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A bi-layer continuous omega-shaped metamaterial was proposed and fabricated to measure the
asymmetric transmission (AT) effect of a linearly polarized light at near-infrared region. The metamaterial
was fabricated by the electron-beam lithography method, and the AT effect was demonstrated by the
difference between total transmittances in the two opposite propagation directions for x-/y-polarized
incident light. The experimental results were confirmed by the full-wave simulated results. Importantly,
we also experimentally demonstrated that the AT effect is robust against the misalignments between the
first and the second omega-shaped layers. Accordingly, the successfully prepared sample and its
characterization provide a bright future for applications in light-controlled switchers and optical diodes
in on-chip optical systems and information communication systems.

Introduction

Metamaterials are artificial media with great scientific and
application values as they can arbitrarily manipulate the elec-
tromagnetic waves from microwave to optical region by
adjusting their shapes, sizes and arrangements. For instance,
asymmetric transmission (AT) effects, optical activities, perfect
absorptions and other electromagnetic effects have already
been realized by I-shaped resonators,” helix photonic meta-
materials,*” fish-scale metallic wires,® cross-shaped resonators’
and so on. In addition, “digital metamaterials” have also been
proposed, though which the electromagnetic waves can be
manipulated more flexibly by coding ‘0’ and ‘1’ elements with
controlled sequences (ie., 1 bit coding).® Recently, meta-
materials have been studied widely by simulation methods;
most of the sample fabrications and experimental measure-
ments were just realized at microwave and terahertz regions by
both two-dimensional (2D) and three-dimensional (3D) meta-
materials.»*? In contrast, the fabrication of nanoscale meta-
structures at infrared and optical regions primarily involve
planar metasurfaces rather than 3D metamaterials.”'%"
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However, it is of great significance to overcome the challenges
of fabricating 3D metamaterials at nanoscale, which have pre-
sented or enhanced a variety of electromagnetic properties not
realized in planar metamaterials, such as AT effect of linearly
polarized light*>** and the enhanced optical activity.****

The AT effect indicates that the total transmittance (trans-
mitted intensity divided by the incident intensity) is different
when incident light propagates in opposite directions.'® Over
the past decade, asymmetric transmission has attracted great
attention and has presented potential applications in optical
isolators, switchers and other electromagnetic devices. For
flexibly and dynamically controlling the asymmetric electro-
magnetic waves, PIN diodes were provided by putting the
external stimulation of voltage biasing to the bilayer twisted
split-ring resonators.”” Moreover, many other studies intro-
duced graphene and disturbance to adjust the asymmetric
transmissions.'° Traditionally, magneto-optical materials*"*
and non-linear media*®?* were used to break the Lorentz's
symmetry condition and induce the effect of nonreciprocal
transmissions. However, these studies usually involve a mate-
rial whose size is bigger than the desired wavelength; hence,
they cannot be used in the micro-nano optical system and other
optical communication systems. In addition, the gradient
metasurface,” asymmetric gratings,”*** and chiral meta-
materials*®*?® have been proposed to realize AT effects without
breaking Lorentz's reciprocity theorem. It is complicated to
properly design the phase gradient of the metasurface* or to
avoid the higher diffraction modes of asymmetric gratings.>®
However, it is various and flexible in desiging 2D and 3D chiral
metamaterials. Moreover, the transmissions for the chiral
metamaterials are either co-polarized or cross-polarized
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without higher diffraction modes. Therefore, many
subwavelength-scale chiral metamaterials are proposed to
realize the circularly and linearly polarized AT effects.**3%% It is
well known that 2D metamaterials cannot destroy mirror
symmetry in the propagation direction normal to the 2D plane,
so only circularly polarized AT effect can be realized by 2D
metamaterials.®*>** However, the 3D metamaterials without
mirror symmetries in the directions parallel and perpendicular
to the propagation of light can induce circularly or linearly
polarized AT effects.”®*® For example, 3D metamaterials without
any rotational symmetry have been proposed to realize the
circularly and linearly polarized AT effects, concurrently.****

In this study, we proposed the well-aligned bi-layer contin-
uous omega-shaped metamaterials and experimentally
demonstrated the AT effect for linearly polarized incident light.
Compared with the previously demonstrated wavelength
range,* it is significant that the operating wavelength range
band is brought to a shorter near-infrared wavelength range,
which is highly demanded for practical optical applications. To
show the AT phenomena clearly and intuitively, we measured
and simulated total transmittances for x- and y-polarized inci-
dent lights propagating along the forward and backward
directions. Then, we confirmed that the experimental results
were in good agreement with the full-wave simulations. More
importantly, we experimentally verified that the AT effect is
robust to the misaligned errors (particularly lateral errors, not
rotational errors) of this bi-layer continuous omega-shaped
metamaterial. The successful experiment and robustness of
the design will provide potential applications for on-chip
optical computing, optical diode and other optical communi-
cation systems.

Sample and design

Fig. 1(a) presents the scanning electron microscopy (SEM)
image of the bi-layer continuous gold (Au) omega-shaped met-
amaterial embedded in a silica substrate, and the whole
coverage area of the sample is 50 pm x 50 um. Schematics of
the unit cell for perspective view and top view are presented in
Fig. 1(b) and (c), respectively, with dimensions of the fabricated
structure as a = 330 nm, b = 330 nm, w = 80 nm, ¢ = 40 nm and
L = 500 nm. It is worth mentioning that the distance between
the top and bottom layer was d = 120 nm, which was the
minimum distance for our fabrication. In order to demonstrate
our experiment result, we have performed Finite Difference
Time Domain (FDTD) method. And gold is used by a Drude-type
model with plasma frequency w, = 1.367 x 10'° rad s~ and
collision frequency y = 4.0715 x 10" rad s '.3* Meanwhile,
a silicon-oxide with &g, = 2.1 is considered as dielectric envi-
ronment. Herein, we used periodic boundary conditions in x-
and y-directions to realize the continuous omega-shaped met-
amaterial, and the total transmittances were probed directly
when the x- and y-polarized incident lights propagated along
the forward (+z) and backward (—z) directions.

For sample fabrication, the polymethyl methacrylate
(PMMA) layer was first spin-coated onto the 500 um-thick silica
(Si0O,) substrate. Similarly, a conductive polymer layer (Showa
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Fig. 1 (a) SEM image of the fabricated omega-shaped metamaterial.
(b) Perspective view of the unit cell with bi-layer continuous omega-
shaped Au metamaterial embedded in SiO». (c) Top view of the upper
continuous omega-shaped metamaterial.

Denko, E-spacer 300Z) was also spin-coated to prevent the
charging effect from the dielectric substrate. Then, the contin-
uous omega-shaped pattern was exposed by an electron-beam
lithography (EBL) system (ELIONIX ELS-7800, 80 kV, 50 pA).
After exposing, the conductive polymer layer was first removed
by DI water and then, the continuous omega-shaped pattern
was developed and fixated by the MIBK : IPA 1 : 3 solutions and
IPA. Then, an adhesion layer with 3 nm-thick chrome and
a structure layer with 40 nm-thick Au were deposited by
electron-beam evaporation (KVT KVE-ENS4004). Hence, the first
(bottom) continuous omega-shaped Au layer was transferred
onto the substrate by a standard lift-off process. Next, on top of
the first layer, a 120 nm-thick spin-on-glass polymer layer was
spin-coated and baked. The lithography processes was repeated
along with an ultra-accurate overlay process®® to obtain the
second (upper) continuous omega-shaped Au layer. Finally,
another SiO, layer was deposited on top of the sample to
encapsulate the continuous omega-shaped metamaterial in
SiO, environment.

Experimental results

It is known that the AT parameters (4) for linearly polarized
light can be calculated by 4, = £ — P and 4y = t - tb 37 where f
and b indicate that the incident lights propagate along the
forward and backward directions, respectively, and ¢, and ¢,
indicate the total transmittances for the x- and y-polarized
incident lights, respectively. Fig. 2 presents a homemade optical
setup for measuring the spectra of total transmittances for both
x- and y-polarized incident lights. In this experiment, we rotated
the sample 180° along the x-direction for realizing the forward
and backward illuminations. The white light (Ocean Optics, HL
2000) was first calibrated by the convex lens (L1). The convex
lens from L2 to L4 ensured parallel illumination, and x- and y-
polarized incident lights could be induced by the linear polar-
izer (P). In addition, diaphragms (D1, D2) and a filter (F) were
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Fig. 2 Schematic of the optical path designed for measuring the total
transmittances for the x- and y-polarized incident light.

used to control the faculae and light intensity. Then, the illu-
minated light was reflected to the objective 1 (O1: Olympus,
50%, N.A. 0.8) by the beam splitter (B) and focused on the
sample. As a result, the light separated into two paths after
interacting with the continuous omega-shaped metamaterial:
one path light was focused on the charge-coupled device (CCD)
to observe the sample, and the other path light passed through
the sample and was collected by the objective 2 (O2: Olympus,
50%, N.A. 0.5) and measured by the spectroscopy analyzer
(AQ6370C).

Results and discussion

In order to clearly show the differences in total transmittances
for linearly polarized light propagating along the two opposite
directions, we have measured the total transmittances directly
rather than the transmission coefficients in Jones matrix in our
previous studies.**** Fig. 3(a) and (b) present the measured
spectra of total transmittances recorded by the homemade
optical setup shown in Fig. 2. For x-polarized incident light
[Fig. 3(a)], the total transmittance for backward (—z) propaga-
tion (¢2) is about zero at around 1350 nm. In addition, the
transmittance in forward (¢f) direction is 0.12 at around
1350 nm, which can be considered as an efficient transmittance
compared with previous reports.”>** Therefore, x-polarized
incident light could pass through the continuous omega-
shaped metamaterial along the forward direction, but it was
prevented along the backward direction. As discussed in the
former simulation study, it is known that the hybrid resonance
and chiral arrangement of the bi-layer metamaterial result in
a high transmittance for x-polarized incident light propagating
along the forward direction.*” Moreover, the bi-layer meta-
material cannot induce a hybrid resonance for the x-polarized
incident light propagating along the backward direction.
Therefore, the backward transmittance is nearly zero. For the y-
polarized incident light [Fig. 3(b)], only backward direction is
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Fig. 3 Measured (a) and (b) and simulated (c) and (d) total trans-
mittances for x- and y-polarized incident light propagating along the
forward and backward directions.

allowed for the light to propagate through the sample rather
than the forward direction. To confirm the experimental results,
we performed simulations to numerically check the asymmetric
total transmittances for the x- and y-polarized incident lights
propagating along the forward and backward directions, as
shown in Fig. 3(c) and (d). The simulated results show that the
x-polarized incident light can only pass through the continuous
omega-shaped metamaterial along the forward direction at
a resonance wavelength of about 1400 nm. Inversely, the y-
polarized incident light can only pass through the metamaterial
along the backward direction at the same resonant wavelength.
The overall tendency of the simulated spectra is in reasonable
agreement with the measured result. Herein, the simulated
total transmittances for x- and y-polarized incident lights
propagating along the forward and backward directions were
consistent (¢, = t;? and 2 = t;), which could be attributed to the
spatial symmetry of the proposed bi-layer metamaterial.
However, for the experiment, it is hard to keep an exactly x-/y-
polarized incident light; as a result, the spatial symmetry is
destroyed and the consistency disappeared. In addition, the
fabrication errors in critical dimensions of the structures,
uniformity coefficient of the middle coating film, noises of our
homemade optical setup and other disturbances were respon-
sible for the differences between experimental data in Fig. 3(a)
and (b) and simulations in Fig. 3(c) and (d).

Fig. 4(a) and (b) show the AT parameters for the experiment
and simulation calculated by the equation 4, = ¢k — 2 = —(t; —
t;’) = —4,. It is can be clearly found that the maximum values of
AT peaks are about +0.1 for the experiment, which agrees well
with the simulated result of about +0.18. The AT peaks
appeared at around 1350 nm in the measured results, which
suffered a slight blue shift compared with the simulations. As
discussed in previous studies, the blue shift should come from
the fabrication errors for parameter a in Fig. 1(c).*” Fig. 4(c)
presents the AT efficiencies of the simulated (Sim.) and exper-
imental (Exp.) results, which are shown by dotted and solid

This journal is © The Royal Society of Chemistry 2018
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lines, respectively. From the simulated results, we can infer that
for the continuous omega-shaped metamaterials, the AT
parameters are sensitive to distance (d) between top and bottom
layers, and the AT parameter reached up to 0.8 at d = 60 nm.
However, the AT parameter is only 0.05 at d = 150 nm, which
could be attributed to the resonance of Fabry-Perot-like cavity;
also, the interactions between the incident wave and the bi-layer
omega-shaped metamaterial are all weak.>”*° In addition, it was
necessary to realize the AT effect experimentally,. Hence, in this
study, we paid more attention on sample fabrications and AT
measurements. However, it is still a challenge to decrease the
distance to d = 60 nm. This is because if the thickness of the
spacing layer is too low, the first layer cannot be uniformly
covered and planarization cannot be achieved. Hence, the
distance d could be decreased down to only 120 nm using spin-
on-glass in this experimental study; as a result, the AT param-
eter could just reach nearly 0.1.*” Therefore, it is of great
importance to further overcome the challenges in fabrications
to realize better AT effects experimentally. Moreover, the multi-
layered programmable metasurfaces have been proposed to
improve the transmission at microwave and THz frequen-
cies.”™** Hence, increasing the layers of our omega-structure
would be also considered to improve the AT efficiency at
optical frequencies in future.

To study the influence of overlay fabrication imperfections,
we experimentally examined the AT effect of the misaligned
continuous omega-shaped metamaterial. Fig. 5(a) presents the
SEM image of a misaligned omega-shaped sample with
misalignments 0, = 135 nm and ¢, = 50 nm. Then, total
transmittances were measured by the same homemade optical
setup. As presented in Fig. 5(b) and (c), the tendency of trans-
mittance spectra is consistent with the spectra obtained from
the original well-aligned sample in Fig. 2. Then, the corre-
sponding AT parameters were calculated and shown in Fig. 5(d)
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(a) SEM image of the fabricated continuous omega-shaped metamaterial with lateral errors in x- and y-directions. (b) and (c) Measured

total transmittances for x- and y-polarized incident lights propagating along forward and backward directions, respectively. (d) The corre-

sponding asymmetric transmissions.
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with efficient AT values of about +0.075.> The working wave-
length range and values of AT parameters were also approxi-
mated to the result in Fig. 4(a), where slight deviations could be
attributed to wuncontrollable factors in fabrications and
measurements. Finally, we can conclude that the AT effect is
robust towards the lateral misalignments between the top and
bottom omega-shaped layers.

Summary

In summary, we have experimentally demonstrated the AT effect
for linearly polarized light by continuous omega-shaped meta-
material, and the measured results were also confirmed by
FDTD simulations. For fabrications, the alignment errors
caused by the EBL machine were minimized to obtain well-
aligned samples. In addition, we propose a simple homemade
optical setup, which can measure the total transmittances of x-/
y-polarized incident lights. Then, the forward and backward
total transmittances can be realized by rotating the sample, so
that the AT effect can be measured experimentally. Finally, we
have also experimentally verified that our continuous omega-
shaped metamaterial is robust against misalignment errors,
which are unavoidable in fabrications, showing its high possi-
bility in further practical applications.
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