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A Broadband Optical Diode for Linearly Polarized Light
Using Symmetry-Breaking Metamaterials

Minkyung Kim, Kan Yao, Gwanho Yoon, Inki Kim, Yongmin Liu,* and Junsuk Rho*

As an analog of electrical diodes, optical diodes enable asymmetric
transmission or one-way transmission of light. Here, a thin bilayer
metamaterial supporting asymmetric transmission is experimentally
demonstrated for linearly polarized light but not for circularly polarized
light over a broad bandwidth up to 50 terahertz in the near-infrared region.
A simple and intuitive working principle based on the symmetry inherent in
the metamaterial design is provided, along with full-wave simulations that
agree well with the experimental results. It is also proved that the design is
extremely insensitive to spatial misalignment, which may occur during the
nanofabrication process. These prominent features promise a wide range of
applications, such as ultrafast optical computing, information processing,
and suppressing undesired interactions of light in integrated micro- and

nanodevices.

There has been rapidly growing interest in optical-diode phe-
nomena, meaning light can transmit through a material or
device along one direction but not the opposite direction. Such
a property is fundamentally interesting because light trans-
mission is normally symmetric due to the Lorentz reciprocity
in time-invariant linear media. In order to break the Lorentz
symmetry condition, which requires the scattering matrix to
be asymmetric, we can employ magneto-optical materials,[!?!
nonlinear media,l’! or spatial-temporal modulations of refrac-
tive indices.**! All the three approaches could implement an
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ideal optical isolator that can transmit and
block any spatial mode in the opposite two
directions. However, these approaches
are quite challenging, especially at the
integrated and complementary metal-
oxide semiconductor (CMOS) compatible
system level.

Metamaterials, engineered materials
with extraordinary optical properties origi-
nated from subwavelength structures,
provide an alternative simple solution to
realize optical diodes via mode conver-
sion between specific modes, even though
the system is completely reciprocal. The
underlying mechanism arises from the
spatial symmetry breaking. Different
reciprocal optical diodes have been pro-
posed and demonstrated by employing
various metamaterials and metasurfaces. For instance, asym-
metric transmission for circularly polarized light has been
realized by chiral metamaterials including split-ring resonator
and fish-scale patterns.[*'!l Asymmetric transmission of linear
polarization has been also reported using asymmetric grat-
ings,'13l  grating-patterned metal-dielectric bilayer™ and
metal-dielectric multilayer,”) and specifically designed unit
cell including bilayer metallic strips,!'® half-gammadions,”l a
U-shaped resonator,['®2% and L-shaped bilayer structures.?!?2
However, the reported structures are rather narrow band or
limited to GHz range which is not favorable for optical appli-
cations, or they have low asymmetric transmission value, near
one fifth. It should be noted that reciprocal optical diodes have
also been demonstrated in the realm of photonic crystalsi?3-2¢l
and parity-time symmetric waveguide.””-* In addition, it is
worth mentioning that strong polarization conversion by meta-
materials has been demonstrated in the terahertz region,3%31
which potentially could be scaled to the optical wavelengths to
realize broadband asymmetric transmission.

In this paper, we present numerical and experimental
demonstrations of an optical metamaterial composed of two
layers of half-gammadion structures for asymmetric transmis-
sion of linearly polarized light with up to 50 THz bandwidth
in the short-wavelength infrared region. We have developed
microscopic dipolar description to unveil the fundamental
mechanism of the asymmetric transmission. Furthermore, the
performance is highly robust even under misalignment errors,
which might take place in the fabrication process. Our research
findings promise novel applications such as on-chip optical
computing, information communication, and prevention of
unwanted interferences and interactions in integrated photonic
circuits.
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Figure 1. Schematics of the unit cell and SEM image of the fabricated device. a) Perspective view of the unit cell of the proposed metamaterial.
Two layers of half-gammadion structures made of gold are embedded in SiO,. Propagation direction is defined as forward for the +z-direction and back-
ward for the —z-direction. The metamaterial shows different transmission characteristics for forward and backward x-polarized incidence via polarization
state conversion. b) Top view of the upper half-gammadion structures (left) and side view of the unit cell (right) with geometrical parameters indicated
in the figure: p =500 nm, Ly =350 nm, L, =150 nm, s =200 nm, w = 60 nm, ¢t = 50 nm. c) SEM image of the fabricated device.

Figure 1a shows the perspective view of a unit cell of the
metamaterial, which consists of two layers of periodic gold
half-gammadion structures embedded in a silica substrate.
The two layers have a 200 nm spacing distance to break sym-
metry in the propagation direction. With respect to the bottom
layer, the upper layer is rotated by an angle of m/2 about the
z-axis and then rotated 7 about the y-axis. Figure 1b illustrates
the geometry of the metamaterial, while the scanning electron
microscope (SEM) image of one fabricated device is presented
in Figure 1c.

The conditions of asymmetric transmission for linearly
polarized light can be examined through Jones calculus. Jones
matrix, whose components have complex values, transforms

Jones vector of the incident field ( ?‘ to that of transmitted

Y

field ( ?I:" J.[32'33] Mathematically, it follows

Y

Tx Ix . Tx" TXY

[TY )—Tf[ly ],WlthTf_[TW Tyy] (1)
where T represents Jones matrix for the forwad propagation
direction (along the +z-axis). From the Lorentz reciprocity the-

orem,B* Jones matrix for the backward propagation direction
(along the —z-axis) has the following form

T = Txx _’I;;x (2)
’ _Txy Tyy

Asymmetric transmission, denoted as A, is defined as the
difference between transmittance in the forward direction
and transmittance in the backward direction. It can be readily
proved that the asymmetric transmission for x- and y-polarized
light is given by

A =T = |Txy’2 =-4 (3)

In order to achieve asymmetric transmission, first of all, the
spatial symmetry of the metamaterials along the propagation
direction should be broken; otherwise, transmission along the
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forward and the backward propagation direction is symmetric.
Secondly, on the basis of the changing process of the circularly
polarized light, one can conclude that transmission coefficients
should satisfy T, = T, and |T,,| # |T,,| to exhibit asymmetric
transmission for linear polarization only, but not for circular
polarization.?3] Since the unit cell of the proposed metamate-
rial is symmetric under 7/2 rotation about the z-axis followed
by 7 rotation about the y-axis, i.e., invariant under Ry(m)R,(r/2),
x-polarized incidence in the forward propagation direction is
equivalent to y-polarized incidence in the backward propagation
direction. Therefore, the Jones matrix of the backward propa-
gation is equal to the Jones matrix of the forward propagation
after the two rotation transformations. In other words

Txx _Tyx_ Txx TXY -1 : _0 -1
(B F)es(Z Blswms(s 3) 0

Y X Yy

Such a symmetry described by Equation (4) ensures T, = T,,.
On the other hand, because the unit cell of the designed metama-
terial lacks fourfold rotational symmetry, the structure is aniso-
tropic. This results in different crosspolarization conversion coef-
ficients; i.e., |T,| # |T,|. Therefore, the proposed metamaterials
enable asymmetric transmission to occur only for linearly pola-
rized light, providing additional degrees of freedom in photonics
applications, since we do not need to use additional quarter-wave
plates to generate and detect circularly polarized light.

We have performed numerical simulations based on commer-
cial electromagnetic solver (CST Microwave Studio) to validate
our design. In the simulation, we have used the Drude model
to describe gold with plasma frequency 1.367 x 10'® rad s™! and
collision frequency 4.0715 x 103 rad s~1. The simulation results
are plotted as solid lines in Figure 2. The transmission of light
through the device is normalized by the transmission through
a bare silica substrate. One can see that in the forward direc-
tion, a large portion of x-polarized incident light is converted to
y-polarized transmitted waves, resulting in large T,,, while the
x-polarized component of the transmitted light is negligible,
producing small T, (Figure 2a). In a sharp contrast, for the
backward propagating case, x-polarized incident light has very
low transmission, that is, both T, and T,, are small (Figure 2b).

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The simulated (solid line) and the measured (dashed line) transmittance under x-polarized incidence. a) Transmittance for forward propaga-
tion. b) Transmittance for backward propagation. c) Asymmetric transmission of x-polarized light. The insets show eigen-polarization states of forward
propagation at three different frequencies retrieved from simulated transmission spectra.

Note that coefficient T, is identical for both forward and back-
ward directions. These results clearly show that transmittance
along the forward and the backward propagation direction is
different, giving rise to asymmetric transmission spanning a
broad range from 125 to 175 THz (Figure 2c). Here, only the
transmittance for x-polarized incidence is presented, but the
transmittance of y-polarized light can be easily obtained from
the relations between Jones matrices. Specifically, the trans-
mission coefficient of y-polarized light under y-polarized illu-
mination (T,,) is same for both propagation directions, and it
satisfies and T,, = T, as expected from Equation (4). The cross-
polarized transmission coefficient T,,, instead, shows distinct
behavior for both forward and backward propagations.

We have fabricated large-scale (100 pm x 100 pm) bilayer half-
gammadion metamaterials using electron beam lithography.
The SEM image of a device is shown in Figure 1c. Fused silica is
used as a substrate, and 3 nm chrome is deposited as an adhe-
sion layer under 50 nm thick gold half-gammadion structures.
Then the transmittance spectra of the fabricated device are
measured using Fourier transform infrared spectroscopy (FTIR).
The experimental results are plotted as dashed lines in Figure 2,
which show very good agreement with the simulations. We have
fabricated three different devices and confirmed that the meas-
ured transmittance is all consistent to the simulated one. The
decreased asymmetric transmission contrast in the experiment
is mainly attributed to the imperfection in the fabrication such
as geometry deviation of the fabricated devices from the design.
More details about the fabrication process and optical measure-
ment can be found in the Supporting Information.

The underlying mechanism of asymmetric transmission
arises from the different nonorthogonal eigen-polarization
states of the symmetry-breaking metamaterials. Here, we dis-
cuss the correlation between asymmetric transmission and
orthogonality of eigen-polarization states. Through the same
analysis as Equation (4), we can deduce that a structure that is
’; g) type of
Jones matrix. Therefore, the Jones matrix of forward propaga-
tion and that of backward propagation share the same set of
eigenvectors. Jones matrix of the bilayer half-gammadion met-

B

symmetric along the propagation axis has (

amaterial, however, has a form of é . In such a case,

eigenvalues of forward propagation and those of backward
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propagation are identical but eigenvectors are not identical
anymore.

Assuming ¢; = (1 a)T and ¢, = (b 1)T are the two distinct
(unnormalized) eigen-polarization states where a,beC and
ab # 1, then, a and b are determined by solving the eigenvalue
problem. More specifically, we can obtain
a’=1/b"=C/B (5)
Since ab # 1, b is equal to —1/a. Now normalizing the two

eigenstates and expressing them with real-valued parameters,
we can obtain

e, = (a ﬁei“’)r e, = (a — Be* )T

1 Re(a)

LR e

Eigen-polarization states calculated from the simulated
transmission are shown in the insets in Figure 2c. At the reso-
nant frequency of 140 THz, these eigen-polarization states are
nonorthogonal counter-rotating elliptically polarized waves.
In contrast, the eigen-polarization states are nearly orthogonal
in other frequencies such as 105 and 225 THz, and here the
metamaterial shows symmetric transmission spectra. In fact,
they are not orthogonal if and only if the asymmetric transmis-
sion is nonzero, since the inner product of the two states is

. S o 1B -|Cl
€16 =(O£ﬁe w)( —ﬁe“’ J=|B|+|C|

For backward propagation, the bilayer half-gammadion meta-
material has different eigen-polarization states: (£f3 exp(—i¢) &)”.
Except for the negative sign of the phase, which is a conse-
quence of a coordinate change, they coincide with R (m)R,(7/2)
transformed image of the eigen-polarization states of the for-
ward case. It accords with the fact that the proposed meta-
material design is invariant under R,(m)R,(r/2). Since two
eigen-polarization states of the metamaterial design are R,(m)
images of each other, eigen-polarization states of backward
propagation are identical to the m/2 rotated image of those of
forward propagation along the z-axis. Therefore, if two eigen-
polarization states of forward propagation are orthogonal, a set

(0)

¢ = arg(a)

()
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of eigen-polarization states of forward and that of backward  spectra of the single bottom layer (Figure 3a) show pronounced
propagation are identical. In such a case, transmission is sym-  coupling between the half\gammadion structure and
metric for both forward and backward propagations since the  y-polarized incidence, because the electric field excites the long
two cases are optically identical. Meanwhile, symmetric trans-  bar strongly. This results in nearly zero y-polarized waves in
mission ensures orthogonality of eigen-polarization states from  transmission close to the frequency of 150 THz. However, for
Equation (7). Thus, the transmission of forward and backward  x-polarized incidence, the lower layer interacts weakly, trans-
propagations is symmetric if and only if a set of eigen-polar-  mitting most of the x-polarized waves and converting some
ization states are orthogonal. This equivalence explains why  part of the x-polarized field into y-polarization. The cross-polar-
eigen-polarization states of asymmetric transmission range are  ization coefficients (T, and T,,) of the single layer are identical
nonorthogonal. because of the symmetry along the propagation direction.

We can better understand the underlying mechanism of the Although optical responses of the structure come from
asymmetric transmission from a microscopic dipole picture.  hybridized mode of two layers, Jones matrix of the bilayer
Starting with optical responses of a single layer, transmis-  structure shows similar tendency by multiplying the Jones
sion through the two layers, neglecting the coupling between  matrix of the lower and upper layers as shown in Figure 3c,d.
them, will be described. Then, we will discuss how the interac-  Since a single layer itself is symmetric along the propagation
ti.on between the two layers affects the asymmetric transmis- axis, Jones matrix of the lower layer has the form as PoQ)
sion. Each half-gammadion structure has a long bar and two Q R
short side bars at the ends. They function as two orthogonal  in which the off-diagonal elements are identical. Then Jones
dipoles®>3¢l affecting the scattered field by absorbing incident
waves and re-emitting different polarization components. The
long bar and side bars act as dipoles that interact strongly and  symmetry between the two layers. If we assume the interlayer
weakly with the incident field parallel to the bar orientation,  coupling is weak, Jones matrix of the bilayer half-gammadion
respectively, at the working frequency range. Transmittance  structure for forward propagation is given by

matrix of the upper layer is S % , based on the geometric

b Current density (J) Polarization (P)
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Figure 3. a) Transmittance spectra of the bottom layer. b) Normalized current density and polarization distribution of forward propagation. Color
map describes the amplitude of each quantity vector, and arrows show its direction. Blue and green arrows correspond to the top and bottom layers,
respectively. Red circles enclosing a cross and a dot in the top left panel indicate the direction of induced magnetization, and purple arrows in the
top right panel show the direction of induced polarization. Transmittance spectra of bilayer assuming no interaction between two layers for c) forward
and d) backward propagations. Despite the neglected interaction between two layers, the transmittance characteristic shows similar tendency with
the original device.
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while that of backward propagation is

4P Q)R ©Q _PR+QZ

<o 8)le 8)e(
1 0
(5 5

Here A is added to take care of different coordinate conven-
tion in backward propagation. Equations (8) and (9) show
asymmetric transmission characteristic, which stems from
the reverse order of dipole excitation. In short, transmission is
dependent on the propagation direction because waves propa-
gating along the forward and backward directions experience
different dipoles in different order.

The overall good agreement between this approach and
direct full-wave simulation shown in Figure 2 implies
that coupling between two layers is weak. However, there
is a notable difference of T, coefficient near 140 THz in
Figure 3c,d compared to Figure 2 a,b. The reason is that the
relative high value of T,, is originated from the inter-layer cou-
pling. To examine the physical mechanism of the discrepancy,
we calculated current density and polarization, which are two

20R
PR+Q’

-2PQ
PR+ Q[ o)

Transmittance

Frequency [THz]

www.advopticalmat.de

fundamental quantities to show electromagnetic resonances.
Normalized current density and polarization at 140 THz are
shown in Figure 3b. Under y-polarized incidence, the cur-
rent density and polarization of lower and upper layers cancel
each other and do not produce net magnetization and polari-
zation. On the other hand, under x-polarized incidence, the
current density and polarization of the upper layer induced
by the fields of the lower layer are in phase with those gener-
ated in the upper layer from the incident fields. As a conse-
quence, the in-phase responses result in nonzero electric and
magnetic dipoles, and the reradiated waves from the induced
dipole moments enhance cross-polarization conversion ratio.
Note that the asymmetric transmission takes place in a rela-
tively wider frequency range as shown in Figure 3, compared
with the results in Figure 2 in which the inter-layer coupling
is included.

Since the structure has nanoscale feature size, some imper-
fections during fabrication processes are inevitable. Therefore,
we have examined asymmetric transmission of the misaligned
devices, which shows remarkable robustness of the design. We
can understand the excellent tolerance of our device in the fol-
lowing way. From the effective medium theory, each layer of the
half-gammadion structures may be characterized as a homoge-
neous thin film with effective permittivity and permeability. Then
the whole structure can be considered as two effective thin films
embedded in a silica material. As a result, the relative translational
offset between the realistic, bilayer half-:gammadion structures is
expected to have negligible influence on the optical response. This

b 12

— Txx
—— TyX
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0.8
0.6

0.4

Transmittance
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150 200
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Figure 4. a) SEM image of the fabricated device with translational error of =200 nm in the y-direction. Measured transmittance of the device for
b) forward propagation and c) backward propagation. d) The contrast of asymmetric transmission. Both transmittance spectra and asymmetric trans-
mission keep their original features even under the large spatial misalignment. Solid and dashed lines indicate the characteristics of the misaligned

and well-aligned devices, respectively.
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intuitive picture is fully supported by the numerical simulations
of the dependence of our design on various types of errors as
shown in Figure S1 in the Supporting Information. Here, we
experimentally verify the design robustness by measuring trans-
mittance spectra of the device in which we deliberately introduce
200 nm of misalignment in the y-direction. The SEM image and
FTIR measurement results are plotted in Figure 4. Figure 4b,c
demonstrates that the transmittance in both forward and back-
ward propagation directions of the misaligned device (solid lines)
does not present any notable differences compared with the
original well-aligned device. Asymmetric transmission shown in
Figure 4d proves high flexibility of our device in implementing
in applications. Therefore, we can confirm that, regardless of the
alignment of the top and bottom structures, asymmetric trans-
mission contrast up to 0.6 over a broad bandwidth of 50 THz is
obtained.

In conclusion, we numerically and experimentally demon-
strate broadband asymmetric transmission for linearly pola-
rized light using a symmetry-breaking metamaterial where the
half-gammadion layers work as nanoantennas to interact with
incident waves. Since the metamaterial shown here breaks sym-
metry in the propagation direction, different dipole interactions
generate polarization conversions and ultimately asymmetric
transmission along the forward and backward directions. We
also verify through numerical simulations and experiments
that the design is extremely robust under misalignment errors
which are unavoidable in fabrication, showing its high com-
patibility with further practical applications. Moreover, since
the design provides asymmetric transmission for only linearly
polarized light, but not for circularly polarized one, it will pro-
vide additional degrees of freedom in designing photonics
devices. Our results will enable many potential applications
including, but not limited to, suppressing interferences and
interactions in microscale or nanoscale devices and realizing
photonic integrated circuits as well as on-chip photonic isolators
and circulators.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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