/band insula-
tor (BI) heterostructure using well-developed semiconductor
thin-film techniques like molecular-beam epitaxy (MBE).
Compared to stacking graphene layers and dielectrics using
transfer techniques, the growth of chalcogenide materials via
MBE is straightforward, controllable, and wafer scale. This
allows us to study plasmon coupling across band insulators
and plasmon coupling across multiple TI interfaces. Due to
the unique properties of the TSS electrons in TIs, the collec-
tive modes in these layered structures are likely to have exotic
optical and spin properties.

Superlattices of TI/BI materials have been grown previ-
ously using BI materials like ZnSe [30], Zn,Cd;_Se [31],
and In,Se; [32,33]. In our heterostructure of alternating TI/BI
layers, we use (BigsIngs)>Ses (BIS) as the BI material. Both
Bi,Se; and BIS can be synthesized via MBE using a selenium

cracker source [34,35]. BIS is preferred over pure In,Ses
due to its closer lattice match to Bi,Se; and the reduction of
indium diffusion into the TT layer [36]. For indium concentra-
tions above x = 0.06, (Bi;.,In,),Ses is a topologically trivial
material [37]. Topological surface states are thus expected at
each Bi,Se; and BIS interface.

In this paper, we model, fabricate, and characterize multi-
layer TI/BI structures and examine their structural and optical
properties. This paper will be divided into four parts: In
Sec. II, we will introduce the analytical form of the coupled
plasmon dispersion in a single-layer TI and the optical proper-
ties of (BigsIngs)>Ses. In Sec. III, we develop and validate a
TMM to investigate the optical properties of coupled plasmon
modes in a single layer of Bi,Ses. Finally, in Sec. IV we fab-
ricate structures comprising three BIS layers and two Bi,Ses
layers and measure the extinction of the films as a function
of wave vector to probe the polariton dispersion experimen-
tally. We change both the central BI spacer layer thickness as
well as the TI layer thicknesses to understand Dirac plasmon
coupling. Plasmon-phonon polariton modes are observed in
all samples. The experimental results are compared to TMM
modeling with good agreement, and Dirac plasmon coupling
across band insulator is confirmed. These results are a step
toward creating a TI-based Dirac metamaterial.

II. ANALYTICAL FORM OF DIRAC PLASMON
DISPERSION AND MATERIAL PERMITTIVITIES

Before we can explore plasmon coupling in a TI multi-
layer heterostructure, we must first understand the behavior of
plasmons in single TI layers. The Dirac plasmons in TIs are
similar to the graphene/dielectric/graphene (G/D/G) structure:
they are both Dirac fermion systems, they are two dimen-
sional, the Dirac fermion layers are coupled to each other
across a dielectric (the bulk material in the TI case), and the
long range Coulomb electron interactions are non-negligible.
Therefore, it is common to model plasmons in thin TI films
using formalism developed for the coupled G/D/G system.
Dirac plasmon coupling in a G/D/G structure in which the
dielectric layer is thin relative to the wavelength of light
has been studied extensively [25,38—41]. If we only consider
the electrostatic interaction, ignore the tunneling of carriers,
and apply the long-wavelength limit ¢ < kr where ¢ is the
plasmon wave vector and kp is the Fermi wave vector of the
graphene or the TSS electrons, the hybridization of the top and
bottom plasmons generates an optical mode and an acoustic
mode. For this formalism to apply, the TI film must be thinner
than the TSS plasmon decay length in the bulk (~1 um),
and the TI film must be thicker than the critical thick-
ness for the quantum tunneling of surface states (~6-8 nm)
[42,43]. Even though TI thin films and G/D/G systems are
similar, we still note several unique features of TI: the strong
spin-orbit coupling inside the TI bulk leads to opposite Fermi
velocities for the top and bottom surfaces (spin degeneracy
gs = 1), a spin wave is predicted to accompany the plasmon
charge-density wave due to the spin-momentum locking, and
a single Dirac cone resides at the high-symmetry I' point in
the TI Brillouin zone (valley degeneracy g, = 1) as compared
to the two Dirac cones at the K and K’ points in the graphene
Brillouin zone (g, = 2). For the purposes of this paper, we
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will set aside the spin-momentum locking and focus on the
2D and massless fermion features of the TSS.

Equation (1) shows the analytical dispersion relationship
for the optical plasmon mode in a G/D/G structure or single-
layer TI thin film, where ¢, &, and ¢3 are the permittivities
of top, middle, and bottom dielectric media [44,45]. In the
case of TI thin films, &; is the permittivity of the bulk. Since
TI plasmons are usually excited in the THz frequency range
where wavelengths are hundreds of micrometers, real TI thin
films (<1 wm) will always be in the coupled plasmon regime.

2
2 e” vpA/2mnap q

optical €0 h &1+ &+ ngz .

In Eq. (1), vp =5 x 10° m/s [1] for TSS in Bi,Se; and
nop = 1.2 x 1013 cm~2 [35]. Note that nyp is the sheet car-
rier concentration of the entire TI thin film and includes the
TSS electron contribution from both surfaces. It is clear that
when €1.€3 > |gde;|, the plasmon frequency is proportional
to ,/q and independent of film thickness. In this limit, we
recover the dispersion relationship for a single Dirac plasmon
layer. However, this condition is not satisfied in most of the
experimental measurements of Bi,Se; plasmons [12,16]. For
d =50 nm and ¢ = 0.31 x 10° cm™! (corresponding to a
1-pum-wide microribbon), the plasmon frequency is at 4.31
THz [16]. At this frequency, we have &, = —30 for bulk
Bi,Ses; thus, |gde;| = 4.6 and ¢;&3 = 12 for an air super-
strate and a sapphire substrate, demonstrating that we are
clearly in the coupled plasmon regime where the thickness of
TI film matters.

From Eq. (1), we can see that the permittivity of the
surrounding environment and of the TI material itself has
a significant impact on the plasmon dispersion. A thorough
understanding of the optical properties of these materials
is therefore needed. In the samples that we will discuss in
Sec. IV, we have used c-plane sapphire as the substrate, BIS
as a buffer, spacer, and capping layer, air as the superstrate,
and Bi,Ses as the TL.

In Eq. (2), we give the frequency-dependent permittivity
to model the c-plane sapphire substrate for frequencies below
10 THz where ng = 3.2, A = 20.4 x 10~* cm, and y = 0.036
[46].

eaL0, (@) = n§ + (12 — 1) w)* + iy (n) — 1)(hw).  (2)

The BiySe; permittivity can be modeled using Eq. (3),
in which the o and B phonons are the contributing Lorentz
oscillators:

w,

ey
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with w, = 63.03 cm~!, S,. = 6759 cm™!, y, = 17.5cm ™!,
wp = 126.94cm™!, S5 =100cm™!, y5 = 10cm™~'. Please
see Supplemental Material, Sec. I [47], for a detailed dis-
cussion of the BiySe; permittivity. In Fig. 1(a), we plot the
modeled permittivity of Bi,Ses; as a function of frequency.
We see that the o phonon causes the real part of the per-
mittivity to become large and negative from ~2-10 THz,
while the B phonon only causes a small kink near 4 THz.
It is important to note that the Bi,Se; permittivity [e, in
Eq. (1)] is negative across almost the entire frequency range
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FIG. 1. (a) Real (solid) and imaginary (dashed) parts of the per-
mittivity of Bi,Se; in the THz frequency range. (b) Real (solid) and
imaginary (dashed or dotted) parts of the permittivity of BIS for s
polarization (blue) and p polarization (yellow) in the THz.

of interest. In addition to the TI permittivity, we also need
to know the BI permittivity to model the layered structure.
The optical properties in the visible and mid-IR for differ-
ent indium compositions of (Bij,In,),Ses; are known [48].
However, the permittivity of BIS in the 2-10-THz range
is not known. We obtained the dielectric constant for BIS
in this region by fitting the angle-dependent transmission
of a 500-nm-thick BIS film under s- and p polarization.
The fitting is described in detail in Supplemental Mate-
rial, Sec. II [47]. The permittivity is described by Eq. (4),
where €0, = 10.26, €00 = 7.40, w, = 88.98cm™!, S, =
366.02cm™!, y, = 60.50cm™!, wp =142.38cm™!, S5 =
188.39cm™!, and vp = 22.39 cm~'. Here we still describe the
two phonon modes observed in BIS as « and 8 phonons as we
assume they are the same vibrational modes that are observed
in BiQSe3.
s2 S
— WYy a)% — w? —iwygh’
“
Based on the fitting, we plot the permittivity of BIS for
both s- and p polarization in Fig. 1(b). The real parts of the

epis(@) = €co, pys + —
a)a
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permittivity for both polarizations are similar. We note that
the real part of the permittivity for s polarization is negative in
the 4.2-5.3 THz range, while the real part of the permittivity
for p polarization becomes negative the 4.4-4.8 THz range.
This feature will be important for the discussion of the epsilon
near-zero (ENZ) mode observed experimentally in Sec. IV.

Now that we know the frequency-dependent permittivity
for both the TI and BI layers in our heterostructure, we can
model the multilayer material. The exact analytical solution
of the plasmon dispersion of multilayer structures relies on
a simple form of the Coulomb interaction matrix, which is
easy to solve for the case of only two Dirac layers as found
in a single TI thin film. However, if the number of interacting
Dirac layers increases as N, the Coulomb interaction matrix
doubles and N(N + 1)/2 elements in total are needed to de-
scribe the intralayer and interlayer interaction, which makes
an analytical solution almost impossible. A good numerical
alternative to study optical excitations in these multilayered
systems is the TMM, which has successfully been applied to
a variety of multilayered optical material stacks. In the next
section, we introduce the TMM and apply it to a single TI
layer.

III. TRANSFER MATRIX METHOD FOR TOPOLOGICAL
INSULATOR PLASMON COUPLING

The TMM relates the electromagnetic (EM) field on one
side of a layered structure to the EM field on the other side via
sequential multiplication of the transmission matrix Dy and
the propagation matrix Py for each layer as shown schemat-
ically in Figs. 2(a) and 2(b). T matrices have been widely
used to study the optical properties in a variety of multilayer
films. Transmission, reflection, and absorption from all of the
materials and interfaces are combined in the transfer matrix,
allowing the transmission and reflection of the entire structure
to be calculated as long as the optical properties and thickness
of each individual layer are well known. Details of the TMM
formalism can be found in Supplemental Material, Sec. III
[47]. To model the multilayer structure, we use the permit-
tivities for Bi,Se; and BIS described in Sec. I. We include
the TSS as separate infinitesimal two-dimensional conducting
layers with finite conductivity oy, as shown schematically in
Fig. 2(a). The optical conductivity in THz range of the TSS
has been investigated both theoretically and experimentally
[42,49-57] and can be given by

82 EF i
== 5
“ R Ar o+ it~! )
EF = szva, (6)
gSgU 2
= k%, 7
" 47 @)
T = wnEr /evr?, (8)

where Er is the Fermi energy of the surface states and 7 is the
relaxation time. For our BiySes; grown on a (BigsIngs)>Ses
buffer layer on c-plane sapphire, the sheet carrier concentra-
tion measured in our films at room temperature nyp = 2np =
1 x 1083 cm=2 and the mobility is py ~ 600 cm? V—!s™!
[35]. We assume the majority of the measured carriers can be
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FIG. 2. (a) Schematic of surface states in topological insulator
thin films with incident s- and p-polarization light (not to scale).
(b) Schematic of the TMM across multilayer structures with con-
ducting interfaces (yellow). (¢) Im(r) calculated using the TMM
(color plot) and analytical curve (red solid line) for 50-nm Bi,Se;
thin-film plasmon dispersion. Yellow squares are experimental data
from Ginley and Law [16].

attributed to the TSS. According to the equations above, we
get Ep =~ 260 meV above the Dirac point and 7 & 0.06 ps.
From the TMM, we can extract the imaginary part of the
Fresnel reflection coefficient of the entire structure, Im(r),
which indicates loss in the system and can be used to identify
plasmon polariton modes [58,59].

To demonstrate that the TMM shown schematically in
Fig. 2(b) is appropriate to model a multilayer Bi,Se; system,
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we first test it for a single layer of Bi,Ses. In Fig. 2(c), we
applied the TMM to a 50-nm layer of Bi,Ses; and compared
the results to the analytical formula described in Eq. (1) as
well as experimental results from Ginley and Law [16]. In this
model, as shown in Fig. 2(a), the light is incident from the top
through air with &y = 1, and then through the top topological
surface, the bulk Bi,Se; with &, described by Eq. (3), the
bottom topological surface, and finally the sapphire substrate
with g3 described by Eq. (2). The bottom sapphire substrate
(~0.5 mm in the experiment of Ref. [16]) is modeled as semi-
infinite as compared to the thickness of TI films (~50 nm).
All of the parameters in the TMM are the same as those
used in the analytical expression. The TMM result is shown
in the grayscale color plot in Fig. 2(c), which plots Im(r)
as discussed previously. The maxima show the dispersion of
the optical mode of the coupled Dirac plasmon system. The
analytical results are shown as the red solid line, and the
experimental results are shown as the yellow squares. From
Fig. 2(c), we observe generally good agreement among the
TMM, the analytical model, and the experimental data.

In the color plot, we observe the plasmon strongly cou-
pling to both the o and B phonons, as shown by the
kinks in the red analytical curve at the phonon frequen-
cies and by the dark anticrossing features in the TMM
color plot at those same frequencies. Similar anticrossing
behavior caused by plasmon/phonon interactions has been
predicted and observed in bilayer graphene [60—62], graphene
h-BN [63-65], graphene-SiO; [66], and other heterostructures
[67-69]. Added complexity exists in systems like this one in
which the plasmon interacts with more than one phonon. For
the remainder of this paper, we will refer to modes below
the a-phonon frequency (<2 THz) as the lower polariton
branch, modes between the «- and B-phonon frequencies
(~2-4 THz) as the middle polariton branch, and modes above
the SB-phonon frequency (>4 THz) as the upper polariton
branch. In Fig. 2(c), the relatively broad width of each branch
is due to the high damping rate of the three oscillators at room
temperature. Due to the stronger interaction between the plas-
mon and the @ phonon, the anticrossing near 2 THz is more
obvious and the lower polariton branch is barely visible in
the color plot. The interaction between the plasmon and the g
phonon is relatively weak with a small gap near the S-phonon
frequency. Given the good agreement among the results of the
TMM, the analytical model, and the experimental data from
Ref. [16], we are confident in the accuracy of the TMM. We
can now apply it to more complicated layered heterostructures
to investigate plasmon coupling across multiple interfaces.
In Supplemental Material, Secs. IV and VIII [47], we show
the experimental and modeling results of a single layer of
Bi,Ses that is buffered or sandwiched by BIS layer(s). These
experiments show that using the BIS capping layer blueshifts
the plasmon frequencies as compared with air capping and
introduces an ENZ mode near 5.5 THz.

IV. TOPOLOGICAL INSULATOR MULTILAYER
STRUCTURES

For a single TI layer, Eq. (1) describes how the optical
plasmon mode frequency depends on the film thickness. The
thickness dependence arises due to the electrostatic coupling

of the TSS plasmons through the TI bulk. However, it has not
yet been determined if the TSS in one TI layer can couple
to the TSS in a different TI layer across a BI. Using BIS
which is structurally compatible with Bi,Se;, we are able to
create a sample with multiple separated TSS. The structures
we investigate comprise a BIS buffer layer, a BiySes layer,
a BIS spacer layer, a second Bi,Se; layer, and a BIS capping
layer. The whole five-layer structure is shown schematically in
Fig. 3(a). Since the plasmon modes in the TI layered structure
have wave vectors much larger than light in free space, the
as-grown films are fabricated into periodic microribbon arrays
with designated widths using standard lithographic and ion-
milling techniques to excite localized plasmon polaritons. The
wave vector of the plasmon polariton excited in the microrib-
bon is given by k = 7 /a, where a is the width of the ribbons.
The widths of the ribbons are confirmed with atomic force mi-
croscopy (AFM) measurements. The thickness of each layer
is determined using growth-rate calibration results for Bi,Ses
and BIS separately. We measure the extinction spectrum of
each sample at normal incidence using Fourier transform in-
frared (FTIR) spectroscopy. The extinction is calculated using
1 —T/Ty, where T and Ty are the transmission of the sam-
ple and the bare substrate, respectively. FTIR spectra were
taken for both transverse electric polarized light (TE mode,
E parallel to ribbon) and transverse magnetic polarized light
(TM mode, E perpendicular to ribbon). The localized surface
plasmon mode can only be excited by TM-polarized light; in
the TE-polarized data, only the «-and S-phonon peaks are
visible.

For this coupled two-layer system, we investigate the effect
of changing three structural parameters: ribbon width which
changes the wave vector and allows mapping of the polariton
dispersion (series A, B); the center BIS spacer-layer thickness
to understand how the TSS couple across a trivial insulator
(series C); and the BiySes; layer thicknesses to understand
how the TSS couple across multiple topological insulators
(series D). When one parameter is changed, the other two
are held constant. In series A, the buffer layer, spacer layer,
and capping layer of BIS are all held at 50 nm while the two
Bi,Se; layers are at 60 nm. In series B, we keep the buffer
and capping BIS layer at 50 nm but increase the spacer layer
to 150 nm. The Bi,Se; layers are 50 nm in series B. In series
A and B, the ribbon widths vary from 0.5-10 pum. In series
C, we vary the spacer-layer thickness from 10 to 300 nm and
keep the Bi;Se; layer thickness at 50 nm and ribbon widths
at 6 um. In series D, we vary the Bi,Ses layer thickness from
20 to 200 nm, while the BIS layers are held constant at 50 nm
and the ribbon widths at 6 £m. After nanofabrication of the as-
grown samples into periodic microribbon arrays, we measured
the TM extinction spectra. At least two peaks are shown for
all samples in the range of 1.5-8 THz. By changing the three
structural parameters in this system, we observe frequency
shifts in the polariton modes. This allows us to map out the
dispersion of these coupled modes as a function of wave
vector, spacer thickness, and TI layer thickness.

A cross-sectional transmission electronic microscopy
(TEM) image of series A is shown in Fig. 3(b). Clear inter-
faces between the Bi,Ses; and BIS layers are seen with good
contrast. The thicknesses of the bottom and top Bi,Se; layers
are measured to be 57.4 and 59.7 nm, respectively, close to
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FIG. 3. (a) Schematic of the two-layer Bi,Se; plasmon coupling
structure. The white lines indicate the electric field coupling across
the layers. (b) TEM image of the structure in series A. Distinct layers
are clearly observed. BS is abbreviation for Bi,Ses. Inset: AFM
image of series A. Scan size: 5 um x 5 um. (c) High resolution TEM
image of the quintuple layers in series A.

the desired thickness for series A. The wavelike feature in the
image is an artifact caused by the focused ion-beam etching.
The inset shows an AFM picture of the unpatterned sample
with characteristic triangular-shaped domains of the top BIS

capping layer. TEM pictures with higher magnification in
Fig. 3(c) show the high crystallinity of each atomic layer.

We will first discuss series A and series B. Films from
both series were patterned into microribbon arrays with ribbon
widths ranging from a = 0.5 to 10 um, after which their
extinction spectra were measured. In Figs. 4(a) and 4(d), the
empty symbols are the TM-polarized extinction spectra that
were multiplied (abbreviated as M) and then offset (abbre-
viated as O) for better visualization. At least two peaks are
shown for all samples, indicating a double Fano resonance.
We use an analytical Fano fitting procedure to extract the peak
positions and widths, assuming the two polariton modes are
Lorentz oscillators. Details of the Fano fitting can be found in
Supplemental Material, Secs. IV and V [47]. In the fitting,
the a-phonon frequency, w,, is fixed at 2.00 or 2.01 THz
based on the measured phonon peak in the corresponding TE
spectrum (included in Supplemental Material, Sec. VII [47].
The fitting curve for each spectrum is shown as a solid black
curve.

In Fig. 4(a), we can clearly distinguish two peaks for the
series A samples with a =4 um and a = 2.3 um, but for
the sample with a = 1.5 um, we only observe one broad
peak. The same trend is also observed for series B shown in
Fig. 4(d). Despite the observation of one peak, we find that
this peak cannot be fitted well with a single Lorentz oscilla-
tor. We therefore still use two Lorentz oscillators to fit this
feature in both series A and series B. When the nanoribbons
narrow further, the two peaks reemerge and split. Samples a =
1.5 ym and a = 1 um show a small bump at around 2 THz,
which does not appear in other samples. This peak is near the
bare a-phonon frequency and is part of the lower polariton
branch. In these samples, because the plasmon polariton is at
a relatively high frequency, the lower polariton branch is near
the bare a-phonon frequency and the lower polariton mode
has primarily a-phonon character. This peak does not appear
in the two narrowest ribbons in series A (¢ = 0.75 um and
a = 0.5 pum) or in any of the narrow series B samples which
can be attributed to a small peak strength and a low signal to
noise ratio in this spectral range in these samples.

The mode frequencies as a function of wave vector for
series A are plotted in Fig. 4(b) on top of a color plot of
Im(r) calculated using the TMM. A similar plot is shown
for series B in Fig. 4(e). The middle polariton branch (blue
circles) and upper polariton branch (yellow squares) both shift
to higher frequencies as the wave vector increases. This is the
same trend that we observe in the single-layer Bi,Ses;. The
shift to higher frequencies with increasing wave vector can be
explained phenomenologically by realizing that we are excit-
ing a standing-wave mode. As the ribbons become narrower,
the wavelength of the standing-wave polariton mode will de-
crease and its frequency will increase. For wave vectors above
0.2 x 10° cm™', the middle polariton branch becomes too
weak to observe experimentally. We instead begin to excite
the BIS ENZ mode (green triangles) near 5.5 THz described
in Sec. III. The ENZ mode is a polaritonic mode that is often
observed in plasmonic materials or polar dielectric thin films
when the permittivity of the material is close to zero. For the
latter, the real part of permittivity often crosses zero close to
the longitudinal optical phonon frequency, which is the case
for BIS as described in Sec. II and shown in Fig. 1(b).
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FIG. 4. (a), (d) Extinction spectra for series A and B, respectively. Black solid curves are the three oscillator Fano resonance fitting of
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series A and B. The experimental upper polariton mode (yellow squares), middle polariton mode (blue circles), and BIS ENZ mode (green
triangles) extracted from Fano resonance fitting are shown for comparison. Inset of (e) is a zoom-in at low wave vectors with adjusted color
scale. Anticrossing caused by plasmon-phonon interaction is clearly seen. (c), (f) Linewidths of the polariton modes in series A and B extracted
from the Fano resonance fitting. Symbols correspond to those in panels (b), (e).

The linewidths of all modes are extracted from the data
fitting and plotted in Figs. 4(c) and 4(f). We find that at
wave vectors below 0.2 x 105 cm™', the linewidths for the
two modes are similar. This is consistent with the attri-
bution of these modes to the middle and upper polariton
branches. These two polariton branches are mainly caused
by plasmon—“g-phonon” interaction, which is illustrated well
by the anticrossing shown in the inset of Fig. 4e). We note
that the B-phonon mode in this layered material is actually a
combination of the Bi,Se;S phonon and the BIS § phonon
which have slightly different frequencies, which can be seen
as the gaps in the inset of Fig. 4(e). However, for wave vectors
above 0.2 x 10° cm™!, the lower-frequency mode shows a
much narrower linewidth than the higher-frequency mode.
The higher-frequency mode is attributed to the upper polari-
ton branch as it continues the trend for plasmon dispersion;
a relatively large linewidth is expected for this mode and
is consistent with other TI plasmon polariton observations
[12,16]. The narrower linewidth of the lower-frequency mode
is consistent with the attribution of this peak to the BIS ENZ
mode.

Extra optical plasmon modes are direct evidence of plas-
mon coupling. However, in series A and B, we only observe
one plasmon branch instead of the four expected branches
caused by coupling among the four TSS. The other three
branches are damped by phonon coupling and scattering. We
illustrate this point by comparing the structure to a multi-

layer graphene plasmonic system in Supplemental Material,
Sec. X [47]. Although we only see the brightest plasmon mode
in our samples, we can still see the effect of multiple TSS cou-
pling in the change in the dispersion curve. In Supplemental
Material, Sec. IX [47], we compare the analytical curves for
single-layer Bi,Ses to the experimental plasmon dispersion
curves in series A and B. We observe an obvious blueshift
in the experimental data due to coupling among the four TSS.

To fully characterize coupling in a multilayer system, we
must also understand the effect of changing the multilayer
structural parameters. In our case, the relevant parameters are
the thickness of the TT layers (dty) and the thickness of the BIS
spacer layer (d;). Series C and D are thus grown to understand
the plasmon mode dependence on the BIS spacer layer and
TI layer thicknesses, respectively, which should change the
strength of the coupling among the TSS.

In series C, we change the BIS spacer thickness ds while
keeping a constant ¢ = 6 um ribbon width and a constant
dy1 = 50 nm Bi,Ses layer thickness. The data for this series
are shown in Fig. 5. In this series, the «-phonon peak position
is not kept constant in the fitting but allowed to vary within
a range of 1.99 to 2.15 THz. We observe a blueshift of the
a-phonon frequency when ds > 150 nm. This is consistent
with the TE-polarized data shown in Supplemental Material,
Sec. VII [47]. This blueshift is caused by the increasing
amount of indium in the total structure. Since indium has a
lower atomic weight than bismuth, it is not surprising that the
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eling for series C. Blue circles (yellow squares) indicate the middle
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phonon frequencies blueshift slightly. We do not observe two
separate phonon frequencies from the Bi;Se; and BIS layers
since the frequency shift is smaller than the linewidth of the
resonance. In addition, the ENZ mode is not excited in series
C and D due to the small wave vector.

For samples with thin spacers (ds < 100 nm), we only ob-
serve two distinct modes in Fig. 5(a), but for samples with
ds > 100nm, we observe three clear peaks. We attribute the
narrow peak near 2 THz to uncoupled «-phonon absorption
in the thick BIS spacer layer. Although we expect the plas-
mon to strongly couple to both the «- and 8 phonons, if the
BIS spacer is so thick that the evanescent plasmon electric
field does not extend throughout the layer, we would expect
to observe a reemergence of the BIS phonon peaks. As the
spacer-layer thickness increases, the middle polariton branch
[blue circles in Fig. 5(b)] blueshifts for spacer thicknesses
below 100 nm and then slightly redshifts for spacer thick-
nesses above 100 nm. The upper polariton branch [yellow
squares in Fig. 5(b)] is almost constant over the entire range of
thicknesses, with a small blueshift with decreasing thickness
for the thinnest spacers. However, the TMM data, as shown

in Fig. 5(b), predict constant-frequency middle and upper
polariton branches as a function of spacer thickness.

The disagreement between experiment and modeling at
small spacer thicknesses could be caused by a variety of ef-
fects, but the most likely explanation is penetration of the TSS
wave function into the BIS barrier. At an interface between
Bi;Se; and BilnSes, the TSS wave function has been mea-
sured to extend approximately 50 nm into the BigsIngsSes
layer [70]. When the spacer is thicker than 50 nm, the TSS are
quantum mechanically decoupled and the plasmon coupling
will only arise through the electrostatic interaction which is
captured by the TMM. However, if the spacer is thinner than
50 nm, the overlap of the TSS wave functions will add addi-
tional complexity to the optical response of the heterostructure
not captured by the TMM. Since we see the deviation between
experiment and the TMM arise when the spacer thickness is
less than 50 nm, the attribution of this deviation to the TSS
wave function overlap is reasonable.

Since the bulk TI and BI materials are topologically
distinct and have different optical dielectric constants, we
expect the Dirac plasmon dispersion dependence on the TI
and BI thickness to be different. Therefore, in series D, we
changed the Bi,Ses thickness dry but kept the BIS spacer-layer
thickness constant at d;, = 50 nm and the microribbon width
constant at @ = 6 um. As shown in Fig. 6, the middle polari-
ton mode blueshifts significantly as the Bi,Se; layer thickness
increases. This is not unexpected. In single Bi,Ses; layers,
the plasmon polariton frequency blueshifts with increasing
thickness, as observed in Ref. [16] and as shown in Eq. (1)
due to the negative real part of the BiSe; permittivity. For
the upper polariton mode, the TMM predicts its nearly con-
stant frequency, while the intensity increases with increasing
Bi,Ses thickness. This is because at small wave vector and
small Bi,Sej; thickness, the plasmon frequency is far from the
B phonon, so the upper polariton mode has a strong S-phonon
character resulting in an intensity that is too weak to be seen
easily on the color plot. In contrast, as the Bi,Ses thickness
increases above 50 nm, the plasmon frequency approaches
the B phonon and strongly couples, generating a hybridized
plasmon-phonon polariton. In this case, the upper polariton
branch has a strong plasmon character, so we easily see the
mode on the color plot. In general, the experimental data
match the modeling well. However, for Bi,Se; layer thickness
less than 50 nm, we see the upper polariton mode deviate
from the prediction. This deviation can be attributed to a com-
bined effect of the B-phonon shift and strong coupling among
the TSS: with decreasing BiySe; thickness, the 8 phonon
blueshifts and at the same time the TSS coupling gets stronger.

We would like to point out several assumptions that we
made in the TMM as they may cause some of the minor
discrepancies between the experimental data and the TMM.
First, we assumed that the chemical potential of the TSS at
all BiySe3-BIS interfaces are equal. This is reasonable as the
two layers of BiySe; are identical and encapsulated by BIS.
Second, we assumed that the carrier concentration determined
by transport measurements arises mainly from the Dirac elec-
trons, so we only need to consider Dirac plasmons in our
TMM. Stauber et al. [71] proposed to add in a massive 2DEG
plasmon response to get a closer fit to the experimental data of
Ref. [12] which showed discrepancies at large wave vectors.
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However, in this case, the BiySes layers are encapsulated
with BIS, hopefully reducing or eliminating the band-bending
effect. In addition, other transport and optical measurements
on Bi,;Se; have shown that the TSS contributes 70-90% of the
electron response [72,73], so it is reasonable to assume that
the major contribution to the plasmonic response observed
in our samples is from the Dirac electrons. Third, we model
the TSS as infinitesimal conducting layer, which is acceptable
for most samples given that the TSS penetration depth in
Bi,Se; is usually 2-3 nm [42,43]. However, this approxima-
tion may lose validity in cases like those described in series
C where the TSS penetration depth increases significantly.
Fourth, we neglected the dipole-dipole interaction between
patterned ribbons, which could cause a redshift, especially
with small periodicities [74-76]. Finally, the interlayer spin-
orbit coupling could modify the plasmon dispersion [77]; this
effect is not included in the TMM. Despite these caveats, the
general good agreement between the TMM predictions which
assume electrostatic interactions among all four TSS and the
experimental data indicates that we are observing coupling
among all four TSS in this multilayer structure.

V. CONCLUSION

Coupling among plasmon polaritons and phonons in a
superlattice comprising the topological insulator BiSe; and
the trivial insulator (BigsIngs),Se; has been observed. The
dispersion of these hybrid modes was shown to depend on the
wave vector, TI thickness, and band insulator thickness in the
THz range. We showed that the transfer matrix method can be
used to model the optical properties of such structures with
general success, especially at low wave vectors. In structures
with thin TI and BI layers, we observe strong coupling among
the plasmon modes in the four topological surface states. In
the future, adjusting the ratio of TI to BI will enable tuning
of the optical properties of the structure. Adding more layers
could result in a wafer-scale Dirac metamaterial in the THz.
This work has laid the foundation for future research into the
properties of TI superlattices.
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APPENDIX

1. Heterostructure growth

All films were epitaxially grown on (0001)-oriented single-
side polished 1 cm x 1 cm sapphire in a dedicated Veeco
GenXplor molecular-beam epitaxy chamber. Bismuth and in-
dium fluxes are generated in dual-filament Knudson effusion
cells and monitored via beam-flux monitoring with a tungsten
filament, while the selenium flux is generated with a cracking
cell to ensure efficient incorporation into the film [34]. The
quality of the as-grown crystal is monitored by in situ real-
time reflection high energy electron diffraction measurement.
The sapphire substrates were baked at 200 °C in the load
lock for 12 h before transferring into the growth chamber.
The substrates were then heated to 650 °C as measured by
a thermocouple for outgassing and cooled down to 300 °C
for the growth of the first five quintuple layers (QL) Bi,Ses,
followed by subsequent growth of five QL In,Ses;. The flux
is controlled for a constant growth rate of 0.8 nm/min. This
bilayer was then annealed at 425 °C for 40 min to form a sin-
gle seed layer of (BipsIngs)2Ses with high crystallinity [35].
The remaining 40 nm (Big sIng 5),Se; was codeposited at the
optimal growth temperature of 425 °C. After this layer, the
substrate was cooled back to 300 °C for Bi,Se; film growth
with desired thickness. The spacer layer of BIS was then
directly codeposited at 300 °C to maintain the crystallinity
of the BiySe;. If we heat the sample for the BIS growth,
selenium atoms will outgas, causing roughening of the top
surface of Bi,Ses, which will introduce extra unwanted car-
riers. On the other hand, (BigsIngs)>Ses grown at 300 °C has
smaller domains than BIS grown at a higher temperature, but
there is very little effect on the electronic properties of the
Bi,Se; layer grown on top of it. The top layer of Bi,Ses
was kept at the same thickness as the bottom Bi,Ses layer
to keep the structure symmetric. The final capping layer of
50 nm (BigsIngs),Se; was applied to maintain a symmetric
structure as well as to protect the TSS from atmosphere or
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any other surface damage during the nanofabrication process.
After growth, the sample was sealed in vacuum pack while
awaiting further nanofabrication and characterization.

2. Growth of (Bij sIny 5),Se; film for optical measurement

A 500 nm single-crystal film of (BigsIngs)>Ses is grown
on sapphire substrate via codeposition in the MBE. A 5 nm
layer of Bi;Se; and 5 nm In,Ses; were sequentially deposited
and annealed for 40 min to form a seed layer; the rest of the
film was deposited at 425 °C. The thickness of the film was
confirmed with calibrated growth rate for (BigsIngs),Ses as
well as profilometry measurements.

3. Film patterning

All samples were patterned into microribbon arrays us-
ing standard UV photolithography or e-beam lithography.
After resist development, all patterned films were dry etched
with argon ion milling through to the sapphire substrate. The
remaining resist was removed by soaking the samples in N-
Methyl-2-Pyrrolidone.

4. Extinction measurements

A Bruker Vertex 70v Fourier transform infrared spectrom-
eter was used for normal transmission measurements at room
temperature. Spectra were taken under vacuum. A terahertz
polarizer was used to separately measure the TE and TM
spectra of the patterned structures. Both the background and
sample transmission were taken at the same polarizer an-
gle, room temperature (23 °C), and room humidity around
42%. Data are taken at 1.6 kHz scan velocity and 4 cm™!
resolution.

5. Microscopy measurements

The TEM sample of the cross-sectional area of the mul-
tilayer film was prepared via a focused ion-beam lift-out
approach (Zeiss Auriga 60 CrossBeam SEM) and an amor-
phous carbon layer was intentionally deposited on the top of
the sample by gas injection system inside the SEM as a pro-
tective film. The layer thickness and interfacial structure were
characterized by using TEM. TEM images were collected at
an accelerating voltage of 200 kV by a Talos™ F200 C TEM.
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