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The surface states of the 3D topological insulator (TI), BisSes, are known to host two-dimensional Dirac
plasmon polaritons (DPPs) in the terahertz spectral range. In TI thin films, the DPPs excited on the top
and bottom surfaces couple, leading to an acoustic and an optical plasmon mode. Vertical coupling in these
materials is therefore reasonable well-understood, but in-plane coupling among localized TT DPPs has yet to
be investigated. In this paper, we demonstrate in-plane DPP coupling in TT stripe arrays and show that they
exhibit dipole-dipole type coupling. The coupling becomes negligible with the lattice constant is greater than
approximately 2.8 times the stripe width, which is comparable to results for in-plane coupling of localized
plasmons excited on metallic nanoparticles or graphene plasmon polaritons. This understanding could be

leveraged for the creation of TI-based metasurfaces.

Plasmons are the fundamental excitations of free elec-
trons in a system. Localized surface plasmons on the
metallic nanoparticles (MNPs) have been investigated
by many researchers in the past few decades for their
interesting optical properties. These optical properties
depends on the particle shape, size, and material. In
addition, changing the spacing between the MNPs can
tune their optical properties due to dipole-dipole type
coupling between MNPs in close proximity. The reso-
nance frequency of excited plasmons has been demon-
strated to decay exponentially with decreasing separation
length between the nanoparticles2. Tt has also been re-
ported that when light is shined on metallic nanoparticles
with polarization parallel to their long axis, a red shift
in the resonance wavelength is observed with increase in
gap size between them®™®. The shift in the resonance fre-
quency is found to be negligible when the separation be-
tween MNPs exceeds approximately 2.5 times their short
axis length®.

In addition to three-dimensional MNPs, plasmons have
also been excited in two-dimensional materials including
graphene and the surface states of topological insulators
(TTs)™ 0. TIs are materials that exhibit a bulk band gap
that is crossed by surface states with linear dispersion.
These surface states exist at the interface between a TI
and a trivial material and are occupied by massless Dirac
electrons. When light is shined on a TI, two-dimensional
Dirac plasmon polaritons (DPPs) can be excited.”!!.
The resonance frequency of the DPPs excited in TIs
lies in the terahertz (THz) spectral range'®!3. There-
fore DPPs in TIs have practical applications in THz sen-
sors, waveguides and spintronics'4 16, Because the wave-
length of light with THz frequency is greater than the
thickness of T1 films, DPPs are excited on both top and
bottom surfaces of film simultaneously. They couple to
each other through their evanescent electric fields result-
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ing in an optical and an acoustic mode. Only the optical
mode can be excited by light, and its dispersion relation
can be given by Eq. 1'7.

w,2=ivf\/27mD q (1)
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where w,, is the optical DPP frequency, e is the charge
of the electron, vy is the Fermi velocity, np is the Dirac
charge density, and d is the thickness of film. ¢, e,
ep, €ry correspond to the permittivity of free space, the
superstrate, the substrate, and inside the TI thin film,
respectively, and ¢ is the wavevector of the light.

To date, localized TI DPPs have successfully been
excited in both stripe and micro-ring geometries, and
propagating TI plasmons have been excited in thin
films!'H1820 In the stripe-array geometry, the ef-
fects of film thickness, stripe width, applied mag-
netic field, and intensity of incident terahertz radia-
tion on the resonance frequency of plasmons have been
investigated.'321723, Finally, gap-surface plasmon polari-
tons have been excited in TI-based structures for visible-
wavelength metasurfaces?*. However, in-plane coupling
between the localized TT DPPs has yet to be explored.
In this paper, we investigate in-plane coupling between
localized TT DPPs excited in a stripe geometry. In par-
ticular, we are interested in understanding how the cou-
pling between plasmons excited on stripes with constant
widths in the same plane changes when the separation
between them changes. We grew eight 50nm-thick films
of BisSes, a prototypical 3D TI using molecular beam
epitaxy (MBE) and etched them into stripes of width 2.5
pm with varying edge-to-edge spacing. We then mea-
sure the extinction spectra of the samples as a function
of spacing between the stripes and show clear evidence
of in-plane coupling among the DPPs. Understanding
this coupling is important both for expanding our under-
standing of the unusual DPPs in TT films and for future
devices that could leverage this coupling such as the cre-
ation of THz-frequency metasurfaces.
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The two-step growth method was used to grow 50nm
thick BisSes thin films on sapphire (0001) substrates in
a Veeco GENxplor MBE system. First, the substrates
were outgassed in the load lock at 200°C for 10 hours
after which they were transferred to the main chamber
and heated to 650°C. They were held at that tempera-
ture for 5 minutes to desorb any residual impurities. The
substrates were then cooled to the growth temperature of
325°C . 5nm of BisSes was grown using grow anneal strat-
egy where we grew BisSes for a minute with co-deposition
of bismuth and selenium and annealed for one minute
under selenium flux for a total of six loops. After the
deposition of the seed layer, the substrate temperature
was increased to 425°C and the seed layer was annealed
for 5 minutes under a continual selenium flux. We grew
the remaining 45nm of BisSes at this temperature before
cooling the samples to 200°C under a selenium flux before
removing them. Throughout the growth, a 20°C /minute
heating and cooling rate was used. Bismuth was sup-
plied from a dual-filament effusion cell where the bulk
cell temperature was set to 490°C to obtain a growth
rate of 0.74 nm/min. The selenium was supplied from a
valved cracker source with a cracking zone set to 900°C
to improve the incorporation of selenium into the film?°.
The Se:Bi flux ratio was 90-100 as measured by a beam
flux monitor. The thickness of the films was confirmed
at 5041 nm using x-ray reflectivity and the film was con-
firmed to be in the (0001) orientation by x-ray diffraction
measurements (available in the Supplementary Material).
Room temperature Hall effect measurements gave a sheet
density of (-2.46+0.01)x10*®cm~2 and a mobility of (-
718.4842.57) cm?/Vs.26

The films were then patterned into grating structures
using electron beam lithography. The stripe width was
kept constant for all samples at 2.5 pm while the gap size
was changed (0.3, 0.5, 0.7, 1.0, 1.5, 2.0, 2.5 and 7.5 pm).
The steps involved in the fabrication of the structures are
shown in Fig. 1. We spin the negative resist ARN 7520
on our films to get a coating that is 90nm thick. The
film is then exposed in the electron beam lithography
system, the resist developed, and the pattern transferred
to the film using ion milling. We used NMP/AR 300-
76 as solvents to remove the remaining resist, but some
resist residue may remain. Room temperature Fourier
transform infrared spectroscopy was performed to obtain
the extinction spectra of the samples.

When performing extinction measurements, light can
be incident on samples with its electric field parallel
(transverse electric, TE) or perpendicular (transverse
magnetic, TM) to the stripes as shown in the inset of Fig.
2. For TE-polarized measurements, the light is unable to
excite the plasmons due to the momentum mismatch. For
TM-polarized measurements, the photons are able to ex-
cite the plasmon mode ,resulting in a standing wave type
resonance. In this case, the momentum of the incoming
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FIG. 1. Steps involved in the fabrication of striped arrays
having width W on BizSes thin films using EBL. The pat-
terned stripes adds the momentum ¢ = % to the incoming

photons.

transverse electric (TE) extinction spectra for the sam-
ple with a gap size of 0.3 um are shown in Fig. 2. These
spectra are calculated using

Eaxtinction = 1 — T(w)/To(w) = |e(w)? (2)

where w is the frequency of the light, T'(w) is the
frequency-dependent transmission through the sample,
and Tp(w) is the frequency-dependent transmission
through the sapphire substrate. In the TE-polarized
spectrum (shown in red) we observe two phonon modes:
the a-phonon mode near 2 THz and the S-phonon mode
near 3.9 THz. The TE-polarized extinction for all other
stripe arrays looks similar and are shown in the Supple-
mentary Material. However, in the TM-polarized spec-
trum, we no longer see a clear a-phonon peak; instead we
observe a broad peak centered near 3 THz. This asym-
metric lineshape is caused by the excitation of a plasmon
polariton mode which couples to the a- and S-phonon
modes through a double Fano-type resonance?®2%.

The normalized TM-polarized extinction spectra for
all eight samples are shown in Fig. 3(a). We see that
the broad plasmon peak is shifting toward higher fre-
quencies as the gap size increases. However, because the
plasmon mode is strongly interacting with both the a
and [ phonons, we cannot just pick out the center of the
peak as the plasmon frequency. We must instead model
the data using a double Fano-type interaction model, as
shown in Eq. 330:31,

b; [jet%s

e(w) =a, —
@) " w—wj+udy

®3)

Here, a, is a constant background term, and for j** os-

cillator (j is the o phonon, 3 phonon, and plasmon) b;
is the oscillator amplitude, ¢; is the oscillator phase, w;
is the resonance frequency, and I; is the line width. We
used the non-linear fitting function in Wolfram Mathe-
matica to fit the TM extinction spectra. Each parameter
in Eq. 3 is left as free parameter within identical defined
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FIG. 2. TE-polarized (red) and TM-polarized (black) extinc-
tion spectra of a sample with gap size of 0.3 pm. Two phonon
modes a and (3 are observed in the TE spectrum near 2 THz
and 3.9 THz respectively. The inset shows the difference of
TE and TM mode. For TE mode, electric field of incident
light is parallel to the stripes and for TM mode electric field of
incoming photons is directed perpendicular to the film stripes.

ranges for all samples shown in black dots in Fig. 4 (de-
tails are in the Supplementary Material). For the sample
with a gap size of 0.5 um, we restricted the -phonon
linewidth to less than 0.3 THz, and the o and 3 phonon
frequencies were fixed to 2.0 THz and 3.9 THz to ob-
tain a better fit. This shifted the value of the plasmon
frequency from 2.85 THz to 2.71 THz. For the sample
with a gap size of 7.5 um, the linewidth of the plasmon
was restricted to greater than 0.9 THz which pushed the
« and [ phonon frequencies to their edge values of 1.99
THz and 3.91 THz, respectively, but did not effect the
plasmon frequency. The R-squared value for all fittings
were greater than 0.999. The modeled extinction curves
for all eight samples are shown in Fig. 3(b).

Finally, in Fig. 4, we plot the plasmon frequency ex-
tracted from the double Fano fit as a function of gap
size (see Table S1 in the Supplementary Material). The
experimental data is fitted using an exponential decay
curve

Wp = wyi — be9/° (4)

where g indicates the gap size. The best fit was obtained
with a decay constant c= 1.465 ym and a saturation fre-
quency wp; of 3.208 THz. The parameter b has the units
of frequency and its value is 0.702 THz. This parameter
along with w,; determines the plasma frequency at zero
gap size. The increase in the DPP resonance frequency
with gap size is a clear indication that we are observing
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FIG. 3. (a) Experimental (b) Fitted normalized TM extinc-
tion spectra of all samples. The spectrum shifts towards the
higher frequencies with increasing gap size.

in-plane coupling. As the gap size increases, the interac-
tion between the stripes becomes weaker, resulting in the
increase of the resonance frequency. After a certain gap
size, the plasmons in the adjacent stripes will no longer
couple to each other, and the resonance frequency will
saturate at wy;. For these samples, the plasmon coupling
between the stripes becomes negligible for gap sizes larger
than ~ 4.52 pm (for 99% of wy;).

DPP coupling in TI stripes can be understood by com-
parison with the coupled MNPs described above. The
precise details of the coupling are likely to be different,
since in this case, we are dealing with coupled DPPs in
TIs. However, the fundamental physics of dipole-dipole
coupling remains the same. The coupling between stripes
weakens the restoring force experienced by the electrons
in the stripe, causing the resonant frequency to redshift
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FIG. 4. Extracted plasmon frequencies from double Fano fit-
ting are plotted against respective gap sizes as black squares
and blue dots ; these data points are fitted by exponential de-
cay red curve. Three out of thirteen fitting parameters were
restricted for data points represented by blue dots. Error bars
on the extracted frequencies corresponds to the step size of
frequency used for the transmission measurements.

as the gap size decreases and the coupling increases. We
observe an exponential dependence on separation, simi-
lar to the case of MNPs and the case of coupled graphene
nanodisks®2. The distance at which the coupling becomes
negligible (4.52 pm) corresponds to a lattice constant of 7
pm, 2.8 times the stripe width. This compares well with
the value obtained for the case of MNPs and graphene
nanodisks of a lattice constant 2.5 times the particle size.
The difference may lie in the way the cutoff was deter-
mined or may arise from complications in our system
since we have coupling in both the in-plane and out-of-
plane directions due to the top and bottom surfaces of
the TI thin film.

Because plasmons are excited in our films as a standing
waves, we can also think of the in-plane plasmon interac-
tion by analogy with coupling among multiple quantum
wells (QWs). If we consider just two coupled QWs, the
electron wavefunction of the ground state is symmetric
while the first excited state is antisymmetric. The energy
of symmetric ground state decreases exponentially as the

barrier width decrease and is given as3334

5 2mVy
8 Eo 2\ 772
B, = By~ 5—Fo\ /726 h? (5)

where Eg is the ground state energy of uncoupled infinite
well, m is the mass of particle, Vg is the potential be-
tween the wells and 2a is the barrier width between the
wells. This functional form is similar to the change in
the plasmon frequency shown in Eq, 4, and the concept
of electron coupling among multiple quantum wells can
be a useful analogy to coupling among multiple localized
DPP.

Overall, these data demonstrate clear evidence for in-
plane coupling among DPPs in stripes made from the
prototypical TI, BisSes. This lays the groundwork for
the creation of devices that leverage this effect such as
THz metasurfaces using these structures.

SUPPLEMENTARY MATERIAL

See Supplementary Material for the x-ray diffraction
scan of an unpatterned BisSes film, atomic force mi-
croscopy images of a subset of the patterned BisSes films,
transverse-electric polarized spectra for all samples, and
tables of fitting parameters and parameter ranges from
Eq. 3 that we used for the fitted spectral lines in Fig.
2b.
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