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Abstract: The recently developed class of artificially structured composite materials, termed metamaterials, 
has shown increasing importance in accomplishing necessary functional devices for THz applications. We 
have created a series of novel planar electric metamaterials operating at THz frequencies. Alteration of 
substrate properties has resulted in actively and dynamically switchable THz metamaterial devices. High 
efficiency, all-electronic THz switching and modulation operating at room temperature have been 
accomplished by the use of a hybrid of metamaterial and Schottky diode structure. Dynamic switching of 
THz radiation was also achieved by photoexcitation of the semiconductor substrate, where ultrafast 
switching has been demonstrated by the use of an ErAs/GaAs nanoisland superlattice substrate.  
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I. Introduction 

During the past two decades moderate progress has been achieved in the development 
of terahertz (THz) science and technology. This may be best represented by the THz 
time-domain spectroscopy (THz-TDS) [1,2] and the compact solid state THz quantum 
cascade lasers (THz-QCL) [3,4]. Further accomplishments to fulfill fruitful THz 
applications, however, are severely restricted mainly due to the deficiency of materials 
having a suitable response in this frequency range [5]. As compared to the microwave 
electronic and optical photonic technologies, the development of THz technology is 
lagging far behind. Functional THz devices such as filters, switches, modulators, and 
phase-shifting and beam-steering devices, largely are not available. 

In addition to actively searching for novel materials, artificial structured materials have 
played an increasingly important role particularly in the construction of functional THz 
devices [3,6-8]. This new class of artificial composite materials, termed electromagnetic 
metamaterials, is constructed to yield a designed resonant response to electromagnetic 
waves. Metamaterials typically consist of periodically patterned sub-wavelength metallic 
elements embedded within or on top of a dielectric substrate, and offer an 
electromagnetic response that is difficult or impossible to obtain from natural occurring 
materials. Metamaterials have recently attracted enormous attention and growth due to 
the demonstration of exotic effects such as negative refractive index [9-11], perfect 
focusing [12,13], and invisibility cloaking [14,15].  
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A great deal of metamaterials research has been focused in the microwave frequency 
range [10] due in part to the ease of fabrication of sub-wavelength structures at these 
frequencies. Metamaterials are scalable, which has demonstrated operability over many 
decades of electromagnetic spectrum from RF to optical frequencies [16-19]. Although 
currently most effort in metamaterials research is focused on higher optical frequencies 
[20], less work has concentrated on THz frequencies. However, the potential uses of 
metamaterials in this frequency range offer a great promise that alleviates the limitations 
of natural materials. In this paper we present a brief review of our recent progress in the 
novel THz metamaterials [21,22]. Functionalizing the metamaterials is achieved by either 
active or dynamic modification of the surrounding environment using external electrical 
or optical stimuli. With such approaches we have demonstrated all-electronically and 
ultrafast dynamically switchable THz metamaterial devices [6,7,23]. 

  

II. Sample design and fabrication 

 

In Fig. 1 we show the unit cells of (a) a split-ring resonator (SRR) and (b) a so-called 
electric split-ring resonator (eSRR) [21,22,24], which were drawn in scale, with split gaps 
of 2 µm, a metal linewidth of 4 µm, and an outer dimension of 36 µm. Planar 
metamaterials form when they are periodically patterned on a suitable substrate, where 
the individual unit cell is repeated in a simple square array geometry with a sub-
wavelength lattice parameter of a = 50 µm. Typically 10/~ 0λa  where 0λ is the 
wavelength at the resonance frequency 0ω . The operation principle for both designs is 
similar. The metallic loops of the SRR or eSRR are effectively inductors, L, and the split 
gaps provide capacitors, C. Then the devices can be equivalent to lumped LC resonator 

 

Fig. 1 (a) Schematics of planar metamaterials consist of unit cells (a) a split-ring resonator (SRR), and 
(b) an electric split-ring resonator (eSRR). Numerical simulation results for (c) SRR, (d) eSRR, and (e) 
eSRR with connecting wires. The arrows indicate the surface current density, and the colors map the 
electric field norm.  
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arrays, and the resonance frequency is determined by 2/1
0 )(~ −LCω . The polarization of 

the normally incident THz radiation is also shown in Fig. 1. With such configurations we 
characterize the electric response, which is properly represented by an effective complex 
dielectric function )(~ ωε . It is the THz electric field instead of the magnetic field (which 
is in the plane of metamaterial elements) that drives the metamaterial resonance response. 

In order to obtain certain functionalities, we fabricated planar metamaterials on 
semiconductor substrates, where the conductivity can be externally modified either by an 
optical excitation or applying a voltage bias. We used the unit cell in Fig. 1(a) for the 
dynamically switchable metamaterials, which were fabricated on a semi-insulating 
gallium arsenide (SI-GaAs) substrate of 670 µm thickness, shown in Fig. 2(a). The planar 
array of SRRs was fabricated from 3 µm thick copper. The fabrication of the ultrafast 
optically switchable THz metamaterial devices was a little different. Here we used the 
unit cell shown in Fig. 1(b) and an ErAs/GaAs nanoisland superlattice substrate. The 
planar metamaterials were fabricated using the standard photolithographic methods and 
the metallization is achieved by the electron beam deposition of 10 nm thick titanium as 
the adhesion layer, following 200 nm thick gold layer, and then performed a lift-off 
process. 

 

The substrate used for the all-electronically switchable metamaterial devices has a 1-
µm-thick n-doped GaAs layer grown by molecular beam epitaxy (MBE) on an SI-GaAs 
substrate. The fabrication started with an ohmic electrical pad, which was metalized by 
electron beam deposition of 20 nm of germanium, 20 nm of nickel, and 200 nm of gold in 
sequence, and then performed a rapid thermal annealing (RTA) process at 350ºC for 1 
minute. Then the metallic eSRRs array was fabricated using standard photolithographic 
methods and electron beam deposition of 10 nm of titanium and 200 nm of gold. Here we 
used the unit cell shown in Fig. 1(b) and all eSRRs were connected together with metallic 
wires as shown in Fig. 2(b). 

 

Fig. 2 Schematics of externally controllable THz metamaterial devices. (a) The dynamically switchable 
THz metamaterial device upon femtosecond photoexcitation fabricated on an SI-GaAs substrate. (b) 
The all-electronically switchable THz metamaterial device fabricated on GaAs substrate with an n-type 
doped layer. The depletion regions (bottom) can be modified by applying a reverse voltage bias (top) to 
switch the metamaterial resonance. 
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III. Experimental techniques 

We characterized the frequency-dependent electric response of the above metamaterial 
devices using THz time-domain spectroscopy (THz-TDS). The linearly polarized, 
normally incident, impulsive THz electric field was measured after propagating through 
the samples and a suitable reference. Fourier transformation allows us to obtain the THz 
spectra that contain both amplitude and phase information. Dividing the sample spectrum 
by the reference yields a complex transmissivity )()()(~ ωφωω iett = of the metamaterial, 
which further permits calculation of optical constants, e.g., the effective complex 
dielectric function )()()(~

21 ωεωεωε i+= , through the inversion of Fresnel equations 
without model assumptions. 

The dynamically switchable THz metamaterial devices were characterized using 
optical-pump terahertz-probe (OPTP) spectroscopy [25], schematically shown in Fig. 
2(a). The synchronized femtosecond optical pulses with pulse duration of ~50 fs, a pulse 
repetition rate of 1 kHz, and a center wavelength of 800 nm, are expanded larger than the 
THz focal spot at the samples to uniformly excite free charge carriers in the 
semiconductor substrate. We performed THz transmission measurements through 
metamaterials upon various photoexcitation fluences, which occurs several picoseconds 
before the arrival of the THz pulse. The carrier lifetime in SI-GaAs is orders of 
magnitude longer than the picosecond duration of THz pulses, which allows for 
characterization of a quasi-steady state response of metamaterials. For metamaterials 
fabricated on ErAs/GaAs nanoisland superlattice substrates where the carrier lifetime is 
~10 ps, we varied the time delay between the photoexcitation and THz arrival so that the 
metamaterial dynamic response upon photoexcitation can be measured. In these 
measurements, we used a bare SI-GaAs or ErAs/GaAs superlattice substrate as the 
reference. For the electronically switchable metamaterial devices, using a standard 
photoconductive THz-TDS experimental system [26] we performed THz transmission 
measurements as a function of voltage bias applied to the devices, shown in Fig. 2(b). All 
the above measurements were performed at room temperature in a dry air atmosphere.  

  

IV. Dynamic THz metamaterial devices: Ultrafast switching of THz radiation 

In Fig. 3 we show the electromagnetic response of SRRs array fabricated on 
semiconductor substrate. In Fig. 3(a) the transmission of THz electric field was plotted 
for varying photoexcitation fluences, and in Fig. 3(b) we show the corresponding 
extracted the real portion of the effective complex dielectric function )(1 ωε . With no 
photoexcitation, the THz transmission through the metamaterial is shown as the red curve 
in Fig. 3(a). While off-resonance, the transmission amplitude )(ωt  has relatively high 
values near 95%, and near 0.5 THz the transmission drops to ~20%. This transmission 
minimum is associated with the THz electric field driven circulating currents resonating 
in SRRs, as verified by the numerical finite-element simulation shown in Fig. 1(c). This 
electric resonance response has the same resonance frequency as in the magnetic 
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resonance response [27] using the same metamaterial structure. There is a second 
resonant THz transmission minimum near 1.6 THz. This resonance is from the half wave 
resonance of the side length 36 µm of SRRs, as verified by the numerical simulation (not 
shown). Below we solely discuss the first resonance near 0.5 THz.  

Photoexcitation with near-infrared laser pulses creates free charge carriers in the SI-
GaAs substrate. The photocarriers in the GaAs substrate short the split gaps of SRRs, 
thereby damping the resonance response of the metamaterial. As shown in Fig. 3(a), the 
resonance behavior changes dramatically with the increasing photoexcitation fluence. 
Under as low as 1 mW photoexcitation fluence, which corresponds to 2 µJ/cm2 or 
equivalently to a photoexcited carrier density of ~4×1016 cm-3, the resonance has been 
completely damped. In Fig. 3(b) we show the corresponding extracted real part of the 
effective complex dielectric function )(1 ωε . Using photoexcitation we are able to switch 
the permittivity )(1 ωε  from negative to positive values near the resonance. 

 

 

 

Fig. 4 Frequency-dependent transmission of the THz intensity with various time delays following the 
photoexcitation for the metamaterial fabricated on an ErAs/GaAs nanoisland superlattice substrate. 

 

Fig. 3 (a) Frequency-dependent transmission of the THz electric field and (b) the corresponding real 
part of the effective complex dielectric function upon various photoexcitation fluences for the 
metamaterial fabricated on an SI-GaAs substrate. The polarization of the normally incident THz 
radiation has been shown in Fig. 2. 
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The dynamic switching off of the metamaterial resonance response could be very fast, 
i.e., only depending on the femtosecond photoexcitation of charge carriers. The switching 
recovery time, however, is determined by the carrier lifetime, which could be as long as a 
nanosecond in the GaAs substrate. In order to realize ultrafast switching recovery, it is 
obvious that the carrier lifetime needs to be significantly shortened. There are some 
candidate materials such as radiation-damaged silicon, low temperature grown gallium 
arsenide, and ErAs/GaAs nanoisland superlattices. We used ErAs/GaAs nanoisland 
superlattice [28] as the metamaterial substrate, where the carrier lifetime is strongly 
correlated with the period of the superlattice. In this work, 20 periods with 100 nm each 
results in a carrier lifetime of approximately 10 ps. Such carrier lifetime is ideal to 
demonstrate the ultrafast switching of THz metamaterials due to the picosecond duration 
of THz pulses. The experimental results are shown in Fig. 4. With no photoexcitation, the 
metamaterials show strong resonance transmission dip. When the THz pulses arrive 
immediately after the photoexcitation (less than 5 ps), the excited photocarriers short the 
split gaps thereby almost completely eliminating the metamaterial resonance response. 
Increasing the time delay between the photoexcitation and the arrival of THz pulses, 
however, allows for the carrier recombination and the recovery of the resonance. At a 
time delay of ~20 ps the resonance has been almost completely recovered. 

 

V. Active THz metamaterial devices: All-electronic switching of THz radiation 

When the metallic eSRRs are fabricated on an n-type GaAs substrate, the metal-
semiconductor interface forms a Schottky diode structure. The depletion regions 
underneath and around the metal, particularly near the split gaps, can be actively 
controlled by applying a voltage bias between the metal and substrate. In this way we can 
effectively control the conductivity of the substrate near the split gaps, which in turn 
switches the resonance of eSRRs. In Fig. 5 we show the experimental results of 
transmission of THz intensity as a function of the applied reverse voltage bias to the 
active metamaterial device shown in Fig. 2(b). With no voltage bias the metamaterial 
resonance response is strongly damped due to the conducting and lossy substrate, i.e., the 
split gaps of eSRRs are shortened by the relatively conducting substrate. As shown by the 
black curves in Fig. 5, we only observed very weak and broad resonance THz 

 
Fig. 5 Switching performance of the active THz metamaterial device as a function of reverse voltage 
bias. (a) Frequency-dependent transmission of the THz intensity, and (b) the corresponding extracted 
real part of the effective complex dielectric function. The polarization of the normally incident THz 
radiation has been shown in Fig. 2. 
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transmission dip, and the Lorentz-like dispersion was barely seen in the extracted 
effective dielectric function )(1 ωε .  

A reverse voltage bias, on the other hand, drives electrons away from the interface and 
increases the width of depletion regions. This isolates the metal from the doped 
semiconductor substrate, and particularly, recovers the split gaps. As shown in Fig. 5 we 
observed that, with an increasing reverse voltage bias, the metamaterial resonance 
response is reestablished, i.e. increasing resonance strength and a narrowing resonance 
linewidth, and the strong Lorentz-like dispersion )(1 ωε  associated with the resonance. 
Under a reverse voltage bias of 16 volts, a switching efficiency of 50% in THz intensity 
can be achieved at room temperature. This represents one order of magnitude 
improvement over the previous electrically driven THz switch based on a HEMT 
structure [29]. Additionally, the effective real part of the complex dielectric function 

)(1 ωε  is switched between positive and negative values. 

In the all-electronic switchable THz metamaterial devices, it is necessary to connect all 
eSRRs together serving as a Schottky contact. So, the symmetric design of eSRRs is of 
particular importance to avoid any effect on changing the resonance behavior by the 
connecting wires. In Fig. 1(d) and (e) we show the numerical simulation results of the 
surface current density as well as the electric field norm at resonance of the eSRR, with 
or without the connecting wires. There is neither a shift of the resonance frequency nor a 
change of resonance strength of the eSRR by the connecting wires. It is also worth 
mention that the connecting wires should be perpendicular to the proposed polarization of 
the THz electric field to avoid otherwise acting as a filter. 

 

VI. Summary 

In this paper we have demonstrated active and dynamic control over the metamaterial 
devices at THz frequencies. The dynamically switchable THz metamaterials were 
fabricated on intrinsic GaAs substrate. The photoexcitation of free charge carriers shorts 
the split gaps and damps the metamaterial resonant response. Using an ErAs/GaAs 
nanoisland superlattice substrate with very short carrier lifetime, we achieved an ultrafast 
switching recovery of the metamaterial resonance. The all-electronically switchable THz 
metamaterial devices are the hybrid of a Schottky diode structure and an eSRR array. 
Upon applying a reverse voltage bias the depletion regions, particularly near the split 
gaps, can be actively controlled. We accomplished a switching efficiency up to 50% in 
the transmission of THz intensity, an order of magnitude improvement over the state of 
the art. Metamaterials are geometrically scalable to translate the operability over many 
decades of frequency. The choice of substrate and the capability of modifying substrate 
properties add great flexibility and make metamaterials promise for practical applications. 
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