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We experimentally demonstrate a digitally reconfigurable binary coded terahertz metamaterial in the
Terahertz (THz) frequency with the transmission output analogous to NOR and AND logic. An
electric split-ring resonator with a released central arms is used as the switchable meta-bit. Isolation of
controls in adjacent meta-bits allows for three distinct reconfiguration states of the metamaterial with
the output analogous to NOR and AND at 0.26 THz and 0.36 THz, respectively. Further enhancement
in controllability at the unit cell level will aid in the development of dynamically programmable meta-
material operating in the transmission mode for THz frequencies. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4946891]

I. INTRODUCTION

Research in the terahertz (THz) region of the electromag-
netic (EM) spectrum has gained speed due to its potential to
be used in many applications such as next generation high
speed wireless communication systems.'> At present, the abil-
ity to control and manipulate THz waves, such as active filters
to display logic functionalities, is highly sought after for the
realization of sophisticated THz communication systems. One
problem with THz waves is that they have minimal interaction
with the naturally occurring materials.** In order to overcome
this limitation, an array of subwavelength structures termed as
metamaterials are explored to achieve desired THz properties.
Metamaterial properties are primarily dependent on the pat-
tern size and shape and have led to the demonstration of vari-
ous interesting properties in the THz region.”® Furthermore,
active tuning of THz properties is also reported through vari-
ous methods such as the inclusion of a semiconductor diode
to change the capacitance of the resonators media,”® the
change in the property of surrounding media,” and the control
of conductivity of doped semiconductor material into the unit
cell design.'” Tunability in metamaterials provides a new
dimension for advanced manipulation of THz waves.
However, the use of active materials for achieving tunability
is not highly scalable as their material properties are often fre-
quency dependent.

Alternatively, microelectromechanical systems (MEMSs)
that are well developed for the realization of three-dimensional
movable structures are integrated into the metamaterial unit
cell geometry. Through the electrical or thermal stimulus, the
MEMS structures are physically deformed to achieve structural
reshaping of the metamaterial unit cell. Microactuators inte-
grated into the metamaterial unit cell geometry can achieve ei-
ther in-plane or out-of-plane reconfiguration.''° MEMS
reconfigurable metamaterials have an unparalleled advantage
of being highly miniaturized, electrically controlled, and
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readily integrated with ICs and detectors, thus making them
the perfect choice for high performance tunable THz devices.

Recently, coding metamaterial has been reported as a new
class of metamaterial, whereby the EM properties of the meta-
material can be determined by a coding sequence.”’*>* The
unit cell with reflection phase of 0 and m was considered as
“0” and “1” states, and by placing the meta-bits in a particular
coding fashion, the microwave reflected beam profile and
direction was altered. The coding metamaterial was scaled up
to the multi-bit system by designing more number of meta-bits
with varying reflection phase and this provides room for finer
definition of the reflection profile of incident microwaves.
More interestingly, dynamically switchable unit cell was also
reported by integrating diodes. By actively switching the meta-
bit from OFF to ON state, the reflection phase was changed
from O to n. This enabled the demonstration of dynamically
programmable metamaterial, where the desired reflection pro-
file of the incident microwave was readily achieved through
actively programming the coding sequence. Reports of coding
metamaterial based on the reflection phase was also reported
in the THz spectral region.”'**** Research has also taken
flight in order to realize metamaterials that are able to produce
logic-gate operations. Natural memory media such as phase-
change materials have been typically used, but they require
thermally isolated environment to operate or require a strong
optical pump.*>~’ More recently, Kim er al.*® have shown the
use of electrical inputs in a reconfigurable logic-gate metade-
vice realized by hybridization of graphene to achieve two-
input logic-gate operations such as AND, OR, and XOR at
room temperature.

In this work, we experimentally demonstrate a dynami-
cally switchable binary coding metamaterial, with the state of
meta-bit defined by the THz transmission intensity, instead of
the reflection phase. The conventional electrical split ring res-
onator (eSRR) is used as a meta-bit for a proof-of-concept
demonstration. The central arms forming the in-plane gap of
the eSRR are released with an air gap between the arms and
the silicon (Si) substrate. Such pre-stressed cantilevers can be

Published by AIP Publishing.
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seamlessly integrated with the complex metamaterial unit cell
geometry and have been shown to be highly sufficient for the
display of advanced THz functionalities such as anisotropy
switching, active chiral metamaterials, etc. 37101820 The posi-
tion of the released arms can be deformed electrostatically by
applying the voltage between the arms and the Si substrate.
Based on the physical position of the released arms, the state
of the meta-bit is defined. The control lines to adjacent meta-
bits are isolated and hence this allows for the metamaterial to
be in one of the three unique states. Through this control
scheme, the transmission response of the metamaterial pro-
duces outputs analogous to NOR and AND in pursuance
of achieving digital outputs at room temperature as shown in
Fig. 1. Ideally, when the voltage is removed, the suspended
arms will restore to their initial position. However, it was
observed that the arms across the unit cells pull out at different
times due to the non-uniformity in fabrication. Such effects
can be reduced to make the actuation of the suspended arms in
this device repeatable by introducing dimples.?**

Il. DESIGN, SIMULATION, AND FABRICATION
OF DEVICE

The geometrical parameters for the eSRR meta-bit are
shown in Fig. 2(a). The periodicity of the metamaterial (P) is
120 um, the width (W) is 4 um, the central arm length (I)
is 30 um, the tip length (G) is 20 um, the side length (L)
is 80 um, and the split gap is 4 um. Based on these parameters,
the capacitive coupling between the eSRRs is negligible as
the two eSRR meta-bits are kept far apart.*'? The digital
metamaterial is fabricated on an 8-in. Si wafer using the
complementary metal-oxide-semiconductor (CMOS) compati-
ble process.'” The process starts with the deposition of a
100 nm thick silicon dioxide (SiO,) as the sacrificial layer. The
SiO, layer is patterned and etched to define the anchor and a
20 nm thick aluminium oxide (Al,Os) and a 500 nm thick alu-
minum (Al) are deposited. The eSRR patterns are then pat-
terned and etched through the Al/Al,O; stack. The central
arms of eSRR unit cells are released by isotropically dry etch-
ing the SiO, sacrificial layer using vapour hydrofluoric acid

THz Beam
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Control Terminal 1 Control Terminal 2

|
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Fl1 11011010

F2 10010101
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FIG. 1. Schematic of the proposed binary coded digital metamaterial for the
control of output intensities at specific frequencies to provide EM analogous
to logic outputs. The control scheme is done through the voltage inputs at
control terminals 1 and 2.
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FIG. 2. (a) Schematic drawing of the eSRR meta-bit with geometrical pa-
rameter definitions and (b) the fabricated the meta-bit with central arms
released. (c¢) 3D schematic representation of the digital metamaterial with
the isolated control of adjacent eSRRs and so the two eSRRs within the unit
cell can be switched separately. The dashed line represents the effective unit
cell of the metamaterials.

(VHF).13_20’33’34 After the release step, the central arms along
the split bend up due to the residual stress layers. Hence, the
initial air gap between the tip of the released cantilevers and Si
substrate is much higher than the sacrificial layer thickness.
The measured initial tip displacement of the fabricated eSRR
arms is 2 um. The scanning electron microscope image of the
fabricated eSRR meta-bit after the release step is shown in Fig.
2(b) and it clearly shows the out of-plane deformed profile of
the released arms. The electrical connections between the adja-
cent meta-bits are isolated and hence can be controlled inde-
pendently as shown in Fig. 2(c).

When the voltage is applied across the released cantile-
vers and Si substrate, the attractive electrostatic force pulls
the released cantilevers towards the Si substrate. When the
applied voltage is higher than the pull-in voltage, the movable
cantilevers will come in physical contact with Si substrate. In
this work, the pull-in voltage is found to be 30 V. Based on
the physical position of the released cantilevers, the state of
the meta-bit is defined as OFF state when no voltage is
applied and the arms are released and as ON state when the
arms are actuated by applying higher voltage to be in physical
contact with Si substrate. The adjacent meta-bits can be con-
trolled by biasing terminal 1 and terminal 2, respectively. The
voltage at terminal 1 and terminal 2 is referred to as “V1” and
“V2,” respectively. By varying the voltage bias at V1 and V2,
three unique configuration states of the metamaterial can be
realized as depicted in Figs. 3(a)-3(c). The optical microscope
images are also shown from Figs. 3(d)-3(f) for the different
states illustrated. When both V1 and V2 are at the same poten-
tial as the substrate and both the eSRRs in the unit cell have
the released cantilevers bend upwards, this configuration will
be considered as State 1. When a high voltage is applied at ei-
ther V1 or V2, the released cantilever of only one eSRR is
snapped down to the substrate and this configuration is con-
sidered to be State 2. State 2 can be realized by switching
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FIG. 3. (a)—(c) Illustration of the three configuration states of the unit cell
that can be realized. (d)—(f) The corresponding optical microscope images.

either of the voltages to higher values while keeping the other
one at 0 V. Finally, when high voltage is applied to both V1
and V2, the released arms in both eSRRs come in physical
contract with Si substrate and this configuration is defined as
State 3. The 50 nm thin Al,Oj3 layer acts as an isolation layer
in the ON state to prevent the flow of high current between
the arms and the Si substrate. This is critical for the reliable
operation of the metamaterial as these currents would cause
Joule’s heating and locally weld the electrodes together.'>

In order to elucidate the THz transmission performance
of the digitally coded MEMS metamaterial, finite-difference
time-domain modeling was performed. The THz wave was
incident normally with the polarization along the gap bearing
side of the eSRR. Fig. 4 shows the simulated transmission of
the digital metamaterial in all three states. In State 1, the res-
onance dip is observed at 0.41 THz as shown by the black
curve in Fig. 4. When one of the eSRRs is switched to the
ON state, the transmission spectrum shows two observable
resonances at 0.29 THz and 0.43 THz as shown by the red-
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FIG. 4. Simulated THz transmission response of the digital metamaterial in
three states: State 1, where all meta-bits are in OFF state (black curve);
State 2, where half the meta-bits are in OFF state and other half in ON state
(red curve); and State 3, where all meta-bits are in ON state (blue curve),
respectively.
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curve in Fig. 4. Finally, when both the eSRR meta-bits are
switched to the ON state, the transmission spectrum has a
resonance dip at 0.32 THz as shown by the blue-curve in
Fig. 4. Surface current and scattered E, field were studied to
understand the resonance dynamics at various states of the
metamaterial. As the polarization of the incident THz wave
is along the split direction of eSRRs, two antiparallel cur-
rents are induced in the top and bottom rings of the eSRR at
0.41 THz and 0.32 THz as observed in Figs. 5(a) and 5(b).
Due to the symmetry in the structure, only electrical reso-
nance can be excited and is the electrical inductive-
capacitive resonance (eLC). The eLC resonant frequency of

the eSRR structure is w = L%, where L and C refer to the

effective inductance and capacitance in the metamaterial
structure. When the central arms are released, the in-plane
gap between them is also increased. Additionally, the out-of-
plane gap between the released arms and Si substrate is also
increased which is evident from the coupled E, field between
them as shown in Figs. 5(c) and 5(d). Hence, for eSRR in
OFF state, both the in-plane and out-of-plane capacitances of
the unit cell are decreased, thereby causing the effective ca-
pacitance of the eSRR to increase. The simulated OFF state
resonant frequency of eSRR is at 0.41 THz, which is much
higher than the ON state resonant frequency of 0.32 THz.
The resonance mechanism of eSRR is however preserved at
different reconfiguration states. More interestingly, for the
metamaterial in State 2, half the eSRR meta-bits are in the
OFF state, while the other half are in the ON state, and the
transmission spectrum shows two distinctive resonances at
0.29 THz and 0.43 THz. Hence, by breaking the symmetry in
the meta-bit configuration, the dual resonance behavior is
realized. The number of resonators in both ON and OFF
states is reduced by 50% and leads to lower resonance
strength at the resonant frequencies, compared to State 1 and
State 3 where 100% of eSRRs are in ON and OFF states,
respectively. This concept can be further scaled up to multi-
bit system, where more unit cells can be individually con-
trolled, thereby leading to a more differentiable transmission
value at a given frequency.

lll. EXPERIMENTAL RESULTS

The experimental characterization of the binary coded
digital metamaterial is done using THz time-domain spec-
troscopy (THz-TDS) system in a transmission mode. In all
the measurements, the chamber is filled with nitrogen and
the EM response is taken at room temperature. Similar to the
simulation, the electric field of the input is aligned to be
along the split gap and the propagation direction is normal to
the metamaterial. In order to achieve active control, the
metamaterial is hosted on a printed circuit board (PCB) with
hole for THz transmission and the bond pads are connected
to PCB through the wire bonding. The measured spectra of
metamaterial are normalized with the Si substrate of the
same thickness and are shown in Fig. 6. The measurement
results match quite well with the simulation results. When
the device is in State 1, the resonance frequency is around
0.37 THz. The resonance frequency shifts to 0.26 THz when
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FIG. 5. Simulations of the surface current distribution of the unit cells at 0.41 THz and (b) 0.32 THz when the cantilevers are (a) suspended and (b) in contact
with the substrate, respectively. Z-component of scattered electric field across the split gap at 0.41 THz and 0.32 THz when (c) the cantilevers are suspended

and (d) the cantilevers are in contact with the substrate.

the configuration of the device is in State 3. Finally, when
the device is in State 2, the resonance is split into 0.36 THz
and 0.26 THz. The difference in the measured resonance fre-
quencies in State 2 and the simulation is due to the limited
duration set for the data acquisition in the time domain sig-
nal. In order to separate the two resonances from the eSRRs,
the duration of the time domain data acquisition has to be
extremely long. This is impractical and the extended dura-
tion of data acquisition also introduces the effects such as
reflected signal from the Si substrate. This will interfere with
the metamaterial resonances. The broadening of resonance
in State 1 could be caused due to the variation of release
height in the central arms across the metamaterial. This
broadening of resonance is also observed in State 2 where
half the eSRRs are in OFF state. This also causes the reso-
nant frequencies to superimpose with each other and this fur-
ther reduces the contrast in transmission. However, in State
3 the resonance is much sharper as all the arms are in physi-
cal contact with Si substrate. By defining 0.26 THz as F1
and 0.36 THz as F2, the high output intensity of more than
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FIG. 6. Measured transmission spectra of the device in various states.

TABLE I. Output at F1 and F2 at various operating states.

V1 V2 Configuration F1 (0.26 THz) F2 (0.36 THz)
0 0 State 1 1 0

1 0 State 2 0 0

1 1 State 3 0 1

0 1 State 2 0 0
Analogous logic NOR AND

0.6 and the low output intensity of less than 0.6 are consid-
ered as logic “1” and “0,” respectively, and the results are
summarized in Table I.

It is worth noting that for the cases of either V1 or V2 is
“1,” they display the same measured output and hence can
be classified as State 2. Based on the intensities of the out-
puts at F1 and F2 with the various configurations, the output
at F1 shows characteristics analogous to an NOR output,
while the output at F2 shows characteristics analogous to an
AND output. The ideal threshold value for defining logic
states would be the half of the transmission contrast of the
metamaterial in State 2 resonance frequencies. As a rule of
thumb, it is better to separate the ON and OFF state reso-
nance frequencies of the unit cell employed to avoid super-
position of resonances in State 2. One of the possible ways
would be to use the thinner thickness of the Al layer, which
would provide much higher initial displacement and hence a
higher frequency OFF state resonance, which is spectrally
more isolated.””

IV. CONCLUSION

In conclusion, the design, fabrication, and characteriza-
tion of binary coded digital metamaterial are experimentally
reported through the isolation of electrical controls to adja-
cent meta-bits for the terahertz spectral region. The digital
metamaterial provides optical outputs that are analogous to
that of logic outputs. Conventional eSRRs integrated with
cantilever structures are used as the dynamically switchable
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meta-bits. Different metamaterial unit cells can be readily
adopted to further provide optical functionalities such as
polarization control into the coded metamaterials. By vary-
ing the dynamic state of the meta-bits independently, three
unique states of metamaterial are achieved, and the transmis-
sion outputs are analogous to NOR and AND at 0.26 THz
and 0.36 THz, respectively. This work will enable the real-
ization of multifunctional THz metamaterial and program-
mable metamaterial through further enhancement in control
schemes, which will be one of the most disruptive technolo-
gies in the field of THz wave manipulation and applications.
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