Long-range surface plasmon polaritons at THz

frequencies in thin semiconductor layers

Yichen Zhang!, Audrey Berrier!, and Jaime Gémez Rivas 1

LFOM Institute for Atomic and Molecular Physics, c/o Philips Research, High-Tech
Campus 4, 5656 AE Findhoven, The Netherlands
2COBRA Research Institute, Eindhoven University of Technology, P.O. Box 513, 5600 MB
Eindhoven, The Netherlands
*Corresponding author: rivas@amolf.nl

We present a theoretical investigation of THz long-range surface plasmon
polaritons propagating on thin layers of InSb. The metallic behavior of doped
semiconductors at THz frequencies allows the excitation of surface plasmon
polaritons with propagation and confinement lengths that can be actively
controlled. This control is achieved by acting on the free carrier density, which
can be realized by changing the temperature of InSh.

OCIS codes: 240.6680, 300.6495.

Surface plasmon polaritons (SPPs) are electromagnetic waves coupled to the free charge
carriers at the interface between a metal and a dielectric [1]. These waves propagate along
the interface, while decaying evanescently away from it. The propagation length of SPPs
is mainly limited by Ohmic losses in the metal. A possible way to lower these losses is to
reduce the penetration of the electromagnetic field inside the metal, which can be achieved
by coupling the SPPs at the opposite sides of a thin metallic film. These coupled SPPs
are known as long-range surface plasmon polaritons (LRSPPs) and have been thoroughly
investigated at optical frequencies in thin layers of noble metals [2].

In this article we present a theoretical investigation of LRSPPs at THz frequencies. The
generation of THz radiation with short optical pulses in InSb has been reported in litera-
ture [3-5]. Also THz plasmonics with InSb structures has been proposed and investigated
in various systems such as hole arrays [6], gratings [7-9], slits [10,11], slot cavities [12] and
plasmonic antennas [13]. InSb behaves as a metal at THz frequencies, i.e., it has a negative
real component of the permittivity. This behavior can be tuned by modifying the number
of excited electrons into the conduction band, i.e., the free carrier density. We investigate
here thin films (relative to THz wavelengths) of crystalline indium antimonide (InSb) em-
bedded in quartz and propose a simple way to control the characteristic lengths of LRSPPs
by changing the temperature of the semiconductor. Active control of SPPs represents one of
the paradigms of current research on plasmonics.

Figure 1(a) displays the real (solid curve) and imaginary (dashed curve) components of
the permittivity of InSb at 290 K. These values have been obtained using a Drude model
for free electrons and values of the effective mass and mobility reported in literature [14].
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Intrinsic InSb is a narrow gap semiconductor with a band-gap energy of 0.17 eV. At room
temperature, there is a significant fraction of thermally excited electrons in the conduction
band (N ~ 2-10'® cm™) with high mobility (z ~ 7.7 - 10* ecm?V~!'s™!), which provide
a metallic character to InSb at low frequencies. This character can be appreciated by the
negative real component of the permittivity at frequencies lower than the plasma frequency
of InSh, i.e.;, w < 2.8 THz at 290 K. The density of thermally excited carriers and the
permittivity of InSb can be controlled by changing the temperature in the semiconductor.
Figure 1(b) displays the real (solid curve) and imaginary (dashed curve) components of
the permittivity of InSb at 1 THz as a function of temperature. The inset represents the
dependence of the free-carrier density with temperature: Lowering the temperature reduces
the free carrier density. Since the plasma frequency of a conductor scales with the root square
of the carrier density, it shifts to lower frequencies as the temperature is reduced. The plasma
frequency of InSb is around 1 THz for a temperature of 200 K. At lower temperatures the
real component of the permittivity becomes positive and InSb behaves as a dielectric. Ohmic
losses, characterized by the imaginary component of the permittivity, are also reduced as the
temperature is lowered.
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Fig. 1. (a) Real (solid curve) and imaginary (dashed curve) components of the permittivity of
InSb at 290 K as function of the frequency and (b) at 1 THz as function of the temperature.
The inset shows the dependence of the free charge carrier density in InSb with temperature.

An interface separating a metal from a dielectric supports SPPs. The dispersion relation
of these surface modes can be derived by solving Maxwell equations at the interface and it

is given by
w €c€4
Espp = — , 1
=\ ra (1)

where w is the angular frequency, ¢ the speed of light in vacuum, and €. and ¢; are the
permittivities of the conductor and the dielectric respectively. Note that kg, is a complex
wavenumber due to the complex permittivity of the conductor. The black solid curve in
Fig.2(a) represents the real component of the wavenumber of SPPs on an InSb-quartz in-
terface at 290 K. The dashed area corresponds to the light cone or the allowed frequencies
and wavenumbers for free space radiation in quartz. Surface modes are characterized by a
wavenumber larger than that of free space radiation. In the case of a low-loss conductor, i.e.,
when the absolute value of the real component of the permittivity is much larger than the
imaginary component, this characteristic behavior of SPPs is found at frequencies lower than
the surface plasmon polariton frequency. This frequency is given by wsy, = wy/ (V€ + €a),
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where w), is the plasma frequency and ey is the contribution to the permittivity of bounded
charges in the semiconductor. We also see in Fig. 2(a) that the separation of the wavenumber
from the light cone increases at higher frequencies, reaching a maximum at approximately
wspp before folding into the light cone. The increased separation is the result of the better
field confinement of SPPs to the surface. As a consequence of the lager field confinement also
losses become more important. The losses are proportional to the imaginary component of
the SPPs wavenumber, which is displayed in Fig. 2(b) with the black curve for frequencies
lower than wyy,.

The dispersion of SPPs is modified in thin metallic layers. In this system, SPPs at opposite
sides of the thin film can couple with each other forming the so-called long-range and short-
range SPPs (LRSPPs and SRSPPs). These coupled SPPs have different surface charge and
field symmetries with respect to the middle plane of the thin layer. Similar to SPPs on single
interfaces, the dispersion relation of LRSPPs and SRSPPs is obtained by solving Maxwell
equations and applying the boundary conditions at the interfaces [15]. If the dielectric is the
same at both sides of the thin film we find the following dispersion relations

CkZ

tanh(ik,, d/2) = — <2 2)
Edkzc
k.

tanh(ik,, d/2) = — L2 (3)
ek,

for the LRSPPs (Eq. 2) and SRSPPs (Eq. 3), respectively. In these equations, d is the
thickness of the thin layer, and k., (k.,) are the wavenumbers in the direction normal to the
thin layer in the conductor (dielectric). These wavenumbers are related to the wavenumber
in the propagation direction kg, by

2 2 w
kspp + kzd = Edg s (4)

2

2 2 W
kspp + kzc == Ecg . (5)

Equations (2), (3), (4) and (5) can be solved numerically to obtain the complex wavenum-
bers as a function of the frequency. The complex wavenumber of LRSPPs and SRSPPs for
a 10 pm thick layer of InSb at 290 K embedded in quartz are plotted in Figs. 2(a) and (b)
as a function of the frequency with dark- and light-grey curves, respectively. The dispersion
of LRSPPs gets closer to the light cone than that of SRSPPs, which can be interpreted
as a weaker confinement of the electromagnetic field to the thin layer and the concomitant
reduction of losses. Indeed, as a consequence of the reduced losses, the imaginary component
of the wavevector of LRSPPs is smaller than that of SPPs and SRSPPs. In the following we
will focus on the characteristics of LRSPPs.

Figure 3 displays the real (a) and imaginary (b) components of the wavenumber of LRSPPs
in a thin InSb layer surrounded by quartz, at a temperature of 210 K and at 1 THz as a
function of the layer thickness. The wavenumbers in Fig. 3 are normalized to the wavenumber
in quartz. For large thicknesses, the wavenumber converges to the value of SPPs on a single
interface since the coupling of SPPs at the opposite sides of the layer is negligible in this limit.
When the thickness of the layer is reduced, the coupling increases and the values of the real
and imaginary components of the wavenumber are reduced. The real component converges
to the value of the wavenumber in quartz, while the imaginary component vanishes. This
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Fig. 2. (a) dispersion relation of SPPs on an InSb-quartz interface (black curve), and of long-
range surface SPPs (dark-grey curve) and short-range SPPs (light-grey curve) for a 10 ym
thick film of InSb surrounded by quartz. The dashed area represents the light cone in quartz.
(b) Imaginary components of the wavenumber of SPPs (black curve), LRSPPs (dark-grey
curve) and SRSPPs (light-grey curve) as a function of the frequency and for frequencies
below the surface plasmon polariton frequency.
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Fig. 3. Real (a) and imaginary (b) components of the wavenumber of long-range SPPs,
normalized by the wavenumber in quartz, in a InSb layer surrounded by quartz as a function
of the thickness of the layer. The calculations correspond to a temperature of 210 K and a

frequency of 1 THz.



behavior is consistent with the interpretation of an electromagnetic field extending into the
surrounding dielectric and with a reduced energy density inside the thin absorbing layer.

The propagation (L,) and confinement (L) lengths of LRSPPs are defined as the lengths
over which the field intensity decreases by a factor 1/e in the propagation direction and in the
direction normal to the layer, respectively. These lengths are given by L, = 1/(2Im(ks,,)) and
L, =1/(2Im(k,,)) [1]. Figure 4 displays L, and L, at 1 THz, normalized by the wavelength
of free space radiation in quartz, as a function of the temperature in the range 210-290
K for LRSPPs in a 10 pm layer of InSb. As the temperature is reduced the normalized
confinement length decreases by a factor of 1.75. Also losses increase at lower temperatures as
a consequence of the better confinement of the field to the absorbing layer. In the temperature
range 210-250 K the normalized propagation length of LRSPPs varies by almost a factor of
7. The small reduction of the propagation length for temperatures higher than 250 K can be
understood by the increase of the imaginary component of the permittivity (see Fig. 1(b)).
For temperatures below 210 K, InSb behaves as a dielectric at 1 THz. The large variation of
the characteristic lengths of LRSPPs in InSb with modest variations in the carrier density,
induced by changes in temperature, opens the possibility for active plasmonic circuits at THz
frequencies. It should be pointed out that the changes in carrier density can be also induced
by means of optical excitation of carriers. In Ref. [16] was reported the switching of the
SPPs transmission through an InSb Bragg mirror with a continuous wave laser and power
densities on the order of a few W /cm?. Optical generation of carriers in semiconductors will
allow the development of ultra-fast active plasmonic devices [17].
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Fig. 4. Propagation length L, (open squares) and decay length L, (open circles) of LRSPPs
in a thin layer of InSb surrounded by quartz as a function of the temperature, normalized
by the wavelength in vacuum. The thickness of the InSb layer is 10 pum.

In conclusion, we have presented a theoretical study of the dispersion and characteristic
lengths of long-range surface plasmon polaritons at THz frequencies in thin layers of InSh.
These characteristic lengths can be controlled by changing the temperature of the semicon-
ductor, i.e., by changing the density of thermally excited carriers.
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