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We propose and demonstrate a multifunctional location-dependent metamaterial in the terahertz (THz) range in
which the unit cell consists of two pairs of coupled resonators. Experimental and simulation results of our devices
reveal that both pairs of the coupled resonators will keep their individual resonance modes when they join to-
gether. Thus, the overall transmission spectrum is a combination of frequency response spectra of its correspond-
ing constituent parts. While changing the locations of the inner resonators in our structure, controllable width of
transmission window and changeable number of transmission dips can be realized. Our design provides a feasible
structure for multifunctional microelectromechanical devices. © 2016 Chinese Laser Press
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1. INTRODUCTION

Recently, artificially designed metamaterials have attracted
a tremendous amount of attention due to their exotic
and extraordinary response to electromagnetic waves.
Metamaterials are made of dense arrays of metallic micro-
or nanostructures, such as split-ring resonators (SRRs), cut-
wire pairs, or coupled resonators [1-4]. Among these struc-
tures, coupled resonators have been intensively reported as
having fascinating properties. For example, strong near-field
coupling is achieved by two orthogonally twisted concentric
SRRs [5], four U-shaped resonators around a central bar reso-
nator are designed in a metamaterial unit cell for broadband-
induced transparency [6], multilayer metamaterials with split-
ring resonators are carried out to achieve high-performance
broadband filter [7], and two ring resonators and a split wire
are made on movable substrate to realize tunable absorption
peak [8]. These designs of metamaterials can be divided into
two schemes: 1, planar metamaterials with their resonators
arranging on the same substrate; 2, reconfigurable metamate-
rials with their resonators arranging on different substrates.
Although under similar physical mechanisms, these two
schemes of metamaterials have their own characteristics. In
terms of planar metamaterials, the fabrication process is easy
and their resonance frequency can be tuned by pump beam
[9,10] or external electrical field [11] for modulation purposes,
but the whole operation system of optical pumping is large and
the On/Off ratio of external bias control is not at a high level.
For reconfigurable metamaterials, the operating resonance
frequency can be tuned simply by reconfiguring the relative
position of the coupled resonators, but the fabrication is com-
plicated. Compared with the former, reconfigurable metama-
terials have a relatively high On/Off ratio while the whole
device (or system) can be kept to a small size. Tunability of
metamaterials can be realized by microelectromechanical
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systems (MEMS) fabrication [12,13] and actuation methods
[14]. As long as MEMS fabrication is utilized, the operating fre-
quency of many previous location-dependent metamaterials
can be modulated simply [15-17]. However, changeable fre-
quency ranges and transmission modes of these metamaterials
are limited, which make it unnecessary to combine such
structures with MEMS.

In this paper, we propose several designs of location-
dependent metamaterials in the THz range, which can change
the number of transmission dips easily with slight adjustment
of relative position of coupled resonators. Such designs
can be adopted for those advanced reconfiguration metama-
terials based on MEMS technology, which is beneficial for the
development of terahertz (THz) modulators and sensors in the
future.

2. STRUCTURE AND FABRICATION

Constituent elements of our metamaterial unit cell [Fig. 1(a)]
are made of two pairs of coupled subwavelength SRRs: the left
concentric coupled resonator (CSRR-L) and the right concen-
tric coupled resonator (CSRR-R). The CSRR-R is inverted
relative to the CSRR-L, and they join together without any open
space on the substrate. With dual coupled resonators, the
metamaterial device is named Dual CSRRs. The geometric
dimensions of Dual CSRRs are as follows: g, = 55 pm,
Oin = 27 pm, w = 15 pm, hyy = 214 pm, hy, = 98 pm, [, =
122 pm, andl,,; = 66 pm. Following conventional photolithog-
raphy, the copper Dual_CSRRs (1 pm thick) were fabricated on
apiece of polyimide (25 pm thick) substrate, which is similar to
the processes we used in previous work [10]. A microscope im-
age of fabricated Dual_CSRRs is shown in Fig. 1(b).

To explore the characteristics of this device, the two inner
resonators (SRRIs) in Dual_CSRRs were shifted. As CSRR-L
and CSRR-R are inverted, with the same formation and
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Fig. 1. (a) Structural parameters and features of Dual_CSRRs, (b) mi-
croscope image of fabricated Dual_CSRRs sample, (c) shift motion of
the inner resonator in CSRR-L.

geometric dimensions, only the CSRR-L was cut out to show
movement motion of the SRRIs [as shown in Fig. 1(c)]. Ak
represents the value that SRRI has been shifted from its origi-
nal position. As the red and blue arrows show in Fig. 1(c), it
will be positive if SRRI is shifted upward or it will be negative
if SRRI is shifted downward. Three Dual_CSRRs samples are
fabricated with their SRRIs shifted up by 0, 30, and 40 pm, as
shown in the inserts of Fig. 2. Obviously, Ak of CSRR-L is
30 pm and Ak of CSRR-R is —30 pm while SRRIs are shifted
up by 30 pm. Henceforth, Dual_CSRRs(30, -30) refers to the
Dual_CSRRs with SRRI shifted up by 30 pm. Similarly,
Dual_CSRRs(40, -40) refers to the Dual_CSRRs with SRRI
shifted up by 40 pm.
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Fig. 2. Simulation and measurement results of Dual_CSRRs devices
with different shifting position of SRRIs: (a—c) simulated transmission
spectra of devices, (d-f) measured transmission of THz wave. The
inserts from top to bottom are microscope images of the fabricated
Dual_CSRRs(0,0), Dual_CSRRs(30, -30), and Dual_CSRRs(40, -40),
respectively.
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3. DEVICE MEASUREMENT AND
MECHANISM ANALYSIS

These fabricated metamaterial samples were characterized by
THz time domain spectroscopy (THz-TDS). Transmission of
THz waves of our devices were measured under normal inci-
dence with polarization of incident wave along the split gap,
as shown in Fig. 1(b). A piece of bare polyimide sample was
made identical to the substrate to work as a reference for
these measurements. The time domain data of samples were
converted into frequency-dependent amplitude by Fourier
transformation to obtain normalized transmission spectra.
Commercial CST Microwave Studio based on finite element
method was also used to simulate these metamaterial devices
to study their working mechanism.

As the simulation and experimental results show in
Fig. 2, there are two transmission dips (0.247, 0.297 THz) in
Dual_CSRRs(0,0). However, when the SRRIs were shifted
up by 30 and 40 pm, there are four and three transmission dips
in the transmission spectra, respectively. The simulation
results agree well with the measurements except for a few
deviations in their amplitudes and linewidths, mainly due to
the measurement accuracy of our THz-TDS system and the
slight differences between the parameters of material proper-
ties used in the simulation and those of real samples.

To study the relations of the number of transmission dips
and the shift distance of SRRIs, the transmission spectra of a
series of CSRR-Ls were investigated by simulation, with Ah
changing from —40 to 40 pm at distance interval of 10 pm.
The simulation results, as shown in Fig. 3(a), demonstrate
that the transmission band of CSRR-L would continuously de-
crease to zero while Ak is changed from -40 to 40 pm. From
Figs. 3(b)-3(d), it is observed that the positions and ampli-
tudes of transmission dips in the frequency response spectra
of Dual_CSRRs match with the resonance dips from their cor-
responding CSRR-Ls and CSRR-Rs. Therefore, when CSRR-L
and CSRR-R are bonded together, they would keep their own
resonance modes and the overall transmission spectrum of
Dual_CSRRs is a combination of the frequency response of
these separate pairs of coupled resonators.
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Fig. 3. (a) Simulation results of transmission spectra for CSRR-L
with Ak changing from -40 to 40 pm, (b—d) simulated transmission
spectra of Dual_CSRRs and their individual CSRR-L. and CSRR-R:
(b) Dual_CSRRs(0,0), (c) Dual_CSRRs(30,-30), (d) Dual_
CSRRs(40, —40).
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In order to further understand the physical mechanism of
our proposed devices, we investigate the transmission spectra
of the inner and outer resonators separately, as shown in
Fig. 4(a). In particular, outer resonator (SRRO) with orienta-
tions of incident electric field parallel to the x axis and y axis
are all simulated, but SRRI is only simulated with E polariza-
tion along the x axis [Figs. 4(b) and 4(c)]. When the incident
electric field is polarized along the split gap of the SRRI, fun-
damental inductive-capacity (LC) resonance in SRRI would be
excited at 0.276 THz, while SRRO has no resonance dips in the
selected frequency range when the polarization of the wave is
parallel to the split gap. However, SRRO shows dipolar reso-
nance [6] at 0.317 THz when the polarization of the incident
wave is parallel to the y axis. Thus, when the incident electric
field is parallel to the split gaps, SRRI in CSRR-L couples with
the incident electric field intensely and SRRO is excited by the
electric induction derived from the SRRI. As long as surface
currents are aroused around the full circumferences on both
SRRI and SRRO loops [Figs. 5(a) and 5(b)], the interaction
between the outer and inner resonators through electromag-
netic flux would result in hybridized resonance modes [5,18].
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Fig. 4. (a) Simulated amplitude transmission of CSRR-L, SRRI, and
SRRO. (b,c) Schematics of metamaterial unit cell for SRRI and SRRO.
Electric polarization is parallel to the split gap for CSRR-L and SRRI,
and simulation results with polarization along both «x axis and y axis
for SRRO are presented.
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Fig. 5. Surface current and electric field distributions of devices: (a,b) surface current distributions of CSRR-L with black arrows representing the
trend of surface current on SRRIs and SRROs. (c—f) Distributions of electric field for CSRR-L and Dual_CSRRs, respectively. The frequency res-
onance in (a), (c), and (e) is at 0.25 THz, and the frequency resonance in (b), (d), and (f) is at 0.3 THz.
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Thus, two new resonance dips (0.255 and 0.308 THz) of CSRR-
L would appear around the fundamental LC resonance of
SRRI (0.276 THz). The physical mechanism of resonance
modes observed in Figs. 5(a) and 5(b) is close to electromag-
netic-induced transparency effect but with narrow transmis-
sion window in the frequency spectrum, which is due to
the slight difference of resonance frequencies between SRRI
and SRRO.

The distributions of the electric field present that the in-
duced electric field is mainly scattered around the split
gap of the inner resonator. Therefore, when the induced elec-
tric field locates at the middle of CSRR-L [Ah = -40 pm,
Fig. 3(d)], great resonances would be made through electro-
magnetic interaction between SRRO and SRRI with the maxi-
mum amount of induced electric field in SRRO. In this
circumstance, there are two separated resonance dips in
the transmission spectrum. Then the bandwidth between
these two dips would decrease when SRRI is shifted upward,
with less and less incident electric field coupling into SRRO.
Since SRRI is shifted to the top of the open space of the SRRO,
there is almost no electric field going through the outer
C-shaped resonators. Therefore, only one LC resonance dip
(0.277 THz) would be excited by SRRI in CSRR-R, which is
similar to the LC resonance dip excited by the single SRRI
structure, as shown in Fig. 4(a). Moreover, the distribution
of electric fields for Dual_CSRRs(0,0) can be observed in
Figs. 5(e) and 5(f). The similar resonance modes of
Dual_CSRRs and CSRR-L can also prove that, when two pairs
of coupled resonators join together, they would keep their
individual resonances.

According to the mentioned studies, we expect one reso-
nance dip appearing in the transmission spectrum in the range
0.1 to 0.4 THz if two CSRR-L (Ah = 40 pm) are connected to-
gether as the insert in Fig. 6. As anticipated, the simulated
transmission spectrum of Dual_CSRRs(40,40) shows only
one transmission dip at 0.268 THz. This verification can fur-
ther prove that the above frequencies’ combination theory
of our structure is true.

Our proposed structures can be used as a multifunction
switcher when the devices are fabricated on two or more
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Fig. 6. Simulated transmission spectrum of Dual_CSRR(40,40) when
E polarization is along the x axis; the insert is a schematic of
Dual_CSRR(40,40).

movable substrates via MEMS technology. For example, the
outer resonators of Dual_CSRRs are fabricated in a fixed sub-
strate, while all the inner resonators are made on a movable
substrate. When the movable substrate is shifted up or down
from its original position, the number of transmission dips
would change from two to three or four. If the switcher
has two independent movable substrates on which the inner
resonances of CSRR-L and CSRR-R were fabricated sepa-
rately, the following functions can be achieved: 1, by moving
those two independent movable substrates simultaneously to
keep the same Ah for both CSRR-L and CSRR-R, a reconfig-
urable bandpass filter with controllable width of the transmis-
sion window can be realized [ranging from its maximum
bandwidth to zero, with Ak changing from -40 to 40 pm like
that shown in Fig. 3(a)]; 2, by moving these two independent
movable substrates freely, a channel-number changeable
switcher ranging from 1 to 4 can be achieved. It is worth men-
tioning that the situations shown in Fig. 2 are included in func-
tion 2.

4. CONCLUSION

In conclusion, we fabricate and simulate a series of location-
dependent metamaterials which can achieve a different num-
ber of transmission dips through shifting the positions of the
inner resonators. The simulated distributions of surface cur-
rent and electric field reveal that, when CSRR-L and CSRR-R
join together, they would keep their own resonance. The for-
mation mechanism of transmission dips of Dual_CSRRs can
be explained as a combination of frequency response spectra
of their corresponding constituent parts (CSRR-L and CSRR-
R). When the proposed location-dependent metamaterials are
adopted as multifunction devices fabricated by MEMS tech-
nology, the devices can work as a reconfigurable dual-channel
filter with controllable width of transmission window, or a
channel-number changeable switcher which has channel
numbers ranging from 1 to 4. These functions of our designs
will be beneficial for the development of modulators, switch-
ers, filters, and sensors in the future.
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