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Terahertz Modulator Based on Vertically
Coupled Fano Metamaterial

Tuan Anh Pham Tran and Peter Haring Bolı́var , Member, IEEE

Abstract—We introduce a vertical coupling concept to Fano res-
onance based terahertz (THz) metamaterials, in order to enhance
their modulation characteristics. The approach is demonstrated for
an asymmetric split-ring structure fabricated from gold with stan-
dard micromachining processes on a fused silica substrate. The
realized samples are characterized with THz time-domain spec-
troscopy and the results are in close agreement with the simula-
tion model. Due to the enhanced field concentration facilitated by
vertical coupling, we achieve a 95% modulation depth and 35%
resonance frequency tunability at 1.23 THz with less than 1-dB
inherent loss. The exemplary device shows vertical coupling as an
attractive concept for designing efficient modulators for terahertz
imaging applications.

Index Terms—Intensity modulation, submillimeter wave filters,
submillimeter wave measurements, terahertz imaging, terahertz
metamaterials, terahertz modulators, tunable circuits and devices.

I. INTRODUCTION

S INCE the seminal paper of Pendry [1], studies on meta-
materials, periodic subwavelength structures that exhibit

engineerable electromagnetic properties [2], have come a long
way from simple passive micro- and nanostructures to actively
reconfigurable devices [3]–[5]. While in established areas of the
electromagnetic spectrum, such as microwaves and optical fre-
quencies, the impact of this new class of material is not yet exten-
sive. Metamaterial research and device developments thrive to
solve existing application hindrances in the terahertz frequency
regime. The lack of adequate materials and devices operating in
this area of electromagnetic spectrum and the compatibility of
metamaterial structure size to the established microfabrication
techniques have made metamaterial an ideal candidate to fill the
“terahertz technological gap” [6]–[8].

Many applications in terahertz technology require control
elements that modulate the amplitude and/or phase of a tera-
hertz beam. One particularly interesting component is spatially
addressable modulator necessitated in imaging or beamform-
ing applications. During the past several years, with the inten-
sive research on metamaterials operating in terahertz frequency
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range, many novel dynamically tunable metamaterial devices
have been proposed [3], [9]. Among different strategies to
alter/tune the response of metamaterials, the most promising
techniques that can be applied to arrays with independently
switchable pixels are carrier depletion at Schottky contacts [10],
[11], liquid crystals [12], and microelectromechanical systems
(MEMS) based devices [13], [14].

Proposed modulator structures are mainly based on altering
the capacitance of the element or the capacitive coupling be-
tween elements, either by modifying the property of the dielec-
tric or changing the distance between the electrodes. However
most of these tuning elements, which are always embedded into
a particularly sensitive coupling section of the metamaterial, are
based on planar structures, which are simple to fabricate, but
also unavoidably means that the tuning capacitance of the de-
vice mainly results from thin, laterally coupling structures (e.g.,
metalization side walls or thin depletion layers with less than
1-μm thickness). This inevitably leads to small capacitance and
low tunability range, as it can exemplarily be seen in the design
of Chen et al. [10], which has a small resonance shift and only
3-dB modulation depth (MD). By changing such lateral con-
cepts to vertical coupling, a significantly higher tunability per-
formance can be achieved. Up to now, only one vertically tuned
THz modulator has been proposed: a microfabricated structure
by Han et al. [14] demonstrated a markedly enhanced resonance
shift of 45% and MD of more than 16 dB. However, this design
still relies on tuning a conventional dipole resonance, which
is not sensitive and hence requires a bulky actuator structure.
Here, we demonstrate a vertically coupled Fano resonance as
an attractive approach to enhance the characteristics of THz
metamaterial based modulators.

The concept of Fano resonance [15] was introduced to the
field of THz metamaterials to realize high Q-factor devices
[16], [17], which is particularly problematic in the THz fre-
quency range, given the comparatively high dielectric loss in
this domain. Relying only on the constructive and destructive
interferences of different electromagnetic eigenmodes, e.g., in
asymmetric double dipole microstructures, this resonance type
is very sensitive to a minute change in the geometric confor-
mation of material dielectric properties of tuning elements. One
particular structure that possessed a strong Fano resonance due
to coherent excitations of metamolecules is the asymmetric dou-
ble split ring [18], which leads to the development of ultrasen-
sitive chemical or biological sensors [19]. The Q-factor of the
resonance can also be engineered by altering the asymmetry
[20]. Nevertheless, as elucidated above, all the state-of-the-art
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Fig. 1. (a) Top view, (b) cross-sectional view, and (c) three-dimensional view
of the unit cell of the vertically coupled double split-ring resonator structure.
Drawing is not to scale.

designs exhibit low modulation contrast and have high insertion
losses that are detrimental to modulator applications, given the
planar nature and lateral coupling of existing concepts. Our ap-
proach builds upon a vertical gap asymmetric double split-ring
resonator, as suggested earlier [21] for static detectors and gain
medium.

In this paper, we demonstrate the excellent potential of such a
vertical metamaterial structure for THz modulator applications.
With our design the gaps’ capacitance alteration is greatly en-
hanced in comparison with planar Fano structures, as shown in
both simulation and experiment. The proof-of-concept demon-
strator achieves up to 95% MD at 1.23 THz and 35% resonance
frequency shift. Our results exhibit great potential to fabricate a
focal plane array modulator for THz imaging and beam steering
applications.

II. STRUCTURE MODELING, SAMPLE FABRICATION,
AND MEASUREMENT SETUP

A. Structure Design and Simulation

The unit cell of the metamaterial is illustrated in Fig. 1. The
structure consists of two parts, which are the two halves of
the square split ring on a fused silica substrate. The period is
P = Px = Py = 50 μm, the ring sides are l = 40 μm long, and
the width of the ring is w = 10 μm. The glass substrate is etched
down with an etch depth t = 5 μm for the complete area, except
under the ring parts. The vertical gap of the double split ring
g is varied between 1 and 10 μm as this range of actuation
is compatible with MEMS integration technologies. The split-
ring material is of gold with 100-nm thickness and conductivity
4.1× 107 S·m−1 . Fused silica is modeled as a lossy material with
dielectric constant ε = 3.78 [25] and loss tangent of 0.01, which

Fig. 2. Fabrication steps. (a) Pattern chromium structure. (b) Reactive ion
etching (RIE) of a fused silica substrate. (c) Spin-coat negative resist and back-
side exposure. (d) Sputter gold and lift off.

Fig. 3. SEM images of the fabricated demonstrator. The two parts of the
double split-ring array were structured on 1-mm-thick fused silica substrate and
had 100/100 nm gold/chromium metalization.

is a worst case estimation of the spectrally resolved measured
values.

We modeled and simulated the metamaterial structure using
commercially available Maxwell’s equation solver HFSS from
ANSYS. The boundary conditions are periodic types and the ex-
citation sources are Floquet ports. The magnitudes of the com-
plex transmittances S21 are used to compare with experimental
transmission data. The field for normalization is computed in-
side the glass substrate so that the results are the response of this
metamaterial alone (i.e., no reflection loss from the substrate.)

B. Fabrication

The two parts of the double split ring had identical processing
steps and were fabricated on the same wafer as sketched in Fig. 2.
First, the 1-mm-thick fused silica substrate was patterned with
200-nm chrome structures, which was used as a mask for RIE
step having an etch depth of 5 μm. After etching around 100 nm
of chrome remains, which was thick enough to be used as mask
for optical lithography, the wafer was then spin coated with
2-μm negative resist and exposed to UV light from the back
side. After development, 100 nm of gold was deposited and a
lift-off step was used to obtain the final chrome/gold structure.
Fig. 3 shows the SEM images of the two halves of the fabricated
metamaterial. The total metamaterial area is 8 × 8 mm2 .

C. Measurement Setup and Methods

Our THz time-domain spectrometer (TDS) setup is shown
schematically in Fig. 4. The GaAs photoconductive emitter was
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Fig. 4. Schematic diagram of the THz time-domain spectroscopy setup. THz
radiation was generated with a photoconductive antenna and detected with
an electro-optical sampling technique. Beam routing was done using two off-
axis parabolic mirrors and two focusing teflon lenses. The two parts of the
double split-ring sample were mounted on an alignment fixture that was inserted
between the two lenses. We used an optical microscope to facilitate the alignment
and measure the gap distance. During THz spectroscopy measurements, the
microscope was removed. The whole setup was enclosed in a nitrogen-purged
box.

pumped by a commercial Ti:sapphire laser (femtolasers inte-
gral 20 HP) with 20-fs pulse at center wavelength of 800 nm
and mean output of 300 mW. We used an electro-optic detec-
tion scheme with a 0.5-mm-long ZnTe crystal followed by a
Wollaston prism and a pair of photodiodes. The THz beam was
routed by two paraboloidal mirrors and focused using two teflon
lenses. The THz focus spot diameter (10%–90% intensity) mea-
sured with a knife-edge method [22] was approximately 2 mm
at 500 GHz, much smaller than the 8 × 8 mm2 split-ring array
area to avoid the boundary effect and to ease alignment.

In order to investigate the transmission characteristic of the
metamaterial depending on its gap distance, we constructed a
6-DOF alignment fixture to hold the two halves of the sample.
A motorized optical microscope was used for both alignment
and surface separation measurement. The distance measurement
method has an uncertainty of± 0.5 μm and calibration was done
by using reference samples measured with a Nikon confocal
microscope with 40×/0.6 NA objective. After the four corners
of the sample (distance of 10 mm) were brought to the same
separation within ±1 μm and the absolute gap length in the
center of the double split-ring array was noted, the microscope
was removed to enable THz TDS measurement. From here,
the gap distance was inferred from the initial value and the
translation stage (VP-25XL from Newport) position, which has
an accuracy of ±0.5 μm. For normalization and insertion loss
calculation, we measured also the system response without the
sample and with the unstructured portion of the sample, which
approximates two parallel 1-mm fused silica slabs with 10-μm
separation.

III. RESULTS AND DISCUSSION

A. Simulation Result and Analysis

The resulting transmission spectra for different gap distances
are shown in Fig. 5, focusing on only the lowest order reso-
nances. From the data, we can expect very low loss from the
metamaterial alone outside the resonance area (less than 1 dB).

Fig. 5. (a) Simulated transmission spectra for different gap distances. The
resonance frequency for gap of 1, 2, 3, 10, and 100 μm is 0.777, 1, 1.084,
1.214, and 1.257 THz and the Q-factor is 27, 39, 43, 52, and 50, respectively.
(b) Corresponding reflection spectra.

The Q-factors Q s, which are defined as

Q =
fr

Δf
(1)

where fr is the resonance frequency and Δf is the full
width at half maximum, of the resonances are relatively high
(40–50 except for 1-μm gap structure). It should be noted that
we designed the resonator only for low loss and we can also tune
the split-ring parameters to facilitate higher Q-factor structure
[23]. Resonance shifts are expected to be very high (more than
400 GHz or 30%), and in per μm basis, the shift is greater when
the gap is smaller, which clearly shows the capacitive loading
effect. However, the resonance strength is also lower and the ca-
pacitive loading is higher. Hence, for a modulator application,
we have a tradeoff between speed and contrast. For maximum
contrast, we can choose the working point at larger gap and



TRAN AND BOLÍVAR: THz MODULATOR BASED ON VERTICALLY COUPLED FANO METAMATERIAL 505

Fig. 6. (a) Simulated surface current and (b) electric-field distributions at the
Fano resonance frequency of the structure with 4-μm gap distance.

actuate greater distance (e.g., between 10- and 3-μm gap to
have more than 20-dB contrast), whereas for a fast modulation
rate, we should stay with as small gap as possible (e.g., between
2- and 3-μm gap with roughly 15-dB contrast, but only 1-μm
actuated length is needed.)

Fig. 6 shows the simulated surface current and electric-field
distribution in one metamolecule with 4-μm gap distance at its
Fano resonance frequency of 1.57 THz. One observes a very
strong antiparallel currents at the dark mode, which makes the
structure weakly coupled to free space, resulting in a narrow
dip in transmission spectrum at lower frequency (1.12 THz) on
the background of the broad bipolar resonance (bright mode) at
much higher frequency. We also notice very high field concentra-
tion at the gap between the two elements of the structure, which
is responsible for the dramatic resonance shift while changing
the gap distance.

Using the analysis of Fano resonances [24], we model the
lossless double split ring as an undamped equivalent circuit with
a capacitor CC representing the broadband-bright mode in series
with a parallel LC resonance circuit consisting of L0 and C0 ,
which simulates the narrowband-dark mode. The stable-input
impedance Z of this circuit is

Z = − i

ωCC

ω2(CC

C0
+ 1) − ω2

0

ω2 − ω2
0

(2)

where ω0 = 1√
L0 C0

is the angular resonance frequency of the
dark mode and ω is the angular frequency of interest. The zero
of the impedance, which corresponds to the dip in transmission
spectrum, is at the frequency

ω =
ω0√

CC

C0
+ 1

=
1√
L0

1√
C0 + CC

. (3)

Because the increased gap capacitance leads to lowering of
the Fano resonance Q-factor, we associate the gap capacitance
to the bright mode capacitor, or CC = CC 0 + A/x, where CC 0
is the lumped bright mode capacitance without the gap, A is a
factor associated with the two gap capacitances, and x is the
gap distance. From (3), we can see that the relationship between
resonance frequency and gap capacitance follows:

f =
ω

2π
= a

1√
b + 1

x

(4)

Fig. 7. Simulated resonance frequency position and fitted function. Inset
shows the equivalent circuit of the double split-ring Fano resonance without
damping. The capacitor CC represents the broadband-bright mode in coupling
with the narrowband-dark mode that consists of parallel L0 and C0 . The form
and numerical values of fit function are discussed in text.

where f is the resonance frequency in THz, x is the gap distance
in μm, a and b are the fit factors, and b · x is the ratio between
the static capacitance C0 + CC 0 and the gap capacitances. The
fitting result is shown in Fig. 7, with a = 1.19 and b = 0.79. We
can infer that the gap capacitance in case of 1-μm gap distance
accounts for more than 50% of the total bright mode capacitance.

B. Measurement Data and Discussion

For data processing, we select only the part of the mea-
sured THz-TDS pulse before the first reflection from the de-
tector crystal. With a signal length around 12 ps, we have about
80-GHz resolution. To better resolve the resonance peak, we use
zero padding to interpolate the peak position. TDS transmission
spectra for different gap distances are shown in Fig. 8. When
normalized to a glass sample, we observe very low insertion
loss, less than 1 dB, from the metamaterial itself, as predicted
from a simulation result. The 3-dB loss of a glass substrate de-
termined from the reference measurement without a sample is
mainly Fresnel reflection loss (11% per air/glass interface) and
is much lower than in systems using silicon substrates because
of lower refractive index of fused silica in the 0.5- to 2-THz
region (nfused silica ≈ 2 versus nsilicon ≈ 3.4 [25]).

The absolute experimental resonance positions are slightly
different from simulation values due to uncertainty of model
parameters, but when we consider the resonance frequency shift
as a function of gap distance, as shown in Fig. 9, the measured
and simulated results agree very well with each other. The MDs
and Q-factors are lower than the simulated values, which use
bulk conductivity at subterahertz frequency for gold. One would
anticipate this behavior since the real system will have additional
losses compared to the ideal scenario. Fig. 10(a) shows the
simulation result when the metal conductivity is only 1/10 of
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Fig. 8. Measured transmission spectra for different gap distances, normalized
to glass sample. The resonance frequency for gap of 1, 2, 3, and 10 μm is 0.9,
0.99, 1.08, and 1.23 THz, respectively.

Fig. 9. Measured resonance frequency shift relative to resonance position
of 10-μm gap distance. Overlaid dash line is the simulated result. Except for
the 1-μm gap distance, all other experimental shifts agree very well with the
simulation model.

this value: the resonance is heavily damped and both MD and
Q-factor are decreased substantially. The fabricated structure
with 100-nm gold film has clearly lower conductivity than that
of bulk gold [26], which leads to a resonance with a magnitude
between the two extreme cases. For improvement, thicker gold
films can be deposited and the chromium layer can be reduced
to increase the effective conductivity, which poses no difficulty
to the microfabrication process. The dielectric losses of the
substrate have a negligible influence and has been incorporated
in the simulation model.

Some of the most important properties of a modulator are the
MD, operating frequency, percentage of resonance shift, and
insertion loss. For MD, because of many different definitions
that lead to different values, we use here the standard definition

Fig. 10. Simulated spectra with different metal conductivity: bulk gold (41 ×
106 S/m) and 1/10 of the bulk conductivity. Superimposed is the experimental
spectrum of the structure at the same 3-μm gap distance.

of it as follows:

MD =
Imax − Imin

Imax
× 100% (5)

where Imax and Imin are maximum and minimum intensity val-
ues, respectively. For engineering purpose, it is more adequate
to use log scale for the resonance strength and the depth of
modulation can be computed as

MDdB = 10 × Imax

Imin
(dB). (6)

Table I summarizes these properties of the recent modulator
proposals. In comparison with the state-of-the-art designs, our
sample shows a profound resonance shift of 330 GHz or 35%
for the total 9-μm actuated distance. At 1.23 THz, the contrast
between the lowest and the highest transmission values, corre-
sponding to 10- and 1-μm separation, respectively, is 13 dB. The
MD of the sample is calculated to be 95%, among the highest
value of the state-of-the-art modulator demonstrators. Another
important characteristic for practical applications is the inser-
tion loss since emitter power is a premium for the terahertz
frequency range. Many publications report only the normalized
transmission spectra. The loss of the reference substrate of more
than 3 dB from reflection alone from Si or GaAs substrates is
typically neglected [25], [35]. In our case, the total insertion
loss of the as-fabricated structure is only 4 dB, which can be
lowered by applying antireflection structures on the back sides
[36], since the intrinsic loss of the metamaterial is less than
1 dB.

For fast modulation, it is desired to have low actuation ampli-
tude, and in our case, a proper figure of merit would be the MD
or resonance shift per μm actuation. In this respect, the sample
shows a maximum of 76% MD and 93-GHz resonance shift per
μm. These very high values enable the demonstrated sample to
be used as a bandpass filter or a terahertz chopper when coupled
with a piezoelectric actuator. Alternatively, the structure could
also be converted into an MEM design to enable addressing at
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TABLE I
COMPARISON BETWEEN THE STATE-OF-THE-ART THZ MODULATORS

aRelative to operating frequency.
bLoss compared to measurement without sample. Results referenced to substrate measurement are marked with > .

pixel level. Other aspect is the size of a unit cell compared with
the working wavelength. Since the materials are fused silica
and air, the effective refractive index inside the structure lies
between 1 and 2. Hence, the unit cell size, which corresponds
to the smallest pixel size in a focal plane array configuration,
would be 1/3 to 1/6 of the radiation wavelength inside the meta-
material. The subwavelength pixel size will enable diffraction
techniques to be applied to THz beam.

IV. CONCLUSION

We proposed and experimentally demonstrated a modulator-
based on the Fano resonance of a vertical asymmetric split-
ring structure working in the terahertz frequency range. We
achieved 95% MD and 35% resonance frequency tunability at
1.23 THz with less than 1-dB inherent loss. The design shows
great potential for realizing high contrast terahertz spatial and
temporal modulators for imaging applications.
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