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Over the past two decades, terahertz time-domain spec-
troscopy1 and quantum-cascade lasers2 have been two of the
most important developments in terahertz science and technol-
ogy. These technologies may contribute to a multitude of
terahertz applications that are currently under investigation
globally3. However, the devices and components necessary to
effectively manipulate terahertz radiation require substantial
development beyond what has been accomplished to date.
Here we demonstrate an electrically controlled planar hybrid
metamaterial device that linearly controls the phase of tera-
hertz radiation with constant insertion loss over a narrow
frequency band. Alternatively, our device may operate as a
broadband terahertz modulator because of the causal relation
between the amplitude modulation and phase shifting. We
perform terahertz time-domain spectroscopy, in which our
hybrid metamaterial modulator replaces a commercial mechan-
ical optical chopper, demonstrating comparable broadband
performance and superior high-speed operation.

The controllable properties of engineered metamaterials facilitate
novel opportunities for manipulating electromagnetic radiation4.
Electromagnetic phenomena achieved with metamaterials include
negative index of refraction5,6, super-resolution in optical
imaging7,8, and electromagnetic invisibility9. The resonant electro-
magnetic response originates from patterned metallic subwave-
length structures, in which the dimensions can be appropriately
scaled to operate at terahertz frequencies10,11 where natural material
response is somewhat rare. As such, metamaterials provide the basis
for the construction of novel terahertz devices. Terahertz metama-
terial devices have been demonstrated as state-of-the-art fre-
quency-agile far-infrared filters12,13, all-optical switches and
modulators14,15, and perfect absorbers16,17. Room-temperature,
voltage-controlled metamaterial devices consisting of a single unit
cell layer in the propagation direction have also been shown and
are of particular interest here18,19.

Despite the rapid progress in terahertz technology generally, a
component largely unavailable as yet is an efficient terahertz
phase shifter. Its counterparts at microwave and optical frequencies
have many important applications, including, for example, phased
array antennas and high-speed Mach–Zehnder modulators.
However these configurations are, in general, difficult to extend to
the terahertz regime. There have been a few attempts to demonstrate
terahertz phase shifters, including using semiconductor quantum-
well structures at cryogenic temperatures20,21, or liquid crystals
with very low speed22. The single-layer planar hybrid metamaterial
phase modulator presented in this paper overcomes these shortcom-
ings. Although phase shifting of terahertz radiation may be inferred

from our earlier work13,18, where frequency tuning of a metamaterial
resonance and amplitude modulation were reported, phase modu-
lation was not explicitly discussed or explored. Here we present
the first experimental demonstration of a room-temperature solid-
state phase modulator at terahertz frequencies as well as an investi-
gation of its potential applications. Our new device achieves a
voltage-controlled linear phase shift of �p/6 radians at 16 V.
Moreover, the causal relation between amplitude switching and
phase shifting enables broadband modulation.

A single unit cell of the device is illustrated schematically
in Fig. 1a. Metallic electric split-ring resonators (SRRs)23 were
patterned to form a square array and connected by metal wires.
They were fabricated on a 1-mm-thick epitaxial n-doped GaAs
layer with an electron density of 2� 1016 cm23 grown on an
intrinsic GaAs wafer. The SRRs and semiconductor form the
Schottky diode structure that can, upon application of an external
voltage, actively modify the depletion zone (see Supplementary
Information). The control of the carrier density in the depletion
zone permits tuning of the local dielectric properties near the
gaps of the SRRs. This results in changes of the transmission (ampli-
tude, phase, or both) of the metamaterial device. The micro-fabrica-
tion of the device has been described previously18,19; an optical
microscopy image is shown in Fig. 1b. For this design, the SRR
gaps are located at the four outer corners and are directly connected
to the ohmic contact through the n-GaAs epilayer. This maximizes
depletion of electrons near the metamaterial gaps upon application
of bias voltage, which is essential to control the metamaterial reson-
ances. In an earlier metamaterial switch18, the split gap was located
at the centre of an electric SRR and was surrounded by a closed
outer ring. This reduced the voltage available for effective charge
depletion within the split gap, which limited device performance.
(See Supplementary Information for further details of the device.)

Conventional terahertz time-domain spectroscopy24 (see
Supplementary Information) was used to characterize the device.
Resonances at 0.81 and 1.7 THz (driven by the electrical component
of the terahertz radiation as indicated in Fig. 1b) are obtained as
shown in Fig. 2a and b. The resonance at 0.81 THz arises from
the individual SRRs and is due to the inductive–capacitive coupling
of the circulating currents (Fig. 1c), while the resonance at 1.7 THz
originates from a collective dipolar resonance (Fig. 1d), where the
resonance frequency also depends on the SRR periodicity25. At
zero voltage bias the resonances are weak because carriers in the
substrate shunt the metamaterial capacitive gaps, thereby damping
the response. Under reverse bias voltage an increase in depletion
occurs, reducing the damping and causing an increase in oscillator
strength for both resonances. The depletion near the split gaps plays
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a critical role in restoring resonances, as illustrated in Fig. 1c and d
of the resonant surface current density.

In comparison to previously published results on metamaterial
switches18, this device has a higher modulation index of the trans-
mission amplitude. At 16 V, the amplitude of the transmitted terahertz
electric field at 0.81 THz, indicated by the dashed vertical line, has
decreased from t0V¼ 0.56 to t16V¼ 0.25, a change of 55% (intensity
change of 80%), as shown in Fig. 2a. This is an 83% performance
improvement over the earlier demonstration. The transmission ampli-
tude at 1.7 THz has decreased from t0V¼ 0.48 to t16V¼ 0.30. Between
the two resonances the reverse voltage bias significantly increases the
terahertz transmission amplitude. In short, the improved device per-
formance results from more effective depletion of charge carriers in
the split gaps under an external voltage bias.

Voltage switching of the metamaterial device yields another
important functionality—phase shifting of the terahertz radiation.

As shown in Fig. 2b, at 0.89 THz, indicated by the solid vertical line,
the phase of terahertz transmission is f16V¼ –0.51 rad under a
reverse bias voltage of 16 V as compared to f0V¼ 0.05 rad with no
voltage bias, resulting in a shift of Df¼ 0.56 rad. The phase shift
occurs over a bandwidth of �23 GHz (that is, 0.880–0.903 THz)
with a change in amplitude of less than 10% over this range. This
phase change occurs within a single metamaterial unit cell in the
propagation direction. A multi-layer phase shifter based on our
design would enable the ultimate goal of a 2p phase shifter.
Additionally, at the operational frequency of the phase shifter, the tera-
hertz transmission amplitude is near 60% without consideration of
the substrate insertion loss and is almost independent of the applied
voltage bias. This is advantageous because the terahertz phase shifter
can operate with reasonably high and constant terahertz transmission
amplitude. The substrate insertion loss could be lowered with metama-
terial impedance-matched layers26.

Various interconnect schemes would permit addressing individual
SRR elements, thus permitting application of, for example, a voltage
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Figure 2 | Electrically controllable terahertz transmission spectra.

a,b, Transmission amplitude (a) and phase spectra (b) at 0 V and reverse

bias voltages of 4 and 16 V. The solid vertical line indicates the frequencies

having a large phase shift and unchanged amplitude, and the dashed vertical

line indicates the frequencies having maximum amplitude switching and

minimum phase shifting. c, Voltage dependence of the phase shift at

0.89 THz and amplitude switching (modulation depth) at 0.81 THz.

The straight line is to guide the eye and indicates a linear dependence.
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Figure 1 | Design of the electrically driven terahertz metamaterial phase

shifter. a, Schematic of device unit cell and its cross-section, indicating the

principle of operation. b, Optical microscopy image of the active area of the

device with gold thickness 200 nm, linewidth 4 mm, split gap spacing 2 mm,

outer dimension 36 mm, and period 50mm. The polarization of the normally

incident terahertz radiation is also indicated. c,d, Numerical simulations of

surface current density excited from the inductive–capacitive (c) and

collective dipolar (d) resonances at 0.81 and 1.7 THz, respectively.
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gradient (and associated phase shift) to the array. This would allow for
real-time beam steering, focusing and other manipulations of terahertz
radiation for applications such as personnel screening in airports,
or locking a terahertz beam from a moving satellite to a specific
receiver. Therefore, it is important to characterize the phase shift,
Df(v)¼ jfV(v) 2 f0V(v)j as a function of the applied bias voltage.
Figure 2c reveals a linear phase shift as a function of the bias voltage
over the range 0–16 V at 0.89 THz. Saturation sets in at higher
voltage as the resonance is restored, and because of a reduction in
the Schottky resistance resulting from increased leakage currents. In
Fig. 2c we also plot the voltage-dependent amplitude modulation
index, M¼ jtV(v) – t0V(v)j/t0V(v) at 0.81 THz, which reveals a
similar linear dependence. We note that the metamaterial device
directly manipulates terahertz waves. This is an important distinction
because alternative methods yield modulation during the terahertz
generation process27,28, that is, modulated sources. Thus our metama-
terial device is a true ‘terahertz component’, and can be combined with
various terahertz sources such as backward wave oscillators or tera-
hertz quantum-cascade lasers.

We now turn towards a demonstration of our metamaterial device as
a terahertz modulator by replacing a commercial modulator (that is, a
mechanical optical chopper) in a terahertz time-domain spectroscopic
system. Figure 2 indicates that amplitude switching and phase shifting in
our terahertz metamaterial device are inherently narrowband—a result
of the resonant nature of metamaterials. However, as shown in Fig. 2a

and b, the transmission amplitude and phase are not independent of
each other, but are causally connected, as manifested by Kramers–
Kronig (KK) relations29. Specifically, the phase is proportional to the
derivative of the amplitude with respect to the frequency. Near frequen-
cies where the amplitude is not strongly dependent on the applied bias
voltage, but its slope is, the phase experiences a maximum shift, and vice
versa. Thus, although the amplitude modulation and phase shifting
response are inherently narrowband and strongly frequency dependent,
the KK relations specify that the metamaterial depicted in Fig. 1a will
modulate over an extended range. Thus, our device can be used as a
broadband modulator.

The frequency-dependent modulation of terahertz transmission
is given by

D~tðvÞj j ¼ tV1ðvÞeifV1ðvÞ � tV2ðvÞeifV2ðvÞ
�
�
�

�
�
� ð1Þ

showing that the amplitude and phase contribute to the modulation.
Figure 3a presents the experimental results of the metamaterial
device acting as a broadband modulator. The time-domain wave-
form of the terahertz modulation (differential) signal is shown as
the red curve for application of a square-wave voltage bias alternat-
ing between 0 and 16 V. The mechanical optical chopper has been
removed from the terahertz time-domain system. As a reference, the
terahertz transmission signal through a bare GaAs substrate is also
measured. The modulated terahertz spectrum produced by the
metamaterial device is shown in Fig. 3b and displays a broadband
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Figure 4 | Terahertz time-domain spectroscopy using the broadband

metamaterial modulator. a, Amplitude spectral ratio of two subsequent

measurements (100% lines) using the metamaterial device or a mechanical

optical chopper as the modulator in a terahertz time-domain system, both at a

modulation frequency of 377 Hz. The grey shaded area indicates the +2.5%

noise deviation. b, Terahertz transmission amplitude spectra through a second

metamaterial sample (unit cell shown in the inset) using the metamaterial

modulator (377 Hz and 30 kHz) or a mechanical optical chopper (377 Hz).
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Figure 3 | Broadband modulation of terahertz radiation. a, Time-domain

measurements of the terahertz modulation (differential) signal with a

square-wave voltage bias alternating between 0 and 16 V. The reference

terahertz signal is measured through a bare substrate using the terahertz

time-domain system with a mechanical chopper. b, After Fourier

transformation, the complex modulation in frequency domain is divided by

the reference so that the modulation amplitude spectrum is obtained. In the

frequency range roughly between the two resonances, the terahertz signal is

most effectively modulated.
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and rather flat response of Dt(v)� 25% between 0.8 and 1.7 THz,
beyond which the terahertz radiation is also modulated but with
decreasing modulation depth. These frequencies correspond to the
two metamaterial resonances shown in Fig. 2. By using methods
to increase the frequency span between the two resonances30, it is
possible to further broaden the modulation bandwidth.

This terahertz modulator can be implemented into a terahertz
time-domain spectrometer, replacing the typical mechanical
optical chopper. To further evaluate the performance, in Fig. 4a
we plot the division of two subsequent measurements, a so-called
100% line, at the modulation frequency of 377 Hz. This quantity
represents the frequency-dependent noise of the system as devi-
ations from 100%. We take as our evaluation point deviations of
+2.5%, indicated by the grey area of Fig. 4a. The same procedure
is also performed for a mechanical optical chopper at the same
modulation frequency. The mechanical chopper yields a range
from 93 GHz to 2.32 THz in this particular terahertz system,
where the noise is mainly from the long-term system stability.
The metamaterial modulator range is from 161 GHz to 1.88 THz.
For a more restrictive criterion of +1%, the metamaterial device
achieves a modulation range from 0.61 to 1.69 THz, roughly
between the two resonance frequencies. The signal-to-noise ratio
is not as good as the mechanical chopper, which achieves a 100%
modulation depth with no insertion loss, and has, in principle, infi-
nite bandwidth. We also note that operating this device as a broad-
band modulator requires phase-sensitive detection. However, the
compact metamaterial modulator has no moving parts, is only
1 mm thick (one layer of active material), and has been demon-
strated to operate up to 2 MHz (ref. 19), which can reduce the
signal acquisition time. In contrast, mechanical optical choppers
are bulky and are limited to kilohertz modulation rates.

As a further test, we performed terahertz transmission measure-
ments through a second metamaterial sample (see inset to Fig. 4b)
using our metamaterial device as a chopper (377 Hz). In Fig. 4b the
transmitted amplitude spectra are shown, clearly identifying the
metamaterial resonance near 1 THz. The results are comparable
to those measured using a mechanical chopper (377 Hz). The agree-
ment in Fig. 4 confirms the applicability of this metamaterial modu-
lator as a functional device. Figure 4b also shows results at 30 kHz,
significantly exceeding the operational frequency of mechanical
choppers. Comparable performance to the results obtained at
377 Hz demonstrates the high-speed modulation capability.

In conclusion, we have demonstrated a single-layer, electrically
controllable terahertz metamaterial phase shifter yielding up to
Df¼ 0.56 rad with constant insertion loss. The phase shifting, as
well as the amplitude modulation index, reveal a linear dependence
on the applied voltage bias. It is possible to individually address the
metamaterial elements, which could be useful for future terahertz
devices such as voltage-controlled arrays for active beam steering
and focusing. This metamaterial device has been shown to modulate
a complex transmission signal, and we have demonstrated its use as
a high-speed broadband modulator in a terahertz time-domain
spectrometer.
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