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Abstract

We present both theoretical and experimental cases for realizing optically switchable and
tunable split-ring resonator (SRR) metamaterials operating in the THz regime. This is achieved
by suitably placing photoconducting semiconductors in the various SRR designs. Exciting the
semiconductor by an optical pump beam, the realization of single- and multi-band switching,
blue-shift and red-shift tunability, and broad-band phase modulation are demonstrated.
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1. Introduction

The emerging technologies of THz sources along with the
novel and unique potential applications of THz radiation [1],
especially in imaging, security, and communication domains,
make the need for THz manipulation components more and
more imperative. Since the majority of natural materials
do not show a strong response to THz radiation, and thus
fail to offer easy handling and manipulation of the THz
waves, metamaterials, i.e., artificially structured materials
with subwavelength building blocks [2], seem to offer
an excellent path towards this direction. The ability of
metamaterials to strongly respond to THz radiation is due to
the fact that by properly scaling the metamaterial building
blocks, one can tune and adjust the metamaterial frequency
regime of operation. Likewise, by properly designing the
geometry of the metamaterial building blocks, one can control
the type of operation and the metamaterial property achieved.
Therefore, structures can be obtained with either high positive
or negative permittivity values, high positive or negative
permeability (even in the optical regime), negative index of
refraction (leading to potential for subwavelength resolution
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imaging [3]), index close to zero (leading to possibility for
cloaking [4] and beam collimation and steering [5]), etc.
Although the realization of passive metamaterial-based
THz components, such as filters, polarizers, absorbers,
etc, is of great importance for filling the ‘THz gap’, for
the full manipulation and exploitation of THz waves, the
achievement of active, dynamically controllable metamaterial
elements is also essential, since it offers the possibility
for the creation of a variety of active components,
including tunable notch filters, switches, modulators, etc.
With this target many efforts have been devoted to the
realization of frequency agile metamaterial components,
mainly in the THz [6-13] but also in the optical
regime [14], in infrared [15, 16], and in microwaves [17-21].
Such metamaterials are realized by combining standard
metamaterial elements with active materials, i.e., materials
that can change optical properties by application of an external
stimulus, such as voltage, light, temperature, mechanical
stress, magnetic field, etc. The majority of the existing
efforts on active metamaterial elements operating in THz
concern metamaterials incorporating semiconductors, which

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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can change conducting properties by applying an external
voltage or an external optical or UV light.

The basic metamaterial component used for the creation
of active metamaterials is the split-ring resonator (SRR)
structure [22], either in its original form, initially proposed
by Pendry for the achievement of negative permeability
(but capable also of giving negative permittivity, due to its
bianisotropic response [23, 24]), or in more complicated
forms [25] exhibiting multiple resonances, which, under
excitation by a normally incident electromagnetic wave (i.e.,
excited by the incident electric field), result in most of
the cases of resonant permittivity response of the total
structure. Such resonators are usually described as effective
capacitor—inductor circuits and the role of the semiconducting
material, if incorporated in the resonator system, is either
to short the circuit or to alter its capacitance (C) or
inductance (L), thus modifying its resonance frequency, @ =
1/+/LC. Using such various shaped ring resonators, known
also as electric-field coupled LC (ELC) resonators, various
electrically tunable (i.e. tunable using an external voltage)
metamaterials have been obtained, showing either blue-shift
or red-shift tunability, or switching response [6, 7]. Moreover,
a variety of optically controllable metamaterials have been
realized, including blue- or red-shift tunable structures [8,
10], single and multi-band switches [9, 11], amplitude and/or
phase modulators [12].

At present, control of optical metamaterials has
been realized mainly by employing as ‘active’ materials
photoconducting semiconductors, which, by the application
of an external pump light, can be switched between insulating
and conducting states to alter the metamaterial response.
To incorporate such semiconducting materials into the
metamaterial, two main approaches have been applied: (1) the
semiconductor has been used as a metamaterial substrate or
as a layer between the substrate and the metamaterial [9,
11, 12], and (2) the semiconductor is inserted locally into
specific, critical parts of the metamaterial resonator [8, 10].
The first approach is easier in its practical implementation
(in terms of fabrication), but it has the disadvantage that by
application of the pump light, the total frequency spectrum
of the metamaterial response is modified—not just selected
frequency regimes close to the SRR resonances. This feature
can be advantageous, depending on the desired property or
application foreseen for the metamaterial. For example, in
the case of double resonant metamaterials, one can exploit
the frequency regime between the two resonances, where
interesting phase modulation properties can be achieved. The
second approach, i.e., the inclusion of the semiconductor
into specific parts of the metamaterial resonator, although
more difficult in its implementation, has the advantage of
affecting specific frequency regions of the metamaterial
response; therefore, leaving unaffected the remainder of the
metamaterial spectrum.

In this brief review paper, we summarize our efforts
to achieve optically controllable THz metamaterials [9, 10,
12] based on the incorporation of semiconductors into
metamaterial elements and the employment of the above-
mentioned approaches to incorporate the semiconducting

material into the metamaterial. We demonstrated a variety
of optically induced effects, including blue- and red-shift
tunability of the metamaterial resonances, single- and multi-
band switching, and broad-band phase modulation. Most of
the above effects have been demonstrated theoretically (using
full-wave simulations) and experimentally (employing THz
time domain spectroscopy).

The remainder of this paper is organized as follows:
section 2 briefly describes the numerical and experimental
characterization procedures used to describe the optical
response of our metamaterials. Section 3 presents the
switchable and tunable metamaterial response capabilities
achieved as a result of modulation of loop-current-
based resonances of the metamaterial building blocks.
Section 4 describes tunable and controllable metamaterials
by modulation of dipole-like metamaterial resonances and
off-resonance frequency regimes. Conclusions are presented
in section 5.

2. Numerical and experimental characterization
approaches

For the numerical characterization of our metamaterials, we
used the finite integration technique employed through the
Microwave Studio commercial software. For the calculation
procedure, one unit cell of the metamaterial was placed inside
a waveguide with the setting of periodic boundary conditions
at its side-walls to support a constant profile transverse
electromagnetic wave. Waveguide ports were placed at the
entrance and exit of the waveguide, serving as source and
detector, respectively, for the THz radiation perpendicularly
incident on the sample.

To simulate the photoconducting semiconductor re-
sponse, we used different values of conductivity to reflect
the different levels of photoexcitation, as a result of different
values of an applied pump power. In the case of resonance
modulation based on loop currents, the change of the
real part of the conductivity was sufficient to describe
the experimentally observed resonance modulation. For
modulation of dipole-like resonances or of non-resonant
regimes, where the dielectric-like response of the environment
plays a more critical role, the change of the imaginary part
of the conductivity (or of the real part of the permittivity)
according to the Drude model, was also taken into account.

For the experimental characterization of the samples,
a powerful THz time domain spectroscopy (TDS) scheme
was utilized. The THz radiation was generated through
a non-linear process involving an amplified kHz Ti:Sa
laser system delivering 35 fs pulses of central wavelength
800 nm and maximum energy 2.3 mJ/pulse. Using 1.3 mJ,
part of the initial beam was focused in air after partial
frequency doubling in a beta-barium-borate crystal to produce
a two-color filament and, subsequently, THz radiation [10].
To detect THz radiation, the THz-induced birefringence in
an electro-optic crystal (ZnTe) was probed by a small part
of the initial laser pulse, monitoring the time profile of the
THz electric field. The frequency profile of the electric field
was obtained by Fourier transform of the time profile, while
for the evaluation of the transmission amplitude through the
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Figure 1. (a) The THz TDS pump—probe scheme employed for the experimental characterization of the structures under investigation.

(b) The unit cell of an SRR system like the one studied in [9] and [10], but with photoconducting semiconductor (Si—see red color) only in
the SRR gaps. The SRR parameters are unit cell linear size a = 50 um, outer ring length /, = 36 um, inner ring length /; = 18 um,

w = 6 um, gap size 2 um, and metal thickness 3 um. (c) The transmission amplitude for a system of SRRs with a unit cell as shown in
panel (b), for values of the conductivity for the photoconductive semiconductor as shown by the legends.

sample the transmitted field, E(w), was divided by a reference
system (usually the substrate alone).

To study the dynamic response of the metamaterial,
the metamaterial was placed at the focus of the THz
radiation at normal incidence, while an optical pump beam
of wavelength 800 nm was used to excite photocarriers
in the photoconducting semiconductor. The temporal delay
between the optical pump beam and the THz beam was
5 ps, ensuring a quasi-steady-state for the charge carriers
in the semiconductor (the life time for charge carriers is
a few hundred nanoseconds). The application of the THz
TDS scheme on our samples, along with the photoexcitation
approach, is illustrated in figure 1(a).

3. Switching or tuning the loop-current-based
resonances in simple and complex SRR structures

Since the resonant response of the SRR-based structures
originates in most cases from the excitation of proper loop
currents, which become resonant due to the presence of
gaps in the metal (gaps act as capacitors, which impede
the free current circulation and impose oscillations, and
thus resonances), a simple and easy way to switch off this
resonant response is to close the SRR gaps, shorting the
effective SRR LC circuit. Such switching of the fundamental
resonance (magnetic resonance) in conventional double-ring
SRRs has been demonstrated by Padilla in a system of SRRs
fabricated on top of a high resistivity GaAs substrate [11].
By illuminating the system using the pump optical beam, the
excitation of photocurrents in the substrate shorted the SRR
circuit, destroying the SRR resonance. As mentioned in the
introduction and shown in figure 3(a) of [11], in this case,
where the semiconductor is used as a substrate material, not
only the resonance regimes but all the transmission spectrum
of the metamaterial is affected by the change in the conducting
properties of the semiconductor.

3.1. Single-band switch

A more efficient way to switch-off the SRR loop-current-
based resonances without affecting the remainder of the

1.0
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Figure 2. Simulated dual-band switching effect: transmission
spectra as function of Si conductivity. The unit cell of the structure
is shown in the inset; Si is marked with the red color.

spectrum is to place the photoconducting semiconductor only
in the SRR gaps. In this case, the application of the pump
beam excites photocurrents only at the gap regimes, which,
in turn, short the SRR circuit, destroying the resonances
but almost not affecting the remainder of the spectrum. In
figure 1(b), we show the unit cell of a SRR metamaterial with
geometrical features as in [11, 12] with the photoconducting
material placed only at the SRR gaps. In figure 1(c), we
show the calculated transmission spectrum for the system
of figure 1(b), as the conductivity of the semiconductor
increases from o = 1 (corresponding to no optical pump
power illumination) to ¢ = 10> S m~! (corresponding to
strong illumination). Here, the semiconductor is considered as
Si, with permittivity 11.7 (and thickness 3 ;«m), while the SRR
is made of copper, modeled as a lossy metal with conductivity
5.8 x 10’ S m~!. The SRR-Si system considered is placed on
a sapphire substrate (&sapphire = 10.5).

3.2. Dual-band switch

Richer tuning and switching properties can be achieved if
one employs SRRs of more complex shapes than the one
shown in figure 1(b), with multiple loop-current resonances.
Such an example is shown in the inset of figure 2, where a



J. Opt. 14 (2012) 114008

M Kafesaki et al

Figure 3. The electric field (a) and surface current distribution (b) at the lower frequency resonance of figure 2 (at 0.7 THz), and at the
higher frequency resonance (electric field (c), and current (d)) at 1.38 THz.
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Figure 4. (a) The SRR design showing blue-shift tunability. The photoconducting material is shown with the red color. The geometrical
features of the SRR are a = 50 um, / = 4 um, d = 36 um, g = 2 um, w = 2 um; the numerical transmission spectra through a system of
such SRRs for different values of the conductivity of the photoconducting material (Si) placed at the outer SRR gaps (b), and the
experimental transmission spectra for different intensities of the pumping source (c).

double resonance SRR is shown (yellow color) on top of a thin
(600 nm) photoconducting (Si) layer (red color), placed on
a sapphire substrate [9]. The simulated transmission through
a system of such SRRs without pump power illumination
is shown with the red-solid line in figure 2, revealing the
presence of two distinct resonances—at 0.7 and 1.38 THz.
The electric field and current distribution at these two
resonances show that both originate from loop currents, see
figure 3. The presence of the second resonance in the spectrum
is based on the fact the capacitance of the central SRR
gap is not equal to the capacitance of the side gaps; thus,
the polarization induced in the central gap does not cancel
that at the side gaps, resulting in non-zero average induced
polarization.

As shown in figure 2, the pumping of the system
of such SRRs by an optical pump beam results in the
damping of both SRR resonances, due to the shorting of the
circuits coming from the generation of photocurrents in the
semiconductor. It also results in the reduction of transmission
in the off-resonance frequency regimes, due to the increase of
absorption in the semiconductor [9].

3.3. Blue-shift tunability in a system of SRRs

Another interesting SRR design is shown in figure 4(a) [9,
10], a symmetrized variation of the design shown in figure 2
in such a way as the capacitance of the central gap is equal
to that of the two side gaps (this way only the first resonance
of figure 2 can be excited by a normally incident EM wave).

-«-6‘;11'363"

SRE R df g iy

ovi
bt

Figure 5. The distribution of the surface current at the first (a) and
second (b) resonant modes shown in figure 4(b).

This SRR can be transformed to a blue-shift tunable structure
by incorporating a photoconducting semiconductor, in our
case Si, in the outer SRR gaps (as illustrated with the red
color in figure 4(a)). The blue-shift tunable response of the
system is demonstrated in figure 4(b), where the simulated
transmission through the structure is shown for different
values of Si conductivity, corresponding to different levels of
pump power [10]. As shown in figure 4(b), by increasing the
Si conductivity, the SRR resonance, while it initially weakens,
beyond some conductivity values it reappears at higher
frequencies, regaining strength and showing a blue-shift as
high as 37%. This large blue-shift tunability, concluded by
examining the field and current distributions in the cases
with and without pumping (see figure 5), is a result of
mode switching. By closing the outer SRR gaps, the system
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Figure 6. The SRR design showing red-shift tunability (a). The dimensions and the materials are the same as the unit cell and outer ring of
figure 1(b), but the size of the semiconductor (red color) along the E direction is 5 m at each side of the gap. Panel (b) shows the numerical
transmission spectra through a system of SRRs such as the one in panel (a) for different values of the conductivity of the photoconducting

semiconductor (Si). Legends show the Si conductivity in S m~!.
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Figure 7. A two-gap single-ring SRR design showing red-shift tunability (a). The materials and dimensions are the same as the SRR of
figure 1(b), with the inner ring missing. The gap size is 2 um for both gaps—one is filled with Si (red color). Panel (b) shows the numerical
transmission spectra through a system of such SRRs for different values of the conductivity (mentioned in the legends—in S m~!) of the

photoconducting Si.

switches between a lower frequency mode, with resonance at
~0.7 THz, and a higher frequency mode, with resonance at
~0.96 THz. The current distribution associated with these two
modes is shown in figure 5.

The SRR system of figure 4(a) has been fabricated
and characterized experimentally [10]. The fabrication of
the metallic parts was achieved by UV lithography and the
Si (of thickness 2 um) was deposited using reactive ion
etching (for the fabrication details see [10]). The experimental
transmission data, obtained through the THz time domain
spectroscopy scheme described in section 2, are shown in
figure 4(c) for different pump power levels, and are in quite
good agreement with the corresponding numerical results
(figure 4(b)).

3.4. Red-shift tunability in a system of SRRs

The achievement of red-shift tunability in SRR systems is
quite easier than achievement of blue-shift tunability, as it is
sufficient to incorporate the photoconducting semiconductor
into the design in such a way as to increase the SRR
capacitance upon illumination with the pumping beam. An
easy method to increase this capacitance is to partially cover

the gaps of even simple SRR designs by the photoconducting
semiconductor [17], shown in figure 6(a). The pumping of
a system of SRRs such as the one in figure 6(a) by an
optical beam results in the transmission spectrum shown in
figure 6(b), demonstrating red-shift tunability. The degree of
tunability in this case strongly depends on the size of the gap
and the percentage of the gap covered by the photoconducting
semiconductor.

Another easy approach with the potential to offer a
larger degree of red-shift tunability than the approach of
figure 6 is to employ a multigap SRR structure (mirror-
asymmetric in respect to the applied electric field), shown in
figure 7(a), and fill one of its gaps with the photoconducting
semiconductor (preserving though the mirror asymmetry of
the structure). Then, the pump power illumination will sort
the ‘capacitor’ covered with the semiconductor, increasing the
total capacitance of the structure (in a single-ring multigap
SRR, the gaps can be considered as capacitors connected in
series). The transmission through a system of SRRs, such as
the one in figure 7(a), for different values for the conductivity
of the photoconducting semiconductor (Si) corresponding to
different pump power intensities, is shown in figure 7(b),
showing a tunability as high as ~30%.
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Figure 8. (a) The SRR design showing multi-mode switching. The geometrical parameters of the design are the same as in the one in
figure 4. Numerical transmission spectra through a system of such SRRs for excitation of the photoconducting medium 1 (conductivity here
refers to medium 1) (panel (b)), and medium 2, with medium 1 fully excited. Conductivity here refers to medium 2, while the conductivity

of medium 1 has been taken as 50000 S m~! (panel (c)).
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Figure 9. Experimental (a) and simulated (b) transmission amplitude spectra for different levels of photoexcitation of a system of SRRs
(with geometrical features as described in figure 1(b)) on top of a GaAs substrate.

3.5. Multi-mode switching in SRR systems

A very useful component for THz handling and manipulation
is a multi-mode switch. Such a switch can be achieved
by employing a multigap SRR design, similar to the
one in figure 4, and depositing at its two outer gaps
two different semiconductors (i.e., with different bandgap
energies), which can be excited using two different pumping
sources. Figure 8(a) shows the design of such an example.
Figure 8(b) shows the transmission under illumination with
a laser exciting one of the two semiconductors (photoactive
medium 1) and figure 8(c) demonstrates the transmission
under illumination with a laser exciting also the second
semiconductor. One can see in figure 8 that the design can
operate as a three-mode switch with all modes having almost
the same strength.

4. Blue-shift tunability and broad-band phase
modulation in traditional SRR structures away from
the loop-current resonance

For the achievement of active THz metamaterials, one can
benefit not only from loop-current-based resonances but also
from higher-order resonances, such as dipole resonances of
the SRRs or off-resonance frequency regimes. Employing
conventional (Pendry) SRRs, like the one in figure 1,
fabricated on top of GaAs substrate [12], the excitation of
photocarriers in the substrate results in a blue-shift of the
dipole-like resonance, as demonstrated by the experimental
data presented in figure 9 [12]. We note here that for the results
of figure 9, the SRRs are oriented so as to provide mirror
symmetry in respect to the applied THz electric field; in this
case, the lowest frequency resonance that can be excited by
the electric field is the dipole-like resonance. To understand
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Figure 10. Experimental (a) and simulated (b) phase tunability for different levels of photoexcitation for the same SRR system as in

figure 9.

and reproduce theoretically the blue-shift of this resonance, it
is essential to take into account the photoexcitation induced
change not only to the real part of the substrate conductivity,
but also to the imaginary part, i.e., to the real part of the
substrate permittivity representing the change in the dielectric
properties of the substrate. According to the Drude model, ¢ =
SGaAS—a)S/(a)Z—i—ia)y), with wp = /Ne? /eom*, m* = 0.067m,
vy = 1.8 THz, egaas = 12.7, where w) is the semiconductor
plasma frequency, y its collision frequency, and m* the
effective mass of the carriers, an increase of the carriers
density () due to photoexcitation results in a reduction of
the substrate permittivity and, therefore, in the blue-shift
of the dipole-like SRR resonance frequency. To reproduce
numerically (see figure 9(b)) the experimentally obtained
transmission, we considered carrier densities 3 x 1016, 1.5 x
10'6, 5 x 10" ecm™3 for excitations 6, 3, and 1 ulJ cm~2,
respectively, and penetration depth for the optical pump beam
as 1 pm.

Another interesting feature observed in the system
described in connection with figure 9 concerns the phase
modulation at frequencies below the resonance as we increase
the optical pumping intensity. Figure 10, which shows the
phase of the transmitted wave (obtained both theoretically and
experimentally) for various values of the pumping intensity,
demonstrates a broad-band (~250 GHz) phase modulation in
the frequency regime below the resonance, associated with
almost no change in transmitted intensity. This large (over
~m /4) phase modulation demonstrates the potential for our
metamaterial to be used as a tunable THz wave plate.

5. Conclusions

In this paper we reviewed our studies on optically tunable
and switchable THz metamaterials. The metamaterials
are based on electrically resonant SRR structures of
various designs, suitably incorporating photoconducting
semiconductors, which, under excitation by an optical pump
beam, can change from an insulating to a conducting state,
modulating the metamaterial response. The semiconductors
are either employed as substrate materials or are placed
in critical parts of the SRR structure. This approach,
exploiting loop-current resonances of the SRRs, demonstrated
single- and multi-band switchable structures, tunable SRRs

showing either blue- or red-shift tunability, and multi-
mode SRR switches. Moreover, exploiting dipole-like SRR
resonances demonstrated blue-shift tunability and a broad-
band phase modulator. The switchable/tunable SRR structures
demonstrated here can form the basis for a variety of
THz manipulation components, such as tunable notch
filters, switches, and tunable wave-plates, offering additional
solutions to fill the ‘THz gap.’
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