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Two types of flexible terahertz metamaterials were fabricated on polyethylene naphthalate (PEN) substrates. The unit
cell of one type consists of two identical split-ring resonators (SRRs) that are arranged face-to-face (i.e., FlexMetaF); the
unit cell of the other type has nothing different but is arranged back-to-back (i.e., FlexMetaB). FlexMetaF and FlexMetaB
illustrate the similar transmission dips under zero strain because the excitation of fundamental inductive—capacitive (LC)
resonance is mainly dependent on the geometric structure of individual SRR. However, if a gradually variant strain is
applied to bend FlexMetaF and FlexMetaB, the new resonant peaks appear: in the case of FlexMetaF, the peaks are located
at the lower frequencies; in the case of FlexMetaB, the peaks appear at the frequencies adjacent to the LC resonance. The
origin and evolution of strain-induced resonances are studied. The origin is ascribed to the detuning effect and the different
responses to strain from FlexMetaF and FlexMetaB are associated with the coupling effect. These findings may improve
the understanding on flexible terahertz metamaterials and benefit their applications in flexible or curved devices.
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1. Introduction

Metamaterials, artificial sub-wavelength scale structures,
are receiving increasing attention because of their exotic prop-
erties, such as negative refraction, super focusing, and invis-
ible cloaking.!'-3! Recently, metamaterials scaled to operate
at the terahertz (THz) frequency have attracted a great deal
of interest. Moser ef al. realized the first THz metamate-
rials according to Pendry’s report.[*] Chen er al. presented
an efficient active metamaterial switch/modulator electrically
connecting the individual metamaterial elements operating at
THz frequencies.’®) Moreover, THz metamaterials have great
prospects in other applications, such as chemical and biologi-
cal sensors, absorbers, modulator, and slow light devices.[*~!

Split-ring resonators (SRRs) are most often used
THz, and infrared

I SRRs were first introduced by Pendry

as building blocks for microwave,

metamaterials.[10-13

et al.l'4]

as an important optical component for metamate-
rials, which may exhibit both electric and magnetic reso-
nances. Most studied planar metamaterials based on double

(151 More interestingly, once

SRRs have symmetric structures.
the symmetry of the double SRR structure is broken, it is pos-

sible to find some new fascinating effects, such as an elec-
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tromagnetically induced transparency (EIT) effect and Fano

[6.16.17] Ty terms of THz metamaterials, few efforts

resonance.
are made on flexible counterparts and such studies usually fo-
cus on the mechanical effects on ordinary inductive—capacitive

(18197 Though we have observed the strain-

(LC) resonance.
induced resonances in flexible THz metamaterials,?%! the un-
derlying origin of the interaction mechanism between the res-

onances and strain has not been well understood.

In this work, we fabricate two types of flexible THz
metamaterials, FlexMetaF and FlexMetaB. The unit cells of
FlexMetaF and FlexMetaB consist of two identical SRRs,
with the face-to-face and back-to-back arrangements, respec-
tively. FlexMetaF and FlexMetaB demonstrate the different
THz electromagnetic responses if a strain was applied, though
they show the similar LC resonance without strain. The effects
of detuning and coupling are comprehensively investigated to
elucidate the roles of strain, which may improve the under-
standing on the interaction between strain and the electromag-
netic response in flexible terahertz metamaterials in terms of

their applications in flexible or curved devices.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11204146 and 61574144), the Ningbo Key Laboratory of Silicon and
Organic Thin Film Optoelectronic Technologies, China, the Program for Ningbo Municipal Science and Technology Innovative Research Team, China (Grant
No. 2015B11002), and the K. C. Wong Magna Foundation in Ningbo University, China.

fCorresponding author. E-mail: xuhua@nbu.edu.cn
fCorresponding author. E-mail: yhlu@nimte.ac.cn
© 2016 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

057802-1


http://dx.doi.org/10.1088/1674-1056/25/5/057802
mailto:xuhua@nbu.edu.cn
mailto:yhlu@nimte.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 25, No. 5 (2016) 057802

2. Simulation and experiment
2.1. Simulation

To model the THz response of metamaterials, the nu-
merical simulations are carried out using a finite integration
package (CST Microwave Studio). Two types of metama-
terials are designed: one consists of two SRRs face-to-face;
the other has nothing different but the two SRRs were ar-
ranged back-to-back, which are named as FlexMetaF and
FlexMetaB, respectively (see Figs. 1(a) and 1(b)). The de-
tailed geometric parameters are L = 30 um, S = 12 um,
and G| = G, = W = 6 um. The permittivity of the silver
SRRs is represented using a Drude model with a plasma fre-
quency of @, = 1.366 x 10' rad/s and a collision frequency
of @, =4 x 1013 Hz?Y and the nickel is modeled as a lossy
metal with a conductivity of 3.3 x 10° Sm~!.?!] The permit-
tivity of polyethylene naphthalate (PEN) substrates is taken to
be 2.56.12%] Periodic and open boundary conditions are applied
to the x and y directions, and the z direction, respectively. The
periodicities in the x and y directions are 96 pm and 66 pm,
respectively. The incident THz waves are linearly polarized
along the y direction.
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Fig. 1. (color online) Representation of the unit cell of (a) FlexMetaF
and (b) FlexMetaB. The geometric parameters are L = 30 pm, S =
12 um, Gy = Gy =W =6 um, P, = 96 um, and P, = 66 um. The
electric field component of THz waves is along the y direction.

2.2. Fabrication

According to the designed structures, FlexMetaF and
FlexMetaB were prepared on the 75-um-thick PEN substrates
by standard photolithography. Followed by electron beam
evaporation (EBE), a 10-nm-thick nickel and 200-nm-thick
silver layers were deposited, in which the nickel layer was
used to enhance the adhesion of silver to PEN substrates. Fi-
nally, the patterned photoresist and the redundant metal were
removed through a lift-off process.

2.3. Characterization

The surface morphologies of the flexible terahertz meta-
materials were characterized using an optical microscope (Le-
ica DM2500M, Germany). A THz time-domain spectroscopy
(THz-TDS) system was employed to measure the transmis-
sion amplitudes, which were normalized to that of the ref-

erence PEN substrates as |f(w)| = |;(0)/tr(®)|. Here,

ts(®) and 7R (@) are transmission of samples and substrates,
respectively.[>3] A custom-made bending equipment was used
to bend the samples with a high precision and good repeat abil-
ity by adjusting the micrometer gauge. [>!

3. Results and discussion

Figures 2(a) and 2(b) show the surface morphologies of
FlexMetaF and FlexMetaB, respectively, in which the de-
signed structures were experimentally realized without obvi-
ous imperfections. The overall size of the samples is approx-
imately 15 x 20 mm?, which accommodates ten thousands of
unit cells. The measured and simulated transmission spec-
tra of FlexMetaF and FlexMetaB under zero strain are shown
in Figs. 2(c) and 2(d), respectively. Both of them reveal the
similar transmission dips, which originate from the excita-
tion of fundamental LC resonance. The resonant frequency
is mainly governed by the geometric structure of individual
SRR and less dependent on specific configurations of SRRs
(e.g., face-to-face or back-to-back arrangement) in our experi-
ment. Compared with the simulation results, the measured LC
resonance was slightly blue-shifted, which could be attributed
to the preparation imperfection and the permittivity deviation
from that used in simulations.

To investigate the effects of bending strain on THz elec-
tromagnetic response, the fabricated flexible metamaterials
were mounted onto the custom-made bending equipment. The
description of applied strain € can be found in Ref. [20]. The
THz-TDS measurements were performed when FlexMetaF
and FlexMetaB were bent, as shown in Figs. 3(a) and 3(b),
respectively, where the stress was applied to be perpendicular
to the gaps of SRRs for breaking the symmetry of two SRRs
in the unit cell. The changes in the distance between the two
clamps of the bending equipment increase from 0 to 2.5 mm
with an increment of 0.5 mm, corresponding to the applied
strain € of 0, 2.86%o, 4.05%o0, 4.96%o0, 5.73%o, and 6.41%o, re-
spectively. The transmission spectra of the bent FlexMetaF
and FlexMetaB are presented in Figs. 3(c) and 3(d), respec-
tively, where FlexMetaF and FlexMetaB show the robust THz
Though it is noted that the strain

has no obvious effects on the transmission spectra, the small

responses under strain.

strain-induced resonances appear, as denoted by the rectan-
gles in Figs. 3(c) and 3(d). For FlexMetaF, the strain-induced
resonant peaks appear at around 1.2 THz, which are located
at the lower frequencies than that of the LC resonance; for
FlexMetaB, the strain-induced peaks are almost located at the
frequency of the LC resonance, 1.3 THz. It is believed that the
strain-induced resonances may be associated with the involved
detuning and/or coupling effects,>*2>] which have different
influences on FlexMetaF and FlexMetaB.
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Fig. 2. (color online) Optical microscope images of (a) FlexMetaF and (b) FlexMetaB. Measured (red) and simulated (black) trans-
mission spectra of (c) FlexMetaF and (d) FlexMetaB without any bending strain.
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Fig. 3. (color online) Experimental schematic of (a) FlexMetaF and (b) FlexMetaB under bending strain. The corresponding measured
transmission spectra of (c) FlexMetaF and (d) FlexMetaB under the bending strain varying from O to 6.41%.. Inset: zoom-in view of

the strain-induced resonances under the various bending strains.

To find out the origin of strain-induced resonances, the
detuning effects on FlexMetaF and FlexMetaB are investi-
gated by artificially taking the different gap sizes of the two
SRRs. Because it is almost unlikely to quantitatively simu-
late the bent metamaterials due to the unavailability of peri-
odic conditions and tremendous computation resources, vary-
ing gap size is a route to introduce the detuning effects. Fig-
ures 4(a) and 4(b) show the transmission spectra of FlexMetaF

and FlexMetaB, respectively, with the invariant left SRR and
the varied right SRR (G, = 6, 3.6, 3.4, 3.2 um). FlexMetaF
shows the asymmetry-induced peaks at the lower frequencies,
whereas FlexMetaB has the peaks adjacent to the LC resonant
frequency, which is in agreement with the experimental obser-
vation. Although the strain-induced resonances in the flexible
metamaterials cannot be simply equivalent to the varied gap

size, it will not lose generality as a way to introduce the detun-
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ing effects and study these effects on the THz electromagnetic

response.
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Fig. 4. (color online) Simulated transmission spectra of (a) FlexMetaF
and (b) FlexMetaB, with the gap width of the right SRR G, = 6, 3.6,
3.4,3.2 um. Inset: zoom-in view of the resonant peaks.
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Fig. 5. (color online) Simulated transmission spectra of FlexMetaF with
different coupling distances S when the right SRR has a gap width of
G, = 3.2 pm. Inset: zoom-in view of the blue-shifted resonant peaks,
as denoted by the arrow.

On the other hand, the frequency difference of the strain-
induced resonances between FlexMetaF and FlexMetaB might
be ascribed to the coupling strength, since it is dependent on
the gap distance of two SRRs. Figure 5 shows the transmis-
sion spectra of the variant FlexMetaF with G| = 6 pm and
G, = 3.2 um with various distances of two SRRs, S, which
increases from 12 to 18 um with an increment of 3 um. The
detuning-induced resonances experience a blueshift with in-
creasing S, which implies that such resonances have higher

frequencies in weakly-coupled SRR metamaterials and lower
frequencies in strongly-coupled ones. It explains that the bent
FlexMetaF shows the strain-induced resonances at the lower
frequencies due to the stronger coupling between two SRRs
resulting from the face-to-face arrangement, as compared to
the weakly coupled SRRs with the back-to-back arrangement
in FlexMetaB.

To investigate the underlying origin of strain-induced res-
onances in a more general way, the harmonic oscillator model
is used to study the effects of detuning and coupling, where
the indirect coupling was considered.[®?%! The incident elec-
tric field is E = Eye'®, and two particles have the same ef-
fective charge and mass (¢ = g» = ¢, m; = my = m). The
equations of motion are expressed as

&1+ YE| + 0gT) + KT = %E,
i+ Y + (@0 + 8) 2@y + Ky = %E (1)

where g and @y + & are the resonant frequencies of two os-
cillators, respectively, and & is the detuning frequency. k and
7Y are the coupling coefficient between two oscillators and the
damping rate, respectively. Solving the above coupled equa-
tion (1) for | and x,, the following equations are obtained:

+8)? -’ +iyo—«
R e
m (w5 —w*+iyw)[(ay +6)? — w*+iyw] — k
> o
wz:g oy —0°+170 — K 3)

mE (0 — >+ iyo)[(on + 6)* — 0* +iyw] — k2’

The linear susceptibility ()), which relates the polariza-
tion (P) of the particle to the strength of incident electric field
(E), is expressed in terms of the displacement vectors as fol-

lows:
P g(zi+x)
= —= 4
1= aE= B “)
P
Em

@3 + (0o +8)* —20° +i2yw — 2k

(0 — >+ iyo)[(oy+ 6)* — w* +iyw] — k2 ©)

The real part of susceptibility (Re[x]) represents the disper-
sion and the imaginary part (Im[y]) gives the absorption (loss)
within the medium. To compare with the transmission spec-
tra, 1 —|Im[y]| is presented in Fig. 6. Figure 6(a) shows
the spectra for various detuning frequencies 8, taking the pa-
rameters as Y = 4 X 10’2,[27J K=5x 10’2, wy = 1.3, and
q*/(gy x m) = 2.5 x 1072, Tt is observed that the new reso-
nant peaks appear if the detuning effects are introduced and
the resonance peaks are located at the lower frequencies, as
compared with non-detuned LC resonance. This verifies that
the strain-induced resonances originate from the detuning ef-
fects. Varying the coupling strength x, 1 — |Im[y]| is plotted
in Fig. 6(b), where y =4 x 1072, § = —0.05, a = 1.3, and
q*/(gy x m) = 2.5 x 1072, With increasing coupling strength,
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the new resonance is red-shifted, as observed from Fig. 6(b).
Therefore, the differences of the strain-induced resonances be-
tween FlexMetaF and FlexMetaB could be ascribed to differ-
ent coupling strengths due to the different gap distances be-
tween the two SRRs.

1.2 r : r
(a)
=
E
- —5=0
5 04l — 6=—-0.05 4
0.6 —§=-0.07
1.20 1|25 1.30 , ,
0.4 0.8 1.2 1.6 2.0

Frequency/THz

=
g
=
‘ 0.9 —r=0
— 04 — Kk =0.04 7
0.6 —r=0.08
0.3
0 120 125 130 135 .
0.4 0.8 1.2 1.6 2.0
Frequency/ THz

Fig. 6. (color online) Dependences of 1 — |Im[x]| on (a) the detuning
frequency and (b) the coupling strength. Inset of panel (a): zoom-in
view of the resonant peaks. Inset of panel (b): zoom-in view of the
red-shifted resonant peaks with the coupling strength x increasing, as
denoted by the arrow.

4. Conclusions

In this work, two types of flexible THz metamaterials,
FlexMetaF and FlexMetaB, were fabricated on the PEN sub-
strates. The unit cells of FlexMetaF and FlexMetaB consist of
two identical SRRs with a different arrangement, where the
former and the latter were arranged face-to-face and back-
to-back, respectively. The similar THz electromagnetic re-
sponses was observed from FlexMetaF and FlexMetaB un-
der zero strain, whereas different strain-induced resonances
appeared under the same applied strain. The origin of dif-
ferent strain-induced resonances was comprehensively inves-
tigated by assuming the effective asymmetry and introducing
the detuning into the harmonic oscillator model. It was found
that the detuning had different influences on FlexMetaF and

FlexMetaB, because the different SRRs arrangements resulted
in different coupling strength. The findings might improve the
understanding on the effects of strain on THz electromagnetic
responses in flexible THz metamaterials in terms of their ap-
plications in flexible or curved devices.
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