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Abstract

Metasurfaces with high-quality (HQ) resonances are always desired for their potential
applications in biomedicine and photonic devices. However, the realization of HQ near-infrared
metasurfaces with polarization insensitivity has faced problems with metallic loss, large feature
size and limited configurations. In order to build up HQ metasurfaces working at the
near-infrared range, we propose a 3D bended metasurface configuration consisting of a metallic
supported frame and cross vertical split ring resonators, which are fabricated by a focused ion
beam defined origami method. The relationship between Q factor/modulation depth of the
resonances and the geometric morphology of the meta-atoms are established, and its
polarization insensitivity is verified. Two HQ resonances with 22%/26% modulation depth and
the quality factor of 24/30 at 1.75/2.5 pm are experimentally obtained in the optimized
metasurface. In addition, a polarization insensitive Fano resonance with large modulation depth
can also be observed at the low frequency band, which can be modulated by tuning the bending
angle. This HQ 3D cross-bended metasurface will create a more flexible approach to design
versatile micro/nano-photonic devices and biological components.

Keywords: FIB defined Origami, high quality factor, Fano resonance,
3D bended metasurface

(Some figures may appear in colour only in the online journal)

1. Introduction exotic properties such as negative permeability and permittiv-
ity, extraordinary optical transmission (EOT) and slow light
Metasurfaces are artificial electromagnetic structures consist- effects, thus giving rise to new capabilities in modulating
ing of subwavelength resonators or meta-atoms, which exhibit  light in desired ways [1-6]. Among the fascinating features of
the metasurfaces, high-quality (HQ) resonators can produce
sharp peaks, which play an important role in their applica-
> Authors to whom any correspondence should be addressed. tions of ultrasensitive sensors, high performance filters and
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laser spacers [7—11]. In recent decades, significant efforts have
been made to design metamaterials with sharp resonances,
and explore their potential applications in photonic devices.
A series of HQ metasurfaces ranging from the visible to
THz region have been built up based on Fano resonance,
trapped mode, bound states in the continuum, etc [7, 12—15].
However, conventional 2D plasmonic metasurfaces are facing
problems in control ability and metallic loss, which usu-
ally leads to a Q factor lower than 10 [16, 17]. Therefore,
a completely new approach is needed for the design of HQ
metasurfaces.

Previous reports have found that 3D structures possess
higher efficiency, much more controllable degrees of free-
dom and more functions than their 2D counterparts [18-20].
Thus, 3D metasurfaces with various properties, e.g. electro-
magnetic invisibility and chiral light regulation, have been
developed [21, 22], especially HQ resonances in the infrared
region. However, due to the processing limits of traditional
micro/nanofabrication methods, such as multilayer stack [23],
projection lithography [24] and 3D printing [25], the fabric-
ation of 3D structures with small feature size, abundant spa-
tial freedom, rich optional materials and well controlled con-
figurations have become a huge challenge, which leads to the
working band of these metamaterials being larger than 3 pum,
i.e. in the mid-infrared or even longer range. What is more,
polarization insensitive metamaterials can be directly excited
by natural light, thus simplifying the device structures and
improving the working efficiency [21, 26]. However, planar
metamaterials are usually sensitive to the polarization of light
due to the asymmetric design of resonators, which leads to a
more complex components structure compared to the polariz-
ation insensitive one. Up to now, there have been few reports
of high-Q metamaterials with polarization insensitivity based
on localized surface plasmonic resonances (LSPRs) because
of the difficulty of the configuration design [15, 27]. There-
fore, a type of polarization insensitive HQ metasurface based
on Fano resonance operating in the near-infrared region is
needed, for its potential applications in the field of bio-sensing
and spectrum enhancement devices. Fortunately, thanks to
the advantages of the focused ion beam (FIB), such as the
abundant spatial control ability, rapid processing capacity of
micro/nanoscale precision and the flexible structure design
property, FIB defined origami has been developed in recent
years, which can fabricate 3D bending and folding struc-
tures in micro/nanoscale with high controllable degrees and
rich spatial configurations [28-33]. This enables 3D struc-
tures more abilities in constructing 3D metasurface, show-
ing versatile photonic properties such as Fano resonances
and giant chirality by their exceptional geometries, and opens
up a new horizon in the design of the photonic devices
[34, 35].

In this work, we have proposed a kind of 3D bended
metasurface, consisting of a supported metallic frame and
cross vertical split ring resonators (SRRs), which can gen-
erate HQ Fano-shape resonances. In addition, the polariz-
ation insensitive effect can be obtained on account of the
C4 rotational symmetry of the metasurface. Structures with
different configurations have also been simulated by the

finite-difference time-domain (FDTD) method, which demon-
strate that as the bending angle increases, the Q factor
decreases and the corresponding modulation depth increases.
According to the simulation, the optimized metasurface
depicts a Q factor of 187 and 308 at 1.75 and 2.5 pum, respect-
ively. Metasurfaces with different bending angles are fabric-
ated by the FIB defined origami method which contains EBL
patterning and FIB global irradiating process. A Fourier trans-
form infrared spectrometer (FTIR) has been used to collect the
transmission spectra of the 3D metasurfaces. The results agree
well with the simulation that resonances with relatively high
Q factor can be observed at 1.75 ym and 2.5 pm. Besides,
an additional Fano resonance with larger modulation depth is
observed in the mid-infrared region, which also changes with
the bending angle. The development of this metasurface shows
a great application potential in biomedical, free-space optical
communications and remote sensing devices.

2. Results and discussion

The schematics of the 3D metasurfaces are depicted in
figure 1(a), with a periodic array of plasmonic meta-atoms at
the top and geometric parameters at the bottom. Each meta-
atom is composed of a supported frame and cross vertical
SRRs with a period of P = 2.5 um, and the width for the bend-
ing SRRs and the supported frame is w = 200 nm. Two ver-
tical SRRs that intersect at the center form a 90° crossed ver-
tical SRRs with a radius of » = 900 nm. The bending angle of
the vertical SRRs is 8, which is defined by the central angle
of the bended cantilever and can be changed by tuning the
length (/) of the cantilever. The whole structures are fabric-
ated on a bilayer film consisting of 60 nm Au and 20 nm
SiNy. Samples with 100 gm x 100 pm area can be fabricated
flexibly by the FIB defined bending method as shown in the
scanning electron micrography (SEM) image of figure 1(b).
The processing flow starts from the oxygen plasma cleaning
of a 100 pm x 100 pum SiN, window (ilabilab) with 20 nm
SiN, film. After spin-coating resist, the designed patterns are
written by electron beam lithography (EBL, Raith 150). React-
ive ion etching (RIE, Oxford NGP 80) is used to transfer the
patterns to the SiN, film, and the Au/SiN, bilayer film can
be obtained by 60 nm Au deposition through electron beam
evaporation. Finally FIB global irradiation is applied to intro-
duce tensile stress into the planar pattern and form a bended
metasurface structure. Large area 3D cross-bended metasur-
faces with good uniformity are obtained smoothly, and the
bending angle can be precisely controlled by the ion energy
and ion dose. The inset in figure 1(b) shows the details of
the meta-atom, which is well consistent with the simulation
model.

FDTD is introduced to simulate the transmission spectra
of each component of the metasurface. Figure 2(a) shows the
vertical SRRs with a 130° bending angle, the metallic frame
and the 3D bended metasurface. The transmission spectra are
shown in figure 2(b), where the black curve is the transmis-
sion spectrum of the supported frame showing a typical EOT
line shape (continuum state), and the red curve describes the
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Figure 1. (a) The schematic and the feature sizes of the 3D bended
metasurface, where the period of the meta-atoms is P = 2.5 pm, and
the width and the radius of the cantilevers are w = 200 nm and

r =900 nm. The bending angle (0) can be tuned by the length () of
the cantilevers. The whole structure is based on a bilayer film with
60 nm Au and 20 nm SiNy; (b) SEM of large scale metasurface
fabricated by FIB defined origami, and the inset is a false color
image of the bended metasurface. Scale bar: 3 pm.
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property of NIR transmission of the vertical SRRs. Three res-
onances can be observed from the red curve, in which the
resonances at 1.68 pym and 2.71 pum show sharp dips and
asymmetric line shapes due to the interaction of the mag-
netic and the electric resonance [36, 37]. Although sharp dips
are obtained, the modulation depth of the 1.68 pm resonance
is too shallow to be detected by measurement. Fortunately,
the modulation depth becomes deeper after the combination
of the vertical SRRs and the frame, as depicted in the blue
curve. There are also two HQ resonances appearing in this
composite structure. In figure 2(b), it is obvious that the res-
onance at 1.68 pum red-shifts to 1.75 pm, and the reson-
ance at 2.71 pum blue-shifts to 2.5 pum. Since the Q factor
of the Fano resonance is determined by the discrete states,
the HQ property of the two resonances is inherited for the
two resonances in the red curve mentioned above [38, 39].
Figure 2(c) highlights the polarization insensitivity of the C4
symmetric metasurface, where the spectra of x-polarization
and y-polarization incident are totally overlapped, indic-
ating that the 3D bended metasurface is a polarization
insensitive one.

The electric field distribution of the resonances at 1.75 um
and 2.5 pm are also extracted and shown in figures 2(d) and
(e), respectively. As shown in the electric field distribution at
the height of 100 nm, the electric field of the metallic frame
and the vertical SRRs are coupled. Strong near field enhance-
ment can be observed for both resonances, which manifests a
strong light confinement effects at corresponding wavelengths.
The localized field enhancement effect of the Fano reson-
ance plays an important role in the application of bio-sensing
[40, 41]. The coupling of the field also results in a shift of the
resonances. Compared to the vertical SRRs without metallic
frame, the modulation depth and the Q factor of the compos-
ite 3D structure are larger for both resonances. Although the
field is relatively weak at the height of 500 nm, the light is
highly confined at the surface of the metal, this means that the
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Figure 2. (a) Schematics of the cross vertical SRRs, supported
frame and the 3D metasurface, and their transmission spectra are
shown in (b), respectively. (c) The spectra of the metasurface for the
x-polarization and y-polarization. (d), (e) The electric field
distribution of the 3D structures at 1.75 ym and 2.5 pm,
respectively. (f) The transmission spectra for metasurfaces with
110°, 130° and 150° bending angles. (g) The Q factor and the
modulation depth changes with the bending angle.

light is dissipated by the resonator. The property of the two
HQ resonances in one metasurface is conductive to the design
of multiplexing devices, and the unexcepted perturbance in the
spectra at 2.6 um is because of the Wood—Rayleigh anomalies
[42, 43].

Quantitative Q factor and modulation depth can be used to
determine the properties of the HQ resonance. The Q factor
can be calculated by Q = feenter/ Af, Where fcener and Af are
the center frequency and the full width half maximum of the
resonance dip, respectively. The modulation depth is usually
defined by the transmission/reflection difference for the mod-
ulators with different states [44—46]. However, in this work,
the modulation depth of the resonance is the transmission dif-
ference of the resonance dip and the edge [9], and the modula-
tion depth indicates the intensity of the resonance. A higher
modulation depth is beneficial to the design of high sens-
itivity bio-sensors and high efficiency optical devices. The
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Figure 3. (a) The unit cell of the fabricated metasurfaces. From left
to right the bending angles are 90°, 110° and 130°, respectively, and
their spectra are shown in (b). (c) A comparison of the simulated
and experimental result for 130° bending metasurface. (d) The
transmission spectra of the metasurface for x- and y-polarized
incident, respectively. Scale bar: (a) 1 pm.

modulation depth is the transmission difference of the reson-
ance dip and the background curve. For the metasurface with
130° bending angle, the resonance at 1.75 pum has a Q factor
of 187 with a modulation depth of 22%, and the resonance
at 2.5 pm has a Q factor of 308 with a modulation depth
of 26%.

The metasurfaces with different bending angles are fur-
ther investigated in order to maximize the Q factors and the
modulation depths. Figure 2(f) shows transmission spectra
of metasurfaces with 110°, 130° and 150° bending angles,
from which it is clear that the modulation depth of the res-
onance at 2.5 pm achieves maximum at 130° bending angle,
and dramatically decreases when the bending angle changes.
Besides, for the resonance at 1.75 pum, because the resonance
is slowly changed with the geometrical morphology of the
structures, the Q factor together with the modulation depth
can change with the bending angle. As can be seen from
figure 2(g), for the resonance at 1.75 pm, as the bending angle
changes from 60° to 140°, the modulation depth maintains
around 8% for the bending angle below 100°, and then sharply
increases with the bending angle increasing continuously, and
reaches a maximum of 22% at 130° bending angle. Mean-
while, although the Q factor decreases with the increase of the
bending angle, a relatively large Q factor of 187 can also be
obtained for 130° metasurface. This means the resonances at
1.75 pm and 2.5 pm attain the highest modulation depth at a
premise of HQ factor for the metasurface with 130° bending
angle.

According to the schematic in figure 1, by tuning the length
of the C4 symmetric cantilevers, metasurfaces with different
bending angles can be fabricated by the FIB defined origami
method, and large area metasurfaces with excellent uniformity
can be obtained. Figure 3(a) gives the SEM images of unit
cells with different bending angles of 90°, 110° and 130°,
respectively. A FTIR system (Bruker Vertex 80 v) operating
in the range of 1.2 —4.5 pm is used to collect the transmission
spectra of the metasurfaces. This instrument is equipped with
an incoherent NIR optical source. A sample with 100 x 100
pm? area is displaced under the microscope (Bruker Hyper-
ion) with 15 x objective lens (A597-15). The working dis-
tance and the N.A. of the lens are 24 mm and 0.4 respect-
ively, and an aperture is placed between the sample and the
objective to ensure the apex angle of the illumination cone
less than 5°. The background signal is collected from the air
by 128 times scanning, and then the spectrum of the bended
metasurfaces is collected after 128 times scanning. The res-
ults shown in figure 3(b) demonstrate the transmission spec-
tra of metasurfaces with different bending angles. On the
blue curve (90° bending), it is obvious that the resonances
at 1.75 um and 2.5 pym do not appear. However, both res-
onances with small modulation depths appear for the 110°
bending metasurface (red curve). What is more, the modula-
tion depth of these resonances is further increased for the 130°
bending metasurface, and it is experimentally proved to be
an optimized structure. A comparison between the simulation
and the experiment of the 130° bending metasurface is shown
in figure 3(c), where the line shape of the spectrum reveals
that the experiment and the simulation agree well. The exper-
imental Q factor of both resonances are 24 and 30, respect-
ively, which are relative HQ factors for metasurfaces. In addi-
tion, there is a small dip appearing at 1.9 um, which is due
to the undulating surface of the metasurface that introduces
a dip angle for the incident. The mismatches in the modula-
tion depth and the Q factor between the simulation and the
experiment are mainly caused by the metal loss and imperfec-
tions in the experiment. Figure 3(d) demonstrates the x- and
y-polarized incident transmission spectra of the 130° metasur-
face, where the spectra yield to the same line shape, verifying
that the C4 symmetry metasurfaces are polarization insens-
itive, which are also in good agreement with the simulation
results.

Besides the HQ Fano resonances at the near-infrared band,
a resonance with asymmetric line shape can also be observed
in the mid-infrared band, and this resonance generates a red
shift with the increasing of the bending angle. Figure 4(a)
demonstrates the measured results of the low frequency reson-
ance. The resonance with typical Fano line shape is red shif-
ted from 2.5 pym to 4.8 pum with the bending angle changes
from 30° to 130°, and the modulation depth also changes with
the bending angle and reaches a maximum at 50° bending
angle. The validity is verified by the simulation in figure 4(b).
Figure 4(c) gives the details of the simulated and experi-
mental results for the 50° metasurface, and the resonance
wavelength (modulation depth) for the experiment and sim-
ulation are 2.91 pum (63%) and 3.14 um (72%), respect-
ively, indicating that the measurement and the simulation are
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Figure 4. The spectra of the mid-infrared band of the metasurface.
(a), (b) The experimental and simulated spectra of the metasurfaces
with different bending angles. (c) A comparison between the
simulation and the experiment for the metasueface with 50° bending
angle. (d) The spectra and the local electric field distribution of the
continuum state, discrete state and Fano metasurface.

well consistent. To explore the underlying mechanism of this
resonance, the spectra and local electric field distribution at
the resonance position of the metallic frame, vertical SRRs,
and the Fano metasurface (with bending angle of 50°) are
demonstrated in figure 4(d), respectively. From the near-field
distribution, it can be found that the Fano resonance is gen-
erated by the near-field coupling between the metallic frame
(continuum state) and the vertical SRRs (discrete state), and
the line shape in the spectrum of Fano metasurface is not
a simple superposition of the spectra of the vertical SRRs
and the frame, but the coupling between them. The tuning of
the bending angle will dramatically affect the intrinsic res-
onance frequency of the discrete state so that the resonance
wavelength and modulation depth of Fano resonance can be
modulated.

3. Conclusions

In conclusion, we have brought out a kind of 3D bending
metasurface consisting of a metallic frame and cross vertical
SRRs in nanoscale, which has two HQ resonances in the near
infrared range and shows polarization insensitive property.
FDTD simulation reveals that this metasurface can generate
HQ resonances at 1.75 ym and 2.5 pum because of the coup-
ling of the EOT spectrum of the supported frame and the elec-
tromagnetic mode of the vertical SRRs. The modulation depth
and Q factor of the metasurfaces can be modulated by the geo-
metric construction of the vertical SRRs, and HQ resonances
with large modulation depth can be obtained by the 130° bend-
ing metasurface. The as-designed metasurfaces with different
bending angles have been fabricated by FIB defined origami
method, and the experimental results confirm perfect polar-
ization insensitive and reveal that the metasurface with 130°

bending angle has Q factors of 24 and 30 at 1.75 pum and
2.5 pm, respectively. Our works not only provide a simple
method for design and preparation of HQ 3D metasurface
with polarization insensitivity, but also open up a new
horizon for their applications of multifunctional photonics
devices.
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