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High Performance Bianisotropic Metasurfaces: Asymmetric Transmission of Light
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It is experimentally shown that bianisotropic metasurfaces allow for extreme polarization control of light
with high performance. A metasurface providing asymmetric transmission (i.e., polarization conversion) of
circularly polarized light is reported at a wavelength of 1.5 ym. The experimental transmittance and
extinction ratio are 50% and 20: 1, which represents an order of magnitude improvement over previous
optical structures exhibiting asymmetric transmission. The metasurface consists of patterned gold sheets
that are spaced at a subwavelength distance from each other. The same design and fabrication processes can
be used in the future to completely control the phase, amplitude, and polarization of light.
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Controlling the polarization of light is critical to numer-
ous optical systems [1]. Polarization control is typically
achieved with combinations of linear polarizers and dielec-
tric wave plates. However, these systems are bulky and do
not lend themselves to nanophotonic system integration.
Recently, metasurfaces have been introduced which allow
polarization and wave front control across subwavelength
thicknesses [2—4]. Metasurfaces are surfaces textured at a
subwavelength scale to achieve tailored electromagnetic
properties. They are the two-dimensional equivalent of
metamaterials and have received much attention since they
offer reduced losses, are lower profile, and are simpler to
fabricate than bulk metamaterials [5].

A limited degree of polarization control can be achieved
with metasurfaces that act as quarter-wave plates and half-
wave plates [6-9]. However, more extreme polarization
control requires low symmetry structures, for which sys-
tematic design methodologies have not been established
[10,11]. As a result, their performance and impact on
photonic systems have been limited. However, it was
recently shown that bianisotropic metasurfaces composed
of cascaded metallic sheets can be systematically designed
to provide complete polarization control [12]. An exper-
imental verification of the design methodology was per-
formed at microwave frequencies [12]. Here, it is
experimentally shown that high performance bianisotropic
metasurfaces can be realized even at optical frequencies.
An asymmetric circular polarizer that converts right-handed
circularly polarized (RHCP) light into left-handed circu-
larly polarized (LHCP) light is reported at a wavelength of
1.5 pm. The reported effect is similar to Faraday rotation
but requires no magnetic field or nonreciprocal materials
[13]. In addition, the device exhibits high polarization
selectivity despite inherent losses. It transmits the circular
polarization of one handedness and efficiently reflects the
other, which is useful for a number of applications [14—16].
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Consider two half-spaces (regions 1 and 2) separated by
a metasurface at z = 0, as shown in Fig. 1. The fields in the
two regions can be related through Jones calculus
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where T is the Jones matrix of the metasurface, while E;”
and E;” are the incident and transmitted fields, polarized in
the x and y directions, respectively. The Jones matrix can
also be written for circular polarization by replacing x and y
bases with those for RHCP and LHCP. The idealized
asymmetric circular polarizer considered here completely
transmits right-handed circular polarization that is incident
from region 1 but completely reflects right-handed circular
polarization that is incident from region 2. It has the
following Jones matrix in the linear and circular polariza-
tion bases [10]

FIG. 1 (color online). An artistic rendering of the asymmetric
circular polarizer converting right-handed circularly polarized
light from region 1 to left-handed circularly polarized light in
region 2. However, right-handed circularly polarized light is
completely reflected when incident from region 2.
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where ¢ is an arbitrary phase shift through the metasurface
and a time-harmonic progression of e/®’ is assumed. It
should be noted that such a response does not violate
reciprocity, and hence the performance of the structure can
be analyzed by only considering plane waves incident from
region 1 [10].

To date, the most common method of demonstrating
asymmetric circular transmission is to employ structures
with a purely electric response, such as printing two-
dimensional chiral patterns on a single sheet [13,17]. In
such a scheme, the asymmetric response is significant only
when the eigenvectors of the sheet admittance (surface
conductivity) are complex. This necessarily requires high
loss, which fundamentally limits the efficiency of these
structures. However, it was recently shown that an addi-
tional magnetic response is required to realize a high
transmission and efficiency [12]. Specifically, the electric
and magnetic responses need to be anisotropic. This can be
realized using the geometry shown in Fig. 2. It consists of
cascaded metallic sheets (electric sheet admittances) sep-
arated by substrates of a given intrinsic impedance (1,) and
optical thickness (Bd) [16,18]. Each sheet is textured at a
subwavelength scale to exhibit a specified anisotropy. This
geometry is attractive because it allows metasurfaces to be
straightforwardly designed and fabricated, even at optical
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FIG. 2 (color online). Unit cell design. (a) Analytic model of a
unit cell comprising the asymmetric circular polarizer. (b) Per-
spective view of the designed unit cell. Exact dimensions of the
Au patterns are provided in the Supplemental Material [27].

wavelengths [19,20]. It should be emphasized that the
cascaded structure can be modeled as a single bianisotropic
metasurface, provided its overall thickness is subwave-
length [12,21].

It was recently shown that a wide range of bianisotropic
responses (e.g., polarization rotation, asymmetric circular
transmission, asymmetric linear transmission, and sym-
metric circular transmission) can be systematically
designed using the cascaded structure shown in Fig. 2.
The design procedure is detailed in Ref. [12] and is
highlighted here. We first note that the analytic model
shown in Fig. 2(a) can be used to solve for the Jones matrix
of the structure in terms of the cascaded sheet admittances
[12]. However, we are looking to solve the inverse problem:
to find the sheet admittances needed for a specified Jones
matrix. This inverse problem is numerically solved using
the FMINCON function provided by MATLAB’s optimization
toolbox. It was found that three anisotropic sheets were the
minimum number required for a numerical solution. Once
the required sheet admittances are known, their physical
realization is straightforward. Typically, each sheet is
independently designed by patterning gold (Au) on a
dielectric substrate. Frequency-selective surface theory
has provided extensive literature on realizing arbitrary
electric sheet admittances [22]. It should be noted that
patterning high permittivity dielectrics such as silicon is
also an attractive option, since it promises reduced loss
[23-26].

The SiO, substrate is modeled as a lossless, infinite half-
space with an index of refraction of ngjo, = 1.45. The index
of refraction of the SU-8 is ngyg = 1.57. The relative
permittivity of Au at near-infrared wavelengths is described
by the Drude model €5, = €, — @3 /(0* + jow,), with
€ =9.0; the plasma frequency is w, =1.363 X
106 rad/s (8.97 eV), and the collision frequency is @, =
3.60 x 10" rad/s (0.24 eV). This collision frequency
assumes a loss that is over 3 times that of bulk Au [28],
to take into account thin film surface scattering and grain
boundary effects [29].

The patterns of each Au sheet are shown in Fig. 2(b),
while detailed dimensions can be found in the
Supplemental Material [27]. At the design wavelength of
1.5 pm, the metallic patterns shown in Fig. 2(b) realize
simulated sheet admittances of

v L (0244136 0
0 0 0.36 —1.85j )
y. L[ 101-287j —098+3.67;
27 o \ —0.98 +3.67j  1.01-287j )
and
v L (0174167 0
S 0 0.54 —2.28j )°

023902-2



PRL 113, 023902 (2014)

PHYSICAL REVIEW LETTERS

week ending
11 JULY 2014

for the first, second, and third patterned Au sheets,
respectively. All three sheets are inductive along one
principal axis and capacitive along the orthogonal axis.
In other words, each sheet has a continuous metallic trace
along one principal axis and small gaps along the orthogo-
nal axis. Using full-wave electromagnetic simulations, the
width of each metallic trace and the size of the gap were
designed such that the inductance and capacitance
approached the ideal values that were numerically com-
puted using the analytic model of Fig. 2(a). It should be
noted that if material losses are neglected, the sheet
admittances are purely imaginary. In this lossless case,
the structure can provide 100% polarization conversion
from RHCP to LHCP [12]. However, all metals exhibit loss
at near-infrared wavelengths. This causes the sheet admit-
tances to become complex, where the real part represents
absorption in the metal. The loss reduced the efficiency of
the metasurface to 53%.

It should be noted that it is possible to realize an
asymmetric circular polarizer by cascading a quarter-wave
plate, a linear polarizer, and another quarter-wave plate
[30]. In fact, such a configuration provides some intuition
on the operation of the metasurface shown in Fig. 2(b).
Similar to a linear polarizer, the middle sheet reflects the
majority of the power that is polarized along the (% —
9/ /2 direction. Similar to a quarter-wave plate, the & and
y polarizations experience different phase shifts when
passing through the outer sheets. This analogy between
each metallic sheet and a standard optical device does
provide some physical intuition, but it is also overly

Electron-Beam

simplistic. Although the second sheet looks very similar
to a wire grid polarizer, there are some important
differences. Wire grid polarizers are generally designed
to minimize the inductance along the wires while also
minimizing the capacitance orthogonal to the wires in order
to provide high reflection and transmission, respectively. In
contrast, the cell size and patterned Au presented here are
chosen to realize a specific capacitance [Y, = (0.03 +
0.82/) /1] along the (% + $)/+/2 axis in order to achieve an
optimal performance at the design wavelength. In addition,
the outer sheets do not act as ideal quarter-wave plates since
the transmitted phase difference between X and § polar-
izations is closer to 60° rather than the ideal 90°. Therefore,
it should be emphasized that the metasurface has an
operating principle that is fundamentally different from
devices that achieve polarization control through cascading
Jones matrices [30]. Each sheet of the metasurface shown in
Fig. 2(b) provides significant reflection on its own. However,
when all three sheets are cascaded together, the resulting
interference generates high transmission of the desired polari-
zation and high reflection of the undesired polarizations.
The metasurface is fabricated on a 500 ym thick fused
silica substrate using the process shown in Fig. 3(a) [19,20].
First, the bottom sheet admittance (Y,3) is fabricated by
patterning a 2 nm Ti adhesion layer and a 28 nm Au layer
using electron-beam lithography and liftoff with a Poly
(methyl methacrylate) (PMMA) resist. Next, a 200 nm
thick, SU-8 dielectric layer is spin coated onto the wafer,
which naturally planarizes the surface for the following
layer. This process is repeated until three Au layers are
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20.0kV 9.0mm L-x150k

FIG. 3 (color online).
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Fabrication of the asymmetric circular polarizer. (a) Fabrication process involves sequential patterning of each

2 nm/28 nm thick Ti/Au layer using electron-beam lithography and liftoff, followed by spin coating of a 200 nm thick SU-8 dielectric
layer. Three metallic layers are patterned using the process, resulting in an overall thickness of 430 nm. (b) SEM picture of the first Au
sheet (Y,;). The second sheet can be seen below the first, although it is less clear. (c) SEM picture of the second Au sheet (Y,,). The
third sheet can be seen below it. (d) SEM picture of the third Au sheet (Y3).
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FIG. 4 (color online). Measured and simulated Jones matrix of
the metasurface on (a) linear and (b) logarithmic scales. Solid
lines correspond to simulation, whereas circles correspond to
measurements. Error bars denote 1 standard deviation in the
measured data. It can be seen that the metasurface provides high
transmission of 50% for the left-handed circular when the right-
handed circular is incident. In addition, all other elements of the
Jones matrix in the circular polarization basis are below 2.5% at
the operating wavelength of 1.5 um.

patterned to achieve the unit cell shown in Fig. 2(b). The
patterned area is 250 x 250 ym. Scanning electron micro-
scope (SEM) pictures of the three Au layers comprising the
fabricated metasurface are shown in Figs. 3(b)-3(d).
Additional details of the fabrication process are provided
in the Supplemental Material [27]. In the future, large area
soft lithography processes, such as nanoimprint lithogra-
phy, can be employed to dramatically reduce the fabrication
cost [31].

Following fabrication, the metasurface was experimen-
tally characterized. The output of a 1.5 ym tunable laser
(Newport TLB 6326) was sent through a linear polarizer,
followed by a quarter-wave plate, and then focused upon
the metasurface. The transmitted power was collected
by another quarter-wave plate, followed by a linear
polarizer, and then received by a power meter. Rotating
the quarter-wave plates allowed for characterization of the
metasurface’s Jones matrix. The measured and simulated
transmittance are plotted in Fig. 4 and show close agree-
ment. At the operating wavelength of 1.5 ym, the fab-
ricated metasurface provides a high transmittance of 50%
for left-handed circular polarization when right-handed
circular polarization is incident. In addition, all other
elements of the Jones matrix in the circular polarization
basis are below 2.5%, which suggests an extinction ratio of

20:1. The extinction ratio is defined as the ratio of
transmittance from RHCP to LHCP (7, y) relative to the
maximum transmittance of RHCP to RHCP (T'g), LHCP
to LHCP (T;;), and LHCP to RHCP (Tg;). These
experimental results represent an order of magnitude
improvement in the extinction ratio over the state-of-the-
art optical structures providing asymmetric transmission for
both linear and circular polarizations [17,32-34]. This
extinction ratio is comparable to that of the Au helix
metamaterial, which acts as a symmetric circular polarizer
[14]. However, the Au helix operates at longer wavelengths
(3.5to 7.5 um), requires a complex fabrication process (3D
laser writing and gold plating), and its design cannot be
extended to alternative polarization controlling devices. In
contrast, the design and fabrication procedures presented
here can realize a large range of bianisotropic metasurfaces
such as symmetric circular polarizers, polarization rotators,
and asymmetric linear polarizers by simply fabricating
different metallic patterns [12].

Simulations indicate that when right-handed circular is
incident, 37% of the power is absorbed in the Au patterns
while 10% is reflected, thus resulting in a 53% efficiency.
Alternatively, when left-handed circular is incident, 37% of
the power is absorbed and 60% of the power is reflected
(see the Supplemental Material [27]). The metasurface also
has a robust angular tolerance due to the subwavelength
cell size [35]. Only when the incident angle exceeds 40°
does the performance begin to deteriorate, which is useful
for many applications [36,37] (see the Supplemental
Material [27]). It should also be noted that the angle of
incidence is always identical to the angle of the transmitted
wave for periodic metasurfaces with cell sizes less than
/2, as is the case here. Figure 4 shows that the simulated
response is quite broadband. However, the bandwidth of
the available laser source limited measurements to the
wavelength range of 1.47 to 1.53 um.

A metasurface providing asymmetric transmission of
circularly polarized light is experimentally demonstrated.
The simple design and fabrication process provides flex-
ibility in realizing arbitrary bianisotropic metasurfaces that
manipulate the polarization of light within a subwavelength
thickness [12]. In the future, inhomogeneous metasurfaces
will be developed that provide far greater phase and
polarization control than the metasurfaces reported to date
[38]. Thus, a single, ultrathin metasurface could replace
bulky optical setups requiring combinations of conven-
tional components such as lenses, spatial light modulators,
wave plates, and linear polarizers.
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