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Abstract High efficiency, broad bandwidth, and robust angu-
lar tolerance are key considerations in photonic device design.
Here, a few-layer, asymmetric light transmitting metasurface
that simultaneously satisfies all the above requirements is re-
ported. The metasurface consists of coupled metallic sheets.
It has a measured transmission efficiency of 80%, extinction
ratio of 13.8 dB around 1.5 μm, and a full width half max-
imum bandwidth of 1.7 μm. It is as thin as 290 nm, has
good performance tolerance against the angle of incidence
and constituent nano-structure geometry variations. This work
demonstrates a practical asymmetric light transmission de-
vice with optimal performance for large scale manufacturing.
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1. Introduction

Devices providing asymmetric transmission of light are
useful components for optical communication systems, in-
formation processing, and laser applications [1–4]. Re-
cently, asymmetric light transmission with metamaterials
has received considerable interest [5–8]. Although these
devices are usually reciprocal and not suitable for appli-
cations such as optical isolation [9, 10], they have unique
advantages of passive operation and compact size. They
can be realized using photonic crystals [11, 12], helical
wires [13], hyperbolic metamaterials [14], coupled nano-
antennas [15–17], and non-symmetric gratings [18, 19].
However, these devices typically suffer from complex fab-
rication processes, low efficiency, and limited operational
bandwidth. For example, helical wires provide efficient and
broadband asymmetric transmission for circularly polar-
ized light in the infrared region [13], but they are fabricated
by direct laser writing and gold plating, which is com-
plex and time-consuming. Hyperbolic metamaterials sand-
wiched between two Chromium (Cr) gratings have shown
broadband asymmetric light transmission as well, but ex-
hibited a low transmission efficiency [14]. By properly de-
signing the coupling between nano-antennas, researchers
have demonstrated asymmetric light transmission [15–17].
However these structures usually require complex fabri-
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cation procedures and precise alignment between the an-
tennas, and their efficiencies need to be further improved.
A device consisting of a metallic grating cascaded with a
dielectric grating provides close to 100% transmission ef-
ficiency in simulation, but has a limited bandwidth [20].
Besides, the performance of these metamaterials is usually
sensitive to fabrication errors and the angle of incident light,
which limits their practical applications. Further, it is also
difficult to employ the same design strategy for asymmetric
light transmission at different wavelength ranges.

In this work, we report on a few-layer metasurface of-
fering efficient and broadband asymmetric transmission of
light. Metasurfaces are sub-wavelength textured surfaces
that can be thought of as the two-dimensional equiva-
lent of metamaterials [21–26]. They exhibit versatile, tai-
lored electromagnetic functions such as frequency selec-
tivity [27, 28], polarization control [29–33], wavefront en-
gineering [34–38], and even nonlinear responses [39–41].
The asymmetric light transmitting metasurface in this work
consists of three closely-spaced layers of one-dimensional
gold nano-gratings. Contrary to the prediction of conven-
tional theory (e.g., Malus’ law), the proper cascade of three
layers of nano-gratings instead offers efficient and broad-
band asymmetric light transmission for linearly polarized
light. Furthermore, the device is only 290 nm (λ/5) thick,
and its performance is robust against the angle of incidence
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Figure 1 Artistic rendering of the metasurface, consisting of
three layers of cascaded Au nano-gratings. The metasurface pro-
vides high transmission of x-polarized light incident from the left
side, but blocks x-polarized light that is incident from the right
side.

and fabrication variations. As an experimental demonstra-
tion, a device providing asymmetric transmission at a cen-
tral wavelength of 1.5 μm is fabricated and characterized,
which shows a transmission efficiency of 80%, extinction
ratio of 24:1, and a full width half maximum (FWHM)
operational bandwidth of 1.7 μm. Furthermore, the design
concept is suitable for large-area device manufacturing and
can be easily transitioned to achieve asymmetric light trans-
mission at other wavelengths.

2. Experimental Section

The designed asymmetric light transmission metasurface
consists of three layers of 40 nm thick gold (Au) nano-
gratings, each of which are separated by a 125 nm thick
SU-8 dielectric spacer (Fig. 1). The nano-gratings on the
left and right layers have a period of 140 nm and linewidth of
70 nm. The nano-grating on the middle layer has a period of
200 nm and linewidth of 100 nm. The gratings are oriented
0°, 45°, and 90°, for the first, second, and third layers,
respectively.

The metasurface was fabricated on a 500 μm thick fused
silica substrate using the process shown in Fig. 2a. The bot-
tom layer is fabricated by electron beam (E-beam) lithog-
raphy (JEOL 6300FS, JEOL) using Poly(methyl methacry-
late) resist (PMMA 950k, A2, Microchem) followed by the
deposition of a 3 nm Titanium (Ti) adhesion layer and a 37
nm Gold (Au) layer, and then metal lift-off in an acetone so-
lution. The PMMA layer was spin-coated on the substrate at
a rate of 1600 rpm for 40 seconds, and the sample was sub-
sequently baked on the hotplate at 180°C for 3 minutes. The
PMMA thickness was about 100 nm. To solve the charging
issues during the E-beam writing, a conductive polymer
layer (E-spacer, SHOWA DENKO K.K. 13–9, Shiba Dai-
mon 1-Chome Minato-Ku, Japan) was spin-coated onto the
PMMA layer at a rate of 1500 rpm for 45 seconds, and the

sample was subsequently baked on the hotplate at 110°C for
2 minutes. The E-spacer layer thickness was about 20 nm.
After the E-beam writing, the E-spacer layer was removed
after the sample was rinsed in the DI water for 15 seconds.
Subsequently, the PMMA layer was developed in the devel-
oper solution (1:3 MIBK to IPA) for 45 seconds, and rinsed
in IPA for another 30 seconds. To achieve uniform pat-
tern features, proximity effect correction (PEC) was imple-
mented during the E-beam writing. After the metal lift-off,
a 125 nm thick SU-8 layer was spun on the metal layer and
cured with ultraviolet (UV) radiation (MJB2, Karl Suss).
The patterning and metal deposition / lift-off process was
repeated three times in order to fabricate all three layers.
The scanning electron micrographs (SEMs) of the layers
are shown in Figs. 2b to 2d.

The metasurface is experimentally characterized after
fabrication. Output from a tunable laser (TLB 6326, New-
port, central wavelength at 1.5 μm) was sent through a
polarization controller (FPC032, Thorlabs), a single mode
optical fiber (P3-1550A-FC-1, Thorlabs), and then onto the
metasurface. The polarization state from the input fiber was
adjusted by the polarization controller and confirmed by
a separate linear polarizer (LPNIRA050-MP2, Thorlabs)
before illuminating the metasurface. The light transmitted
by the metasurface passed through another linear polarizer
(LPNIRA050-MP2, Thorlabs) and was collected by an ob-
jective lens into an optical power meter (2835-C, Newport).
The laser wavelength was scanned between 1470 nm and
1530 nm.

3. Results

When x-polarized light is incident from the left side, it is
efficiently transmitted through the metasurface and con-
verted to y-polarized output. In contrast, there is very little
transmission of x-polarized light when incident from the
right (opposite) side of the metasurface. Therefore, this
metasurface provides asymmetric transmission for linearly
polarized light.

Each layer of the Au nano-gratings individually func-
tions as a linear polarizer, which transmits light polarized
orthogonal to the grating, while absorbing/reflecting light
polarized along the grating. According to Malus’ law, the
transmission intensity of a linearly polarized light through a
linear polarizer is: I = I0cos2θ , where I0 and I are the light
intensity before and after the polarizer, and θ is the angle
between the incident light polarization direction and the po-
larizer transmission axis. In an ideal case where the metallic
nano-gratings provide unity light transmission, there will
only be 25% transmission intensity for x-polarized light
incident from the left side through the cascaded system of
three linear polarizers whose transmission axes are rotated
45° with respect to each other. When the finite cell size
and material absorption are taken into account, the effi-
ciency is even lower. Figure S1 (Supporting Information)
plots the product of the Jones matrices for the 3 different
layers, which is based on Malus’ law and neglects multi-
ple reflections between the layers. The notation Tnm means
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Figure 2 (a) Metasurface fabrication flow chart; (b-d) SEM pictures of the bottom (b), middle (c) and top (d) layer.

Figure 3 Simulated transmission intensity through the metasurface in linear (a) and logarithmic (b) scale.

transmission intensity of m-polarized input light into n-
polarized output light.

However, Malus’ law breaks down for the proposed
structure consisting of closely spaced Au gratings. Next,
the three layers of cascaded Au nano-gratings are treated as
an integrated structure and its electromagnetic response is
calculated (linear scale in Fig. 3a and logarithmic scale in
Fig. 3b, see Supporting Information for additional details).
In contrast to the predictions of Malus’ law, this metasur-
face provides high transmission of x-polarized light when
it is incident from the left side, while blocking the same
polarization incident from the right side. The simulated
transmission efficiency around 1.5 μm is 85% with an ex-
tinction ratio of 53 (17.2 dB). The extinction ratio is defined
as the ratio of the transmittance of x-polarized light from
the left side (Tyx + Txx) to the transmittance of x-polarized
light from the right side (Txy + Txx). The device has a

FWHM operating bandwidth of 1.67 μm. Malus’ law only
applies to cases where the multiple reflections between lay-
ers are negligible. However, for the metasurface here, there
are strong multiple reflections between the Au nano-grating
layers. Such interaction leads to asymmetric light transmis-
sion as well as polarization conversion in the structure.

The asymmetric response is due to a “cavity ef-
fect” rather than the near field coupling between lay-
ers. The multiple reflections between the three layers in
the three-layer metasurface leads to an enhanced cross-
polarization transmittance (Tyx) over a broad bandwidth, as
well as suppressed transmittances of other co- and cross-
polarization conversions (Tyy, Txy, and Txx). This results in
the asymmetric light transmission behavior of the meta-
surface. To better illustrate this point, we extracted the
effective anisotropic impedance of each grating layer first,
and then replaced the metasurface with three infinitesimally
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thin sheets which have the extracted impedances of the grat-
ing layers. Such a modelling process takes into account the
“cavity effect”. As shown in Fig. S2, the simulated trans-
mittance of the three “equivalent sheets” corresponds well
with the simulated transmittance of the actual metasurface.

Cascading two orthogonal 1D metallic gratings (e.g.,
bottom and top grating layers in Fig. 1) will lead to weak co-
polarization conversions, and negligible cross-polarization
conversions. There will also be some weak “cavity effect”
in this two-layer structure depending on the separation be-
tween the layers, as shown in Fig. S3. However, the 45°
orientated middle grating works as an efficient polarization
conversion layer to generate cross-polarization transmis-
sion. Furthermore, such a conversion mechanism is en-
hanced by the cavity effect within the metasurface, which
leads to its broadband asymmetric light transmission be-
havior.

Indeed, generating asymmetric transmission for a linear
polarization requires anisotropic electric and bianisotropic
responses (i.e., magneto-electric coupling). An arbitrary
electric response can be generated using a single layer pat-
terned sheet. However, a single sheet cannot generate mag-
netic and magneto-electric responses, which are necessary
for a high-efficiency polarization conversion. In fact, the
fundamental limit for cross-polarization conversion is 25%
if only an electric response is utilized [42]. Therefore, we
turn our attention to designs consisting of multiple layers. A
systematic design method for realizing arbitrary polariza-
tion conversion is outlined in Ref. [32]. It is shown that each
sheet can be homogenized as an equivalent sheet impedance
with well-defined transmission and reflection coefficients.
This allows the overall response of multiple cascaded sheets
to be calculated, which simplifies the design procedure. It
can be shown that at least 3 sheets are required to indepen-
dently control electric and magnetic responses [43].

Rather than designing complicated patterns that closely
approach the ideal sheets, here we show that a simplified
design employing 1D metallic gratings can also achieve
a relatively high performance. Consider two half-spaces
separated by the metasurface, where the electric fields on
either side of the metasurface are related by the following
relation:
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t

)
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Here, T is the Jones matrix of the metasurface, and
E x/y

i and E x/y
t are the incident and transmitted electric field

polarized along the x and y directions, respectively. The
element tnm in the Jones matrix denotes transmission coef-
ficient of the m-polarized electric field to the n-polarized
electric field, and is usually a complex number (contain-
ing both field transmission amplitude and phase informa-
tion). The transmission intensity coefficient Tnm equals the
square of |tnm |. The Jones matrix of an ideal, asymmetric
transmitting device for linearly polarized light, that allows
unity conversion of x-polarized light to y-polarized light, is

T = e−i∅(
0 0

1 0
) [44]. The Jones matrix of the metasurface in

this study at 1.5 μm is calculated as (
0.126ei75.1◦

0.018e−i131◦

0.920e−i44.6◦
0.169ei51.9◦ ),

which approaches the ideal case. It has been recently
demonstrated that by designing each layer with complex
geometries, the metasurface performance can be further
optimized [29, 32]. However, the design here, with only
three layers of nano-gratings, is advantageous due to its
simplicity and suitability for large area device fabrication,
with a very minimal compromise of its performance.

The measured and simulated transmittance is plotted
in Figs. 4a (linear scale) and 4b (logarithmic scale), show-
ing close correspondence. The metasurface has an averaged
transmission efficiency of 80% around 1.5 μm, and an ex-
tinction ratio of 24 (13.8 dB). Due to the limited output
wavelength range from the laser, the device is only char-
acterized over a narrow band. However, numerical simu-
lation predicts its broad operational bandwidth (FWHM
bandwidth of 1.7 μm). To demonstrate this, the metasur-
face is also characterized using a different experimental
setup consisting of a rotating analyzer spectroscopic ellip-
someter (Model V-VASE, J.A. Woollam Co., Inc.) between
1200 nm and 1850 nm. The illumination beam size from
the ellipsometer (about 700 μm in diameter) is much larger
than the metasurface area (250 μm by 250 μm square),
and the measured Jones Matrix represents a superposition
of the fraction of the light beam sampling the device and
the surrounding area. However, since the cross-polarization
conversion only takes place within the metasurface, the Txy
and Tyx components can be obtained. Figure 5 plots the
simulated and measured Txy and Tyx components. As the
contributions from the device and surrounding area are not
separated, the experimental values in Fig. 5 are normalized
to the simulation result at 1610 nm and are in arbitrary units.
The measurement demonstrates that the device behavior
corresponds well with simulation over a large bandwidth.
It should be noted that, due to the absorption in a fiber
optic cable on the source side of the ellipsometer, there is
insufficient light intensity near 1400 nm, causing the gap
in the data seen there. More accurate measurements could
be ascertained by using a smaller beam spot or a series of
measurements of different size beam spots to appropriately
quantify the Jones matrix elements for the device area only.

A visual demonstration that highlights the performance
of the metasurface is shown in Figs. 4c and 4d. Figure
4c is a picture of the metasurface taken with an infrared
camera when a 1.5 μm laser beam illuminates the back of
the metasurface. Figure 4d corresponds to the same setup
but with the metasurface flipped around so that the laser
beam illuminates from the opposite side. The same laser
beam intensity and polarization are maintained in the two
cases. The metasurface provides high and low transmission
in Figs. 4c and 4d, respectively.

4. Discussion

For many practical applications, the device perfor-
mance should be robust to the variations in the angle of
incidence [27]. This also helps reduce the requirements of
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Figure 4 (a-b) Measured transmission intensity from the metasurface in linear (a) and logarithmic (b) scale; (c) Bright transmitted
light pattern from one direction; (d) Blocked transmitted light pattern from the reverse direction. The incident laser beam intensity is
kept the same in two cases.

Figure 5 Measured Txy and Tyx components with a broadband
ellipsometer and large beam size. The measurement demon-
strates that the device broadband behavior corresponds well with
simulation.

other optical components in the system. Figures 6a and
6b plot the simulated transmittance of the metasurface at
1.5 μm versus different angles of incidence in the XZ and
YZ plane. There is minimal performance degradation until
the incident angle reaches 50°. As an experimental ver-
ification, the transmittance was measured at a 30° input

angle (XZ and YZ plane respectively). To measure the
transmission at a 30° angle of incidence, the metasurface
was tilted at 30° with respect to the input single mode
fiber, and the other components in the measurement set-up
were kept the same. The measurement result is plotted in
Figs. 6c and 6d. It can be seen that at such an incident
angle, the metasurface still maintains its properties of high
transmission, broad bandwidth, and good extinction ratio.
The device’s robust angular tolerance can be understood
by examining the angular response of individual layers.
Figure S4 plots the optical field reflection/transmission am-
plitude and phase coefficients of a single nano-grating layer
at normal incidence and 30° angle incidence (in both XZ
and YZ planes). It can be seen that the response from a sin-
gle layer has a good angular tolerance and this contributes
to the device’s performance robustness against the angle of
incidence.

The metasurface performance is also insensitive to vari-
ations in the grating height, width, and period. Increasing
or decreasing the grating width by 20 nm does not degrade
its performance (Fig. S6 in Supporting Information). Simi-
larly, varying the grating height (from 30 nm to 60 nm) will
not affect the device performance either (Fig. S7 in the Sup-
porting Information). Every individual layer functions as a
linear polarizer (anisotropic element), and its anisotropic
response will not change significantly with grating width
variations over a certain range (Fig. S5 in the Supporting
Information). In other words, these three layers of cascaded
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Figure 6 (a-b) Simulated transmittance at a wavelength of 1.5 μm with input light angle in the XZ (a) and YZ (b) plane; (c-d) Measured
transmittance with 30 degree incident light angle in the XZ (c) and YZ (d) plane.

Figure 7 (a) Generalized model of the metasurface as coupled metallic sheets; (b) Simulated transmittance of metasurface with three
layers of identical Au nano-gratings.

Au nano-gratings can be generalized as three layers of cou-
pled anisotropic metallic sheets (Fig. 7a). This response also
suggests that the nano-grating period can be modified with-
out sacrificing device performance. As shown in Fig. 7b, the
transmittance of the metasurface consisting of three identi-
cal layers of 40 nm thick, 70 nm wide, and 140 nm period Au
nano-gratings is plotted, and is very similar to that of three
layers of Au nano-gratings with a unique middle layer grat-
ing period in Fig. 4a (calculation details in the Supporting
Information). Such a relaxation of the requirements on grat-
ing geometries (e.g., width and period) paves the way to re-

alize large-area device fabrication for practical applications.
It is true that sub-wavelength structures are usually fabri-
cated through electron beam lithography, which is time con-
suming and makes it difficult to achieve large-area devices.
However, for certain structures such as the nano-gratings
in this study, they can be easily manufactured by various
methods such as interference lithography [45], plasmonic
lithography [46, 47], or nano-imprinting [48, 49]. The in-
sensitivities of the device performance to variations in the
grating geometry leave room for reasonable fabrication er-
rors/inaccuracies.
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Further, the design strategy for the metasurface can be
easily extended to other wavelength ranges to achieve asym-
metric light transmission devices. One simple way is to
modify the spacer layer thickness. As shown in Fig. S8 in
the Supporting Information, asymmetric light transmission
centered at 1 μm and 2 μm can be realized by setting the
spacer thickness as 70 nm and 260 nm respectively. Mov-
ing the current design employing Gold to the visible regime
will lead to a performance degradation, because of the high
optical loss associated with Gold in this wavelength range.
Improved designs can be achieved by selecting lower loss
constituent materials (e.g., Silver or Aluminum) [50], and
adjusting the geometry of the constituent layers in order
to achieve impedance matching with air to suppress the
reflections.

5. Conclusions and Outlook

In summary, a thin (λ/5) asymmetric light transmitting
metasurface is designed and experimentally demonstrated.
It has the advantages of high transmission (80%), broad
bandwidth (FWHM bandwidth of 1.7 μm), and good ex-
tinction ratio (24; 13.8 dB). In addition, its performance
is insensitive to both the incident light angle and the con-
stituent nano-structure geometric variations. A comparison
between the metasurface in this work and recently reported
structures is listed in Table S1 in the Supporting Informa-
tion, where the metasurface in this study shows a com-
parable or better performance in terms of the bandwidth,
efficiency, and foot print. Furthermore, the design principle
is general and can be applied to other wavelength ranges. In
addition, the device structure is suitable for large-area de-
vice manufacturing techniques such as a nano-imprinting
or roll-to-roll printing.

Supporting Information

Additional supporting information may be found in the online ver-
sion of this article at the publisher’s website.
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