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Abstract

We investigate theoretically the enhanced THz extinction by periodic arrays of semiconductor
particles. Scattering particles of doped semiconductors can sustain localized surface plasmon
polaritons, which can be diffractively coupled giving rise to surface lattice resonances. These
resonances are characterized by a large extinction and narrow bandwidth, which can be tuned
by controlling the charge carrier density in the semiconductor. The underlaying mechanism
leading to this tuneability is explained using the coupled dipole approximation and considering
GaAs as the semiconductor. The enhanced THz extinction in arrays of GaAs particles could be
tuned in a wide range by optical pumping of charge carriers.

(Some figures may appear in colour only in the online journal)

1. Introduction

The field of surface plasmon polariton optics (plasmonics) has
attracted increased interest over the last decade. This interest
has been motivated by the resonant response of metallic
structures, which leads to an enhanced optical response
and to large local field enhancements in subwavelength
volumes [1, 2]. In their pioneering work, Ebbesen and
co-workers demonstrated the enhanced optical transmission
through metallic thin films perforated with subwavelength
holes [3]. This enhanced transmission was explained in
terms of the grating assisted excitation of surface plasmon
polaritons (SPPs). Enhanced transmission of low-frequency
electromagnetic radiation was demonstrated in the THz
range by Goémez Rivas and co-workers [4]. An important
characteristic of this work is that the perforated thin film was
made of doped silicon. Doped semiconductors have a metallic
behavior at THz frequencies, which enables the excitation of
SPPs. The characteristics of SPPs can be tuned by controlling
the carrier concentration in the semiconductor, which can be
achieved by doping [5] or, actively, with magnetic fields [6, 7],
or by thermal- [8—10], photo-excitation [11-15] or electrical
injection of charge carriers [16]. Complementary to hole
arrays are arrays of metallic particles exhibiting very narrow
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bands with extraordinary extinction [17-19]. These bands,
known as surface lattice resonances (SLRs) are the result of
the enhanced radiative coupling of localized SPPs through
Rayleigh anomalies (RA) (diffracted orders in the plane of
the array) [20]. So far, SLRs have been mostly investigated
at optical and near IR frequencies [21-26]. The few works on
diffractive coupling of localized resonances at THz frequencies
have been done on metallic structures [27-30], with the
exception of [31] where arrays of Si resonators have been
considered. However, in that reference no connection with
SLRs was made.

In this manuscript we investigate theoretically the
excitation of SLRs in 1D arrays of GaAs particles at THz
frequencies. GaAs is a high mobility semiconductor with an
energy bandgap of 1.43 eV (Agp = 867 nm), which allows
for the optical excitation of free charge carriers using near
IR wavelengths. This characteristic enables actively tuning
the THz extinction of the SLRs in the arrays at defined
wavelengths over a wide range as opposed to most metals
which behave as nearly perfect electric conductors at THz
frequencies and cannot be actively tuned. The large tuneability
of the extinction makes SLRs in semiconductors interesting for
THz modulation. The manuscript is organized as follows: the
dielectric properties of GaAs in the THz regime as calculated

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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with the Drude model are described as a function of both
frequency and carrier concentration in section 2.1. Using these
material properties, we discuss localized surface plasmons
(LSPs) in GaAs ellipsoids in section 2.2. The coupled dipole
approximation is described in section 3.1, while the active
control of the extinction in arrays of GaAs scatterers is
discussed in section 3.2.

2. THz plasmonic particles

2.1. Drude model for GaAs

Semiconductors are excellent candidates for THz plasmonics.
Doped semiconductors have a skin depth sufficiently large
to allow for extensive penetration of THz radiation into the
material, and a plasma frequency in the range of tens of THz.
Their permittivity depends on the concentration of charge
carriers, which can be controlled either by chemical doping,
or actively by thermal- or photo-excitation of carriers, or
by electrical injection. The frequency dependent complex
permittivity € resulting from the Drude model of free charge
carriers is given by

io

€(®) = €0 + —, ey
WE(

with €, the high frequency limit for the permittivity, w = 27 v

is the angular frequency, € the vacuum permittivity and o the

complex conductivity given by [32]
10°Ne*t /m
=— @)
1 —iwt
where N is the charge carrier density in cm™, e the
fundamental charge, t the carrier momentum relaxation time
or the average time between charge carrier scattering events
and m the charge effective mass. The momentum relaxation
time depends on the carrier mobility, u,,, and its effective mass
through the relation T = mu,,/e, where w,, depends on the
charge carrier density. For n-doped GaAs, w,, is approximated
by the empirical relation [33]
0.94
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Defining the plasma frequency as @ = Ne? /me, the complex
permittivity can be written as

- G (L 4
€= € 172 4+ w? \iwt ’

in which, for the calculations presented below, we use the
following material properties for GaAs, m = 1.39 x 10732 kg
and €5, = 10.89 [34].

The permittivity of GaAs at THz frequencies is shown
in figure 1 for various carrier concentrations, namely,
2 x 10'7 cm™3 (blue curves), 5 x 107 cm™3 (green curves),
and 10" cm™ (red curves). The permittivity can be tuned
over a significant range of values by changing the carrier
concentration. Changes in the carrier concentration of the
order of 10'” cm™3 can be reached by optical pumping [35].
Increasing the carrier concentration increases the plasma
frequency, giving to the material a more metallic behavior,
i.e., the magnitude of the real component of the permittivity
increases, but also increases the imaginary component
associated with the Ohmic losses in the semiconductor.
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Figure 1. Minus real (@) and imaginary (b) component of the
permittivity of GaAs for various carrier concentrations, as
calculated with the Drude model of free charge carriers.

2.2. GaAs localized surface plasmons

The extinction properties of a scattering particle are given by
its polarizability tensor, which depends on the shape and size
of the particle, and the permittivity of the materials forming
the particle and its surrounding. The principal components of
the static polarizability of an ellipsoidal particle in a dielectric
and homogeneous medium is given by [36]

astatic -V (617 — &) 5)
" (3(€p_€s)'Lm+3€s)’

where m = 1, 2, 3 defines the principal axes of the ellipsoid,
V is the volume of the particle, €, and € are the permittivities
of the particle and of the surrounding dielectric medium,
respectively, and L,, is the shape factor describing the flattening
of the particle. For spherical particles the shape factor is
1/3 for the three axes, while it deviates from this value for
oblate and prolate spheroids. For the calculations presented
later, we consider disk-shaped particles that have two equal
principal axes defining their diameter and a shorter one
defining the height of the disk. The shape factors for the
particles described in this manuscript are for the long axes
in the range 0.01 < L,, < 0.03.

For scatterers of finite size, both dynamic depolarization
and radiative damping influence the polarizability. In the
modified long wavelength approximation, which holds for
particles of subwavelength dimensions, the polarizability
becomes [37]

o static

m
oy = , (6)
_ 233 pstatic _ K2 static
1 — sikas o

in which k = 27, /€;v/c is the incident wave vector and r
is half the main axis of the ellipsoid. The term Fik*oiic
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Figure 2. Schematic representation of the particle geometry and
illumination.
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corresponds to the dynamic depolarization, and the term
@ajfmc to the radiative damping. The extinction cross section
of the particle is determined by the amount of work done
by the incident electromagnetic field on driving the charges,
normalized by the intensity of the incident field. This work is
given by the product of the wave vector and the imaginary
component of the polarizability. When illuminated by an
incident field polarized along one of the principal axes m
of the particle this translates to an extinction cross section
Cext = 4k Im(e,,) [37].

Calculations of the extinction cross section of GaAs
micro-ellipsoids with two identical long axes of varying
lengths and a short axis of 1.5 um, are shown in figure 3.
This height is chosen such that the structures can be made by
thin film deposition and optical lithography [35].

The incident electromagnetic field is chosen such that the
wave vector is parallel with the short axis of the ellipsoid along
the z-axis, and a polarization along one of the long axes of the
ellipsoid in the y-direction. A scheme of the geometry is shown
in figure 2. The extinction cross section is normalized against
the geometrical cross section of the respective ellipsoids,
resulting in the extinction efficiency Q. The GaAs particles
are considered to be surrounded by a lossless material with
€, = 4, representing quartz at THz frequencies. The extinction
spectra are calculated for diameters 50 um (a), 60 um (b) and
80 um (c), and by varying the carrier concentration in GaAs in
the range 2 x 107 to 10" cm™3 (different curves in figure 3).
All the spectra show a resonant behavior that corresponds to
the coherent and resonant oscillation of the charge carriers in
the particle, i.e., the LSPs in conducting GaAs.

The resonant frequency and the spectral width of the LSP
are shown in figure 4, as a function of the disk diameter
and carrier concentration. Due to the asymmetric shape of
the LSP resonance and in order to have a clear comparison
with the spectra discussed in the next section, we define
the resonance width at the lower frequency half-width at
half-maximum (HWHM). Increasing the particle diameter
gives rise to a pronounced redshift of the LSP resonance
(figure 4(a)). This redshift can be qualitatively described by

50 ym diameter
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Figure 3. Extinction efficiencies of GaAs ellipsoids as a function of
the size and carrier concentration under normal incidence
illumination. The dash-dotted blue curves indicate a carrier
concentration of 2 x 10'" cm~3, the dashed green curves

5 x 10" cm~3, and the solid red curves 10'® cm~3. Figures (a)—(c)
show the extinction spectra for ellipsoids having long diameters in a
plane perpendicular to the incident wave vector of 50 um, 60 um
and 80 um, respectively. All ellipsoids have a short axis parallel to
the incident wave vector of 1.5 um and are surrounded by a
dielectric with a permittivity of €, = 4.

the decrease in the oscillator restoring force of the charge
density as the distance between charges of different sign
increases. Increasing the carrier concentration increases the
plasma frequency w, and blueshifts the resonant extinction
spectrum as a consequence of the increased oscillator restoring
force. We can also see that the HWHM is reduced as the particle
diameter is increased (figure 4(b)). The strong dispersion of
GaAs and the resonance shifts as the particle size is varied
give rise to this reduction of the HWHM for larger particles:
the larger values of the permittivity at lower frequencies are
responsible for the reduction of the skin depth of GaAs and the
concomitant reduction of the Ohmic losses, thus the narrowing
of the resonance.

3. Arrays of plasmonic particles

When multiple dipolar particles are placed in close proximity,
the field scattered by each of them will reach its neighbors,
i.e., the neighboring particles will couple radiatively. The
interference of this scattered field with the incident field
can modify the overall scattering behavior of the ensemble.
Diffraction becomes relevant when the particles are placed in
an ordered periodic array. Diffracted orders in the plane of the
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Figure 4. The LSP resonance frequency (a) and the lower frequency
HWHM (b) as a function of the long axis of the ellipsoid for the
different carrier concentrations. The vertical dotted lines indicate the
particle diameters for the extinctions shown in figure 3.

array, known as RA, are responsible for an enhanced radiative
coupling between the particles. This enhanced coupling results
in hybrid diffraction-plasmonic modes known as SLRs. In
this section we discuss SLRs in arrays of THz plasmonic
particles and their effect on the extinction spectrum of the
arrays. In order to investigate the hybridization of an LSP with
a diffracted order it is important that higher orders are well
separated in frequency. The simplest configuration meeting
this condition is a 1D periodic lattice of scatterers.

3.1. Coupled dipole model

The polarization of each particle in an array (labeled with the
subindex i) is defined as the product of its polarizability tensor
with the local field at the particle position E}°, which is the
sum of the incident field, E}“ , and the scattered field by all
other particles, E¥

pl- = a,E}OC = O[[(E}n + Eisca). (7)

The scattered field produced by a point dipole representing
particle j at the position of particle i is given by the product
of the dipole moment p; and the Green’s function of dipole j
at the position of particle i, G; ;. For an array of dipoles the
polarization of particle i is thus given by

Pi =« |:E}nc + Z Gi,jpj:|~ ®)

J#i
For a large array of indistinguishable particles the polarization
is independent of the particle position. Only for a small fraction
of particles within an interaction length of a boundary does

P = p; = p; not hold. Considering an array large enough to
neglect this fraction, we can express the polarization as

P aEinC *Einc (9)
= ———— =U N
l—a) ;G
where the effective polarizability o™ is defined as
1
= . 10
= Va—s (10)

The term S = }°; G; ; describes the coupling between the
dipoles due to scattering.

When the array is illuminated such that the incident wave
vector is parallel with the short axes of the ellipsoids, and the
polarization direction is orthogonal to the direction of the array,
we can use the scalar approximation for the polarizability and
fields. Under these conditions the coupling term S for a 1D
array is given by [18]

. ik 1 K
S = Z exp(lkr) <ﬁ—r—3+7),

dipoles

QY

in which r is the distance of the respective dipoles. The scalar
approximation is justified since, as a result of symmetry,
the polarization of the particles is always parallel with the
polarization of the incident field. The extinction cross section
of the coupled system in terms of this effective polarizability
can now be written as

Cext = 4mkIm(a™). (12)

An interesting situation in periodic arrays occurs at the
frequency at which the incident field is diffracted in the
direction parallel to the array, i.e., at the RA condition. This
condition can be established by the conservation of the wave
vector parallel to the interface, which for a plane wave incident
normal to the surface leads to v = mc/(a./€;), where c is the
speed of light in vacuum, m an integer defining the diffracted
order and a the period of the array.

3.2. GaAs surface lattice resonances

To illustrate the diffractive coupling of LSPs in a row of
identical scatterers forming a 1D periodic array we set the
lattice constant to 150 pm, which results in a RA at 1 THz in
a surrounding medium with €, = 4. The second order RA is
at 2 THz, and it is largely detuned in frequency from the first
order. For scatterers with the same properties and dimensions
as described in section 2.2, the extinction spectra of a row
of identically coupled ellipsoidal particles are calculated and
displayedin figure 5. As in figure 3, the particles have long axes
of 50 um, 60 um and 80 um in (a), (b) and (c), respectively,
a height of 1.5 um and are surrounded by a dielectric with
permittivity €, = 4, e.g., quartz. The extinction cross sections
are calculated using the coupled dipole method for a 1D array
of 2000 particles and normalized to the geometrical cross
sections of the respective particles. For this number of particles
the spectra are converged to the infinite array.

Two main and distinct features can be appreciated in
the spectra of figure 5. First, at the frequency of the RA
the extinction efficiency is reduced. This reduction is a
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Figure 5. Extinction efficiencies of arrays of 2000 GaAs ellipsoids
in a medium with permittivity €, = 4 as a function of size and
carrier concentration under normal incidence illumination. The pitch
is 150 pm, resulting in a Rayleigh anomaly at 1 THz. Figures (a),
(b) and (c) show the extinction spectra for ellipsoids having
diameters of 50 um, 60 um and 80 wm, respectively. All ellipsoids
have a height of 1.5 um.

consequence of the scattered field from each particle being out
of phase with the local incident field. Second, a pronounced
resonance with an enhanced extinction appears at frequencies
lower than the RA. For these frequencies the scattered
field is in phase with the incident field. These resonances
with enhanced extinction are known as SLRs [20] and,
besides of their large extinction, they are characterized by
a narrow line width. This characteristic highlights the hybrid
character of SLRs originating from the enhanced radiative
coupling of localized plasmonic resonances mediated by
photonic/diffraction modes. The hybrid character can be also
appreciated in the dependence of the resonant frequency and
width with the particle size as shown in figure 6. Similar to the
resonances of the individual particles shown in figure 4(a), the
SLR blueshifts by decreasing the long axes of the ellipsoid and
by increasing the carrier concentration. However, the blueshift
in the array is limited by the frequency of the RA at 1 THz.
A more remarkable difference with LSPs can be found in
the dependence of the HWHM with the particle diameter.
The smaller the particle diameter, the stronger the radiative
coupling of the LSPs mediated by the Rayleigh anomaly, and
the narrower the resonance becomes. The coupling strength is
determined by the detuning between the resonant frequency
of the LSPs and the RA. This characteristic makes it possible
to actively control the extinction by particle arrays, enhancing
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Figure 6. The SLR resonance frequency (a) and the lower frequency
HWHM (b) as a function of the ellipsoid diameter for the different
carrier concentrations. The dotted black vertical lines indicate the
particle diameters for the curves shown in figure 5.

or suppressing it by tuning the carrier concentration in the
semiconductor.

The mechanism enabling the tuneability of the extinction
is further elucidated in figure 7. Figure 7(a) shows both the
LSP (dashed curves) and SLR (solid curves) spectra of a disk
having a diameter of 60 um for the carrier concentrations
2 x 107 ;5 x 10" and 10'° cm™3, as shown in figures 3(b)
and 5(b). In figure 7(b) the real component of 1/« for these
carrier concentrations is compared against both components
of S. The extinction of the coupled system has a maximum
whenever the real component of (1/« — §) vanishes, i.e., at
the poles in the real axis of the effective polarizability given
in (10). The maxima in extinction are indicated by the dotted
lines in figure 7(a). These lines mark also the crossing of
Re(1/a) with Re(S) at frequencies below 1 THz. The array
factor S has a large value at the RA, i.e. 1 THz, as indicated
by the vertical black dashed line, dominating the denominator
in equation (10) and minimizing «*. The asymptotic behavior
at the RA also explains why in figure 6 the SLR frequency is
limited to frequencies lower than 1 THz. By tuning the carrier
concentration, and thus the magnitude of «, the frequency at
which Re(1/«) equals Re(S), thus the SLR, can be precisely
controlled. We can see in figure 7(b) that Re(1/«a) = Re(S)
for a carrier concentration of N = 10 cm~> at 1.08 THz,
while for this frequency we do not observe a maximum in
the extinction efficiency. The reason for the absence of this
maximum is the large value of the imaginary component of S,
represented by the magenta curve in figure 7(b), which reduces
the extinction efficiency defined in (12).
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Figure 7. (a) SLRs in diffractively coupled ensembles of GaAs
ellipsoids with a 60 um diameter as shown in figure 5() (solid
curves), and the uncoupled responses as shown in figure 3(b)
(dashed curves). For clarity the spectra are displaced vertically. The
real and imaginary components of the array factor S as calculated
with the coupled dipole approximation for a 1D array of 2000
particles, and for each carrier concentration 1/«. The dotted lines
mark the extinction maxima, and the crossings of Re(1/«) with
Re(S), the dash-dotted line marks the Rayleigh anomaly condition.
S and 1/« are normalized against the ellipsoid volume V.

4. Conclusion

We have investigated theoretically the THz extinction by
individual GaAs particles and by periodic arrays. The localized
surface plasmon resonance in individual particles depends
on both the particle diameter and the charge carrier density.
Using the coupled dipole approximation, we show that a 1D
lattice of these particles can exhibit an enhanced extinction
which is the result of the radiative coupling of localized
surface plasmons through diffraction. The possibility to tune
the resonance frequency and strength of localized plasmons by
controlling the carrier density in the GaAs particles, enables
control of the enhanced THz extinction in periodic arrays. This
approach may be interesting for the development of efficient
THz modulators.
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