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Optical metasurfaces consisting of single-layer nanostructures have immensely promising
applications in wavefront control because they can be used to arbitrarily manipulate wave phase, and
polarization. However, anomalous refraction and reflection waves have not yet been simultaneously
and asymmetrically generated, and the limited efficiency and bandwidth of pre-existing single-layer
metasurfaces hinder their practical applications. Here, a few-layer anisotropic metasurface is presented
for simultaneously generating high-efficiency broadband asymmetric anomalous refraction and
reflection waves. Moreover, the normal transmission and reflection waves are low and the anomalous
waves are the predominant ones, which is quite beneficial for practical applications such as beam
deflectors. Our work provides an effective method of enhancing the performance of anomalous wave
generation, and the asymmetric performance of the proposed metasurface shows endless possibilities
in wavefront control for nanophotonics device design and optical communication applications.

Metasurfaces are periodic single-layer artificial nanostructure arrays with sub-wavelength unit-cells and thick-
nesses, which can overcome the physical limitations imposed by natural materials and provide exceptional capa-
bilities for manipulating waves with greater precision'-*. Optical metasurfaces have recently attracted a great deal
of attention since the freedom they provide in controlling wavefront offers intriguing possibilities in the field of
nanophotonics. A series of exotic applications and associated optical devices including anomalous refraction
and reflection®'°, ultrathin flat lenses''2, vortex beam generation'*-'%, the spin-Hall effect of waves!®!7, holo-
grams'®2, and polarization management®*? have been proposed and exploited using metasurfaces. Although
such great achievements have been made by using low-loss single-layer metasurfaces and simple fabrication tech-
niques, the limited interaction between waves and single-layer metasurfaces has induced inherent defects in the
efficiency and bandwidth of single-layer metasurface-based optical devices*™®, resulting in limited wave manipu-
lation controllability and preventing such devices from being used in practical applications.

Recent advances in few-layer metasurfaces provide an alternative method of overcoming the drawbacks of
single-layer metasurfaces. Grady et al. proposed a broadband near-perfect anomalous refraction wave generated
by a three-layer metasurface in the THz range®. Pfeiffer et al. produced a high-performance metasurface lens that
both focused light and controlled its polarization with four cascaded metasurfaces in the near-infrared range?.
Li et al. proposed a dual-layer plasmonic metasurface to simultaneously manipulate the phase and polarization
of the transmitted light and obtain an arbitrary spatial field distribution of the optical phase and polarization
direction®. Few-layer metasurfaces designed with near-field wave interference and interlayer resonance have
improved the efficiency and controllability of wave manipulation and have thus provided novel functionality and
more degrees of freedom to manipulate the propagation, polarization, and phase amplitude of light?*.

Harnessing light for modern nanophotonics applications often involves the control and manipulation of
wavefront. The fundamental purpose of wavefront-control applications is to achieve the anomalous refraction
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and reflection of light. Although previous approaches in few-layer metasurfaces have dramatically enhanced
the efficiency of anomalous light, high-efficiency broad-bandwidth anomalous refraction and reflection
waves still have not been effectively generated simultaneously. Moreover, an alternative method of improving
the intensity of anomalous waves while simultaneously suppressing that of normal ones is also needed so that
few-layer-metasurface-based wavefront controls can be used in a wide range of applications.

Here, we propose an anisotropic metasurface to simultaneously generate broadband high-efficiency asym-
metric anomalous refraction and reflection waves for circularly polarized incident waves in the near-infrared
range. The waves are theoretically predicted and demonstrated using simulation. More importantly, the proposed
metasurface not only improve the efficiency and bandwidth of the generated anomalous waves but also suppress
the normal reflection and transmission waves in a broad bandwidth, thereby overcoming the main defect in most
previous works. More specifically, the proposed metasurface can split an arbitrarily polarized incident beam into
two anomalous waves with same polarization state propagating in opposite directions and the polarization states
of anomalous waves are orthogonally for opposite incident directions, which provides a powerful method of
designing optics systems in nanophotonics.

Theoretical Analysis

The introduction of polarization conversion and the continuous phase gradients generated by metasurfaces
usually contribute to the generation of anomalous waves. Following the approach previously discussed*, equal
polarization conversion amplitudes and the corresponding 27 continuous phase gradient along the direction
perpendicular to the wave propagation are necessary for anomalous wave generation. When the orientation angle
of the metasurface with circular polarization conversion changes 6, the phase of the cross polarized wave will
change +20 for LCP and RCP incident lights, respectively®'. Thus, a 0-27 continuous phase gradient of circular
polarized conversion waves can be achieved in metasurfaces by rotating the array of the unit-cell structures along
the geometric axis parallel to the wave propagation direction from 0 to 7. The relation between the incident angle

0, and the anomalous refraction angle 6,, can then be obtained by the generalized Snell’s law>82;
. . A, do A
n,sinf, —n;sin §, = -1 = o2,
T T o dx L (1)
Similarly, for the anomalous reflection angle 6,,
sin @, — sin §; = Do do _ oA ,
2mn; dx nL (2

where dy/dx indicates a suitable phase gradient along the metasurface, and ), represents the wavelength in free
space. L represents the periodic length of the metasurface array for the 27 continuous phase gradient. The phase
gradient dy/dx of the cross polarized wave in Eqs (1) and (2) are opposite for LCP and RCP cross polarized waves
with positive and negative signs, respectively. o = %1 indicating the sign of the phase gradient corresponds to the
helicity of left-handed circular polarization (LCP) and right-handed circular polarization (RCP) incident waves
propagating along —z direction.

Thus, the efficiency of the anomalous wave generation is mainly decided by the equal polarization conversion
efficiency of the unit-cell structures. We consider the incoming plane waves propagating along the forward (+z)
and backward (—z) directions, with the electric fields as®-3

f Hep| i ur
Ei (l', t) = £ e,( “ ))
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where w, k, I cp, and Iycp represent the frequency, wave vector, and complex amplitudes, respectively, and the
superscripts “f” and “b” indicate the forward and backward directions. The outgoing fields for two opposite direc-
tions is then given by:

f TIf,CP i(kz—wt)
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Trep (5)
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The Scattering matrix S, then relates the four complex amplitudes as follows®:
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Figure 1. A diagram of S matrix elements. (a) Elements related to LCP forward incidence. (b) Elements
related to RCP forward incidence. (c) Elements related to LCP backward incidence. (d) Elements related to RCP
forward incidence.
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The subscript “ij” of the S matrix elements indicates the polarization state is transformed from “j” to “i’, and

the superscript “kl” indicates the propagation direction from “I” to “k’, as shown in Fig. 1. Previous approach for
anomalous wave generation of circular polarized waves in metasurfaces always involves nanorod unit cells, which
is mirror-symmetric with respect to a plane parallel to the z axis9 1214 For this kind of structure, the relationship
between transmission coefficients of § matrix are 1 = tR%— tLL = t}f}b{ and ff = 0 = 1 = tLR The relation-
ship between reflection coefﬁc1ents of S matrix are i = 1 = > = /% and rLLf =t =l = 1 Thus, the S
matrix can be simplified to®!

bf
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Thus, the circular polarization conversion efficiencies for LCP and RCP incident waves are identical because
the amplitudes of the corresponding S matrix elements are the same. Anomalous refraction and reﬂection waves
have previously been generated by designing high polarization conversion coefficients # and 7Y, respectlvel‘y

Because of the limited interaction between incident waves and single-layer metasurfaces, the amplitudes of 1y
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Figure 2. Schematic of designed reciprocal anisotropic metasurface. (a) An artistic rendering of asymmetric
anomalous wave generation for linear polarized forward incident wave. Metasurface array consisting of eight
basic unit cells designed with same geometry and step-by-step rotation angle of —/8 along +y direction to
generate constant phase gradient. (b) Detailed geometry of unit cell. Angle a between upper nanorod and x-axis
indicates orientation angle.

and 1Y are low and for few-layer metasurfaces, s and #°f cannot simultaneously reach acceptable values.
Furthermore, /1 and rf , corresponding to the normal refraction and reflection waves, respectively, previously
existed and hindered the practical application of few-layer metasurfaces. Thus, high-performance anomalous
reflection and refraction waves still have not been simultaneously generated. More specifically, the S matrix ele-
ments for oppositely propagating incident waves (i.e., propagating in the forward and backward directions) are
identical, signifying that the nanorod-based metasurfaces is uniform for incident waves propagating in opposite
directions.

For reciprocal structure with mirror symmetry perpendicular to the z-axis and at most a C, symmetry with
respect to the z axis, the relationship between transmission coefficients of § matrix are /1 = tf = 5> = 2

1 = 22 and t} = #'F. The relationship between reflection coefficients of § matrix are r’y = roy = iy = rie,
mf = 1 and il = . Then, the S matrix of this kind of structure can be simplified to***

il
o | A
B
R 10

where the coefficients /% and £ (or ¥ and %) are not identical, and both £ and 5 (or & and r2%) can attain
high values while the other elements are close to zero because of the few-layer anisotropic design of the metasur-
face. This characteristic of the S matrix for the reciprocal anisotropic few-layer metasurface indicate that asym-
metric circularly polarized anomalous refraction and reflection waves can be simultaneously generated while

normal reflection and refraction waves are simultaneously suppressed. Thus, the ideal S matrix for a few-layer
anisotropic metasurface simultaneously generating asymmetric anomalous reflecting and refracting waves can be

simplified to
0o 0 0
s_|0 00 rfo'
o 0 o
0 0 t& 0 (11)

Results and Discussion

A three-layer anisotropic metasurface array with a mirror symmetry perpendicular to the z-axis and a C, sym-
metry with respect to the z axis is designed to approximately fit the ideal § matrix and simultaneously generate
high-performance asymmetric anomalous reflection and refraction waves. The array, showed in Fig. 2(a), consists
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Figure 3. Simulated results for squared moduli Tkl = tl;‘l and R g r of S matrix elements of unit cell

structure. (a,c) LCP and (b,d) RCP incident waves propagated along forward and backward directions,
respectively. Shadow areas indicate the waveband, where the squared moduli of Y, £0, %, and rfb, are more
than 45% while the squared moduli of other elements are no more than 20%.

of 8 basic unit cells realized with the same geometry but linearly varied orientations with a stepwise rotation
of —m/8 along the 4y direction. Figure 2(b) shows the detailed geometry of the unit cell. Three 530-nm-long,
230-nm-wide, 30-nm-thick gold nanorods are embedded into the SiO, substrate. The upper (red) and lower
(green) nanorods are parallel to the x-axis, and the angle ¢, between the upper nanorod and the middle one (yellow)
is 45°. The distance between the nanorods and the thickness of the SiO, covering on the upper nanorod are both
d=250nm. The periods of the unit cells are P=_800nm along the x and y directions; thus, the periodicity of the
metasurface array is 800 and 6400 nm in the x and y directions, respectively. Numerical simulations are conducted
using Computer Simulation Technology MICROWAVE STUDIO (CST MWS) to analyze the characteristics of
the proposed metasurfaces®>3¢.

Because the phase conditions for asymmetric anomalous refraction and reflection waves can be easily satisfied
by rotating the unit cell structure, the polarization conversion amplitude is considered first. Rotating the basic
unit cell (as shown in Fig. 2(b)) does not affect the amplitudes of the elements in the S matrix; thus, the S matrix
of the basic unit cell is investigated and optimized to approach the ideal amplitude conditions (i.e., the ideal S
kI ‘

matrix, as shown in Eq. (11)). Figure 3 shows the simulated results for the squared moduli Tkl = |t and

Ré?’ l., of the S matrix for the unit cell, where the LCP and RCP incident waves propagate from the forward
and backward directions, respectively. The shadow areas indicate the waveband from 1900 to 2050 nm where the
S matrix approx1mate1y fits the ideal one in Eq. (11). As showed in Fig. 3(a), R{Y, TH , and T}1 are close to zero
while RYY is considerably large for the LCP normal incident wave propagating from the forward direction.
Accordingly, only the RCP refraction wave is generated from the LCP normal incident wave propagating from the
backward direction, as showed in Fig. 3(c). For the RCP normal incident wave propagating from the forward
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Figure 4. Simulated results for refraction intensity, reflection intensity, and phase shift along metasurface
array. For (a,c) LCP and (b,d) RCP incident waves propagated along forward and backward directions,
respectively. Wavelength is fixed at 1900 nm.

direction, T/% is several times larger than Tf", R, and TEf while R is several times larger than T, Ti, and RS

for the RCP normal incident wave propagating from the backward direction, as showed in Fig. 3(b,d). The ampli-
tudes of the proposed S matrix elements r{’{, tllz]'f, tf;, and rgg seem to be several times larger than the other ele-
ments in the shadow areas. Thus, the other elements whose amplitude is negligible are treated as 0. More
specifically, the relation between the S matrix transmission elements described by Eq. (10) is verified in Fig. 3. The
difference between the reflection and refraction elements is due to the difference between the refractive indexes
of air and the substrate, indicating that the unit cell is not strictly symmetric. However, such small differences only
have a negligible effect on whether the amplitude conditions are satisfied. The relationship between S matrix ele-
ments in our proposed unit cell of metasurface is attributed to the anisotropic few-layer structure design with a
mirror symmetry perpendicular to the z-axis and a C, symmetry with respect to the z axis. While, the high effi-
ciency is attributed to the near-field wave interference and interlayer resonance in few-layer structure*>!. In
addition, it is worth mentioned that the primary loss in our designed few-layer metasurface is attributed to the
enhanced absorption, which is also associated with the interference and the near-field coupling between layers.
We next consider the amplitude and phase conditions of the metasurface array for anomalous wave gener-
ation. A suitable constant gradient of phase discontinuity is achieved by the metasurface array consisting of 8
basic unit cells designed with the same geometry but linearly varied orientations with a stepwise rotation of —7/8
along the +y direction (as shown in Fig. 2(a)). Figure 4 shows the simulated results for the refraction intensity,
reflection intensity, and phase shift along the metasurface array for 1900 nm LCP and RCP normal incident waves
propagating along the forward and backward directions, respectively. For the LCP forward-propagating normal
incident wave, the basic unit cell generate only LCP reflection wave at >60% intensity, as showed in Fig. 4(a). The
corresponding phase gradient along the metasurface array vary from 0 to 27 when the orientation angle «; is
varied from 0 to 7, which is consistent with the theoretical prediction. For the LCP backward-propagating nor-
mal incident wave, the basic unit cell generate only RCP refraction wave at ~50% intensity and a phase gradient
from 0 to 27, as showed in Fig. 4(c). If the effect of the difference between the refractive indexes of air and the
SiO, substrate is ignored, the metasurface array can also be treated as a symmetric anisotropic system, meaning it
reverses its handedness for circularly polarized incident waves propagating from opposite sides. Thus, the anom-
alous waves generate from the RCP normal incident wave are opposite to those generated from the LCP normal
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Figure 5. Simulated results for anomalous refraction and reflection waves generated by reciprocal
anisotropic metasurface array. A time snapshot of the amplitude of the electric field for (a,b) LCP and (c,d)
RCP normal incident waves propagating along forward and backward directions, respectively. Wavelength is
fixed at 1900 nm.

incident wave (as indicated by Eq. (11)), which can be easily verified in Fig. 4(b,d). Thus, the proposed metasur-
face array simultaneously satisfies the phase and amplitude conditions for simultaneously generating asymmetric
anomalous refraction and reflection waves.

The distribution of the electric fields for the anomalous waves is simulated for 1900 nm LCP and RCP normal
incident waves propagating along the forward and backward directions, respectively, to intuitively show the asym-
metric anomalous refraction and reflection waves. The simulated time snapshot results are showed in Fig. 5. For
the LCP normal incident wave propagating along the forward direction (showed in Fig. 5(a)), the intensity of the
anomalous refraction wave is almost several times smaller than that of the anomalous reflection wave, meaning
that only the LCP anomalous reflection wave are generated. For the LCP normal incident wave propagating along
the backward direction, only the RCP anomalous refraction wave are generated, as showed in Fig. 5(b). For the
RCP normal incident waves propagating from opposite directions, the simulated results showed in Fig. 5(c,d)
are the opposite of those obtained for the LCP normal incident waves. The simulated results are consistent with
the theoretical predictions and confirm that the proposed metasurface array approximately generates the desired
anomalous refraction and reflection waves. Moreover, because arbitrarily polarized incident waves can be decom-
posed into LCP and RCP components, such waves propagating from the forward or backward direction can
simultaneously generate anomalous refraction and reflection waves with same polarization state and the polariza-
tion state of generated anomalous waves are orthogonally for these two opposite incident directions, as indicated
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Figure 6. Theoretical illustration and simulated efficiency results of asymmetric anomalous refraction
and reflection waves generated. (a) Theoretical illustration of asymmetric anomalous waves generated. Using
arbitrarily polarized incident wave propagating from either forward (solid line) or backward (dotted line)
direction. (b) Calculated diffraction pattern of LCP anomalous reflection for different numbers of array along y
direction generated by LCP forward normal incidence. (c,d) Comparison between the intensity of the normal
and anomalous waves of metasurface, and the squared moduli of the relevant S matrix elements of a unit cell for
LCP and RCP forward normal incidence, respectively.

by Fig. 6(a). This asymmetric anomalous wave generation provides a new degree of freedom for wavefront control
and deflection.

The efficiency or intensity of the anomalous refraction and reflection waves relates to the squared moduli of
the relevant S matrix elements of a unit cell. As the periodicity of the metasurface array in y direction is longer
than the wavelength in the designed effective bandwidth, the number of array of the proposed metasurface will
affect the diffraction pattern®. We calculated the diffraction pattern of LCP anomalous reflection for different
numbers of array along y direction generated by LCP forward normal incidence in Fig. 6(b). To analyze the effi-
ciency of the beam refraction and reflection in proposed metasurface, we calculated the intensity of the normal
waves and the anomalous waves of the metasurface with infinite array, and also the squared moduli of the relevant
S matrix elements of a unit cell for LCP and RCP forward normal incidences, as shown in Fig. 6(c,d). The high
order diffractions are not given as the intensity is close to zero. Results show that the efficiency of metasurface
is in consistent with the squared moduli of the relevant S matrix elements of a unit cell. The small differences
between the intensity of the normal and anomalous waves of metasurface, and the squared moduli of the relevant
S matrix elements of a unit cell are mainly attributed to the difference of the squared moduli of the relevant §
matrix elements in each unit cell of an array. Corresponding results for normal backward incidence are in good
agreement with the forward one because the proposed metasurface is mirror symmetry perpendicular to the
z-axis. It is worth mentioning that the normal refraction and reflection are close to zero around the 1900 nm
wavelength. Thus, the normal transmission or reflection is low and the anomalous waves are the predominant
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Figure 7. Simulated results for anomalous reflection generated by reciprocal anisotropic metasurface array
with LCP normal incident wave propagating along forward direction. (a) Schematic of anomalous reflection
of LCP normal incident wave propagating along forward direction. A time snapshot of the amplitude of the
electric field to show the anomalous reflection generation with wavelength fixed at (b) 1900, (c) 2000, and (d)
2050 nm.

ones. The suppression of the normal transmission and reflection is well useful to the further research of metas-
urface. Furthermore, the proposed metasurface maintains high efficiency in a broad bandwidth. We simulated
the broadband performances of the proposed metasurface using 1900, 2000, and 2050 nm LCP normal incident
waves propagating along the forward direction, as shown in Fig. 7. The anomalous refraction waves generated
by the 2000 and 2050 nm incident waves are consistent with those generated by the 1900 nm one. The simulated
results in Figs 6 and 7 show that the asymmetric anomalous waves can be realized from 1900 to 2050 nm. Thus,
the proposed metasurface array can simultaneously generate broadband high-efficiency anomalous refraction
and reflection waves. The efficiency of our proposed metasurface is higher than 45% in a 150 nm bandwidth and
the intensity of normal waves are no more than 20%. With this criterion, the bandwidths of typical single-layer
metasurface are equal to zero®, thereby the proposed few-layer design overcomes the limited bandwidth and low
efficiency of previous single-layer devices and is proved to be quite beneficial for practical applications.

Conclusions

In conclusion, we have proposed a few-layer metasurface to simultaneously generate high-efficiency broadband
asymmetric anomalous refraction and reflection waves in the near-infrared range. On the basis of the results of
the theoretical analysis, a few-layer anisotropic metasurface is designed, optimized, and used to simulate the gen-
eration of asymmetric anomalous refraction and reflection waves. The simulation results are consistent with the
theoretical prediction, and high-efficiency broadband asymmetric anomalous refraction and reflection waves are
generated. Arbitrarily polarized incident waves propagating from either forward or backward directions can be
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split into two anomalous waves propagating in opposite directions with the same polarization state. Moreover, the
polarization state of generated anomalous waves are orthogonally for these two opposite incident directions. This
characteristic is quite useful for beam splitting, polarization selection, optical communication and other applica-
tions based on the generation of anomalous beams with designated polarization state and propagation direction.

Methods

Numerical simulations were carried out with the use of Computer Simulation Technology MICROWAVE
STUDIO (CST MWS). In our simulations, the unit cell boundary conditions were set in the x and y directions
representing a periodical structure, and an open (perfectly matching layer) boundary was defined in the z direc-
tion for the light incidence and transmission while the excitation source was either a left- or a right-handed cir-
cularly polarized plane wave. The permittivity of the SiO, was taken as 2.25, and the dielectric constant data for
gold was directly applied from the Handbook of Optical Constants of Solids®. Moreoverz, the permittivity of the

gold in our simulation can be expressed with Drude mode e = ¢, — it

%, where e =1,
w”+iw —w,

w,=1.59x 105!, y=1.94 x 10"*s™" and w,=6.85 x 10"*s~". A single-layer nanorod was firstly designed and
simulated to obtain a resonance at the near-infrared regime. Then, a three-layer structure was designed to form
an anisotropic structure with S matrix as Eq. (10) predicted. After that, the efficiency and bandwidth of the pro-
posed three-layer structure were optimized to make the S matrix of the structure approach the ideal one
(as indicated in Eq. (11)) by manipulation of the distance between each layer and fine adjustment of the nanorod

structure parameters.

References
1. Yu, N. & Capasso, F. Optical Metasurfaces and Prospect of Their Applications including Fiber Optics. J. Lightwave. Technol. 33,
2344-2358 (2015).
. Yu, N. & Capasso, E Flat optics with designer metasurfaces. Nat. Mater. 13, 139-150 (2014).
. Zheludev, N. I. & Kivshar, Y. S. From metamaterials to metadevices. Nat. Mater. 11, 917-924 (2012).
. Estakhri, N. M. & Alu, A. Recent progress in gradient metasurfaces. J. Opt. Soc. Am. B: Opt. Phys. 33, A21-A30 (2016).
. Yu, N. et al. Light propagation with phase discontinuities: generalized laws of reflection and refraction. Science 334, 333-337 (2011).
. Ni, X, Emani, N. K,, Kildishev, A. V., Boltasseva, A. & Shalaev, V. M. Broadband light bending with plasmonic nanoantennas. Science
335,427-427 (2012).
7. Cheng, H. et al. Dynamically Tunable Broadband Infrared Anomalous Refraction Based on Graphene Metasurfaces. Adv. Opt.
Mater. 3, 1744-1749 (2015).
8. Liu, Z. et al. High-Performance Broadband Circularly Polarized Beam Deflector by Mirror Effect of Multinanorod Metasurfaces.
Adyv. Funct. Mater. 25, 5428-5434 (2015).
9. Pors, A., Albrektsen, O., Radko, I. P. & Bozhevolnyi, S. I. Gap plasmon-based metasurfaces for total control of reflected light. Sci.
Rep. 3, 2155 (2013).
10. Bomzon, Z., Biener, G., Kleiner, V. & Hasman, E. Space-variant Pancharatnam-Berry phase optical elements with computer-
generated subwavelength gratings. Opt. lett. 27, 1141-1143 (2002).
11. Aieta, F. et al. Aberration-free ultrathin flat lenses and axicons at telecom wavelengths based on plasmonic metasurfaces. Nano Lett.
12, 4932-4936 (2012).
12. Chen, X. et al. Dual-polarity plasmonic metalens for visible light. Nat. Commun. 3, 1198 (2012).
13. Genevet, P. et al. Ultra-thin plasmonic optical vortex plate based on phase discontinuities. Appl. Phys. Lett. 100, 013101 (2012).
14. Huang, L. et al. Dispersionless phase discontinuities for controlling light propagation. Nano Lett. 12, 5750-5755 (2012).
15. Yu, P. et al. Generation of vector beams with arbitrary spatial variation of phase and linear polarization using plasmonic
metasurfaces. Opt. Lett. 40, 3229-3232 (2015).
16. Yin, X,, Ye, Z., Rho, J., Wang, Y. & Zhang, X. Photonic spin Hall effect at metasurfaces. Science 339, 1405-1407 (2013).
17. Shitrit, N., Bretner, I., Gorodetski, Y., Kleiner, V. & Hasman, E. Optical spin Hall effects in plasmonic chains. Nano Lett. 11,
2038-2042 (2011).
18. Huang, L. et al. Three-dimensional optical holography using a plasmonic metasurface. Nat. Commun. 4, 2808 (2013).
19. Zhou, E, Liu, Y. & Cai, W. Plasmonic holographic imaging with V-shaped nanoantenna array. Opt. Express 21, 4348-4354 (2013).
20. Chen, W. T. et al. High-efficiency broadband meta-hologram with polarization-controlled dual images. Nano Lett. 14, 225-230
(2013).
21. Nj, X,, Kildishev, A. V. & Shalaev, V. M. Metasurface holograms for visible light. Nat. Commun. 4, 2807 (2013).
22. Lin, ], Genevet, P, Kats, M. A., Antoniou, N. & Capasso, F. Nanostructured holograms for broadband manipulation of vector beams.
Nano Lett. 13, 4269-4274 (2013).
23. Zheng, G. et al. Metasurface holograms reaching 80% efficiency. Nature nanotech. 10, 308-312 (2015).
24. Yu, N. et al. A broadband, background-free quarter-wave plate based on plasmonic metasurfaces. Nano Lett. 12, 6328-6333 (2012).
25. Wen, D. et al. Metasurface for characterization of the polarization state of light. Optics Express 23, 10272-10281 (2015).
26. Grady, N. K. et al. Terahertz metamaterials for linear polarization conversion and anomalous refraction. Science 340, 1304-1307
(2013).
27. Pfeiffer, C. & Grbic, A. Cascaded metasurfaces for complete phase and polarization control Appl. Phys. Lett. 102,231116 (2013).
28. Li, J. et al. Simultaneous control of light polarization and phase distributions using plasmonic metasurfaces. Adv. Funct. Mater. 25,
704-710 (2015).
29. Cheng, H., Liu, Z., Chen, S. & Tian, J. Emergent Functionality and Controllability in Few-Layer Metasurfaces. Adv. Mater. 27,
5410-5421 (2015).
30. Pfeiffer, C., Zhang, C., Ray, V., Guo, L. ]. & Grbic, A. High performance bianisotropic metasurfaces: asymmetric transmission of
light. Phys. Rev. Lett. 113, 023902 (2014).
31. Menzel, C., Carsten, R. & Falk, L. Advanced Jones calculus for the classification of periodic metamaterials. Phys. Rev. A 82, 053811
(2010).
32. Menzel, C. et al. Asymmetric transmission of linearly polarized light at optical metamaterials. Phys. Rev. Lett. 104, 253902 (2010).
33. Huang, C,, Feng, Y. ], Zhao, ]. M., Wang, Z. B. & Jiang, T. Asymmetric electromagnetic wave transmission of linear polarization via
polarization conversion through chiral metamaterial structures. Phys. Rev. B 85, 195131 (2012).
34. Teich, M. C. & Saleh, B. E. A. Fundamentals of photonics 2nd. (Canada, Wiley Interscience, 2007).
35. CST Studio Suite, Version (Computer Simulation Technology AG, Darmstadt, Germany, 2015).
36. Palik, E. D. Handbook of Optical Constant of Solids (USA, Academic Press, 1985).
37. Larouche, S. & Smith, D. R. Reconciliation of generalized refraction with diffraction theory. Optics Lett. 37, 2391-2393 (2012).

AN U LN

SCIENTIFIC REPORTS | 6:35485 | DOI: 10.1038/srep35485 10



www.nature.com/scientificreports/

Acknowledgements

This work was supported by the National Key Research and Development Program of China (2016YFA0301102),
the National Basic Research Program (973 Program) of China (2012CB921900), the Natural Science Foundation
of China (11574163, 61378006, and 11304163), and the Program for New Century Excellent Talents in University
(NCET-13-0294).

Author Contributions

Z.L.,].L. and S.C. designed the ultrathin metasurface and developed the theory analysis. Z.L. together with W.L.,
H.C., S.C. and ].T. performed the simulation results. Z.L. and S.C. co-wrote the paper. All the authors discussed
the results and commented on the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Li, Z. et al. Simultaneous generation of high-efficiency broadband asymmetric
anomalous refraction and reflection waves with few-layer anisotropic metasurface. Sci. Rep. 6, 35485; doi:
10.1038/srep35485 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

BN o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:35485 | DOI: 10.1038/srep35485 11


http://creativecommons.org/licenses/by/4.0/

	Simultaneous generation of high-efficiency broadband asymmetric anomalous refraction and reflection waves with few-layer an ...
	Theoretical Analysis

	Results and Discussion

	Conclusions

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ A diagram of S matrix elements.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Schematic of designed reciprocal anisotropic metasurface.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Simulated results for squared moduli and of S matrix elements of unit cell structure.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Simulated results for refraction intensity, reflection intensity, and phase shift along metasurface array.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Simulated results for anomalous refraction and reflection waves generated by reciprocal anisotropic metasurface array.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Theoretical illustration and simulated efficiency results of asymmetric anomalous refraction and reflection waves generated.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Simulated results for anomalous reflection generated by reciprocal anisotropic metasurface array with LCP normal incident wave propagating along forward direction.



 
    
       
          application/pdf
          
             
                Simultaneous generation of high-efficiency broadband asymmetric anomalous refraction and reflection waves with few-layer anisotropic metasurface
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35485
            
         
          
             
                Zhancheng Li
                Wenwei Liu
                Hua Cheng
                Jieying Liu
                Shuqi Chen
                Jianguo Tian
            
         
          doi:10.1038/srep35485
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35485
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35485
            
         
      
       
          
          
          
             
                doi:10.1038/srep35485
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35485
            
         
          
          
      
       
       
          True
      
   




