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Study of plasmon resonance in Bi,Se; and Sb,Te; by infrared spectral
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In the infrared region of the spectrum (IR), the optical properties of single-crystal samples of narrow-gap
degenerate semiconductors Bi>Se; and Sb,Tes are investigated by infrared spectral ellipsometry (SE). The transport
properties of the Drude fitting of dielectric functions obtained by spectroscopic ellipsometry are studied. The
behavior of the bulk and surface plasmon polaritons is investigated in detail. The dispersion and mean free path of
the plasmon, the depth of the skin layer for the conducting and dielectric surfaces are calculated. The contribution
of the plasmon to the optical properties is estimated from the spectral density for the Bi,Se; and Sb,Te; samples.
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Introduction

The incident electromagnetic wave on the surface of the
metal-dielectric interface is able to excite collective oscilla-
tions of free charge carriers. These oscillations are either
volumetric (VPP) or surface (SPP) plasmon-polaritons [1].
Recently, surface plasmon resonance (SPR) [2-6] has
attracted considerable researchers’ interest. Most of the
studies in this topic are devoted to observation of SPR in
noble metals (gold, silver, etc., etc.) and indium-tin oxide.
This is a very convenient and sensitive tool for detection
and analysis of the compounds composition.

Narrow-bandgap degenerate semiconductors are promis-
ing for use in IR plasmonics, since they have a plasmon
resonance in the mid-IR range. This effect is studied
within the scope of this article and will be shown using
the example of BipSe; and SbpTes. Previously, it was
shown in the literature that the SPR excitation frequencies
in BipSes and Sb,Te; fall in the IR region, thereby studying
BiySe; and SbyTes; as plasmonic materials is becoming a
very promising direction. The plasma frequency depends on
the concentration of free charge carriers, this dependence is
described by the well-known formula [7):
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where N — carrier concentration, € — electron charge,
m* — effective free charge carrier mass, &g — vacuum
dielectric constant and &., — high-frequency dielectric
constant.  Thus, it is possible to shift the maximum
SPR frequency in a wide region of the IR spectrum by
changing the charge carriers concentration by changing the
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stoichiometry of the conducting compounds. This is an
important advantage over noble metals.

The SPR sensor has a dielectric/conductor/dielectric
design, one of the dielectrics in which is the ligand layer.
The ligand layer is responsible for selective binding to
detectable molecules. Since the lattice vibrational modes
for most compounds are observed in the IR region, the
SPR sensor will be most sensitive when operating in the IR
spectrum. For a dielectric/metal/dielectric optical system,
the position of the reflection minimum at surface plasmon
resonance will depend on the dielectric constant of the
external medium [8]. Thus, by selecting an appropriate
ligand layer on the surface of a conducting compound thin
film, selective optical detection of various compounds is
implemented due to plasmon resonance. Detection occurs
due to a shift of the position of the reflection minimum
during SPR, or due to a shift of the angle of the reflection
minimum when the external medium dielectric constant
changes.

SPP excitation is possible under condition of equality
kx = Kspp, where ky — projection of the wave number of
the exciting electromagnetic wave and Kspp — SPP wave
number. The wave number of an exciting electromagnetic
wave is always less than the wave number of the SPP Kgpp.
For this, prismatic input methods (Kretschmann scheme) or
diffraction on the diffractor grating surface are used. The
projection of the wave number of an electromagnetic wave
for the case of the Kretschmann scheme is [8]

K (1)
where w — frequency of the electromagnetic wave, €5 —
prism dielectric constant, ¢ — speed of light and 6 — wave
incidence angle.
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Figure 1. Experimental and fitting dielectric function (a) Bi,Ses and (b) Sb,yTes, & is a real part and & is an imaginary part of dielectric

function.

Previously, articles on plasmon observation in these com-
pounds and in other structures of the tetradymite [7,9,10]
type were published, but there is no information in the
literature about SPR and its application for IR plasmon
devices and the study of plasmon properties. In this work,
this is done for the first time.

Experiment details

Bi;Ses and Sb,Te; single-crystal samples were obtained
by the Bridgeman—Stockbarger method. Details of the
processing method, a detailed description of the structure,
X-ray diffraction and Raman spectroscopy for the samples
used are described in the articles [7,11]. The compounds
obtained are classified as crystalline materials with space
group R3m

The concentration of charge carriers was determined
based on measurements of the Hall effect. The Hall effect
was measured by the standard four-probe method in a
constant magnetic field of 1.5T. The measured samples
were in the form of a parallelepiped with dimensions
2.3 x0.5x 10mm, 2.1 x 0.3 x 9mm. Electrical contacts
were applied with indium. The measuring current through
the sample was 50mA. Hall effect measurements were
carried out with two directions of the magnetic field and
two directions of the measuring current in order to eliminate
spurious signals.

Ellipsometric studies were carried out at room tempera-
ture using a J.A. Woollam IR-VASE ellipsometer [7]. The
measurements were carried out within the photon energy
range from 0.035 to 0.6eV in air. Samples delaminated
from bulk ingots with perpendicular orientation with respect
to the optical axis and with a mirror surface were studied.
The plane of IR light incidence is perpendicular to the
surfaces. Dielectric capacity (¢ = & + &), extracted using
the ellipsometric parameters W and A, did not depend on the
angle, therefore, it corresponded to the component E L C

(E — electric vector of the incident light, C — optical axis)
of the dielectric function tensor.

Results

As noted above, the SPR frequency depends on the
concentration and effective mass of charge carriers. The
charge carrier concentration obtained from the Hall effect
on BiySe; and Sb,Te; is equal to n=2.9-10"cm™3
and p=4.5-10" cm™3 respectively. Thus, with the help
of these data, the transport parameters were estimated with
the maximum approximation by the optical method, ie.,
from ellipsometric measurements. The spectral dependence
of the dielectric function on the photon energy associated
with the presence of free charge carriers is described by the
Drude oscillator [12]:

—h?e*Nu

wde(E) = - .
€prude (E) 80(,umz(h>E2 +iehE)

Here, the charge carrier concentration N, the mobility u,
and the effective mass m;(h) are fitting parameters. To take
into account interband transitions, the Lorentz oscillator was

used: ATEc

eromel®) = g7 BT
where A — oscillator amplitude, I' — broaden-
ing, and Ec — transition -energy. Thus, com-

pound dispersion was described by the expression
S(E) = SDrude(E) + SLorenz(E)-

The experimental (SE) and fitting (Fit) dielectric func-
tions for both compounds are given in Fig. 1. The fitting was
performed using the Levenberg—Marquardt optimization
method. As can be seen from Fig. 1, fitting describes
well the experimental data with mean square errors of 7
and 13 for BiySes and SbyTes, respectively. In spectroscopic
ellipsometry, it’s generally accepted that fitting is reliable if
the root mean square error does not exceed 20.
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Figure 2. Loss function of surface (dashed line) and volume (solid line) plasmons (a) Bi>Ses; and (b) SbyTes. Dispersion of volumetric
(VPP) and surface (SPP) plasmons for Bi>Se; (¢) and SbyTes (d), dashed line — light line.

a b
250 10 500
i 5(0.088¢V)=8.4um | 3(0.118¢eV)=4.4pm
—_— Sm
200 Py 400
g
g 150 £ 300
& &
7% C L 1 L 1 L 1 L I n 200
~ 100 0.06 0.08 0.10 0.12 0.14 ~
E, eV
50 100

1 1
0.080 0.085 0.090 0.10 0.11 0.12
E, eV E, eV

Figure 3. Surface plasmon mean free path length for (a) Bi,Se; and (b) SbyTes. In the insertion, the penetration depth of plasmon
excitation into the conductor (solid line) and dielectric (dashed line).

The concentrations of charge carriers were deter- SbyTes Ngg =4.5-10 cm=3 and Ny =4.5-10" cm—3,
mined based on the fitting results and compared with respectively. Good agreement can be seen between the
the Hall effect data. It turned out for BiySe; obtained concentrations for both compounds. The effective

Ngg =2.7-10° cm=3 and Ny =2.9-10” cm—3, and for masses obtained from fitting are 0.16me and 0.08me for
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BiSe; and SbyTes, respectively. These data are in full
agreement with those given in the literature [13] 0.16me
for BiySes, while for SbyTes the values differ, and the study
of this difference nature requires a separate analysis, which
is not within the scope of this article. The mechanism of
change in effective masses was previously studied on the
example of silicon in [14]. The change occurs due to the
contribution of valleys in the band structure with heavier
carriers, whose contribution to the carrier concentration
increases with concentration increase. The mechanism
may be similar to those observed in BiSe; and SbjTes.
However, an accurate statement requires an additional study
of samples with different carrier concentrations.

The charge carrier concentration and the effective mass
have a direct effect on the plasmon resonance spectrum.
The plasmon resonance energy is determined based on
the loss function, —Im(¢~!) and —Im((1+e¢)"!) for
volumetric and surface plasmons, respectively [15]. At the
resonant frequency, the loss of the optical signal increases,
on the loss functions (Fig. 1, a) for Bi,Se; and (Fig. 1, ) for
Sb,Tes, the exact value of the plasmon resonance energy is
determined based on the peak position. The volumetric
plasmon resonance energy is 0.090eV and 0.120eV for
Bi,Ses and Sb,Tes, respectively, while for SPR it is expected
to be lower than — 0.088 eV and 0.118 ¢V for BiySe; and
Sb,Tes, respectively.

Figure 2, ¢, d shows the dispersion diagrams of volumetric
(VPP) and surface (SPP) plasmons for Bi;Se; and Sb,Tes,
calculated based on the real part of the wave vector by the
formula [16]:

. /([ &é&a 12
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The imaginary part k, characterizes propagation of plas-
mon excitation along the dielectric/conductor interface, the
mean free path length is Lspp = 2—|1(2 (Fig. 3). The mean free
path length corresponds to the distance at which plasmon
excitation attenuates by e times. This parameter makes it
possible to characterize surface plasmon propagation.

The insertions to Fig. 3 show calculations of the pene-
tration depths of the plasmon resonance into the dielectric
and conducting media. The penetration depth is obtained
by the formula

1/2
Cl& + é&a /
O = — 5
%) &3
for dielectric medium and
1/2
C|& + &a /
6m = — 5
w £

for conducting medium [16]. Both parameters at the reso-
nance point were 8.4 um and 4.4 um for BiySe; and Sb,Tes,
respectively.  This parameter characterizes the depth at

which the plasmon attenuate by e times. Thus, it is possible
to estimate to what depth plasmon is able ,to probe®
the external medium. This is an important parameter for
creating selective detectors.

Conclusion

In this article, the properties of plasmon in Bi;Ses
and Sb,Te; compounds are studied. The use of these degen-
erate narrow-bandgap semiconductors for IR plasmonics is
shown to be promising. The effective masses of charge car-
riers are estimated. The spectral positions of the volumetric
and surface plasmon polaritons are determined based on the
loss function and calculated dispersions, and a difference
between plasmon energies is observed that exceeds the
measurement resolution. The free path parameters and the
plasmon penetration depth are calculated.
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