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Abstract Metamaterials have been developed as a new
class of artificial effective media realizing many exotic
phenomena and unique properties not normally found in
nature. Metamaterials enable functionality through struc-
ture design, facilitating applications by addressing the
severe material issues in the terahertz frequency range.
Consequently, prototype functional terahertz devices have
been demonstrated, including filters, antireflection coat-
ings, perfect absorbers, polarization converters, and
arbitrary wavefront shaping devices. Further integration
of functional materials into metamaterial structures have
enabled actively and dynamically switchable and fre-
quency tunable terahertz metamaterials through the
application of external stimuli. The enhanced light-matter
interactions in active terahertz metamaterials may result in
unprecedented control and manipulation of terahertz
radiation, forming the foundation of many terahertz
applications. In this paper, we review the progress during
the past few years in this rapidly growing research field.
We particularly focus on the design principles and
realization of functionalities using single-layer and few-
layer terahertz planar metamaterials, and active terahertz
metamaterials through the integration of semiconductors to
achieve switchable and frequency-tunable response.
Keywords terahertz, metamaterials, semiconductor,
modulation

1 Introduction

The propagation of electromagnetic waves in various
media is determined by the Maxwell’s equations, where
the electromagnetic properties of materials are described
by the electric permittivity & and magnetic permeability u.
Other electromagnetic parameters are then derived from
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them, such as refractive index n? = gu, impedance

Cfu , where @ and ¢
are the angular frequency and speed of light in vacuum,
respectively. While we are familiar with the positive values
of ¢ and u in dielectric materials, in general they are
frequency dependent complex functions, and there is no
fundamental restriction that they cannot take negative
values in their real part [1]. For instance, the permittivity of
metals in the optical regime is negative below their plasma
frequency, and the plasma frequency can be lowered to
terahertz (THz) frequencies using doped semiconductors.
However, except for a few ferromagnetic materials at some
specific microwave frequencies, negative permeability is
still not accessible using naturally existing materials at
THz frequencies and beyond. The fact is that in the optical
frequency regime the magnetic response is negligible, and
it is quite practical to simply assume x =1 and therefore n
N

In 1999, Pendry first proposed an artificial medium
exhibiting strong magnetic resonance using a periodic
array of metal split-ring resonators (SRRs) [2], as shown in
Fig. 1(a), where the magnetic component of the incident
electromagnetic fields excites resonant circulating currents
forming a magnetic dipole. When the SRRs serve as the
meta-atoms and form an artificial medium, the effective
magnetic permeability can be expressed in the Lorentzian
form:

o)
7? = p/€, and wave vector k> =

Fo'?
o?—w} +ilw’

Peft = 1— (1
where F is the geometrical filling factor, wo is the
resonance frequency, and I' is the damping rate in the
lossy SRR. When the resonance is sufficiently strong, the
real part of the effective permeability can take negative
values over a narrow frequency range above the resonance,
shown in Fig. 1(b). Together with the negative permittivity
realizable using diluted plasmonic structures such as an
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array of metal wires [3,4], simultaneous negative permit-
tivity and permeability were then accessible using
composite media through the efforts by Smith et al. [5].
Consequently, negative refractive index metamaterials
were demonstrated experimentally at microwaves [6],
realizing the “substances” that Veselago speculated nearly
50 years ago [1]. In such materials, the reversal of many
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other electromagnetic phenomena was also predicted, but
they have never been found in naturally occurring
materials.

In fact, metamaterials are intelligently designed artificial
media composed of subwavelength metal/dielectric struc-
tures (i.e., meta-atoms), which repeat in a periodic fashion,
mimicking two or three dimensional crystalline functional
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Fig. 1 (a) A metamaterial composed of a periodic array of metal split-ring resonators, where the incident magnetic field perpendicular to
the metal structure can excite a resonant magnetic response, resulting in (b) a negative magnetic permeability over a narrow frequency

range above the resonance. Adapted from Ref. [2]
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materials. Their exotic properties are determined by the
mesoscale structure rather than the composition of the
materials being used and, therefore, enable electromag-
netic functionality by design. One of the first inspirations
that drove the research of metamaterials is the prediction of
superlensing [7], which was demonstrated experimentally
by Fang et al. [8]. Metamaterials allow for effective media
with designed refractive index and spatial profile, which
result in another excitement—transformation optics for
electromagnetic invisibility [9—11]. The exotic properties
realized by metamaterials have attracted ever growing
worldwide interest, and consequently a variety of meta-
material structures have been developed to operate from
microwave to visible regimes [12—17].

The control of electromagnetic waves lies at the core of
many modern technologies, and it is critical to develop
electromagnetic materials with desirable functionalities
and improved performance. The realization of metamater-
ials seems to defy nature in their ability to produce unusual
and often unexpected electromagnetic properties, provid-
ing promising opportunities and constituting a novel
platform for transformative control of light propagation,
light-matter interactions, and optical functionalities by
rational design beyond what conventional materials can
offer. Metamaterials research in the THz frequency range is
driven by the special interest in solving the material issues
encountered in this frequency range [18]. One of the most
recent examples is that a nano-structured SRR array was
demonstrated to generate coherent broadband THz pulses
via nonlinear optical rectification [19]. The far-infrared or
THz is considered one of the least developed frequency
regimes in the electromagnetic spectrum, even though it is
very attractive for numerous promising applications
[20,21]. This “THz gap” is essentially due to the lack of
both the classical electronic response (present for micro-
wave and lower frequencies) and the quantum photonic
response (present for infrared and higher frequencies) in
the THz frequency range. It not only limits the efficient
generation and sensitive detection of THz radiation, but
also imposes difficulties in the effective control and
manipulation of THz wave propagation including signal
processing and beam steering. A designed and actively
controllable resonant response, particularly in planar
metamaterials, will facilitate enhanced interactions
between THz radiation and functional materials, which
forms the basis for the development of many THz devices
and components achieving novel functionalities with
unprecedented performance.

In this paper, we reviewed the progress during the past
few years in this still growing research field. In Section 2,
we describe the resonant response in single-layer planar
metamaterials, and followed in Section 3 are the design
principle and function realization using few-layer THz
metamaterials. The integration of semiconductors to
achieve optically switchable and frequency tunable THz
metamaterials will be presented in Section 4. In Section 5,

we present semiconductor hybrid metamaterials for
efficient THz switching and modulation using electrical
bias. We provide a brief outlook and summary in Section 6.

2 Resonant response in planar terahertz
metamaterials

By scaling the geometrical dimensions of SRRs to the
micrometer scale, THz metamaterials were first demon-
strated by Yen et al. [12] using double SRRs. Early THz
metamaterials employed relatively thick SRR structures, e.
g., the metal structure thickness was 3 pm in Ref. [12] and
14 um in Ref. [13]. Further developments showed that
strong resonant response could be produced with much
thinner SRRs as long as it was larger than the skin depth
[22-24], which is typically in the order of 100 nm for many
metals in the THz frequency range. Thicker metal SRRs
resulted in marginal change in the resonance strength, but
could vary the resonance frequency [25,26] and affect the
sensitivity if used for sensing applications [27,28].

The fundamental resonance in a simple SRR illustrated
in Fig. 2(a) can be thought of as a lumped RLC equivalent
circuit shown in Fig. 2(b) when the incident waves are
polarized along the SRR gap-bearing arm or the magnetic
field is perpendicular to the SRR plane. With a steady-state
the fundamental resonance frequency is given by
wy=1/ VLC, where L is the loop inductance and C is
the gap capacitance. When the SRR is excited by pulsed
radiation, it results in a transient response and the resonant
oscillation frequency is given by

1 R
“ic @

where R represents the loss within the SRR. This has to be
considered when the ohmic dissipation is significant, e.g.,
in superconducting metamaterials near the transition
temperature [29].

In general, the response is polarization dependent, and
the incident electromagnetic fields excite not only a
magnetic dipole but also an electric dipole at the split
gap, exhibiting bianisotropic properties. Under normal
incidence (i.e., in the z direction), a planar SRR array
interacts only with the electric component of the incident
fields. The excited magnetic dipole does not radiate in the
propagation direction, and its re-radiation in the SRR plane
will be cancelled due to the subwavelength periodicity. As
a result, the SRR array exhibits a pure electric response
caused by the electric dipole excitation at the split gap, in
contrast to the so-called “electric excitation of the magnetic
resonance” [22,30,31]. In addition to the fundamental
resonance, SRRs also exhibit high order resonances [32],
which depend on the incidence polarization and are often
very useful in designing metamaterials for multi-band
operation and polarimetric applications. A planar array of
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Fig. 2 (a) A simple split-ring resonator unit cell repeating in x
and y directions to form a planar THz metamaterial. P =50 pm, 4 =
36 pm, w =4 um, g =2 pm, and the substrate is intrinsic GaAs; (b)
an equivalent circuit of the split-ring resonator when the incident
THz waves are polarized along the gap-bearing arm; (c) resonant
transmission spectrum of the planar metamaterial normalized by
the plain GaAs substrate. Adapted from Ref. [33]

SRRs is typically fabricated on a dielectric substrate (e.g.,
intrinsic GaAs wafers), which not only provides the
necessary mechanical support but also affects the reso-
nance frequency by introducing dielectric materials to the
capacitive split gap. Figure 2(c) shows the normalized
transmission spectrum of an SRR-based planar THz
metamaterial under normal incidence, where the funda-
mental resonance is indicated by the sharp transmission dip
near 0.5 THz, accompanied by a high-order resonance at
1.6 THz [33]. The magnetic resonance can only be
observed under oblique incidence angles, where the
magnetic field has a component perpendicular to the
SRR plane [33,34].

Besides the simple SRR described above, many
subwavelength resonators have been developed as the
basic building block of planar metamaterials, including
electric SRRs and their complements [23,35-39], asym-
metric SRRs enabling Fano resonance [40,41], and many
structures previously used in frequency selective surfaces

[42]. The effective media theory [43] treatment using
effective permittivity and permeability are meaningful for
bulk metamaterials. However, single-layer planar meta-
materials are better treated as effective surfaces with tuned
surface impedance [44]. From a practical point of view, we
may only care about the complex reflection and transmis-
sion coefficients and their dispersions, as shown in
Figs. 3(c) and 3(d) for an interface between two dielectric
media coated with an array of cross resonators schemati-
cally shown in Figs. 3(a) and 3(b). We can clearly see that
the constant reflection and transmission coefficients now
become complex functions of frequency and are strongly
dispersive due to the resonance [45].

3 Functionalities in few-layer terahertz
metamaterials

The strong dispersion has been thought as one of the
disadvantages of metamaterials. However, one may take
advantage of it to realize some promising functionalities.
In addition to filtering [23], among them is the THz
metamaterial perfect absorption first realized over a narrow
frequency band using bi-layer metamaterials [46—48] and
later evolved to an array of resonators and a metal ground
plane that are separated by an ultrathin spacer [49-51].
Dual-band, multi-band and broadband THz metamaterial
perfect absorbers have been demonstrated through design-
ing the metamaterial structures exhibiting multiple reso-
nances or using a super-unit cell consisting of different
resonators [52—55]. Example structures are shown in the
inset to Fig. 4(b), where the metamaterial absorbers
employing a single kind of resonators operate only over
a narrow bandwidth; using a super-cell consisting of
resonators operating at different frequencies can expand
the absorption bandwidth [56]. Although in many of the
existing works the effective medium theory involving a
magnetic resonance was exploited to reach the impedance
matching, the perfect absorption can be conveniently
explained by using an interference model [45,57] or its
equivalent transmission line model [58]. The resonator
array and the ground plane form a Fabry-Pérot-like
resonant cavity schematically shown in Fig. 4(a), and the
overall reflection is given by
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where the above the variables indicate complex values,
p. is the z-component of the complex propagation phase
within the spacer, and the reflection coefficient of —1 at the
metal ground plane has been assumed. Here the e ! sign
convention has been used, and the simulated phase using
CST Micwowave Studio has to be unnormalized to obtain
the correct values. From the strongly dispersive reflection



Hou-Tong CHEN.

n

\

= t;m

x(E)
(k)
Y(H)
3
2
=
g
0 I 1 I 1 1 1 I
0.6 0.8 1.0 1.2 1.4
frequency/THz
©
270

0 -
021
012
,90 1 1 1 1 1 1 I
0.6 0.8 1.0 1.2 1.4
frequency/THz
(d)

Fig. 3 (a) A unit cell of a cross resonator array at the interface
between two dielectric media; (b) schematic of the reflection and
transmission at the metamaterial interface; (c) amplitude and (d)
phase spectra of the complex S-parameters of the metamaterial
interface corresponding to the reflection and transmission

coefficients under normal incidence, where ri, =S|y, t;; =

Vi /1S, oy = [Sx], and 6 = \/ny/ny|S),|. Adapted from
Ref. [45]

and transmission at the metamaterial interface as shown in
Figs. 3(c) and 3(d), it is possible that the multireflection
destructively interferes and results in cancellation of the
overall reflection when the spacer thickness (and thereby
P.) is carefully chosen. That is, the incident light is trapped
within the metamaterial cavity until it is absorbed by the
metallic structures and dielectric spacer. This theoretical
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Fig. 4 (a) Schematic of multireflection within a metamaterial
absorber; (b) absorption spectra under normal incidence for three
metamaterial absorber configurations consisting of I-shaped
resonators that are indicated in the insets. Adapted from Ref. [56]

model has been validated by the excellent agreement when
comparing the quasi-analytical calculations, full-wave
numerical simulations, and experimental measurements
of many metamaterial absorber structures [45,57].

Similarly, an ultrathin planar metamaterial serving as
THz antireflection coating was demonstrated using an
array of resonators and a mesh separated by a low loss
dielectric spacer [59,60], with the unit cell schematically
shown in the inset to Fig. 5. It was shown that this ultrathin
metamaterial coating is capable of dramatically reducing
the reflection from a substrate surface and greatly
enhancing the transmission over a narrow frequency
range by design. The mechanism is the interference of
the multireflection between the two metamaterial inter-
faces,
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Fig. 5 Experimentally measured reflectance and transmittance
under nearly normal incidence to a metamaterial coated GaAs
surface. The gray horizontal lines indicate the reflectance (32%)
and transmittance (68%) at a plain GaAs surface. Inset: unit cell of
the metamaterial antireflection coating. Adapted from Ref. [59]

The experimental results shown in Fig. 5 are for a
metamaterial coated GaAs surface, where the reflection
was reduced from 32% to 0.32% and the transmission is
increased from 68% to 90% near 1.2 THz. When the spacer
thickness is correctly chosen, the antireflection perfor-
mance is only limited by the losses of the metal and
dielectric spacer being used. The metamaterial antireflec-
tion coating can operate over a wide range of incidence
angle for both TE and TM polarizations. As compared to
conventional antireflection coatings such as quarter-wave
antireflection, this metamaterial approach is applicable to
dielectric substrates with any refractive index, and there is
no requirement on the refractive index of the dielectric
spacer. For instance, the spacer refractive index can be
even larger than the substrate refractive index. This is
because the metamaterial interfaces have largely provided
the required reflection/transmission amplitude and phase,
and the slightly mismatched phase can be always
compensated by the ultrathin spacer. Excellent agreement
was obtained among the interference theory prediction,
numerical simulations, and experimental results [59].

The anisotropic response in resonators that lack the 4-
fold rotation symmetry could also be advantageous for
polarimetric applications. Strong birefringent response can
be obtained by carefully designing the resonances in the
orthogonal directions. Narrowband THz waveplates were
demonstrated using single-layer [61-64] and double-layer
[65-67] planar metamaterials. These resonators were able
to generate the cross-polarized reflection and transmission,
where a phase discontinuity and gradient can be created by
adjusting the geometry and dimensions, enabling anom-
alous reflection and refraction [68—70]. Broadband THz
polarization converters (i.e., quarter and half waveplates)
were also demonstrated recently using few-layer planar
metamaterials, operating either in reflection or in transmis-
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Fig. 6 Experimental results of broadband THz linear polariza-
tion rotators in reflection (a) and transmission (b). Adapted from
Ref. [71]

sion [71-73], with a linear polarization rotator shown in
Fig. 6. It was shown that the interference associated with
the multi-layer structures played an essential role [71].
Using a variety of resonator geometries and dimensions, a
phase gradient could be created for high efficiency
arbitrary wavefront shaping such as flat THz prisms [71]
and lenses [74,75].

In realizing all of the abovementioned THz functional-
ities, the resonant response and the strong dispersion in
planar metamaterials play the essential role. So far almost
all THz metamaterials exploited single-layer or few-layer
planar structures, as fabrication of three-dimensional
metamaterials with micrometer feature sizes is technically
challenging [76—80]. Such designs may also alleviate high
losses associated with the resonant response in bulk
metamaterials. Just as in modern semiconductor industry
where device architectures suitable for planar fabrication
processes were eventually employed to build very large
scale integrated electronic circuits, it is of utmost
importance to investigate and discover novel functional-
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ities in planar metamaterials toward practical applications.
Besides the passive functionalities described above, it is
highly desirable to realize active, controllable, and
nonlinear metamaterials through integrating active func-
tional materials to obtain enhanced functionalities.

4 Optically tunable terahertz
metamaterials

As described in the previous sections, the functionalities of
metamaterials critically depend on the resonance and, in
case of few-layer metamaterials, the spacer thickness and
material properties. Metamaterial resonators can be
equivalent to resonant RLC circuits and therefore the task
of realizing actively switchable and frequency tunable
metamaterials is how to integrate functional materials
forming hybrid metamaterials to modify the resistance R
(resonance damping), capacitance C and inductance L
(resonance frequency), and spacer properties using exter-
nal stimuli such as temperature, optical excitation, voltage
bias, and magnetic field. Semiconductors become the
materials of choice due to the developed device physics
and matured integration and fabrication technology.
Intrinsic semiconductors have very low conductivity as
in dielectrics, so they can be used as the metamaterial
substrate to enable strong resonances. The conductivity
can be increased by orders of magnitude through doping
enabling metallic behavior. Furthermore, active modifica-
tion of the conductivity can be realized by carrier injection
and depletion through photoexcitation and voltage bias.
Such a unique capability makes semiconductors ideal to be
integrated into metamaterial structures to accomplish
active and dynamical functionalities. In designing hybrid
THz metamaterials through numerical simulations, the
Drude model can be used for the dielectric function of the
integrated semiconductors:
2
_ @p

&) = =7 o (6)
where €, is the high frequency permittivity, y is the
damping rate, and w,, is the plasma frequency related to the
electron density #n, effect electron mass m", and electron
charge e as

W, = - @)

The parameters w,, and y can be obtained by experimental
measurements.

The first dynamical THz metamaterial was demonstrated
in 2006 by Padilla et al., where a planar array of SRRs was
fabricated on top of an intrinsic GaAs substrate [33], see
Fig. 2(a). As shown in Fig. 7, the strong fundamental
resonance is completely switched off through near-infrared
femtosecond laser excitation of electron-hole pairs in the

substrate surface at a fluence of about 2 pJ/cm? (corre-
sponding to 1 mW), equivalent to a free charge carrier
density of about 4 x 10'"®cm™. Correspondingly, the
normalized resonant field transmission at 0.56 THz
increased from 15% to 70%. This can be understood that
the created charge carriers upon photoexcitation in the
semiconducting substrate, particularly within the split gap
of SRRs, provide strong damping to the resonance. In other
words, the SRRs are short-circuited and the resonance is
switched off.
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Fig. 7 THz transmission spectra of a planar split-ring resonator
array fabricated on top of an intrinsic GaAs substrate under near-
infrared femtosecond laser excitation with various powers.
Adapted from Ref. [33]

The carrier lifetime in GaAs substrate is in the order of
nanosecond, which limits the switching recovery. To
accomplish ultrafast switching of the metamaterial reso-
nances, other semiconductors or semiconducting structures
are needed, e.g., radiation damaged silicon, low tempera-
ture grown GaAs, and ErAs/GaAs nanoisland super-
lattices. Particularly, the carrier lifetime in ErAs/GaAs
superlattices can be controlled during the MBE growth by
engineering the superlattice periodicity, ranging from
subpicosecond to tens of picoseconds [81], which is
ideal to realize ultrafast switching speed of THz radiation.
When arrays of electric SRRs and the complementary
structures were fabricated on ErAs/GaAs superlattice
substrates with carrier lifetime about 10 ps, Chen et al.
demonstrated ~20 ps switching recovery time [82]. At the
resonance frequency of 0.73 THz, the normalized field
transmission recovered within 20 ps from 36% to 17% and
from 7.5% to 29%, respectively, for the original and
complementary arrays of electric SRRs.

Upon photoexcitation, the semiconducting substrates
themselves can switch and modulate the transmission of
THz radiation. The advantage of combining semiconduc-
tors with THz metamaterials is that the resonance
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concentrates the incident THz field at particular regions,
e.g., split gap of SRRs, and therefore dramatically
magnifies the switching and modulation. As such, it can
significantly reduce the required fluence of optical
excitation to reach comparable or exceeding performance.
This becomes manifest when semiconductors are inte-
grated only at the split gaps of an SRR array rather than
serving as the substrate [83], as shown in Fig. 8(a). In the
absence of photoexcitation the metamaterial exhibits two
strong resonances at 0.6 THz (first order) and 1.75 THz
(third order); upon photoexcitation the metamaterial shows
only one resonance at 1.3 THz (second order) as if in a
closed ring resonator, shown in Figs. 8(b) and 8&(c).
Following this consideration it is possible to achieve ultra
broadband THz modulation, for instance, using metal-to-
insulate transition in metallic structures [84].

When two SRRs are arranged face-to-face as illustrated
in the inset to Fig. 9, the excited electric dipoles at the split
gaps will cancel each other and exhibit sub-radiative
properties (i.e., dark mode). The SRR pair can couple with
a super-radiative cut-wire dipole resonator (i.e., bright
mode), which was used to realize the classical analog of
electromagnetically induced transparency (EIT) in the THz
regime [85]. The interference between the bright and dark
modes results in a transparency window indicated by the
sharp transmission peak at 0.74 THz between the two
transmission dips, shown in Fig. 9. Upon photoexcitation,
the integrated silicon pads at the split gaps become
conducting and shunt the resonance of the SRRs. There-
fore, only the dipole resonance from the cut-wire array
remains and the THz transmission spectrum reveals only
one transmission dip. Such a giant switching of EIT is
accompanied with an actively controllable group delay of
the THz waves, potentially in an ultrafast time scale, e.g.,
using radiation damaged silicon that has been used to
investigate the ultrafast manipulation of near field coupling
between SRRs in THz metamaterials [86].

It was also shown that integrating semiconductors as a
part of the metamaterial resonators can tune the metama-
terial resonance frequency over a large frequency range.
This was first demonstrated by using an array of electric
SRRs fabricated on a sapphire substrate, where two high-
resistivity silicon strips were integrated at the split gap of
the SRRs [87], shown in Figs. 10(a) and 10(b). Upon
optical excitation, the two silicon strips become highly
conducting and form capacitive plates, resulting in an
increase in capacitance and a red-shifting of metamaterial
resonance from 1.06 to 0.85 THz, a change of over 20% in
experiments. Numerical simulations also revealed that
blue-shifting was possible when semiconductor strips form
parts of the SRR current loops by reducing the overall
inductance after photoexcitation. Shen et al. revised the
metamaterial designs using an electric SRR variant unit
cell with multiple loops and split gaps and incorporated
silicon islands filling one set of the gaps [88,89]. After
photoexcitation, the loops associated with the gaps filled
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Fig. 8 (a) Optical microscopy images of the split-ring resonator
array with silicon pads integrated at the split gaps; (b) THz
transmission amplitude and (c) phase spectra under various powers
of near-infrared femtosecond laser excitation. Adapted from Ref.
(83]

with silicon are short-circuited, which modifies the
resonance resulting in a blue-shifting of the metamaterial
resonance from 0.76 to 0.96 THz, a change of 26%
observed in experiments.

These dynamical metamaterials can be classified into
two categories: 1) the semiconductor fills the split gaps
(including serving as the substrate) of the metamaterial
resonators for resonance damping, and 2) the semiconduct-
ing material is part of the metamaterial resonator for
frequency tuning. A combination of these two approaches
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Fig. 9 Experimentally measured transmission spectra of the THz
EIT metamaterial (unit cell shown in the inset) without (red curve)
and with (blue curve) photoexcitation. Adapted from Ref. [85]
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Fig. 10 Scanning electron microscopy images of (a) an indivi-
dual unit cell and (b) a square array of electric split-ring resonators
where silicon strips were incorporated at the split gap; (c)
experimentally measured THz transmission spectra at various
photoexcitation power levels. Adapted from Ref. [87]

was used by Zhang et al. to realize handedness switching in
THz chiral metamaterials [90]. The THz chiral metamater-
ial design is based on a vertical metallic chiral resonator, in

which the chirality is introduced by tilting the loop of the
resonator out of the plane with its gap [91]. Two such meta-
atoms with mirror symmetry (and therefore opposite
chirality) are put together forming the metamolecule as
shown in Fig. 11(a) and showing no chirality. When a
small part of the metal structure in one meta-atom is
replaced with a silicon pad, the chiral resonance frequency
increases from wg to w;; while in the other meta-atom a
silicon pad is introduced to link the metal structure,
keeping its opposite chiral resonance frequency at @, in the
absence of photoexcitation, as shown in Fig. 11(b). The
resulted meta-molecule then shows left-handed chiral
resonance at @, and right-handed chiral resonance at w;.
Upon photoexcitation the silicon regions become highly
conducting, the first meta-atom increases its geometric
dimension and lowers its chiral resonance frequency from
w1 back to wg, and the resonance in the other meta-atom at
o is completely damped. The overall effect is the
optoelectronic switching of the electromagnetic chirality,
as shown in Fig. 11(c) for the reversed circular dichroism,
which was also experimentally observed [90]. Another
dynamical chiral THz metamaterial consisting of an array
of conjugated bilayer metal structures with additional
silicon integration was also demonstrated with giant and
dynamically tunable optical activity [92].

In some applications, the substrate of an active
metamaterial is not desirable and needs to be removed.
For the few-layer metamaterials presented in Section 3, the
growth of high quality epitaxial film is not feasible. In such
cases, the integration of semiconductor materials requires a
film transfer process. Fan et al. fabricated electric SRRs on
epitaxial GaAs film patches, which was on top of an
Algo5Gag gsAs layer that can be etched later. A polyimide
film was spun on top of the metamaterial so that after
etching the AlyosGaggsAs layer the SRRs together with
the GaAs patches were released and attached on the
polyimide, forming a flexible free-standing active THz
metamaterial [93]. The optical switching of the metama-
terial resonance was characterized by using optical-pump
THz-probe experiments, agreeing well with the numerical
simulations. This approach opens a way of integrating
semiconducting functional materials into few-layer meta-
materials to accomplish active THz functionalities.

5 Electrically switchable terahertz
metamaterials and terahertz modulation

Semiconducting hybrid metamaterials also feature elec-
trical tuning of resonances via application of a voltage bias.
The first electrically switchable THz metamaterial device
was demonstrated by Chen et al. through fabricating an
array of electric SRRs on top of a 1 pum thick n-doped
epitaxial GaAs layer grown on an intrinsic GaAs substrate
[94], as schematically shown in Fig. 12(a). The electric
SRR array was designed to have two resonances at 0.72
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Fig. 11 (a) Scanning electron microscopy image of the dynami-
cally switchable chiral meta-molecule; (b) simulated transmission
spectra of left (solid curves) and right (dashed curves) handed
circular polarizations before (black curves) and after (red curves)
near-infrared photoexcitation; (c) circular dichroism before (black
curve) and after (red curve) photoexcitation. Adapted from Ref.
[90]

and 1.66 THz, and the resonant elements were intercon-
nected, which did not affect the resonances because of the
symmetric structure when the polarization of the incident
THz radiation was perpendicular to the connecting wires.
The metallic metamaterial structure forms a Schottky gate
to the n-doped GaAs creating a depletion region known as
Schottky junction, where the carrier density can be
controlled via the application of a reverse voltage bias.

In the absence of a voltage bias, the depletion region is
narrow and the split gap of the eSRRs is effectively
shunted by the conducting substrate. The resonances are
almost completely damped, resulting in relatively flat
transmission characteristics. A reverse voltage bias
depletes the charge carriers in the substrate near the
metallic structures, which modifies the gap from conduct-
ing to insulating, and thereby recovers the metamaterial
resonant response, as shown in Fig. 12(b). It was shown
that, upon a reverse voltage bias of — 16 V, both resonances
were switched, with power transmission decreases from
45% to 22%, a modulation depth of 50% at 0.72 THz, and
from 17% to 4%, a modulation depth of 76% at 1.65 THz,
though the latter exhibits higher insertion loss. At
frequencies between the two resonances, the transmission
increases, from 48% to 86% at 0.94 THz.

The THz modulation can be further improved through
optimizing the resonator structure. In another demonstra-
tion, the power modulation depth at the fundamental
resonance (0.81 THz) was increased to 80% [95], as shown
in Fig. 13(a). The electrical switching of the metamaterial
resonances yet yielded additional functionality—phase
control of the THz radiation shown in Fig. 13(b) [95].
For transmission, there is no phase change at resonance
where the transmission amplitude changes the most,
indicated by the vertical dashed lines in Fig. 13. While at
the frequency where the transmission amplitude keeps
largely constant, the phase experiences significant shift,
indicated by the vertical solid line. At the off-resonance
frequency of 0.89 THz, the transmission amplitude has
negligible change upon a voltage bias of —16V, but the
phase decreases from 0.05 to —0.51 rad, a change of 0.56
rad, or 50m per wavelength when considering the effective
physical thickness 1.2 um of the device.

In general, the frequency dependent transmission
coefficient is complex and contains the amplitude and
phase information, both of which contribute to the THz
modulation through

|AT()| = |ty, ()€1 @)~ 1, ()e2 @), (8)

where V; and V, indicate the minimum and maximum
values of the alternating voltage bias. It turns out that
although the metamaterial resonances are narrowband, the
correlated amplitude switching and phase shifting shown
in Fig. 13 results in the demonstration of a broadband (0.7—
1.7 THz) electrical THz modulator through the application
of an ac voltage bias alternating between 0 and -16V,
shown in Fig. 13(c). The device was used to replace the
mechanical optical chopper in the THz time-domain
spectroscopy system with modulation speed increased to
a few tens of kHz [95].

The modulation speed of the electrically driven THz
metamaterial modulators is limited by the RC time
constant. In the aforementioned devices, the device
resistance is ~100 Q, while the capacitance is determined
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Fig. 12 (a) Design schematic of electrically switchable THz
metamaterial, which is an array of interconnected electric split-ring
resonators fabricated on top of a thin layer of n-doped GaAs
substrate; (b) THz transmission spectra (intensity) as a function of
the applied reverse voltage bias. Adapted from Ref. [94]

by the device area. The large device area (S mm X 5 mm)
in addition to the large Schottky electrical pad (2 mm x 5
mm) results in high value of capacitance, and therefore the
modulation speed is limited to ~100 kHz. Reducing the
device area as well as using minimal size of the Schottky
electrical pad, a modulation speed of 2 MHz was
demonstrated [96]. Shrekenhamer et al. integrated high
electron mobility transistors (HEMTs) into the split gaps of
electric SRRs (see Fig. 14) and realized modulation speed
~10 MHz with a decent modulation depth (field amplitude
modulation 33%) at ~0.46 THz [97]. The modulation
speed may be further increased by reducing the parasitic
capacitance through metamaterial structure optimization.
The implementation of electrically controllable Schottky
depletion was also used to switch the resonant response of
surface plasmon polaritons, where periodic metallic hole
arrays were fabricated on top of doped GaAs substrate
[98]. The switching of the extraordinary light transmission
exhibited similar modulation depth at the resonance
frequencies. However, they also showed higher insertion
losses and narrowband operation. While many of elec-
trically switchable THz metamaterial devices are polariza-
tion sensitive due to the use of resonant element lacking 4-
fold rotation symmetry and the implementation of
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Fig. 13 Correlated transmission amplitude (a) and phase (b)
spectra under various reverse voltage biases to an electrically
switchable THz metamaterial; (c) THz modulation signal normal-
ized to the incident THz spectrum under a square electrical signal
alternating between 0 and —16 V. Adapted from Ref. [95]

connecting wires, Paul et al. demonstrated a polarization
independent device through a more symmetric design of
resonators (cross resonators) and using very narrow
connecting wires in the two orthogonal directions [99].



38 Front. Optoelectron. 2015, 8(1): 2743

(2)

04r  pC applied voltage
— 0V
— 05V
03F — 1.0V
g — 20V
2 — 3.0V
g
g 02F
0.1+
0 1 1 1 1 1 1 L 1 L 1
0.2 0.4 0.6 0.8 1.0
frequency/THz

(b)

Fig. 14 (a) Schematic of the single unit cell of HEMT based
electronically controllable THz metamaterial modulator, where the
HEMT is identified and lies under each split gap of the
metamaterial; (b) frequency dependent transmitted THz electric
field for the HEMT/metamaterial device as a function of voltage
bias. Adapted from Ref. [97]

For the THz metamaterial modulation devices based on
Schottky depletion, there is also a trade-off between the
operation frequency and depletion depth. One has to
increase the doping and thereby increase the plasma
frequency in order to sufficiently damp the metamaterial
resonance when the device is designed to operate at higher
frequencies. However, the depletion depth is significantly
reduced with higher doping, limiting the re-establishment
of the resonance. Electrically-driven active metamaterials
were demonstrated to externally modulate THz quantum
cascade lasers (QCLs) operating at 2.4 and 2.8 THz,
obtaining a maximum modulation depth of ~60% [100].
The operation seems to be dominated by the resonance
shifting due to the depletion of the doped substrate, which

causes a change of the substrate dielectric constant and
resonance frequency, in contrast to the resonance damping
as previously shown.

The excellent modulation depth, extended bandwidth,
and relatively high modulation speed make the THz
metamaterial modulator ideal for applications such as
spatial light modulation for THz imaging. A THz spatial
light modulator (SLM) consisting of 4 x 4 pixels was
demonstrated by Chan et al., where each pixel was
independently switched by an external voltage bias and
was a 4 mm x 4 mm array of eSRRs designed to resonate
at 0.36 THz [101]. The experimental results showed
negligible cross-talk among pixels, and diffraction patterns
were observed in experiments when these pixels were
switched to form columns as diffraction slits. Another THz
SLM based on active THz metamaterial absorber was
demonstrated by Shrekenhamer et al. [102]. It consists of 4
x 4 superpixels, each of which has 4 pixels operating at
different frequencies. The experimental demonstration
reveals an average modulation depth of 62% and switching
speed up to 12 MHz. These high-speed metamaterial
SLMs are very attractive for single-pixel THz imaging
applications.

Along the pixelization consideration, a new scheme of
THz modulation was then proposed and demonstrated
based on electrically switchable metamaterials diffraction
grating shown in Fig. 15 [103]. This takes advantage of the
fact that the resonant elements can be grouped into
independent columns, which can be engineered into
grating patterns with independent electrical control. The
application of appropriate voltage bias to these columns
switches the metamaterial structure between uniform and
grating. This allows the modulation of the diffraction
beam, which is in principle background-free and therefore
enables a very high modulation depth, in the spirit of a
conventional acousto-optic modulator. Off-axis diffraction
was observed over a wide frequency band due to the
correlated amplitude and phase modulation, and more than
20 dB of dynamical range was obtained as shown in Fig.
16, a THz modulation depth exceeding the current state-of-
the-art. Tailoring the metamaterial resonances and pixeli-
zation offered a powerful strategy for the development of
THz devices with greatly improved performance for many
applications.

6 Outlook and summary

It is clear that the limited electromagnetic and photonic
response available in naturally occurring materials is
insufficient for emerging technologies with increasing
demanding requirements. To address the challenges in
developing next generation optoelectronic and photonic
technologies, it is critical to create novel materials with
desirable functionalities and improved performance. The
ability of control the electromagnetic response by design of



Hou-Tong CHEN. Semiconductor activated terahertz metamaterials 39

Schottky

Fig. 15 A unit cell illustrating an electric split-ring resonator
array fabricated on top of the n-doped GaAs epilayer in the reverse
biased state; (b) schematic showing a portion of the first four
grating strips formed by interconnected electric split-ring resona-
tors; (c) illustration of the entire metamaterial grating. The color
profile illustrates that alternate columns are biased forming a
diffraction grating, with each column being independently
controlled by the voltage bias between its Schottky pads and the
ohmic contacts. Adapted from Ref. [103]
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Fig. 16 Intensity spectra of the differential diffracted signal at
the off-axis angle of 36° when applying an alternating voltage bias
at 1 kHz to the device shown in Fig. 14. Adapted from Ref. [103]

materials is certainly a dream for scientists and engineers.
The development of metamaterials provides such a
promising opportunity and makes this dream become a
reality, particularly in solving the material issues encoun-
tered in the THz frequency range. In this paper, we have
shown examples of THz functionalities through metama-
terial structure design, which may be only limited by our
imagination and creativity. The resonant response in
metamaterials enables enhanced light-matter interactions
with the integration of additional functional materials. This
forms the basis for advanced functionalities such as THz
modulation that is necessary in almost any applications.
The research of metamaterials is one of the most rapidly
developing fields. Even in this paper we focus on the
semiconductor activated THz metamaterials, there are
many other developments involving semiconductor hybrid
THz metamaterials that we have not included, for instance,
enhanced nonlinear response [104] and ultrastrong light-
matter interactions [105]. Besides semiconductors, many
other functional materials such as graphene, semiconduct-
ing quantum wells, complex metal oxides, superconduc-
tors, and liquid crystals, can be integrated, where the few-
layer planar metamaterials may provide novel device
architectures, revolutionizing the next generation devices.
These hybrid metamaterials may not only enable enhanced
active functionalities in the THz frequency range, but also
have the potential to realize many photonic and optoelec-
tronic applications in the optical frequency regimes.
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