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The integration of a high-performance metamaterial (MM) onto mechanically flexible and deformable
substrates offers significant promise in flexible electronics. Here, we propose two types of stretchable
infrared (IR) MMs to design a tunable perfect absorber with a ring-shape (PA-RS) and a cross-shape
(PA-CS) on a PDMS/Au/PDMS substrate, respectively. By stretching devices along different direc-
tions, PA-RS and PA-CS exhibit ultra-narrowband, polarization-dependent/independent, and switch-
able characterizations in the IR wavelength range. The tuning ranges are 2.37 um and 2.36 um for
PA-RS and PA-CS with the deformation quantity of 2.50 um along two-dimensional directions,
respectively, without extra power supply. In this deformation range, most of the incident light is
perfectly absorbed for PA-RS design operated at a wavelength of 4.31 um and PA-CS design operated
at a wavelength of 4.24 um. The corresponding Q-factors of two devices are 98 and 118 for PA-RS
and PA-CS, respectively. Such results are very suitable for high-performance refractive index
sensor applications. Furthermore, two devices exhibit the functionalities of s-polarization switches
and s-/p-polarization switches. To further investigate the characterizations of devices deformed by
a tensile force, PA-CS could be actively tuned by bending devices at a certain angle. In the future,
these proposed stretchable IR MMs could potentially possess high portability, applicability, and
cost-effectiveness for wearable electronic devices in a variety of sensor fields. Published by AIP

@CrossMark

Stretchable IR metamaterial with ultra-narrowband perfect absorption

Publishing. https://doi.org/10.1063/1.5044225

Metamaterials (MMs) are artificial materials that can
manipulate electromagnetic (EM) waves on subwavelength
scales to exhibit unique EM responses and enhance optical
performance by proper tailoring. The EM response of MMs
can be designed through the manipulation of the pattern, size,
and composition of their subwavelength unit cells. They are
widely studied in cloaking devices, high-sensitive sensors,
perfect absorbers (PAs), security screening, medical imaging,
and non-destructive testing due to the extraordinary proper-
ties that cannot be found in nature.'™ Recently, MMs have
been proposed to achieve nearly 100% absorption in the wide
wavelength range of the EM spectrum, starting from micro-
waves to near infrared (IR) and visible light.4 For a narrow-
band perfect absorber, the desire to realize a high quality
factor (Q-factor) and strong absorption intensity has long
been a research topic of interest for scientists. Among these
designs of the narrowband absorber, they have been demon-
strated by using graphene materials, all-metallic structures,’
metal-dielectric-metal stru(:tures,7’8 and so on. To increase
the flexibility of MM, there are literatures reporting the tun-
ing mechanisms, including semiconductor diodes,” ferroelec-
tric materials,'® thermal annealing,'’ laser pumping,'* and
liquid crystals.'® In these tuning approaches, reconfigurable
MMs become feasible in many applications, such as sensors,
switches, and filters other than the use of liquid crystals, fer-
roelectric materials, and semiconductor diodes which are
highly dependent on the nonlinear properties of the nature
material. These methods suffer from a limited tuning range.

To improve the tuning range and performance of EM
characteristics, we present a different approach and exploit

YAuthor to whom correspondence should be addressed: linyoush@
mail.sysu.edu.cn

0003-6951/2018/113(10)/101907/5/$30.00

113, 101907-1

the elasticity of a compliant substrate to tune the resonant
wavelength of MM by reconfiguring the period of the device.
The uses of flexible and elastomeric substrates to modify the
optical properties of MM have been reported,'* !¢ including
the uses of polydimethylsiloxane (PDMS), polyimide, poly-
ethylene terephthalate (PET), polyethylene naphthalene
(PEN), Kapton, and so on. Among these polymer substrate
materials, PDMS has been commonly used as a flexible sub-
strate due to the properties of low electrical losses and excel-
lent mechanical performance. Therefore, we propose that the
integration of functional high-performance IR absorbers onto
mechanically flexible and deformable PDMS substrates
offers significant promise in flexible electronics, e.g., flexible
displays,17 solar cells,18 refractive index sensors,19 thermal
emitters,”*! and optical filters.”> Compared to rigid and flat
substrates, e.g., silicon and quartz, flexible and stretchable
PDMS-based substrates exhibit great advantages of flexibil-
ity, transparency, lightweight, portability, low cost, conform-
able manipulation, and biocompatibility.

In this study, we propose an active tuning approach to
control IR MMs for ultra-narrowband perfect absorber (PA)
applications by using Lumerical Solution’s finite difference
time domain (FDTD) based simulations to study the optical
properties of the designed MMs. The propagation direction
of incident light is set to be perpendicular to the x-y plane in
the numerical simulations. Periodic boundary conditions are
also adopted in the x and y directions, and perfectly matched
layer (PML) boundaries conditions are assumed in the z
direction. The reflection (R) and transmission (7) of lights
are calculated by two monitors set on both sides of the
device. This method is without extra power supply, i.e.,
using the mechanical deformation of elastomeric substrates
to perform stretchable IR MMs. We demonstrate tunable IR

Published by AIP Publishing.
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MMs with different optical characteristics by changing
directions of stretchable force applied on devices, i.e.,
stretching along one-dimensional and two-dimensional
directions. It shows that the tuning range is 2.36 um with the
deformation quantity of 2.50 um for two-dimensional direc-
tions. In this deformation range, most of the incident light
is perfectly absorbed at a 4.24 yum wavelength, and the
corresponding Q-factor is 118 higher than those reported in
literatures.’®>* These proposed PA devices exhibit the func-
tionalities of s-polarization switches and s-/p-polarization
switches. Furthermore, PA devices could be actively tuned
by bending devices at a certain angle, which shows great tun-
ability of EM responses. It is very suitable for wearable elec-
tronic device applications. By changing the surrounding
refractive index, absorption resonance of PA shifts to a lon-
ger wavelength, which can be used as a high-performance
refractive index sensor.

Figures 1(a) and 1(b) show the proposed PA with ring
shape (PA-RS) and cross-shape (PA-CS) structures, respec-
tively, on the PDMS elastic substrate. The structural compo-
sitions are Au/PDMS/Au/PDMS from top to bottom. The top
Au thin-film with a thickness of 200 nm was tailored to form
ring and cross shapes on the PDMS/Au/PDMS substrate. It
is regarding the direction of stretchable force applied on
devices, resulting in different geometric deformations. Two
methods to stretch PA-RS and PA-CS are represented. They
are stretching along the x-axis and xy-axes as shown in
inserted schematic coordinates of Fig. 1, where E, H, and k
are the electric field, magnetic field, and wavevector of the
incident EM wave, respectively. The p-polarization (trans-
verse electric mode) and s-polarization (transverse magnetic
mode) are defined as the incident light normally propagated
through the device along the z-direction, while the electric
field (E) and the magnetic field (H) are along the x-direction,
respectively. Here, for the one-dimensional case, i.e., stretch-
ing along the x-axis, the deformation can be expressed as

& = O-X/Ea (1)

where ¢, is the ratio of the length change to initial length, o,
is the strain of PDMS along the x-axis, and E is the Young’s
modulus of PDMS. In another situation, by stretching along

(a) ©

y stretch along

P’ 5 x-axis  FaD;
‘ . p-polarization @@ ‘@@

X(E) yH)

y \ stretch along
Y ~. b F,
Y 88 s 0
[au | z (k)
PDMS s-polarization (
(b) s W(E) ( ) stretch along

la P, I x-axis IZI P, I
Wi w;

stretch along

ll P1| Xy-axes IsI P, I
Wy w,

FIG. 1. Three-dimensional schematic drawings of (a) PA-RS and (b) PA-
CS, where E, H, and k are the electric field, magnetic field, and wavevector
of the incident EM wave, respectively. (c¢) and (d) are illustrations of
stretched PA-RS and PA-CS, respectively. Geometrical dimensions are
D;=P;=3um, r;=0.072 um, /; = 1.2 ym, and w; = 0.3 um.

o)

b_4 ;
x ‘ 'l\ z (k)
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two directions, i.e., stretching along xy-axes, the deformation
can be expressed as

Exy = Oy /E, 2

where &, is the ratio of the whole area change to initial area
and o,y is the strain of PDMS along xy-axes.

Herein, the absorption (A) is defined as 1-R-T, where R
and T are the reflection and transmission. Since transmission
is inhibited by the opaque embedded Au layer, then A can be
directly obtained by A =1-R. Therefore, the target is to
design PA-RS and PA-CS with zero reflection. According to
the theory of the Drude-Lorentz model,** the resonant wave-
length of the proposed device is a function of the effective
refraction index of EM radiation, i.e., ngy = NI where
&y and i, are the effective permittivity and permeability
of MM and the incident medium is lossless at normal inci-
dence. The optical response can be calculated by optical
impedance (Z) of an interface as expressed by the following
equation:>>

(1+7r)7 -2

—_— 3
(1-r?-2 )

where r and ¢ are the reflection coefficient and transmission
coefficient, respectively. The real and imaginary refraction index
(n¢5) must be determined using the following equations:*°

cos™! {21(1 -+ tz)]
Im(n,5) = =Im ! kd , 4)
1
cos™! {Z(l — 2+ tz)] i
Re(nf_ff) = *Re o + d %)

where d is the MM thickness, & is the incident wavevector,
and m is an integer used to correct branch errors.”® yi; and
&er can be found as Hep = NerZ and &y = Ny /Z and then

expressed by Z = /it /€0y = 1. Therefore, the unit cell of

PA-RS and PA-CS can achieve zero reflection. Owing to
this, it can have an impedance equal to the free space value
which is indicated as Z = 1. The impedance matching of
PA-RS and PA-CS results from EM optical resonance, which
is induced by the dipole/image interaction and causes an EM
confinement between the MMs and thereby eliminates the
reflection. The approximated capacitance (C) between neigh-
boring resonators is expressed by the following equation:

- QDS()Sde

c = T, (©)

where ¢ is the numerical factor to approximate the non-
uniform distribution of charges due to the induced electric
currents, ¢y is the permittivity in free space, ¢, is the relative
permittivity, and W, L, d, and P are the width, length, thick-
ness, and period of the MM unit cell, respectively.
Therefore, the active tunabilities of PA-RS and PA-CS could
be achieved without extra power supply by increasing P and
then decreasing C. Figures 1(c) and 1(d) show two types of
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FIG. 2. Absorption intensities of PA-RS stretched along (a) x-axis and (b)
xy-axes directions and PA-CS stretched along (c) x-axis and (d) xy-axes
directions, respectively.

stretch directions of PA-RS and PA-CS, respectively. The
stretch force applied on devices along the x-axis and xy-axes
will deform the structural geometries. For the deformation of
PA-RS and PA-CS, the changes of structural widths (r;, /,,
w;) are proportional to periods (D;, P;), which means the
structural deformation related to the period parameter
directly.

Figure 2 shows the absorption spectra of the stretched
PA-RS and PA-CS operated at p-polarization in the IR wave-
length range. Four parameters (D, D3, P,, and Pj3) are modi-
fied to describe the deformation of four different shapes.
Figure 2(a) indicates that the absorption resonance shifts to a
longer wavelength by stretching PA-RS along the x-axis, i.e.,
increasing the period of PA-RS (D;). The tuning range of
absorption resonance is 2.37um from D,=3.0um to
D>=15.5 um. When PA-RS is stretched along xy-axes, the
absorption intensity is increased and then decreased from
D;=3.0 um to D;=25.5 um. The tuning range is 2.37 um as
shown in Fig. 2(b). It is clearly observed that most of the
incident light is perfectly absorbed in PA-RS at the stretch
condition of D; =4 um at the 4.3 um wavelength. There are
identical EM responses for PA-CS design as shown in Figs.
2(c) and 2(d). The stretch force applied on devices along xy-
axes exhibits higher absorption intensity than that along the
x-axis. The performance of proposed PA-RS and PA-CS is

Appl. Phys. Lett. 113, 101907 (2018)

characterized by their Q-factors expressed as Q = A/FWHM,
where / is the resonant wavelength and FWHM is the full
width at half maximum of the resonant wavelength. The Q-
factors are 98 and 44 for PA-RS stretched along xy-axes and
the x-axis at 4.31 um and 4.26 um wavelengths, respectively.
For PA-CS stretched along xy-axes and the x-axis, Q-factors
are 118 and 54 at 4.24 ym and 4.23 um wavelengths, respec-
tively. The Q-factor is enhanced 2.2-fold to perform the
ultra-narrowband characterization. It can be concluded that
the IR MMs stretched along xy-axes possess obviously
higher performance in absorption characteristic than those
stretched along the x-axis. Figure 3 shows side views of sim-
ulated E-field and H-field distributions of PA-RS and PA-CS
with periods of 4 um. It indicates the higher H-field intensity
between the top MM layer and the bottom metal layer. Such
designs form an optical cavity where the light is confined
and gradually absorbed by the metallic layers. Compared
with PA-RS stretched along the x-axis, the EM resonance in
PA-RS stretched along xy-axes absorbed more EM spectrum
in the top MM layer. It shows identical absorption character-
istic for PA-CS stretched along the x-axis and xy-axes,
respectively.

The collection of absorption resonances operated at s-
polarization and p-polarization is indicated as shown in Fig. 4.
In Fig. 4(a), the absorption intensities are almost zero for two
devices stretched along the x-axis operated at s-polarization.
For two devices stretched along xy-axes operated at s-
polarization, the absorption intensities are over 0.7 even reach-
ing the ideal perfect absorption. The optical behaviors of stretch
force applied along xy-axes are identical for s-polarization [Fig.
4(a)] and p-polarization [Fig. 4(b)]. It means that these two
devices are polarization-independent operated at two stretch
directions, i.e., along xy-axes. Furthermore, the optical behav-
iors of stretch force applied along the x-axis are different for
s-polarization [Fig. 4(a)] and p-polarization [Fig. 4(b)]. It can
be seen that two devices are polarization-dependent operated at
one stretch direction, i.e., along the x-axis. The comparison of
devices operated along the x-axis and xy-axes at s-polarization
is shown in Fig. 4(a). Two devices exhibit the switching func-
tion of the s-wave. They could be tuned by one or two direc-
tions to turn on s-wave or turn off it. Such designs of proposed
stretchable IR MMs may serve as a highly efficient IR filter, IR
polarizer and IR switch and could potentially be used in various
Sensors.

x102

4.0
‘ ‘ £3.2
-24

=16

IO.B
0.0

-0.8 04 1.6

FIG. 3. Side views of E-field and H-
field distributions of PA-RS stretched
along (a) x-axis and (b) xy-axes direc-
tions and PA-CS stretched along (c)
x-axis and (d) xy-axes directions,

x102

1

respectively, while the corresponding
monitors are at 4.26 um, 4.31 um,
4.23 yum, and 4.24 ym wavelengths for
(a), (b), (c), and (d), respectively. D,,
D3, P5, and P; are kept at 4 um.
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FIG. 4. Absorption intensities of PA-
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and (b) p-polarization, respectively.

0.24 0.24—9— PA-RS along xy-axes
0.1 0.1 —Q@=— PA-CS along x-axis
a oy Y oy oy ey == PA-CS along xy-axes
0.0 — T T 0.0 T T T T T
3.0 3.5 4.0 4.5 5.0 5.5 6.0 3.0 35 4.0 4.5 5.0 5.5 6.0
Wavelength (nm) Wavelength (nm)

To further investigate that the two devices can be poten-
tially used as environmental sensors, the relationship of
absorption resonances of devices and the surrounding refrac-
tive index is studied as shown in Fig. 5. PA-RS and PA-CS
with periods of 4 um stretched along xy-axes are chosen for
refractive index sensing applications as shown in Fig. 5(a)
for PA-RS and Fig. 5(b) for PA-CS. The absorption reso-
nance is red-shifted by increasing the refractive index from
1.0 to 1.4. The absorption intensity decreases gradually from
1.0 to 1.2 and sharply from 1.2 to 1.4. There is almost no
absorption with the refractive index more than 1.4 for both
the devices. The corresponding linear relationship of the
absorption resonance and surrounding refractive index is
clearly observed as shown in Figs. 5(c) and 5(d) for PA-RS
and PA-CS, respectively. It is worth noting that the correla-
tion coefficient is 0.9999 for two devices, which is very suit-
able for refractive index sensing applications and can
enhance the sensitivity of the refractive index sensor owing
to the ultra-narrowband of IR absorption resonance.

For wearable electronic device applications, PA-CS
with different bending angles is illustrated in Fig. 6. The
inset image is three-dimensional schematic drawing of PA-
CS stretched along the z-axis direction and the corresponding
top views of E-field and H-field distributions of PA-CS,

1.0 1.0
= 0.9 refractive index (1) 2 09l refractive index (1)
e | & 10
= 5 —11| z —11
il 07 —12| G 07 —12
S 0.6 —13| g 064 —_—13
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=
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FIG. 5. Absorption intensities of (a) PA-RS and (b) PA-CS stretched along
xy-axes with different surrounding refractive indices. The corresponding
relationship of the resonance and refractive index for (c) PA-RS and (d) PA-
CS. D3 and P; are kept at 4 um.

respectively. By increasing the bending angle, the absorption
resonance is red-shifted and the bandwidth becomes broad,
while the absorption intensity is gradually lower as shown in
Fig. 6. The absorption intensity of PA-CS with the bending
angle of 0° is 95% at the 3.31 um wavelength, which will
decay to 21% at the 3.58 um wavelength with a bending angle
of 50°. The corresponding Q-factor also decreases greatly. In
view of this, characterization of PA-CS was performed, which
exhibits a switching function by bending PA-CS with a certain
angle. In the top views of E-field and H-field distributions of
PA-CS with bending angles of 0°, 20°, and 0°, the EM spec-
trum at absorption resonance becomes weaker by increasing
the bending angle. Such flexible IR MMs exhibit active tun-
ability and could serve as wearable electronic devices.

In conclusion, two types of stretchable IR MMs are pro-
posed to realize an ultra-narrowband prefect absorber. The
tuning IR wavelength ranges are 2.37 um and 2.36 um for
PA-RS and PA-CS with the deformation quantity of 2.50 um
along xy-axes, respectively. For PA-RS operated at the
4.31 um wavelength and PA-CS operated at the 4.24 um
wavelength, most of the light can be absorbed thoroughly.
The corresponding Q-factors are 98 and 118 for PA-RS and
PA-CS, respectively. They exhibit ultra-narrowband IR
absorption stretched along xy-axes to have high absorption
intensities and high Q-factors. Furthermore, two devices are
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FIG. 6. Absorption intensities of PA-CS stretched along the z-axis in differ-
ent bending angles from 0° to 50°. The inset image is the 3D schematic
drawing of PA-CS stretched along the z-axis direction and the corresponding
top views of E-field and H-field distributions of PA-CS, respectively. P, is
kept at 3 um.
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not only polarization-dependent by stretch force along the x-
axis but also polarization-independent by stretch force along
xy-axes, which could serve as s-polarization switches and s-/
p-polarization switches. The absorption resonances of devi-
ces shift to a longer wavelength by changing the surrounding
refractive index. The corresponding relationship of the
absorption resonance and refractive index is linear with a
correlation coefficient of 0.9999. For wearable electronic
device applications, PA-CS exhibits active tunability by the
bending device with a certain angle. By increasing the bend-
ing angle, the absorption resonance is red-shifted and absorp-
tion intensity is lower. Using stretch force modifies the
geometric shape of the proposed devices, which could be
used as filters, polarizers, switches, and absorbers to have
multi-functionalities. Such designs provide that the stretch-
able IR MMs can be realized in wearable electronic devices
without extra power supply and can be used for widespread
applications in the future, e.g., IR sensors, strain gauges,
pressure sensors, and so on.
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