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A Micromachined Reconfigurable Metamaterial via
Reconfiguration of Asymmetric Split-Ring Resonators
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Jing Bo Zhang, Ting Mei, Ji Fang Tao, Hong Chen Guo, Xin Hai Zhang, Jing Hua Teng,

Nikolay I. Zheludev, Guo Qiang Lo, and Dim Lee Kwong

A micromachined reconfigurable metamaterial is presented, whose unit cell
consists of a pair of asymmetric split-ring resonators (ASRRs); one is fixed to
the substrate while the other is patterned on a movable frame. The recon-
figurable metamaterial and the supporting structures (e.g., microactuators,
anchors, supporting frames, etc.) are fabricated on a silicon-on-insulator
wafer using deep reactive-ion etching (DRIE). By adjusting the distance
between the two ASRRs, the strength of dipole—dipole coupling can be tuned
continuously using the micromachined actuators and this enables tailoring

have demonstrated amazing properties
such as negative refraction,!! super lens
effect,”! transformation optics,>¥ chi-
rality,®! toroidal dipoles,® etc. Recently,
reconfigurable metamaterials have
attracted intense research interest since
the active control of metamaterial char-
acteristics is necessary to provide a flex-
ible and versatile platform for mimicking
fundamental physical effects.”) In addi-

of the electromagnetic response. The reconfiguration of unit cells endows
the micromachined reconfigurable metamaterials with unique merits such as
electromagnetic response under normal incidence and wide tuning of reso-
nant frequency (measured as 31% and 22% for transverse electric polariza-
tion and transverse magnetic polarization, respectively). The reconfiguration
could also allow switching between the polarization-dependent and polariza-
tion-independent states. With these features, the micromachined reconfig-
urable metamaterials may find potential applications in transformation optics
devices, sensors, intelligent detectors, tunable frequency-selective surfaces,

and spectral filters.

1. Introduction

Metamaterials are artificial composites which exhibit strong
electric and magnetic responses to manipulate the amplitude,
direction, polarization, wavelength, and phase of electromag-
netic waves. By proper design of the unit cells, metamaterials

tion, the tunability could broaden the
operation frequency range and enable
reconfigurable metamaterial devices.®”
Tuning methods usually utilize capaci-
tors/varactors,[10:11] semiconductors, %
phase-change materials,'*™ and ferro-
magnetic/ferroelectric materials.’> How-
ever, most of these methods suffer from
a limited tuning range as the variation of
material properties is usually very small
for the surrounding media and the meta-
material constituents. On the other hand,
microelectromechanical systems (MEMS)
technology has been well developed for
fabrication and actuation of complicated
micromechanical devices.'®1”] MEMS offers an ideal plat-
form to directly reconfigure unit cells to overcome the limita-
tions of the constituent materials.'®2% As the unit cell is the
fundamental building block of metamaterials, reconfiguration
of the unit cell modifies the metamaterial properties and may
promise unprecedented tunability. In our previous work,?% a
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single split-ring resonator (SRR) was tuned by changing the
gap between its two semisquare rings. Herein, two asymmetric
split-ring resonators (ASRRs) are tuned by changing their sepa-
ration distance, which dominates the coupling between both
the electric and magnetic dipoles. The interactions between two
adjacent ASRRs are demonstrated from the face-touch state to
the back-touch state in real time. This reconfigurable metama-
terial can be applied to many transmission-type applications
which require normal incidence.

Two-dimensional (2D) metamaterials with one layer of
metal pattern and another layer of dielectric substrate have
been intensively studied experimentally thanks to their ease
of fabrication.?!! However, a single layer of metal patterning
makes it difficult to directly induce a magnetic response to
normal incident light. An SRR with an asymmetric gap has
been proposed as a paradigmatic design of a unit cell that
would electrically induce the magnetic dipole.??? The mag-
netic moment originates from the current loops in the fun-
damental inductive-capacitive (LC) resonant mode of the
SRR. For this reason, the resonant frequency is strongly
dependent on many factors that affect the current loops, such
as the structure of a single SRR, the vertical coupling between
stacked layers of SRRs,[?] and the lateral coupling of adjacent
SRRs.2728] Among these factors, the lateral coupling of SRRs
can be modified easily using micromachined actuators and
also promises to be very efficient at tuning the metamaterial
properties.

With this understanding, this paper demonstrates a reconfig-
urable metamaterial in which the unit cell is constructed using
a pair of ASRRs. Previous work showed that induced magnetic-
dipole resonance in the ASRR with two splits can only be excited
by a normal incident wave when the polarization is perpendic-
ular to the mirror line of the ASRR. This fact shows an impor-
tant property of the “coherence” nature of the metamaterial, by
adjusting the coupling between the ASRR.?#?°] Here, we inves-
tigate an ASRR with only one split and in which the symmetry
is broken by displacing the gaps from the central line. Due to
the asymmetry of the ASRR, a normal incident wave can excite
a surface current loop to produce a magnetic dipole oscillation,
regardless of the polarization direction of the normal incident
wave. By adjusting the distance between two ASRRs using the
micromachined actuators, the dipole-dipole couplings of both
the magnetic field and the electric field are tuned simultane-
ously. These features provide the reconfigurable metamaterials
with a unique merit of ability to wide tune the electromagnetic
response.

2. Results and Discussion
2.1. Design and Fabrication of the Unit Cell

The design of the unit cell for the reconfigurable metamate-
rial is shown in Figure 1a. The cell consists of a pair of square
split rings with the split parts (i.e., the gaps) arranged oppo-
site to each other. Asymmetry is achieved by displacing the
gaps from the central line by s = 4.5 pm. As stated above, such
asymmetry is essential to induce a magnetic dipole using the
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Figure 1. Schematic of the reconfigurable metamaterials. a) The gaps of
the ASRRS are shifted from the central line by s = 4.5 um. b—d) represent
the unit cell in different configurations, b) for the face-touch state (i.e.,
A =0), c) for the separated state (i.e., 0 < A < 20 um), and d) for the
back-touch state (i.e., A =20 um).

electric field component of normal incidence. The size of the
unit cell is 50 um X 25 um (L x W), and other dimensions
are the sidewall length [ = 15 pm, the width of the metal wire
t =2 um, and the width of the gap g = 2 um. The distance A
between the paired ASRRs is an important tuning parameter
since different configurations of the unit cell can be obtained
by simply adjusting A. In an extreme case where A = 0, the
split rings touch face to face, which is called the face-touch
configuration and is shown in Figure 1b. For 0 < A < 20 um,
the split rings are separated (called separated configuration)
and their coupling strength varies with A. Figure 1c exempli-
fies a particular state of the separated configuration with A =
10 um. In another extreme case A = 20 um, the split rings
touch back to back; this is called the back-touch configura-
tion (Figure 1d). The diagrams in Figure 1b—d elucidate the
key concept of micromachined reconfigurable metamaterials,
namely, rearranging the metamaterial unit cell by simply dis-
placing a part of the unit cell. For easy notation, the polari-
zation of the incident wave is also indicated in Figure 1a.
Transverse electric (TE) polarization state represents tthe case
in which the electric field is perpendicular to the split side
of the ring, while transverse magnetic (TM) occurs when the
electric field is parallel to the split side.

The unit-cell design containing two oppositely arranged
ASRRs has an intrinsic merit of high coupling between the two
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Figure 2. Transmission spectra of a) single ASRR and b) coupled ASRRs
under TE- (upper row) and TM- (lower row) polarized incidence at various
values of A. A was varied from 0 to 20 um which is represented by the
data curves from dark to light.

ASRRs and is thus expected to produce a wide tuning range,
which is among the main interests of this work. For easy expla-
nation of this feature, we compare this coupled ASRR design
with another unit cell that is constructed by using two ASRRS
with the same orientation, which equals to a single ASRR
design (see Figure 2). In both designs, the coupling can be
tuned by adjusting A. For the single ASRR design, resonant
dips appear near 1.26 THz under the normal incidence of TE
polarization (Figure 2a). However, the variation of A causes
only a slight shift of the resonance frequency (0.6% at the
maximum). Under the TM-polarized incidence, the shift of
resonance dip is small also (0.8% at the maximum). Further-
more, changing A from 0 to 10 um has the same effect as that
of changing A from 20 to 10 um due to the periodic symmetry
of the unit cells, which further limits the tunability. In contrast,
the coupled ASRR design exhibits very large tuning under
either TE or TM incidence as shown in Figure 2b. For example,
no LC-resonance dip occurs under TE polarization when A =0
um (see the upper panel of Figure 2b). We estimate that varia-
tion of A could cause > 20% shift of the resonance frequency,
regardless of the polarization of incidence. This result verifies
the large tunability of the coupled ASRRs and also shows the
feasibility of reconfiguring the unit cells using the microma-
chined actuators.

The reconfigurable metamaterial and the supporting struc-
tures (e.g., microactuators, anchors, supporting frames, etc.)
were fabricated on a silicon-on-insulator (SOI) wafer using
deep reactive-ion etching (DRIE).2Y A close-up of the unit cell
and an overview of the fabricated reconfigurable metamaterial
are shown in Figure 3a and b, respectively. In the unit cell,
one split ring is fixed while the other is movable. The fixed
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Figure 3. Scanning electron micrographs (SEMs) of the reconfigurable
metamaterial. a) Close-up of the unit cell, which consists of a fixed split-
ring resonator and a moveable ring. b) Overview of the reconfigurable
metamaterial formed by an array of unit cells.

ring sits on an isolated anchor and the moveable one is on
a floating frame connected to the comb-drive actuators with
supporting beams. The split rings are formed by depositing
and patterning an evaporated 500-nm aluminum layer. Some
trenches surrounding the anchors are intentionally designed
in to release the movable structures from the substrate and
also provide space to move the supporting frame. The initial
distance after fabrication is A = 10 um. The reconfigurable
metamaterial as shown in Figure 3b consists of 400 x 200 unit
cells (footprint 1 x 1 cm); it employs two identical electrostatic
comb-drive actuators on both sides for mechanically balanced
translation of the supporting frame. Each comb-drive actuator
provides a bidirectional in-plane translation following the actu-
ation relationship Ay = AV?, where Ay is the displacement, V
the actuation voltage, and A = 0.05 um V=2 is the actuation
coefficient. The actuation range is from —10 to 10 um, which
corresponds to A =0 to 20 um.
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2.2. Electromagnetic Response of the Reconfigurable
Metamaterial

To characterize the electromagnetic response of the reconfig-
urable metamaterial, the transmission spectra of the metama-
terials were measured using a terahertz time-domain spectrum
(THz-TDS) system.’! To understand the nature of the response,
a simulation was also conducted using the finite diffraction-time
domain (FDTD) solver. In the simulation, the electric conduc-
tivity of aluminum was chosen to be 2 x 10’ S m™' and the die-
lectric constant of the silicon substrate was 11.7. It is noted that
although the surrounding media of the movable ASRR are dif-
ferent from those of the fixed ASRR due to the presence of the
trenches and the supporting frame, the coupling effect is domi-
nated by the relative positions between the ASRRs. In the numer-
ical analysis, such substrate effect was taken into consideration.
The response to the TE normal incidence was first char-
acterized. Figure 4 shows both the measured and simulated
transmission spectra in the frequency range of 0.9-1.5 THz for

Surface current max |

20 [~ m— Experiment 4=0pm -

I ™ * Simulation 4=0pm E

Transmission T

200 Experiment 4 =20 ym =1
o Simulation 4=20 ym -
0 PR S T (N T N T N T M
0.9 1.0 1.1 1.2 1.3 1.4 1.5

Frequency fiTHz

Figure 4. Transmission spectra for the TE polarization incident wave
under the conditions of a) A=0, b) A=2.5,5, 10, 15 um (from dark to
light) and c) A =20 um. The simulated surface currents and magnetic-
field components Hpoma are shown on the right side. The arrows and
colors represent the directions and the intensities (the darker part shows
the lower intensities and vice versa) of the surface currents (on the metal
part), respectively. The maximum values of the surface current in (a), (b),
and (c) were 0.015, 0.139, and 0.114 A m™', respectively. The maximum
values of Hpgmal in (@), (b), and (c) were 0.012, 0.124, and 0.100 A m™',
respectively. The values of the surface currents and H,qm, Were calcu-
lated assuming that the incident electric field was 1V m™".
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the TE polarization. The corresponding surface currents and
magnetic-field components H, .1 at resonance frequencies are
also displayed on the right side of the spectra. Figure 4a repre-
sents the face-touch configuration and shows no LC resonance
in the transmission spectrum. This absence can be explained
by the observation that the surface currents on the two arms of
the ASRR oscillate in parallel to the electric field and thus form
no loop. Figure 4b shows the separated configuration in which
A is tuned from 0 to 20 um. In this configuration, circular sur-
face current occurs on each ASRR, which results in two mag-
netic dipoles oscillating in phase. The quality factor (Q factor)
of the resonance is approximately 13.8. When A = 2.5, 5, 10,
and 15 pm, the resonant frequencies were positioned at 1.17,
1.21, 1.24, and 1.27 THz, respectively. An increase in A resulted
in a blue shift of the resonant frequency. Figure 4c represents
the back-touch configuration, and a broad resonance dip is
present in the spectrum. It is observed that the surface currents
on the contact sides (in the middle of the paired ASRRs) have
near-zero amplitude, whereas those on the two arms oscillate in
opposite directions and form a loop. The surface currents con-
centrate on the outside arms of the rings, which are similar to
those of the asymmetric rings reported in previous work.[24]

For TM polarization, the transmission spectra were also meas-
ured and simulated as shown in Figure 5. Because the electric
field is oriented along a mirror plane for the ASRRs, the reso-
nance is purely due to the electrical response, which is similar
to the so-dubbed electric split-ring resonators (eSRRs).2? In dif-
ferent unit-cell configurations, the circular surface currents are
always excited but the two magnetic dipoles maintain a 7 phase
shift, which results in a net zero magnetic dipole. However the
frequency tuning is associated with the interaction of the two
antiparallel magnetic dipoles. The resonant dips for A = 0, 2.5,
5, 10, 15, and 20 um appear at 1.42, 1.32, 1.29, 1.24, 1.22, and
1.16 THz, respectively. The resonant frequency tends to have a
red shift, which is opposite to the blue shift for the TE polariza-
tion, with increasing values of A. The Q factor of TM polariza-
tion (electric dipole resonance) for the separated configuration is
approximately 7.8, which is approximately half of the Q factor of
the TE polarization (LC resonance) under the same conditions.

2.3. Real-Time Tuning of Electromagnetic Response

To demonstrate the real-time tuning capability of the microma-
chined reconfigurable metamaterial, the tuning of the reso-
nance dip under dynamic actuation was also characterized.
The tuning time from minimum to maximum distance was
experimentally determined to be about 500 ps, which cor-
responds to an operational frequency of 1 kHz. The Doppler
effect is trivial in this case since the speed (0.04 m s7!) was ten
orders of magnitude smaller than the speed of light. Therefore,
the responses in the real-time tuning process can be repre-
sented by the spectra of different static states. The simulated
contour maps of the transmission at different time intervals
are shown in Figure 6 for both TE and TM polarization. It can
be seen clearly that with the increase of time (and consequent
larger values of A), the belt of resonance dips curves upwards
for the TE polarization but bends down for TM polarization.
Moreover, the belt of resonance dips for the TE polarization is

Adv. Funct. Mater. 2011, XX, 1-6
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Figure 5. Transmission spectra for the TM polarization incident wave at
a) A=0,b) A=25,5,10, 15 um (from dark to light), and ¢) A =20 pm.
The simulated surface currents and magnetic field components Hpoymar
are shown on the right side. The arrows and the colors represent the
directions and the intensities (the darker part shows the lower intensities
and vice versa) of the surface currents (on the metal). The maximum
values of the surface currents in (a), (b), and (c) are 0.103, 0.096, and
0.105 A m™', respectively. The maximum values of H,omal in (a), (b),
and (c) are 0.092, 0.085, and 0.094 A m™, respectively. The values of the

surface currents and H,;m, Were calculated assuming that the incident

electric field was 1V m™.

narrower (which corresponds to a higher Q factor) than that
for the TM polarization. This distinction can be attributed to
the differences in the excited electric and magnetic dipoles
and the dipole-dipole coupling. More specifically, for the TE
polarization the two electric dipoles are excited antiparallel at
the gap whereas the two magnetic dipoles are in-phase in the
center of the ASRR (see Figure 4b); for the TM polarization
the opposite is true (see Figure 5b). The electric dipole cou-
pling dominates the frequency shift when the tuning time is
less than 250 us, and the magnetic dipole coupling dominates
thereafter. For transverse dipole—dipole coupling, the interac-
tion of the parallelly oriented electric dipoles (in TM polariza-
tion) decreases the resonance frequency with increasing A.”)
The electric dipole-dipole coupling dominates this interaction,
which results in the downwards trend of the belt of resonance
over a tuning time from 0 to 250 ps, as shown in Figure 6b.
For a tuning time between 250 to 500 ps, the two antiparallelly
oriented magnetic dipoles become closer (in TM polarization),
which tends to further decrease the resonance frequency. When

Adv. Funct. Mater. 2011, XX, 1-6
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Figure 6. Real-time tuning of the transmission spectra as represented
by the contour maps of transmission as functions of time and frequency
for a) TE polarization and b) TM polarization. The circles represent the
measured data points of resonance frequencies shown in Figure 4 and
Figure 5. The insets indicate the changes of unit-cell configurations.

the tuning time is approximately 250 us, both the electric and
magnetic dipole coupling are relatively weak, which results in
a slight tuning of resonance frequency. Unlike with TM polari-
zation, the electric dipoles are antiparallelly oriented while the
magnetic dipoles are parallelly oriented, which results in a blue
shift of the resonance frequency. For TE polarization, the tuning
range of the resonance frequency is from 0.98 to 1.28 THz,
which corresponds to a change of approximately 31% of the
initial resonance frequency. For TM polarization, the tuning
range of the resonance frequency is from 1.15 to 1.40 THz
(approximately 22%). For easy comparison, the measured reso-
nant dips (see Figure 4 and Figure 5) are superimposed onto
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the contour maps. A reasonable agreement of the resonance
positions is achieved between the simulation and the measure-
ment. It is interesting to see that, at a particular time interval of
250 ps (corresponding to A = 10 um), the resonant dips of the
TE and TM polarization overlap. This overlap is of profound
importance since the response is polarization independent; it
demonstrates the unique potential of the reconfigurable meta-
materials in switching from a polarization-dependent state to
a polarization-independent state for electromagnetic response,
although the Q factors are not the same due to the asymmetry
of the gaps in the split rings.

3. Conclusions

A reconfigurable metamaterial is presented by reconfiguring
the unit cell, which consists of a pair of asymmetric split-ring
resonators. The coupling distance between the pair of ASRRs
is tuned by bidirectional micromachined actuators. Due to the
asymmetry of the ASRRs, the inductive-capacitive resonance
can be excited by a normal incident terahertz wave. The recon-
figurable metamaterial not only has a wide tuning range of the
resonance frequency up to 31% and 22% for the TE and the
TM polarization, respectively, but also produces a high quality-
factor resonance and an in-phase magnetic-dipole oscillation
for the TE polarization. In the process of dynamic tuning, the
reconfigurable metamaterial can be switched from the polariza-
tion-dependent state to the polarization-independent state. The
metamaterial may find potential applications in transformation
optics devices, sensors, intelligent detectors, tunable frequency-
selective surfaces, and spectral filters.

4. Experimental Section

The transmission spectra characterization of the reconfigurable
metamaterials was performed using a terahertz time-domain spectrum
(THz-TDS) system. 100-fs optical pulses centered at 800 nm at a
repetition rate of 76 MHz from a mode-locked Ti:sapphire laser were
focused onto a photoconductive antenna of low-temperature-grown
GaAs to generate the terahertz wave. A Fourier transform was used to
extract the frequency spectrum from the time-domain data. A time range
of the time-domain data was chosen to exclude Fabry-Pérot fringes that
arise from the substrate. The transmission spectra were normalized with
respect to the transmission of the pure silicon substrate (i.e., Tsample/ Tsi)-
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