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Terahertz time-domain spectroscopy is used to probe the electromagnetic properties of
metamaterials, which are dynamically photoexcited, using synchronized femtosecond near-infrared
laser pulses. Blueshift tunability of the electric dipole metamaterial’s resonance, as well as a
broadband phase tunability reaching �� /4, are demonstrated. Numerical simulations show the
observations are due to changes in the complex index of the photoexcited semiconductor
substrate. © 2010 American Institute of Physics. �doi:10.1063/1.3292208�

Research on metamaterials, i.e., artificially structured
subwavelength materials, in recent years has grown expo-
nentially. The main reason behind this interest is the peculiar
electromagnetic response of these metamaterials not avail-
able in naturally occurring media.1 Fundamental and applied
research on metamaterials, spanning from radio frequencies
to optical wavelengths,2 have demonstrated a variety of in-
teresting phenomena, such as negative refraction,3

subdiffraction-limited imaging,4 and electromagnetic
cloaking.5

More recently, considerable advances have been made
on research related to terahertz �THz� metamaterials and
have led to the development of various metamaterial compo-
nents to control the THz radiation properties. Components,
such as frequency tunable filters,6,7 all-optical switches and
modulators,7–9 and perfect absorbers,10 have already been
demonstrated experimentally. Recently, Chen et al.11 demon-
strated efficient phase shifting devices in the THz range. A
single layer planar hybrid metamaterial made of split-ring
resonators �SRRs� on top of a highly doped semiconductor
layer was used. Applying external voltage to the structure, a
direct control of the carrier density in the depletion zone of
the metal-semiconductor interface was demonstrated, which,
in turn, directly tuned the dielectric properties near the gaps
of the SRRs, leading to a phase change over a narrow band
of frequency �23 GHz�. Also, specifically designed metama-
terial structures have been proposed for THz polarimetric
devices.12

In this letter, we report on the ability to obtain tunable
electric resonance responses in the THz regime, as well as a
broadband ��250 GHz� phase tunability �over �� /4�, us-
ing classical metamaterials consisting of metallic SRRs on
the top of a semiconductor substrate. The tunability is
achieved dynamically by photoexciting the metamaterial, us-
ing intense near-infrared femtosecond laser pulses. Numeri-
cal calculations, using a simple Drude model, can explain the
experimental observations, as a result of the changes induced
on the complex index of refraction of the photoexcited semi-
conductor substrate.

The metamaterial sample under study is the same as the
one studied in Ref. 8, i.e., it consists of an array of SRRs,
fabricated from copper, deposited on 670 �m thick, high
resistivity GaAs substrate. A sketch of the experimental ap-
proach, together with the exact dimensions of the SRRs, is
given in Fig. 1.

The experimental study of this system was performed
using THz time domain spectroscopy �TDS�. For this experi-
ment, a powerful THz-TDS system has been developed, us-
ing an amplified kHz Ti:Sa laser system delivering 35 fs
pulses at 800 nm central wavelength and maximum energy
of 2 mJ per pulse. Part of the initial laser beam with energy
equal to 1.3 mJ was focused in ambient air after partial fre-
quency doubling in a beta-barium-borate crystal �50 �m
thick� to produce a two-color filament and subsequently, THz
radiation.13

Ultrashort laser pulse filamentation is a well-known phe-
nomenon of laser beam self-organization in a narrow intense
filamentary structure, which results from competition be-
tween linear and nonlinear effects, including the Kerr self-
focusing, ionization defocusing, nonlinear losses, and disper-
sion effects.14 Inside the filament, the presence of the second
harmonic field, slightly out of phase from the fundamental,
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FIG. 1. �Color online� The SRR design studied. The vectors show the inci-
dent THz electromagnetic field orientation for the case of parallel orientation
�to the gap�. The geometrical parameters of the system are as follows: a
=50 �m, b=36 �m, d=3 �m, g=2 �m, and w=6 �m.
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produces an asymmetry in the ionizing field. Consequently, a
net ionization current is formed, leading to forward emission
of THz pulses.13,15,16

For the detection of THz radiation, a small fraction of
the initial laser pulse probed the THz-induced birefringence
in an electro-optic crystal �ZnTe 1 mm thick� and monitored
the time profile of the THz electric field.17 The entire experi-
mental setup was placed inside a purge gas chamber to avoid
water vapor absorption of the THz radiation.

To study the dynamic response of the metamaterial, an
optical-pump beam was used to excite photocarriers in the
GaAs substrate. The sample was placed orthogonally on the
THz beam path and at the focus of the THz beam �see Fig.
1�. At this point the THz beam spot’s diameter measured
about 1.2 mm. The optical pump was launched at 45° on the
sample. The temporal synchronization of the THz and the
optical pump beams have been experimentally defined. Af-
terwards, the THz pulse was delayed to assure a 5 ps average
�because of the angle between the two beams� delay between
them. This 5 ps delay was used to assure a quasisteady state
of the injected photocarriers, since they have a lifetime in the
nanoseconds regime.

The theoretical study of our metamaterial system
was performed using the finite-integration technique, em-
ployed through the well-established commercial software
CST MICROWAVE STUDIO. The simulations were performed by
considering one unit cell of the system embedded in a wave-
guide with electric and magnetic boundaries to support a
constant profile transverse electromagnetic wave. Waveguide
ports were used as source and detector to monitor the trans-
mission and reflection properties of this system. In the
simulations, the substrate refractive index �for the nonphoto-
excited substrate� was taken as 12.7, and the copper conduc-
tivity 5.8�107 S /m.

To validate our theoretical and experimental procedures,
we repeated the study presented in Ref. 8. Two resonances
were observed in the case of perpendicular polarization �not
shown here� and a single broad resonance for the case of
parallel polarization �see Fig. 2�a��. The dynamical study of
the SRR with its gap perpendicularly orientated to the THz
electric field has also been conducted. The results reported in
Ref. 8 were reproduced.

In this letter, though our effort is turned toward the be-
havior of the parallel orientation electric resonance under
photoexcitation, which has not been investigated previously.
For different levels of excitation fluence, the THz electric
field was recorded. The results are shown in Fig. 2�a�. The
first observation from Fig. 2�a� is the presence of an ampli-
tude modulation of the resonance when photocarriers are ex-
cited. This broad resonance is the dipolelike resonance of the

structure, related to the finite length of the metallic element
along the electric field direction; thus, its amplitude modula-
tion cannot be related to the short-circuit phenomenon ob-
served for the magnetic resonance frequency shown in Ref.
8. Instead, this phenomenon should be related to the change
in conductivity of the substrate, where increasing amounts of
charges finally screens the existing resonance.

More interestingly, it is also possible to observe a fre-
quency shift toward higher values �up to 50 GHz� as photo-
carriers are injected within the substrate �see Fig. 2�b��. Such
a shift was also observed in Ref. 8 for the case of perpen-
dicular orientation, but its origin was not addressed. As elec-
trons and holes are created under photoexcitation within the
substrate �over one penetration depth; 1 �m at 800 nm�, the
complex index of refraction is expected to change as well
and can explain the experimental observations, except from
changes in the conductivity.

Before moving to the theoretical analysis, let us consider
the phase information from the experimental data. By deter-
mining the ratio between the extracted phase with and with-
out photoinjection of carriers, one can characterize the phase
shift, ��, produced by the photoexcitation of the sample.
Figure 2�b� clearly shows an almost flat phase shift extend-
ing over a very broad range of frequencies �from 1 to 1.25
THz�, just before the anomalous phase shift on the reso-
nance. The phase shift amplitude decreases as the photoex-
citation becomes more important, forming practically a tun-
able THz wave plate. Although the losses are not negligible,
this is still a remarkable result, considering this level of
phase shift is achieved over a very broad spectral range and
for a neither specifically designed nor optimized metamate-
rial.

To understand the origin of the frequency and phase tun-
ability, we first conducted a series of simulations considering
only the effect of a conductivity change. In this condition,
only a redshift of the resonant frequency was observed. The
blueshift of the resonance frequency would most probably be
due to photoexcitation-induced dynamic response of the
GaAs substrate beneath the SRRs. To fit the experimental
results, we used the well-known Drude model, capable of
describing the dynamic behavior of GaAs accurately within
our considered frequency regime.18,19 We first assume the
photoexcited layer with a thickness �i.e., penetration depth�,
d, of a typical value, 1 �m. The frequency-dependent com-
plex conductivity takes the form �=�0�p

2 / �	− i��, where �0

is the permittivity of vacuum, 	, represents the collision fre-
quency, and �p=�Ne2 / ��0m�� the plasma frequency. N is the
carrier density, e is the free electron charge �1.6�10−19 C�,
and m�=0.067m0 �m0 is the mass of the free electron�, the
effective carrier mass in n-doped GaAs. Then, the dielectric
constant ���� is obtained, based on ���� by ����=�s

+ i� / ��0��, where �s is the dielectric constant of undoped
GaAs.

To fit the resonance frequency at 1.4 THz for the case of
a nonilluminated sample, we used �s=12.7, and we kept this
value throughout our fitting procedure for all cases. Next, we
focused on the photodoping cases. According to the Drude
model, it is easily found that the carrier density, N, and col-
lision frequency, 	, are pending quantities, which together
determine the properties of the photoexcited layer and the
response of the sample. In our fitting procedure, 	 should be
kept constant for any set of N because the mobility of the

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
0.0

0.2

0.4

0.6

0.8

1.0
Nonexcited
1 ��J/cm2

3 ��J/cm2

6 ��J/cm2

Tr
an
sm
is
si
on
am
pl
itu
de

Frequency (THz)
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

-0.8

-0.4

0.0

0.4

0.8 Nonexcited
1 ��J/cm2

3 ��J/cm2

6 ��J/cm2

��
(r
ad
)

Frequency (THz)

������ 250 GHz

(a) (b)

FIG. 2. �Color online� Experimental transmission amplitude spectra �a� and
phase tunability �b� for different levels of photoexcitation.
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carriers changes slightly within the explored carrier density
range. By fitting the resonance frequencies and correspond-
ing transmission amplitudes, and simultaneously considering
the transmission levels at a low frequency band, the collision
frequency, 	, is taken as 1.8 THz and the retrieved values
of the carrier density N are 3�1016, 1.5�1016, and 5
�1015 cm−3 for the excitation at 6, 3, and 1 �J /cm2, re-
spectively. The simulated results of the transmission spectra
fit well with the experimental ones, as shown in Fig. 3�a�.

In the simulations, we also extracted the phase informa-
tion of the transmission for the different cases. These results
are presented in Fig. 3�b�. Similar to the experimental re-
sults, we also can observe the interesting phase modulation
effect almost as impressive as in the experiments.

In conclusion, we have shown the existence of a fre-
quency shift under injection of photocarriers related to the
change in the refractive index of the GaAs substrate. Also, an
important phase tunability �over �� /4� for a large frequency
bandwidth ��250 GHz� was observed, which demonstrates
the possibility of phase modulation under photoexcitation,
consequently, opening the way to the realization of simple
broadband phase plate devices in the THz range.
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FIG. 3. �Color online� Simulation results of the transmission amplitude
spectra �a� and phase modulation �b� for different levels of carrier density N.
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