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ABSTRACT: We design, fabricate, and experimentally demonstrate an optically
active metasurface of λ/50 thickness that rotates linearly polarized light by 45° over a
broadband wavelength range in the near IR region. The rotation is achieved through
the use of a planar array of plasmonic nanoantennas, which generates a ﬁxed phaseshift between the left circular polarized and right circular polarized components of
the incident light. Our approach is built on a new supercell metasurface design
methodology: by judiciously designing the location and orientation of individual
antennas in the structural supercells, we achieve an effective chiral metasurface through
a collective operation of nonchiral antennas. This approach simpliﬁes the overall
structure when compared to designs with chiral antennas and also enables a chiral
eﬀect which quantitatively depends solely on the supercell geometry. This allows for
greater tolerance against fabrication and temperature eﬀects.
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through intrinsic or extrinsic chirality of antennas. Intrinsic
chiral antennas do not superimpose onto their mirror image,
whereas extrinsic antennas only break mirror symmetry under
oblique incidence and cannot obtain chiral properties if light is
normally incident. For both cases, there has been no clear
strategy to design a metasurface with a speciﬁc OA angle.
In this work, a desired OA is obtained using an optical
metasurface with a diﬀerent approach other than the intrinsic or
extrinsic chirality of nanoantennas. Here, we present an array of
nanoantennas, which individually are nonchiral but where
chirality is obtained through the collective contribution of the
entire array or, more speciﬁcally, through the array of
supercells. This avoids both the complex structure of intrinsic
chiral antennas and the incident angle dependence of extrinsic
chiral antennas. Additionally, a design methodology is
introduced to realize a rotation of polarization angle (PA) to
any speciﬁc value (45° in our case), accurately determined by
the geometry of structure rather than the intrinsic properties of
composite materials. In previous 2D and 3D chiral structures,
there was no quantitative formula between the introduced
chiral eﬀect and the geometry of the structure. The typical
procedure was to design an asymmetric structure with a
handedness that relates qualitatively to the required chiral eﬀect
and then to optimize it quantitatively through simulation and
experimentation. Having a quantitative formula relating the
chiral eﬀect to the structure’s geometry facilitates the designer’s
work and secures stability against fabrication and temperature

n optically active material produces a diﬀerent response to
right circularly polarized (RCP) and left circularly
polarized (LCP) light,1 thereby rotating the angle of linearly
polarized light along the propagating direction. The importance
of optical activity transcends optical applications and is of
immense value to sensing applications in stereochemistry,2
molecular biology,3 crystallography,4 and secure quantum
communications.5 It is typically obtained using chiral structures,
which do not superimpose onto their mirror image, lifting the
degeneracy of LCP and RCP. The eﬀect is generally weak in
natural materials and detectable only when strong phase
diﬀerences between LCP and RCP accumulate over a long
optical path. With the advent of nanotechnology, strong optical
activity using artiﬁcially structured materials have been
demonstrated. To achieve the rotation of the electromagnetic
ﬁeld vectors, structures are designed to rotate with angular
oﬀset along the propagation direction and possess directional
mirror asymmetry. Design and fabrication of such chiral
structures6−13 is complicated because they require multiple
fabrication steps to complete the angular rotations assigned for
successive layers in a third dimension. Complexity can be
reduced using optical metasurfaces,14 which are metamaterials
with reduced dimensionality15 and typically consist of a 2D
array of plasmonic antennas. Such metasurfaces can alter the
phase or polarization of incident light abruptly, enabling eﬀects
identical to naturally birefringent and chiral media. They have
been successfully used in many applications including light
bending,14,16 ﬂat lenses,17−19 circular polarizers,20 half-wave
plates21,22 and quarter-wave plates.23−25 Metasurfaces have also
been used to obtain optical activity (OA) using planar chiral
structures,26−30 where optical activity was obtained either
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22.5°. The individual antennas are separated by 500 nm; hence,
forming a periodic supercell with a lattice constant (p) of 4 μm.
It has been demonstrated31 that such a metasurface, upon
excitation with circularly polarized light, transmits two beams. A
circular copolarized beam is normally transmitted, while
another cross-circular-polarized component is deﬂected in an
anomalous direction by an angle θ = sin−1 (λ/p) (direction of
the ﬁrst-order diﬀraction). A more detailed explanation of this
eﬀect is in the Supporting Information. It has also been
shown31 that the cross-circular-polarized term is deﬂected in
the opposite direction when the incident beam is reversed from
LCP to RCP, as shown in Figure 2a. Figure 2b shows the eﬀect
of exciting the metasurface with a linearly polarized light. By
superposition of the cases in Figure 2a, the normal beams will
add up to the same polarization state as the input, and the
anomalous portion of the linearly polarized input beam is split
into its circular components in two opposite diﬀraction
directions. This is a very simple circular beam splitting
structure supporting background-free circular components in
two distinct diﬀraction directions.
The optical eﬀect that is implemented in this work is the
optical rotation of linearly polarized light, and to obtain it, we
must take the structure described in Figure 2 one step further.
To retrieve linearly polarized light in the output in the
anomalous direction, we use two subarrays of anisotropic
nanoantennas rotating in opposite directions as shown in
Figure 3 (two subarrays in blue and red). This will cause the
RCP from one subarray to be directed parallel to the LCP
obtained from the other one, and the two rays eﬀectively
retrieve a linearly polarized output ray. The two output rays are
deﬂected at opposite angles of θ = sin−1 (λ/p). An oﬀset
distance d = p/4 is introduced between the two subunits to
cause a π/2 phase shift between RCP and LCP, leading to a 45°
rotation of the output angle of polarization according to eq 1.
The value of the phase shift is π/2 because for the ﬁrst order
diﬀraction, the phase shift varies linearly with oﬀset distance
taking the value of 2πd/p. The technique of using the oﬀset
distance to obtain a phase shift has been used before in diﬀerent
application to form a quarter wave plate.24 The rotation of the
PA is related then to the geometry by the formula

Figure 1. Top-view schematic geometry of a single nanoantenna. (a)
Designed dimensions of an elemental 30 nm thick nanoantentenna;
(b) nanoantenna tilted at angle α with respect to x axis. Inset: PA φ
between the E-ﬁeld and the horizontal (x) axis. Light propagates
perpendicular to the xy-plane (out of the ﬁgure plane).

eﬀects. Our goal is achieved through splitting the circular
components of the incident beam and introducing an optical
phase delay between the opposite polarizations.24 The rotation
of PA is related to the introduced phase diﬀerence as will be
explained below,1 and based on this relation, it will be shown
how our metasurface is designed to achieve its determined
functionality.
A linearly polarized (LP) light with an angle of polarization φ
as shown in inset of Figure 1 can be written as a superposition
of its circular components as follows:
E = E0(x̂cos φ + ŷ sin φ) =

E0
(rê −iφ + lê iφ)
2

(1)

where r ̂ = (x̂ + i ŷ)/ 2 and l ̂ = (x̂ − i ŷ)/ 2 are the unit
vectors of the RCP and LCP respectively. Equation 1 indicates
that a phase delay of 2φ introduced to the RCP component
with respect to the LCP component will cause a rotation of PA
by a value of φ, and the PA will reverse from φ to −φ, if the
RCP and the LCP coeﬃcients are switched.
Hence, the role of the proposed metasurface is to introduce a
required phase shift between the LCP and RCP components.
Our approach is to split the circular components, and then
introduce optical path delay between them to obtain the
required phase shift. To split the LCP and the RCP, we use the
metasurface design shown in Figure 2 which is made of an
antenna array with a period of eight antennas (shown in Figure
1) such that any two adjacent antennas have a diﬀerence in α of

Figure 2. Metasurface structure for circular beam splitting: (a) eﬀect of the metasurface on circularly polarized incident light and (b) applying
superposition to obtain circular beam splitting eﬀect for linearly polarized incident light; a part of the beam is transmitted normally with no change.
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a polarizer to control the PA of the incident light (φi), and a
rotating analyzer which ﬁlters the output power at diﬀerent
PA’s (φ0) to determine its polarization state. More details about
experimental setup are shown in Supporting Information.
Measurements are taken using an ellipsometer device which
allows rotation of detector to detect the anomalous ray as a
function of deﬂection angle θt. The output and input PA’s of
this structure are related by the formula

φ0 = 450 − φi

The negative sign in eq 3 is coming from the switching from
RCP to LCP and vice versa in anomalous transmission with
respect to incident beam as shown in Figure 2a, and this results
in changing the sign of φ as discussed after eq 1. To test the
rotation of the PA, we checked it with four speciﬁc values of
incident PA which are φi = 0, 45°, 90°, 135° (−45°). This is
because these particular set of PA’s uniquely deﬁnes any state of
linear polarization from Stokes’ parameters. Figure 5b and c
show a sample of the results at φi = 0, 45° and the total set of
results are presented in the Supporting Information.
These measurements are taken at λ = 1.5 μm and the
anomalous output beam intensity is plotted as a function of the
scattering angle θt. The validity of eq 3 is veriﬁed by measuring
the output without polarization ﬁltering, and then ﬁltering the
output at two diﬀerent PA’s (φ0), which are the polarization
directions deﬁned by eq 3 and the orthogonal direction. The
results show that the power at the expected value of φ0
coincides with the total power, and the power in orthogonal
direction is almost zero verifying the required operation. The
ratio between the power in the desired and orthogonal
directions is about 20 dB.
The operation of the metasurface is then tested in the
reﬂection direction as shown in Figure 6a and d. We need two
sets of measurements from both the nanoantennas side and the
glass side because the handedness of the antenna array in
Figure 3 is going to be ﬂipped causing rotation of PA in
opposite directions.
Since the reﬂected and transmitted circular components of
light are of opposite polarizations, φ0 of the anomalous
reﬂected light incident from the nanoantenna side will be
opposite to the one of the anomalous transmitted light in eq 3
and is given by

Figure 3. Metasurface structure that performs optical rotation. It
consists of two subarrays (in blue and red) causing circular
polarization splitting in two opposite diﬀraction directions. In each
diﬀraction direction, LCP and RCP add up to retrieve linear
polarization. The two subarrays are separated by an oﬀset distance
p, causing a phase shift between the LCP and the RCP, which results
in rotation of angle of polarization for the linearly polarized output
light.

rotation angle = 1800 ×

d
p

(3)

(2)

Equation 2 guarantees that the optical eﬀect can be accurately
determined by the designer and is immune against eﬀects that
could deteriorate the operation like changes to material
properties due to temperature or fabrication.
This concludes that we obtain a normally transmitted beam
with unchanged state of polarization and other two
anomalously transmitted beams deﬂected in opposite directions
with the required state of rotation of PA by 45°. Figure 4a
demonstrates the overall performance of the metasurface
subject to linearly polarized incident light.
Standard electron-beam lithography and lift-oﬀ processes are
used to fabricate the array of gold nanoantennas on top of
indium−tin-oxide coated glass substrate. Figure 4b is a ﬁeld
emission scanning electron microscope (FE SEM) image of the
sample (a top view image taken from the gold nanoantenna
side). Details of fabrication process are discussed in Supporting
Information.
The operation of the metasurface is ﬁrst tested in the
transmission direction as shown in Figure 5a. The incident ray
is shown in black, the normally transmitted ray in blue, and the
anomalously transmitted ray in red. The anomalous transmission is the ray of interest and it occurs at some deﬂection
angle θ t . The experimental setup contains a tunable
monochromatic source providing signal in the near IR regime,

φ0 = φi − 450

(4)

Hence, for the anomalous reﬂection from glass side, diﬀerent
handedness of the array will cause φ0 to obey the formula

φ0 = φi + 450

(5)

Figure 4. (a) The overall action of metasurface structure that performs optical rotation. There is a normal output beam with the same polarization as
the input, and one of two anomalous output beams of interest deﬂected by an angle θ and optical rotation occurs to that beam by an angle 45°. (b)
FE SEM top image of the fabricated sample with dashed rectangle to demonstrate the supercell.
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Figure 5. (a) Schematics of the experimental setup for testing the metasurface in the transmission mode. (b) Experimental results for incident PA φi
= 0 showing that output power is at φ0 = 45°. (c) Experimental results for incident PA φi = 45° showing that output power is at φ0 = 0.

Figure 6. (a−c) Experimental setup and results for testing the metasurface in the reﬂection mode from the nanoantenna side. For φi = 0, the output
power is at φ0 = −45°, and for φi = 45°, the output power is at φ0 = 0. (d−f) The setup and observed results in the reﬂection mode from the glass
side. For φi = 0, the output power is at φ0 = 45°, and for φi = 45°, the output power is at φ0 = 90°.
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For the transmission case, it will be redundant to show results
for light incident from both sides of metasurface owing to the
reciprocity of transmission operation. Figure 6 shows the
validity of eqs 4 and 5 at λ = 1.5 μm for φi = 0, 45°; additional
results are found in the Supporting Information. The output
power in the desired anomalous beam was about 4%. It has
been successfully demonstrated, though, that by utilizing
metasurfaces in reﬂection mode,32−34 their output could be
enhanced by an order of magnitude, and such designs are also
applicable in our case.
To analyze how broadband is the eﬀect, we test it for the case
of transmission from nanoantennas side with the input angle of
polarization φi = 0, which is the same case as in Figure 5, but it
is done for a set of wavelengths ranging from 1.05 to 1.7 μm.
Outside this wavelength range, the performance deviates from
the required functionality. Figure 7 shows the results for
diﬀerent wavelength values.
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Figure 7. Experimental results for transmitted power at diﬀerent
wavelengths, with normally incident light for incident PA φi = 0°. The
output power is at φ0 = 45° similar to Figure 5b for a broadband
wavelength range from 1.05 to 1.7 μm. For each wavelength, the peak
intensity occurs at a diﬀraction angle of θ = sin−1 (λ/p).

In conclusion, a broadband chirality eﬀect using ultrathin
metasurface has been demonstrated. The structure is simple
because it does not utilize complicated chiral meta-atoms, but
rather chirality is obtained through the speciﬁc arrangement of
nonchiral elements in periodic supercells. A methodology of
metasurface supercell design to manipulate helical components
of light is presented, which enables quantitative description of
chiral eﬀects as a function of geometrical dimensions of the
structure. Dependence on the supercell geometry rather than
the intrinsic properties of the individual antennas provides
functional immunity against fabrication and temperature eﬀects.
There is a possibility to obtain tunable chiral eﬀects in the
future using the presented approach by incorporating microelectromechanical systems (MEMS) technology to allow
control of the geometrical distances responsible for the eﬀective
chirality of metasurface.
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