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Abstract—Currently, the terahertz-frequency range, which is on the border of the microwave and optical
ranges, is being intensively utilized. One of the widely used materials in terahertz optics is indium antimonide
(InSb), the plasma frequency of which depends on the degree of doping, temperature, and surface illumina-
tion. The possibility of generating surface plasmon polaritons, a type of surface electromagnetic waves, on the
surface of an InSb sample using the attenuated-total-reflection method (ATR) (Otto scheme) is discussed.
Using the scattering-matrix formalism, the conditions for the highest efficiency of the excitation of surface
plasmon polaritons are established. If terahertz radiation with a frequency ω slightly less than ωp is used for
this, the propagation length of such plasmons and the depth of their field penetration into the environment
(air) are comparable to the radiation wavelength. It is possible to achieve surface plasmon resonance in the
form of a sharp decrease in the intensity of monochromatic radiation reflected from the base of the ATR
prism with a change in the angle of incidence and the size of the air gap. Test experiments were performed to
observe the surface plasmon resonance on an InSb wafer using a high-resistance silicon prism and mono-
chromatic radiation (λ = 141 μm) from the Novosibirsk free electron laser. The dependence of the resonant
dip on the size of the air gap separating the prism from the sample surface is studied, and its optimal (in the
case of resonance) value is established for semiconductors with a plasma frequency in the terahertz range.
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INTRODUCTION

The surface plasmon resonance (SPR) phenome-
non makes it possible to concentrate the electromag-
netic field energy at sub-wavelength distances 
near a conducting surface, which substantially
increases the efficiency of the interaction of light with
substances. This effect is the basis of plasmonics,
which is a promising area for studies directed on the
miniaturization of optical devices for the control, gen-
eration, and recording of light at scales smaller than
the wavelength of light. Plasmonics techniques are
very efficient for designing highly sensitive sensors [1,
2], miniature laser sources [3], and high-speed light
modulators [4] for obtaining super-resolution imaging
[5]. Plasmonics has proven itself in such applied fields
as telecommunications [6] and medicine, including,
for example, the problems of detecting viruses [7] and
pathogens in food products [8], and determination of
the glucose concentration [9]. However, a great part of

the studies on plasmonics belongs to the optical range,
since traditional plasmon materials (noble metals) do
not allow the excitation of surface plasmons with a
short propagation length, because their plasma fre-
quency belongs to the short-wavelength spectral
region. The extending (extrapolation) of plasmonics
methods to the terahertz (THz) range can increase the
quality of the results, which were obtained before in
the THz range by reflectometry: in particular, the pos-
sibility of identifying complex biomolecules [10] and
medicine applications for detecting cancer cells [11].
One of the possibilities of this is the use of narrow-gap
semiconductors [12], the plasma frequency of which is
in the THz spectral range.

One of the most promising semiconductors is
indium antimonide (InSb) [13]. In addition, the pos-
sibility of doping semiconductors with impurities gives
the possibility of controlling the optical response of
the surface and optimizing plasmon sensors [14, 15]
using heterostructures.
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MODELING

SPR in Indium Antimonide

The SPR phenomenon is the excitation of a surface
electromagnetic wave at a conducting material–insu-
lator interface. The electric-field strength of a surface
electromagnetic wave increases exponentially as the
surface directing the wave is approached. This prop-
erty allows one to attain a high SPR sensitivity to
changes in the optical properties of both the surface
and also its coatings. Each conducting material has its
own resonance frequency above which no resonance is
observed and that at which it is most intense. It
depends on the plasma frequency  of a material. In
the optical range, plasmon materials are metals. How-
ever, in the THz range, surface electromagnetic waves
on metals are weakly localized [16]; thus, semicon-
ductors are more promising materials for the observa-
tion of SPR. In particular, the resonant frequencies of
narrow-gap semiconducting III–V compounds are in
the THz range [17]. The most promising materials for
THz plasmatronics is InSb due to the least effective
mass  among Group III–V semiconduc-
tors. Thus, InSb has a very high electron mobility.
Indium antimonide is a well-studied semiconductor,
impurity-free crystals of which can be grown with
quite high purity [18] up to 99.9999%. In doped semi-
conductors (having various concentrations of р- and
n-type charge carriers), uncompensated charge carri-
ers (so-called surface plasmon polaritons [19]) give a
contribution to the charge wave on the sample surface
conjugate to the surface electromagnetic wave [19]. In
the case of plasmon–polariton generation using
prisms (the Kretschmann–Raether scheme [20] or the
Otto scheme [21] which is more preferable in the THz
range [22]), the oscillations of surface electromagnetic
waves in uncompensated charge carriers amplify in a
resonant way with the equality (proximity) of the wave
vector of surface plasmon polaritons (SPP)  and
the tangential component of the radiation  incident
on the prism base at an angle of 
which is higher than the critical angle  of the prism
material. The radiation energy is transformed to the
energy of surface electromagnetic waves, which is
observed as an abrupt decrease in the reflected radia-
tion intensity (as a resonant dip) upon angular or fre-
quency scanning of the incident radiation. The angu-
lar (frequency) resonance dip width is proportional to
the damping of surface plasmon polaritons, which is
very sensitive to the surface state [23] and its transition
layer, and the closer the radiation frequency ω to the
plasma frequency  of the sample material, the
higher the sensitivity. If the surface electromagnetic-
wave propagation length L (the distance, at which the
wave intensity decreases by a factor of ) sig-
nificantly exceeds the wavelength λ, the resonant dip
shape is distorted due to the re-emission of surface
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electromagnetic waves into the prism within the inci-
dent-radiation beam and also beyond it. In the case of
metals, values of  belong mainly to near ultraviolet;
thus, for metals, L is comparable to λ only in the opti-
cal range, where they are used for the observation of
SPR due to high localization. In the case of semicon-
ductors, the values of  belong mainly to the THz
range (the frequency from 1 to 10 THz), which opens
up the possibility of observing and using the SPR phe-
nomena at the surface of such semiconductors and
their compounds. Various levels of doping allow us to
control the plasma frequency  For example, an
increase in the free-carrier concentration N shifts the

plasma frequency  to the short-wavelength

range. This fact makes it possible to determine the car-
rier concentration N according to the optical spec-
trum. The electric methods of measuring N often give
results different from those obtained by optical meth-
ods [24]. This is related to the fact that radiative (opti-
cal) methods are more sensitive to regions localized on
the surface and less sensitive to the carrier concentra-
tions in the semiconductor depth, since the penetra-
tion depth of the electromagnetic field of incident
radiation is some orders less than the skin-layer depth
for the current in the case of electrical measurements.

The optical properties of the semiconductor sur-
face are known to differ from the bulk properties due
to the existence of oxides on the surface [25]. Knowl-
edge of the complex permeability at various doping
levels allows us to choose the optimum parameters
when designing heterostructures. In [26], we assumed
that the Otto scheme is promising for the nondestruc-
tive testing of semiconductor surfaces, and they can be
substrates for SPR microscopy in the THz range [27].

Previously terahertz electromagnetic waves were
excited on semiconductor surfaces using a time-
domain THz spectroscopy setup [28]. The Otto
scheme was used in the THz range to study other nar-
row-gap semiconductors, for example, indium arse-
nide (InAs) [29], or semimetals such as silicon [30]. In
this work, we used the monochromatic radiation of a
free-electron THz laser.

The Drude and Drude–Lorentz models for
describing the optical properties of InSb almost coin-
cide at low frequencies of the THz range 
(ωL = 179.5 сm–1 [17]), i.e., at frequencies of ω <
127 cm—1. The Lorentz frequency  corresponds to
an absorption maximum at the phonon eigenfrequen-
cies of the crystal lattice. Thus, in the THz spectral
range, the complex permeability of indium antimon-
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ide can be described with good approximation by the
Drude model:

(1)

In publications, there are known optical constants
in the THz range for pure InSb measured by reflecto-
metric methods. We present the indium antimonide
parameters, separating out the parameters used in our
numerical analysis by boldface:  = 15.4 [31], 15.6
[32], 15.68 [17, 33, 34], 15.7 [35], 15.75 [36];  = 3.3
[37], 8.6 [31], 9.6 [33], 10.3 [17], 10.7 cm–1 [34];  =
244.2 [37], 292.2 [33], 296 [31], 302.4 [17], 320.7 cm–1

[34];  = 6 × 1015 cm–1 (at low Т) [34],  cm–1 (at
room temperature) [35, 38], 3.8 × 1015 cm–1 [32], 5 ×
1017 cm–1 (upon external illumination) [37];

 = 6.66 [33, 39], 7.6 [37, 38], 7.7 [35],

9 [32];  = 0.014 [32, 35], 0.0169 [40].

The concentrations N measured for InSb lie within
quite wide limits, which is likely to be related to the
different degrees of purity of the samples used, the vari-
ous treatments of their surfaces [41], and also different
temperatures, at which the concentration was measured.
For example, the empirical temperature dependence of
the carrier concentration in indium antimonide is known

[42]:  Thanks

to the temperature dependence, indium antimonide is
used as the base of hot-electron detectors [43]. It has a
high magnetic susceptibility, which allows one to use it
in Hall probes. The susceptibility of InSb is used for
the magnetic modulation of plasmons in magneto-
plasmonics [44]. The high sensitivity of indium anti-
monide to temperature, the magnetic-field strength,
and the illuminance, on the one hand, requires strict
monitoring of the sample state and, on the other hand,
opens up the possibility of using modulation schemes
of measurements, which allows one to attain a high
signal-to-noise ratio.

For the collision frequency , there are

known dependences of the electron mobility  on the
carrier concentration N [39]. The effective mass  of
InSb also has a nonlinear dependence on the carrier con-

centration [45]:  

where  eV at 300 K. Based on the foregoing,
it seems possible to estimate the electronic properties

  and  of indium antimonide by the frequen-
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cies ωp and ωτ, which, in turn, can be determined from
the optical spectrum  (1).

Calculation of the Optimum Parameters 
for the Observation of Resonance on Indium Antimonide

To find the optical constants  from measure-
ments of the reflectance R, we use the transfer-matrix
formalism to calculate electromagnetic-wave propa-
gation through layered media [46]. This method is
based on Fresnel equations written using S-matrices.
We choose the S-matrix in the form:

(2)

where  is the number of layers (for the Otto scheme:
(1) prism, (2) air gap, (3) semiconductor, j is the com-
plex unit, and  is the layer thickness; the wave vector in
the ith layer can be determined as  where

 is the tangential component, 
is the normal component, and the complex reflection
coefficient at the layer boundaries  are:

(3)

It follows that the reflection coefficient can be found

as 

The plasmon resonance is observed if a pole forms
in the complex-valued S-matrix. In this case, analyti-
cal consideration is hampered; thus, the task of detect-
ing the poles is usually resolved numerically. A
detailed analysis for the Otto scheme is given in [21].
The complex reflection coefficient can be written as

(4)

The expression for the optimum air gap 
suitable for numerical analysis is [14]:

(5)

Since the logarithm argument in Eq. (5) is com-
plex, Eq. (5) is transcendent and has the set of complex
solutions  The physical solution of
Eq. (5) can be only the real value of d, which may be
unattainable at all values of angle θ and radiation fre-
quency ω. However, if the imaginary part  is small,
a weak resonance can arise when the minimum reflec-
tion coefficient  is nonzero, i.e., the surface elec-
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Fig. 1. (a) ( ) and (b) Rr(θ) dependences for InSb at a frequency of ω = 71 сm–1 (λ = 141 μm): (a) diagrams of the (1) real 
and (2) imaginary  parts of the optimum gap value, (3) optimum parameters (at which the reflection minimum Rr is observed)

 at (4) θ = const and  at d = const; (b) for various air-gap values with the deviation from the optimal value dSPR = 11 μm
(1) (θSPR = 24°37′: (0) 0, (2) 0.25d, (3) 0.50d, (4) 1.25 d, and (5) 1.50 d.
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tromagnetic wave is excited at these values of the real
part of the air gap , but not effectively  We
note that the SPR method can be significantly more
sensitive than reflectometry but only in the case of the
effective excitation of surface electromagnetic waves.
As the SPR method is used at suboptimal parameters,
the sensitivity of the method can decrease signifi-
cantly.

From the condition of existing SPR, it follows that
the real part  must be less than zero. The colli-
sion frequency of pure and doped n-type InSb is usu-
ally much lower than the plasmon frequency 
Then it can be shown, using the Drude model (1), that
SPR takes place only at frequencies  For

pure InSb,  = 76.4 сm–1. In the case of p-type

InSb, a surface electromagnetic wave is not excited
effectively, since the collision frequency  becomes
one order of magnitude higher, i.e., the electrical con-
ductivity of p-type InSb is low.

Another important indicator of SPR is observation
of the reflection-coefficient minimum at angles larger
than the critical angle  since it is
necessary for the generation of an evanescent wave. If
the minima of R are observed at lower angles θ, they
are caused by light interference in the air gap and are
not related to the initiation of an electromagnetic wave
on the semiconductor surface.

We consider the Otto scheme using a prism made
of a high-resistance silicon Si (n = 3.41) Si (n = 3.41)
at various frequencies:  (63 сm–1),

 (for example, ω = 71 сm–1) and
 (80 сm–1). We find the optimum param-

eters for the observation of SPR in the case of InSb by
constructing a diagram for  and the correspond-
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ing resonance curves  for the optimum parame-
ters dSPR and θSPR found by the  diagram.

From the diagram analysis, it can be concluded
that the resonance is not excited effectively near fre-
quencies  (Fig. 1); i.e.,  is nonzero at all
values of angles θ. However, a weak resonance is
observed at some angles  and , since it is
near the S-matrix pole. In this case, resonance is
excited most effectively at angle θSPR as plots dmin and
θmin intersect. At lower frequencies 
(Fig. 2), as long as the permittivity is low

 the resonance can be effectively
attained (i.e.,  when  At
high frequencies , no plasmon resonance
is observed (Fig. 3), since  In this case, the
reflection minimum is caused by the absorption of the
evanescent wave in the semiconductor substrate above
the critical angle θcrit. That is lower values of Rr cannot
be obtained as the gap d increases; conversely, the
absorption efficiency decreases as the gap increases.

In the plots of the resonance curves, the dot-and-
dash line in the case d = 0 (i.e., in the case when the
prism is in contact with the substrate) demonstrates
the absorption of the evanescent wave in the semicon-
ductor bulk; i.e., the measurements are performed in
the reflectometry mode. In the case of the observation
of SPR (Figs. 1 and 2), the reflection minimum is, as
a rule, lower than that in the case of reflectometry and
at these observation angles.

To form the concept of accuracy of the SPR
method when determining the optical constants of
InSb, we calculate them taking into account the mea-
surement error. Most reflectometric setups (including
that we designed) operate in the range of incidence
angles from 10° to 75°. In the case of ref lectometry,
the reflection coefficient is calculated as R12 = |r12|2.
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( )θd

∞ω ≈ ω εp ''d

≈'' 0d ' ''d d@

∞ω < ω εp

( )ε ω ≈ −1 100,
( )θ =SPR 0),R ( )θ =SPR' .' 0d

∞ω > ω εp

' '' .d d!
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 5  2023



1056 KHASANOV et al.

Fig. 2. (a) ( ) and (b) Rr(θ) dependences for InSb at a frequency of ω = 63 сm–1 (λ = 159 μm): (a) diagrams of the (1) real 

and (2) imaginary  parts of the optimum gap value, (3) optimum parameters (at which the reflection minimum Rr is observed)

 at (4) θ = const and  at d = const; (b) for various air-gap values with the deviation from the optimal value dSPR = 54.4 μm

(1) (θSPR = 18°39′: (0) 0, (2) 0.25d, (3) 0.50d, (4) 1.25 d, and (5) 1.50 d.
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Fig. 3. (a) ( ) and (b) Rr(θ) dependences for InSb at a frequency of ω = 80 сm–1 (λ = 125 μm): (a) diagrams of the (1) real 

and (2) imaginary  parts of the optimum gap value, (3) optimum parameters (at which the reflection minimum Rr is observed)

 at (4) θ = const and  at d = const; (b) for various air-gap values d = 3 μm (1); SPR is not observed: (0) 0, (2) 0.25d,

(3) 0.50d, (4) 1.25 d, and (5) 1.50 d.
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We take the measurement error of R as 1%, the error of
the angle 6′, and the error of the gap 1 μm. Using the
Monte Carlo method (i.e., randomizing real values of
d, θ, and R, according to the given errors) and the
algorithm of reducing the optical constants [47], we
find the error in determining the permittivity (Table
1). From Table 1, we can conclude that the accuracies
of both the methods are comparable.

However, the SPR method is more sensitive to the
value of the permittivity of a surface substance layer.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Table 1. Comparison of the accuracies of the SPR method and 

Parameters Actual value

–6.83

3.69

ε'

ε''
We consider a pure InSb sample into which an n-type

InSb layer with the thickness d4 = 1 nm is embedded at

depth δ. To estimate the method sensitivity, we com-

pare the maximum changes max(ΔR)/Δδ caused by

displacement of this layer along the depth (Fig. 4).

Although the field-penetration depth  is the

same for the optical methods, the field near the sur-

face is more intense in the case of SPR; as a result, this

method is almost one order of magnitude more sensi-

tive to impurities in the semiconductor-layer depth.

''1 2 Zk
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reflectrometry when recovering the permittivity ε (ω = 63 сm–1)

SPR Reflectometry

–6.82 ± 0.07 –6.83 ± 0.08

3.68 ± 0.05 3.67 ± 0.05
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Fig. 4. Sensitivities of (1) the SPR method and (2) reflec-
tometry over depth at ω = 63 сm–1.
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EXPERIMENTAL

To observe SPR in indium antimonide in the THz
range, we assembled an experimental setup based on
the Otto scheme (Fig. 5) that makes it possible to per-
form scanning by the angle and the air-gap width. The
Novosibirsk free-electron laser, which is a radiation
source tunable in wide range, was used as the mono-
chromatic-radiation source. Previously it was used for
works on THz plasmonics using metals as substrates
with various dielectric coatings [13, 48–50] for the
excitation of an electromagnetic wave on an open
waveguide surface. The working frequency was λ = 141
μm as the most powerful and stable line of THz radia-
tion that is not absorbed by atmospheric water vapor.
The THz-radiation power was controlled by filter 1.
To increase the sensitivity of the measurements, the
THz radiation was modulated using an optomechani-
cal modulator 2 combined with a Standard Research
SR830 synchronous detector. The initial beam 12 mm
in diameter was directed by q system of mirrors 3 and
limited by diaphragm 4 with a gap of ≈8 mm in diam-
eter; then the beam was narrowed by a factor of four,
using telescopic system 6. A cylindrical prism made of
high-resistance silicon Si (n) was used as the ATR
prism. The THz radiation was polarized in the inci-
dent plane on the prism base by polarizer 5. The
reflected radiation was recorded by a Goley cell 7
(Tydex GC-1P) optoacoustic detector. Angular scan-
ning was performed using goniometric table 8; the
positional accuracy was up to 36″. The setup provided
a working angular scanning range from 10° to 75°. The
scanning according to the air-gap value (Rmin > 0) was

carried out using a Standa motorized micromechani-
cal translator 9 that ensures a positional accuracy up to
1 μm. The sample was undoped InSb made by AO
Giredmet. The InSb crystal exhibits the electronic
type of electrical conductivity, it is oriented in the
(100) plane, and has a circular plate form 65 mm in diam-
eter and 1.8 mm in thickness; the roughness is 0.5 μm.

A number of angular scannings were carried out at
various fixed distances from the prism base to the sub-
strate, and the reflection minimum was detected at
angles higher than the critical prism angle θcrit = 17°
(Fig. 6), which demonstrates the excitation of plas-
mon polaritons on the indium-antimonide surface.

DISCUSSION

The experimental data shown in Fig. 6 qualitatively
demonstrate the behavior of the resonance curve with
a change in the air-gap width that corresponds to the
expected behavior. The reflection minimum is
observed after the critical angle, which is interpreted as
SPR. However, the measurements were carried out by
the inadequately reliable method of determining the
air-gap width: we took the gap value d = 0 μm as the
contact of the prism surface with the substrate was
fixed visually, which can cause an error in giving the
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absolute-gap value of several tens of micrometers.
Because of this the optical constants of indium anti-
monide cannot be recovered from the available exper-
imental data. Moreover, for the scheme with a cylin-
drical prism, it is very important to have a radiation
beam thin with respect to the prism sizes to eliminate
self-focusing effects. A more appropriate version of
the scheme adjustment is the use of prisms with f lat
faces, for example, a rectangular prism.

Nevertheless, the measurements performed in this
work confirm the working efficiency of this assembled
experimental scheme and allow us, after eliminating
the above drawbacks, to determine the optical con-
stants of indium antimonide and to perform other
measurements using the SPR phenomenon. It can be
stated that the Otto scheme with terahertz laser radia-
tion is promising for studying semiconductors and also
their heterostructures. The SPR method is more sen-
sitive to the surface properties than the reflectometry
due to exponential distribution of the energy of a sur-
face electromagnetic wave. The developed method of
THz-plasmonics should allow one to measure thin
epitaxial layers and to distinguish thin heterostruc-
tures near the surface.

CONCLUSIONS

Theoretical and experimental studies showed that
surface plasmon resonance can be observed in the
THz range on indium antimonide using the Otto
scheme and laser radiation. The experimental setup
allows us to perform angular scanning and scanning
according to the air-gap width, and also tuning of the
laser source; these features make it possible to adjust
the Otto-scheme parameters to effectively excite SPR
in an InSb substrate including InSb doped to high
free-carrier concentrations.
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