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Ultrafast optical switching of terahertz
metamaterials fabricated on ErAs/GaAs

nanoisland superlattices
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We demonstrate optical switching of electrically resonant terahertz planar metamaterials fabricated on
ErAs/GaAs nanoisland superlattice substrates. Photoexcited charge carriers in the superlattice shunt the
capacitive regions of the constituent elements, thereby modulating the resonant response of the metamate-
rials. A switching recovery time of 20 ps results from fast carrier recombination in the ErAs/GaAs super-
lattice substrates. © 2007 Optical Society of America
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Metamaterials consisting of periodically patterned
split ring resonators (SRRs) display a strong reso-
nant electromagnetic response [1]. Importantly, the
resonant frequency scales with the SRR dimensions.
This is of particular importance for the terahertz
�1 THz=1012 Hz� regime, where naturally occurring
materials rarely have a useful electronic or photonic
response [2,3]. Recently, it has been shown that the
resonance strength, and hence the transmission, can
be controlled via external stimuli for planar metama-
terials fabricated on semiconducting substrates [4,5].
This has resulted in efficient switching and modula-
tion of freely propagating THz radiation, which is es-
sential for many potential applications such as se-
cure short-range communication.

Switching/modulation of THz radiation with an ap-
plied voltage was recently demonstrated using a hy-
brid structure consisting of a Schottky diode and a
planar metamaterial array [5]. An external voltage
controlled the conductivity of the semiconducting
substrate at the capacitive split gaps, thereby modu-
lating the metamaterial resonance strength. Owing
to the large capacitance and series resistance, the de-
vice operates at a low switching/modulation rate (up
to �10 kHz). An optically based approach has also
been demonstrated where photoexcitation of free
charge carriers in the semiconducting substrate
shunts the metamaterial resonance [4]. The advan-
tage of the optical approach is the possibility of ex-
tremely fast switching using femtosecond optical
pulses. In this case, although the switching rise time
can be very fast, the recovery time must also be mini-
mized to achieve high bit rate modulation. For intrin-
sic GaAs this recovery time is of the order of nanosec-
onds due to carrier recombination. In this Letter, we
demonstrate ultrafast switching of THz metamate-
rial with recovery time as short as 20 ps through en-
gineering the substrate carrier lifetime using molecu-

lar beam epitaxy grown ErAs/GaAs superlattices.
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We note the recent progress in THz switching/
modulation based on one-dimensional photonic crys-
tals using GaAs as a defect layer [6]. Switching is
achieved through photogeneration of carriers in
GaAs, with a demonstrated switching time of
�100 ps limited by the carrier recombination time.

Various methods to shorten the carrier lifetime in
semiconductors have been employed including radia-
tion damage and low-temperature growth to intro-
duce defects. We use an ErAs/GaAs superlattice
structure grown by molecular beam epitaxy on an in-
trinsic GaAs wafer. In the ErAs/GaAs superlattice
structure, the carrier lifetime is strongly correlated
with the period L [7]. In this work 20 periods with
L=100 nm ErAs/GaAs superlattice results in a car-
rier lifetime of approximately 10 ps shown in Fig. 1,
as determined using optical-pump THz-probe spec-
troscopy. Such a carrier lifetime is ideal to demon-
strate ultrafast switching of THz metamaterials due

Fig. 1. Time dependence of the normalized carrier density
following photoexcitation of the ErAs/GaAs superlattice, as
measured by optical-pump THz-probe experiments. The in-
set shows the impulsive THz electric field time-domain
waveform that probes the pump-induced changes in the

metamaterial response.
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to the picosecond duration of the THz pulses (see the
inset of Fig. 1).

Electric metamaterials characterized in this work
have previously been introduced, and we follow the
notations and dimensions used therein [8,9]. The
unit cells are illustrated in the insets to Figs. 2 and 3
for the original (OE2) and complementary (CE2) elec-
tric split ring resonators (eSRRs), respectively. They
are periodically patterned on the ErAs/GaAs super-
lattice substrates using conventional photolithogra-
phy with an electron-beam deposition of 10 nm of ti-
tanium for adhesion followed by 200 nm of gold.
These metamaterials, in accordance with Babinet’s
principle, have shown complementary transmission
properties, meaning that the transmission minimum
in the OE2 sample corresponds to a transmission
maximum in the CE2 sample, both characterized by
a frequency-dependent permittivity ���� [9].

The optical-pump THz-probe experimental system
has been described elsewhere [10]. The linearly po-
larized impulsive THz radiation is focused to an
�3 mm diameter spot onto the metamaterials at nor-
mal incidence, with the field polarization indicated in
the insets of Figs. 2 and 3. Synchronized femtosecond
optical pulses with 100 fs pulse duration, 1 kHz rep-
etition rate, and 800 nm center wavelength are ex-
panded to �8 mm diameter, larger than the THz fo-
cal spot, to excite free charge carriers in the
ErAs/GaAs superlattice substrates. At various time
delays between the arrival of THz pulses and optical
excitation, the transmitted THz electric field tran-
sient is measured. A second measurement of the
transmitted THz pulse through an ErAs/GaAs super-
lattice without the photoexcitation and the metama-
terial serves as a reference. The frequency-dependent

Fig. 2. (a) Frequency-dependent transmission of the eSRR
array at various times following photoexcitation and (b)
corresponding real part of the effective dielectric function.
Inset, metamaterial eSRR unit cell; arrows, polarization of

the normally incident THz radiation.
transmission of the metamaterial structure is ob-
tained by dividing the Fourier transform of the
sample scan by the Fourier transform of the refer-
ence scan. This is performed at each delay such that
the temporal evolution of the frequency-domain
metamaterial response can be determined. We pur-
posely engineered the ErAs/GaAs superlattices to
have a lifetime of �10 ps to minimize artifacts that
arise in the analysis when the sample response var-
ies quickly in comparison with the THz pulse dura-
tion. However, ErAs/GaAs nanoisland superlattices
can be engineered to have subpicosecond response
times, making it possible, in principle, to have even
faster switching and recovery times than what is
demonstrated below.

It has been shown that a substrate carrier density
of 1016 cm−3 (corresponding to fluence of �1 �J/cm2)
is sufficient to shunt the resonant metamaterial re-
sponse [4,5]. The transmission changes of THz inten-
sity in the composite metamaterial ErAs/GaAs struc-
tures are displayed in Figs. 2(a) and 3(a) for the
original and complementary metamaterials, respec-
tively. For OE2 (CE2), a strong resonant decrease (in-
crease) occurs at 0.7 THz without photoexcitation.
This pure electric resonant response (i.e., deriving
from the effective permittivity ����) critically de-
pends on the capacitive split gaps. Photoexcitation of
carriers in the substrates shunts this capacitance,
thereby decreasing the resonant strength. The reso-
nant transmission for both OE2 and CE2 is turned
off within 2 ps. As the substrate carriers are trapped
and recombine, the resonant transmission character-
istics reappear. For the present devices, nearly com-

Fig. 3. Frequency-dependent transmission of the comple-
mentary eSRR array at various times following photoexci-
tation, and (b) corresponding real part of the effective di-
electric function. Inset, complementary metamaterial
eSRR unit cell; arrows, polarization of the normally inci-
dent THz radiation.
plete recovery is achieved within 20 ps following pho-
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toexcitation. Importantly, the magnitude of the
transmission changes are much larger in comparison
with the bare superlattice substrates, which have a
10% decrease in the THz transmission from the
Drude response of the photoexcited carriers, indicat-
ing the importance of the planar metamaterials that
dominate the electromagnetic response.

Following a procedure described elsewhere [9], we
determine the effective frequency-dependent complex
dielectric function of the metamaterials assuming a
cubic unit cell. The real portion of the dielectric func-
tion is shown in Figs. 2(b) and 3(b) for the OE2 and
CE2 metamaterials, respectively. Without photoexci-
tation, both display a Lorentz-like resonant response.
For CE2 this is superimposed on a Drude-like re-
sponse due to the interconnected topology of the met-
allization. Over a narrow frequency range the per-
mittivity obtains negative (positive) values for the
original (complementary) metamaterial. Photoexcita-
tion shunts the Lorentz-like resonant response, thus
switching the permittivity from negative (positive)
values to positive (negative) values in the original
(complementary) metamaterial.

The present approach is different from previously
demonstrated THz waveform synthesis, in which the
switching is accomplished during the THz pulse gen-
eration [11]. We switch and modulate the freely
propagating THz waves by modifying the resonance
strength of the planar metamaterials. The engi-
neered carrier lifetime in the ErAs/GaAs superlattice
substrates provides an advantageous ultrafast
switching recovery time. This would also be very use-
ful in THz pulse shaping. In contrast, many other
resonant switches have slow recovery time due to un-
avoidable thermal effects. For instance, a similar
phenomenon arises in the ultrafast switching of the
mid-infrared surface-plasmon resonance through
photoinduction of an insulator-to-metal phase transi-
tion. However, it takes tens of nanoseconds to recover
to the insulating phase [12]. In the present approach
metamaterials may simply be scaled to operate at
other target frequency ranges, though to obtain a us-
able response the carrier density in the substrate
must also be carefully considered. For applications
such as short-range THz communication, the bit rate
will, of course, be determined by the repetition rate of
the optical pulses.

In summary, optical modification of the resonant
response of metamaterials and appropriate engineer-
ing design of the supporting substrates enables con-
struction of efficient THz functional devices such as
THz switches and modulators. We have demon-
strated ultrafast optical switching of the resonant re-
sponse of THz metamaterials. A switching recovery of
�20 ps was demonstrated by engineering design of
the carrier lifetime of the ErAs/GaAs superlattice
substrates upon which the planar metamaterial ar-
rays were constructed.
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