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Abstract-An infrared (IR) cross-shape metamaterial (CSM)
is presented. The configuration is composed of double Au layers
with cross-shape nanostructures. The aspect ratio and length
ratio of CSM are compared and discussed to investigate the
Fano-resonance  within CSM nanostructures. The
electromagnetic responses exhibit large tuning range, tunable
broad and narrow bandwidths characteristics. By tailoring the
aspect ratio of CSM, the resonance could be modified with
bidirectional tuning in a range of 650 nm. While the change of
length ratio of CSM, there are narrowband resonances around
4.6 pm and broadband resonances in the range of 5.0 to 6.5 pm.
These characteristics of CSM with different aspect ratio and
length ratio could be potentially used in IR narrowband and
broadband filter. To further increase the flexibility of CSM, we
propose a tunable CSM using MEMS-based electrothermal
actuation mechanism to perform actively tunable narrowband
and broadband filter. This study provides a unique approach to
realize an IR filter with high-flexibility.
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L INTRODUCTION

Metamaterials are artificial materials that make human
capable to control the electromagnetic wave by properly
tailoring. They are widely reported and demonstrated in many
fields, such as cloaking devices, high-sensitive sensors,
perfect absorbers, security screening, medical imaging, and
non-destructive testing [1-3]. Metamaterial filter is one of the
most important opto-electronic devices due to a wide variety
of potential applications in color filters, light emitters and
imaging devices, etc [1].

In this study, we propose a cross-shape metamaterial
(CSM) in infrared (IR) wavelength range. CSM is composed
of double tailored Au layers on Si substrate. The top metal
layer is a free-standing structure, which exhibits high
flexibility by modifying geometrical dimensions of top
metamaterial. By changing geometrical configurations of
metamaterials, CSM shows different electromagnetic
characteristic and flexible tunability. The corresponding
Fano-resonances within CSM nanostructures are investigated

to figure out the suitable design in different optical application.

II. MATERIALS AND METHODS

Fig. 1 shows the schematic drawing of proposed CSM. It
is composed of double tailored Au layers with a gap between
them. The geometrical parameters are metallic lengths along
x-axis and y-axis, which are denoted as L;and L, respectively.
The metallic width (W) of CSM is varied simultaneously when
discussed the electromagnetic characteristics in this study.
The metallic thicknesses of two Au layers are kept as constant
as 200 nm. The gap is also kept as constant as 100 nm. Herein,
the reconfiguration of CSM is proposed to compared and
discussed different aspect ratio (t = W/L), length ratio (r =
L,/L>), and rotation angle of top metamaterial layer.

III. RESULTS AND DISCUSSIONS

The transmission and reflection spectra of CSM with
different ¢ (W/L) value in IR wavelength range under the
condition of L; = L,= 2000 nm are shown in Fig. 2(a) and Fig.
2(b), respectively. When ¢ = 200 nm / 2000 nm = 0.1, the
resonances of transmission and reflection spectra are at 5.55
um. By increasing ¢ value from 0.1 to 1.0 (from 200 nm / 2000
nm to 2000 nm / 2000 nm), the resonances are blue-shift 400
nm first from ¢ = 0.1 to £ = 0.5 (from 200 nm / 2000 nm to
1000 nm / 2000 nm), and then red-shift 650 nm from 7= 0.5
to £ = 1.0 (from 1000 nm / 2000 nm to 2000 nm / 2000 nm).
These results clearly show that CSM exhibits a bidirectional
characteristic by changing ¢ value under the condition of L; =
L>=2000 nm. The transmission spectra of CSM with different
r (Li/L>) value under the conditions of /' =200 nm, 400 nm,
800 nm and 1200 nm by keeping the L; = L, = 2000 nm are
shown in Fig. 3. In Fig. 3(a), the resonant peak is blue-shift 50
nm from wavelength 0of4.70 pm (» = 0.1) to 4.65 pm (» = 1.0)
and the resonant dip is blue-shift 70 nm from wavelength of
5.62 um (r = 0.1) to 5.55 pm (» = 1.0). By increasing the
metallic width to 400 nm (W =400 nm), the resonant peak is
blue-shift 100 nm from wavelength of 4.66 um (r = 0.2) to
4.56 um (r = 1.0) and the resonant dip is blue-shift 140 nm
from wavelength of 5.52 pm (» = 0.2) to 5.38 pm (» = 1.0) as
shown in Fig. 3(b). When W = 800 nm, the first resonance is
red-shift 330 nm from wavelength of 4.82 um (r=0.4) to 5.15
pm (» = 1.0) and the second resonance is red-shift 340 nm
from wavelength of 6.08 pm (» = 0.4) to 5.38 pm (» = 0.6) as
shown in Fig. 3(c). In the case of W= 1200, the full width at
half maximum (FWHM) of resonance can be tuned from 180
nm to 500 nm by changing = 0.6 to » = 1.0 as shown in Fig.
3(d).

To further investigate the tunability of CSM device, it is
designed to rotate an angle between double tailored Au layers
by using MEMS electrothermal actuator. Here, we choose the
condition of = 800 nm as an example as shown in Fig. 4.
Fig. 4(a) shows the schematic drawing of proposed MEMS-
based CSM. The resonances of transmission and reflection
spectra of MEMS-based with different rotation angle are
shown in Fig. 4(b) and Fig. 4(c), respectively. By changing
the rotation angle from 0° to 45° the resonance of
transmission spectra can be tuned the FWHM of device, i.e.
spectrum bandwidth from 300 nm to 1200 nm as shown in
Fig. 4(b), while the narrowband resonance of reflection
spectra is blue-shift 200 nm from 4.37 um to 4.17 pm as
shown in Fig. 4(c). It is clearly observed the proposed
MEMS-based CSM device exhibits the tunable abilities of
broad and narrow bandwidth for transmission and reflection
spectra, respectively. Such tuning approach provides a
suitable design for tunable IR filter application with high-
flexibility.
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IV. CONCLUSION

In conclusion, a reshaping CSM is presented, which is
composed of double Au metamaterial layers. By tailoring the
geometrical dimensions of CSM, the -corresponding
electromagnetic behavior exhibits large tuning range of
resonance, tunable bandwidth, and tunable narrowband
resonance characteristics. The variation of 7 value shows the
resonance could be modified with red-shift 400 nm and blue-
shift 650 nm to form the bidirectional tuning. While the
variation of 7 value shows the transmission bandwidths could
be modified to be narrow around 4.6 um and broad in the
range of 5.0 to 6.5 pm. These characterizations of CSM with
different ¢ and r values could be potentially used in high-
efficiency IR narrowband and broadband filter. Furthermore,
we propose an active tuning mechanism using MEMS
electrothermal actuator to increase the flexibility of CSM.
This approach exhibits CSM could be tuned the bandwidth by
rotating the top cross-shape metamaterial. By rotating an angle
from 0° to 45°, the electromagnetic bandwidth is tuned from
300 nm to 1200 nm. It is enhanced 4-fold. These results open
an avenue for filter, absorber, detector, sensor, and switch
applications with high-flexibility in IR wavelength range.
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Fig. 1. Schematics drawing of proposed CSM and corresponding denotaions
of geomertical dimensions.

47

(a) 4.5 5.0 5.5 8.0 (b) 4.5 5.0 5.5 8.0
/\L Lo 10 T T Lo
SeET Tom]
S - 55/ |
&8 =01 / 08 508 . /“\\ 08
N / > i,
= | od S . ~¥
06— t=0.7] 0.6 0.64— t=0.1 / A5/ N, 06
o |— =08 o= — t=0.2 / S
B S |3 / ™~
— L . — =0 /
=04 L 04 o4 t,gé / 7 ot
= (5] 09 / !
Z] o | =06 ) i
5 \ V i 5.80
2 | 0.2 0.24[— t=0.8| 2
=" \, 7\ L8 96 O fl— =09 *
+ 5.1 [ U4/ S g /
5.80 T
0.0 0.0

50 55

50 55
wavelength (1m) wavelength (nm)

Fig. 2. (a) Transmission and (b) reflection spectra of CSM with different ¢
value under the condition of L,= L.
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Fig. 3. Transmission spectra of CSM with different 7 value under the conditions of (a)
W=200nm, (b) =400 nm, (c) W= 800 nm, and (d) = 1200 nm, respectively.
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Fig. 4. (a) Schematic drawing of CSM integrated with MEMS electrothermal
actuator to perform rotary displacement. (b) Transmission and (c) reflection

spectra of MEMS-based CSM with different rotation angle under the conditions of W
=800 nm.
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