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All-dielectric phase-gradient metasurface
performing high-efficiency anomalous
transmission in the near-infrared region

Tiesheng Wu'23, Zhihui Liu?", Yiping Wang'-®", Huixian Zhang?, Zuning Yang? and Dan Yang?

Abstract

We propose and numerically demonstrate a phase-gradient metasurface with high anomalous
transmission efficiency and great anomalous refraction angle, which consists of discontinuous regular
hexagonal nanorods supported by a quartz substrate. The metasurface achieves high anomalous
transmission efficiency and full 27 phase shift for the wavelength range of 1400-1600 nm. At the central
wavelength around 1504 nm, the total transmission efficiency reaches 97.9%, and the desired
anomalous transmission efficiency is up to 96.1% with an anomalous refraction angle as large as 30.09°.
By adjusting the period and the number of nanorods in one unit cell, the anomalous refraction angle can
reach 68.03°, and the anomalous transmission efficiency exceeds 60% within a bandwidth of 50 nm. The
results are more excellent than those of most present phase-gradient metasurface structures. The
superior performance of the proposed structure may pave the way for its application in wavefront control

optical devices.
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Itroduction

In the past few years, because metasurface has the
ability to modulate the characteristics of electromag-
netic waves, such as polarization, phase, amplitude,
and frequency through sub-wavelength microstruc-
tures. It has attracted a lot of attention in nanopho-
tonics [1-7]. In 2005, Nicholas demonstrated a new
class of metasurface optical devices based on the lo-
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cal phase modulation effect of Surface Plasma (SP)
[8]. Based on the characteristic of the SP propa-
gation constant varies with the metal slot’s width,
flexible local phase regulation is realized, and the
metasurface refraction law, also known as general-
ized refraction law, is established [9-12]. In 2011,
Capasso’s team built a new metasurface structure as
a v-shaped antenna, this work further clarified the
concept of the general law of refraction and resulted
in an international research craze [13]. For example,
converters [14-16], deflectors [9,17-20], directional
surface wave couplers [21-23], holographic devices
[24-26], vortex beam generators [27-29], and pla-
nar virtual excipient device [30], etc. According to
the materials used in metasurfaces, we can divide
optical metasurfaces into plasmonic metasurfaces
and dielectric metasurfaces. Although the applica-
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tion prospect of plasmonic metasurfaces has been
verified in many fields, the performance of this type
of device is usually limited by the huge intrinsic
ohmic loss of metal material [31,32]. Because of di-
electric materials have very low inherent loss, people
tried to replace metal materials with dielectric ma-
terials for designing all-dielectric metasurface [33,
34].

More recently, the common defect of the all-
dielectric phase-gradient metasurface is that it is
difficult to obtain high anomalous transmission ef-
ficiency with a large anomalous refraction angle.
To solve this problem, Yang et al. designed an
all-dielectric metasurface based on silicon nanoan-
tennas for high-efficiency anomalous transmission,
its anomalous transmission efficiency can reach
80.5% with an anomalous refraction angle of 29.62°
[35]. In 2019, by using of cross-shaped struc-
ture, the anomalous transmission efficiency of the
all-dielectric metasurface is up to 83.5% with an
anomalous refraction angle of 30° [36]. As far as we
know, it is the best result reported in the literature.

In this work, we demonstrate a novel all-dielectric
phase-gradient metasurface, which consists of dis-
continuous regular hexagonal silicon nanorods sup-
ported by a quartz substrate. We systematically an-
alyze the anomalous transmission efficiency and the
anomalous refraction angle of the proposed structure
by using the finite-difference time-domain (FDTD)
method. The simulation results show that at the
central wavelength of 1504 nm, the total transmis-
sion efficiency of the dielectric metasurface can
reach 97.9%, and the section of the desired anoma-
lous transmission efficiency is up to 96.1% with an
anomalous refraction angle of 30.09°. The anoma-
lous refraction angle can be enlarged by changing
the number of elements in one unit cell and the pe-
riod. We demonstrate an anomalous refraction angle
reaches 68.03° with an anomalous transmission effi-
ciency as high as 67.9% for the central wavelength
of 1530 nm. The performance of the proposed struc-
ture is better than that of the previously reported
phase-gradient metasurfaces. It is believed that the
proposed all-dielectric metasurface will play a vital
role in advanced wavefront engineering.

THEORY AND SIMULATION
Modeling and Design
For phase-gradient metasurface, the geometrical
morphology and parameters play vital roles in de-
vice performance. As shown in Fig. 1, We first sim-
ulate a simple array structure composed of regular
hexagon nanorods supported by a silicon substrate.
The transmission efficiency and phase distributions
of the simple array structure are analyzed by using
the FDTD method. In the simulation, the x and y di-
rections are set as periodic boundary conditions, and
the z-direction is set as perfectly matched layers.
A normally TE wave is incident from the bottom.
The electric field direction of the incident light is
along the y-direction, and the wavelength is 1400-
1600 nm. In the numerical analysis, the refractive
indexes of silicon and silicon dioxide refer to the
data proposed by palik [37].

As for the proposed structure, we hope to achieve
a complete 27 phase shift by adjusting the height H
and the side length of the regular hexagon w. When
the wavelength is set as 1500 nm, P is set as 500 nm,
and Hs is set as 200 nm, the phase variation with
changing the lengths of H; and w are shown in Fig.
2(a). It is clear that the phase of transmitted light
varies with the side length of the regular hexagon
w, but only when the height H; is greater than 800
nm, this structure can realize a full 27 phase shift.
Furthermore, high transmission efficiency is another
important factor to consider in the phase-gradient
metasurface designing. Fig. 2(b) and 2(c) show the
changes of transmission efficiency and reflection ef-
ficiency with the wavelength for different height H; .
The structural parameter w is set as 160 nm. As
shown in Fig. 2(b) , the wavelength of the peak trans-
mission efficiency red-shifts with the height of the
nanorods increasing. Obviously, the height of the
nanorods has a significant effect on transmission ef-
ficiency and reflection efficiency. Here, the height
H, is set as 1200 nm. At this value, the average
transmission efficiency of the simple homogeneous
metasurface reaches 92.61% in the range of 1400-
1600 nm, and the highest transmission efficiency is
up to 99.08% at the wavelength of 1509 nm.

As shown in Fig. 3(a), when the height H; is set
as 1200 nm, the phase change is related to the side
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Figure 1 Schematic of the simple array structure composed of regular hexagon silicon nanorods supported by a silica

substrate.
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Figure 2 (a) The phase of the periodic regular hexagon nanorods for different structural parameters H1 and w at the
wavelength of 1504 nm. (b) The transmission efficiency and (c) the reflection efficiency of the periodic structure for
different thicknesses H1 at the wavelength range of 1400-1600 nm.

length of w and the operating wavelength. It can be
found that 27 phase variation can be obtained when
the side length of the regular hexagon w changes
from 50 to 200 nm for the wavelength range of 1400-
1600 nm. For further analysis, Fig. 3(b) illustrates
the variation of transmission efficiency and phase
with changing the regular hexagon’s side length at
the central wavelength of 1504 nm. As shown in
Fig. 3(b), the black curve represents the transmis-
sivity efficiency, and the blue curve represents the
phase of the transmitted light. It is clear that the sim-
ple array structure can realize a full 27 phase shift
when w changes from about 110 to 210 nm, and
the transmission efficiency remains at a high level

on the whole, but there are two peaks and two dips
with the change of the side length. The side length
for the two peaks are 165 and 209 nm, and the two
dips are 130 and 185 nm, respectively. As shown in
Fig. 3(c), we simulated the magnetic field distribu-
tion of the nanorods in the x-z plane for different
values of w. It is clear that resonance phenomena are
formed in the nanorods, and different magnetic field
distribution affects transmission efficiency. This res-
onance is similar to the Fabry-Perot resonance. It
requires the nanorods to be high enough to form
resonance condition for phase shift, which also ex-
plains the phenomenon shown in Fig. 2(a) [6, 38,
39]. According to the generalized Snell law, anoma-
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Figure 3 (a) The phase of the periodic regular hexagon nanorods for different values of w at the wavelength range of
1400-1600 nm. (b) Phase and Transmission efficiency as a function of the structure parameter w at the wavelength of
1504 nm. (c) The amplitude distribution of the magnetic field for w=130 nm, w=160 nm, w=185 nm, and w=209 nm at
the wavelength of 1504 nm. (d) Schematic of the designed phase-gradient metasurface.

lous transmission can be achieved if a metasurface
has a 27 phase shift ability. By adjusting the size of
the nanorods so that the phase shift is evenly spaced
and cover a full 27 range, we can deflect the beam
by dislocating its wavefront. Fig. 3(d) illustrates the
schematic diagram of the phase-gradient metasur-
face. Six nanorods of different sizes array on sili-

con with 27 /5 intervals for forming a complete 27
macrocycle. The purple box represents a complete
period, P, and P, are 3000 nm and 500 nm, respec-
tively. The structural parameters of each element are

shown in Table 1.
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Theoretical Basis
Different from the ideal boundary, when light prop-
agates through the metasurface, optical parameters
such as polarization state, phase, and wavefront may
change. We cannot explain this phenomenon with
the classical Snell’s law in geometric optics when
electromagnetic wave propagating through such in-
terfaces, thus giving rise to a universal generalized
Snell’s law [9-13]. Based on the generalized Snell
law, anomalous reflection or reflection at the inter-
face of two media comes from the horizontal phase
distribution. For the two types of refractions, we can
demonstrate as

n,sinl, — n;sinb; = ﬁ@ (D

2m dx

Where 6, and 6; represent the anomalous refraction
angle and the incident angle, respectively, nr usu-
ally refers to the refractive index of air, which has
a magnitude of 1, while ni refers to the refractive
index of the metasurface material, )\ is the operat-
ing wavelength in free space, and d¢/dzx is the phase
gradient. The phase gradient metasurface needs to
achieve complete near-linear 27 phase shift over a
large period to control the anomalous transmission,
so the phase gradient is

dp 2w
w2 2

der P, @)
Where P, is the period of the proposed metasurface
along the x-axis. In this work, we only consider the
normal light incidence to the interface, so 6; is 0, and
the equation can be further simplified as

3)

As a fact, phase-gradient metasurfaces not only ex-
ist low-order anomalous transmission but also ex-
ist higher-order anomalous transmission. To solve
the higher-order anomalous refraction angle, we in-
troduce the grating equation to modify the general-
ized Snell’s law [40-42]. The modified generalized
Snell’s law is

Ao Ao

sinf, = m— +

M iy
P, P,

m+1)P

“)

Where m represents the traditional diffraction order.
Electromagnetic wave shifts from the position of the
original zero-order to the position of the first order,
which could be seen as the anomalous refraction an-
gle. In addition, the period and the operating wave-
length decide the total number of diffraction orders.
The ratio of \g to P, influences the desirable value
of m. When \y/FP, is greater than 0.5, m could only
take the value of 0, and only three diffraction orders
can be obtained at this condition. The three diffrac-
tion orders are 0, -1, and 1, respectively. But when
Ao/ P, is less than 0.5, m could take the values of
0 and 1, and five diffraction orders can be obtained.
The five diffraction orders are -2, -1, 0, 1, and 2, re-
spectively. In the following discussion, the theory is
proved by our calculated results.

To explain the characteristics of the proposed
structure, we mainly calculate the efficiency and re-
fraction angle for anomalous transmission. The total
transmission efficiency and the anomalous transmis-
sion efficiency are defined as

n= IT/Iin 6)

Where I;,, is the input intensity, [,,; is the total
transmission intensity, and I, is the transmitted in-
tensity along the anomalous refraction angle.

Results and discussion

Table 1 shows the structural parameters of each el-
ement. We investigate the phase distribution and in-
tensity of the transmission light. To facilitate analy-
sis, we set the origin of the coordinates at the cen-
ter of the super cell. We simulate the phase distri-
bution of the transmission light at the wavelength
range of 1400-1600 nm. Through the super cell, it
is evident that the proposed structure can realize a
full 27 phase shift in the range of 1400-1600 nm.
To make it clear, Fig. 4(b) shows the phase shift
curve at the central wavelength of 1504 nm. As
shown in Fig. 4(b), we can see that the phase shift
shows a linear trend and are very smooth. Accord-
ing to the generalized Snell’s law, the better the lin-
earity of the phase shift, the flatter the equip phase
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plane of the transmitted light will be. We simu-
lated the total transmission and reflectance of the
proposed metasurface for the range of 1400-1600
nm, and the results are shown in Fig. 4(c). By ob-
serving the curve, we can see that the total trans-
mission remains a high efficiency. It exceeds 60%
in the whole operating wavelength range. At the
center wavelength of 1504 nm, the total transmis-
sion efficiency achieves 97.9% with a reflection ef-
ficiency of 2.0%. The result shows that the absorp-
tion rate is much less than 0.1% because the imagi-
nary part of the permittivity of silicon in the near-
infrared wavelength is very small. So the absorp-
tion rate can be negligible. Transmission efficiency
and reflection efficiency have opposite trends with
the wavelength, and the loss of the structure mainly
comes from reflection. It is clear that the proposed
phase-gradient metasurface can realize a complete
near-linear 27 phase shift and simultaneously main-
tain higher transmission efficiency at the range of
1400-1600 nm.

As shown in Fig. 5(a), we also calculate the
desired anomalous transmission efficiency of the
phase-gradient metasurface in the whole operating
wavelength range and normalize it to the energy of
incident light. Comparing Fig. 4(c) and Fig. 5(c),
we can see that the trend of the total transmission
efficiency and anomalous transmission efficiency
with wavelength is consistent. From Fig. 5(a), we
can see that the lowest anomalous transmission is
22.3% in the range of 1400-1600 nm. The desired
anomalous transmission efficiency exceeds 80% of
the wavelength range of 1499-1532 and 1549-1600
nm. It includes the optical communication wave-
length of 1550 nm. What’s more remarkable is that
the anomalous transmission efficiency is as high as
96.1% at the central wavelength of 1504 nm. As
far as we know, the value is far higher than most
reported phase-gradient metasurfaces at present [2-
16,22-34].

Fig. 5(b) shows the relationship between the far-
field transmission efficiency and the anomalous re-
fraction angle for the wavelength of 1504 nm. It can
be seen that the far-field energy of the transmitted
light is mainly concentrated at the angle of 30.09°,
and only weak energy is distributed in the other two

angles. For easy observation, Fig. 5(c) shows the
phase distribution of the metasurface configuration
at the center wavelength. From Fig. 5(b),we can see
that the transmitted light is obviously refracted, and
the wavefront is relatively flat. By substituting the
working wavelength and the period of the structure
into Eq.(3), the calculated angle of the anomalous
transmission 6, is 30.088°, which is very close to
our simulation results. To verify the relationship of
the number of diffraction orders and the ratio of the
wavelength to the period, we take \g/P, as the criti-
cal value of 0.5 and select five different wavelengths
to perform theoretical calculations and FDTD simu-
lations. The results are shown in Table 2. Obviously,
the simulation results are highly consistent with the
calculated results.

According to calculation and Simulation Angles
for the proposed structure shown in Table 2, when
Ao/ P, is greater than 0.5, there is only diffraction or-
der 0 and diffraction order 1, but there is no diffrac-
tion order 2. When Ao/ P, is less than 0.5, diffraction
orders 0, 1, and 2 are obtained in the simulation. This
result is in complete agreement with the theoretical
analysis described above and thus fully confirms the
reliability of the generalized Snell’s law combined
with the grating theory.

It can be seen from Eq. (3) that the diffraction an-
gle of anomalous transmission light is affected by
Ao/ P;, so we try to change the magnitude of P, to
obtain different anomalous refraction angles. An ef-
fective method to realize different anomalous refrac-
tion angle is to change the number of elements in
the period. Therefore, we further designed the phase
gradient metasurfaces with multiple sets. The ele-
ments of the metasurface in one periodicity is chang-
ing from three to nine. We select the working wave-
length with the highest anomalous transmission ef-
ficiency for each group of metasurface and observe
the phase distribution of the transmitted light. The
simulation results are plotted in Fig. 6(a)-(f). The
anomalous transmission angle increases from 18.98°
to 68.03° with the elements in one unit cell reducing
from nine to three. It can be seen from Figs. 6(a)-(f)
that the phase-gradient metasurfaces with different
elements can realize near-linear phase distributions,
and the wavefront of the transmitted light is rela-
tively smooth. We carried out the far-field analysis
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Table 1 The side length of the regular hexagon nanorods.
Unit cell  U1(0°) U2(72°) Us(144°) U4(216°) U5(288°) Ug(360°)

w(nm) 113 142 154 176 179 208
(a) b G
Phase ( ) ( )
1600 6 360 1.0
e Phase shift at 1504nm 0.9
300 -
£ 1550 2 e
L 4 &0 240 - 1
"a ﬁ g 0.64 ~———Transmission
< 1500 3 180 2 0.5 Reflection
E £ 1o sk
o 2 0-3'
= 1450
1 60 0.2
1400 0 0 . 0.0 -
-1000 0 1000 (rad) -1500 -1000 -500 O 500 1000 1500 1400 1450 1500 1550 1600
X(nm) X{nm) Wavelength(nm)

Figure 4 (a) Simulated phase shift of the metasurface along the x-direction in a complete period for the wavelength of
1400-1600 nm. (b) Simulated the phase distribution along the x-direction at the wavelength of 1504 nm. (c) Simulated
the intensity of transmitted and reflected light.

(a) (b) (c)

1.0 1.0 — 3
09 e Transmission at 1504nm +1
08 <08 2
=07
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03
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0.0 ; : . o -3
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Figure 5 (a) Intensity of anomalous transmission efficiency. (b) Far-field transmission efficiency for different
anomalous refraction angles at the wavelength of 1504 nm. (c) Phase distribution of the metasurface configuration at
the wavelength of 1504 nm. The angle in the figure shows the refraction angle of anomalous transmitted light.

Table 2 Calculation and Simulation Angles for +1 Order and +2 Order.

A(nm) 1495 1499 1504 1508 1510
AP 0.4983 0.4997 0.5013 0.5027 0.5033
Calculation 1 order 29.8876  29.9802 30.0860 30.1788  30.2186
angle(deg) 2 order 85.2739  88.0151 - — -
Sitmulation 1 order 29.8898  29.9779  30.0883  30.1766  30.2208
angle(deg) 2 order 85.3205 87.9077 — — —
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Figure 6 Phase distribution of the Phase-gradient metasurface consisting of different element numbers. (a)
Nine-element metasurface. (b) Eight-element metasurface. (c) Seven-element metasurface. (d) Five-element
metasurface. (e) Four-element metasurface. (d) Three-element metasurface. (d) - (f) contains two periods to better
show the anomalous transmission effect. The detailed parameters are shown in Table 3.
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of the above configurations and plotted the energy
distribution of transmitted light along each diffrac-
tion angle, as shown in Figs. 7(a)-(f). We can obtain
more than 80% abnormal transmission efficiency
from 18.98° to 48.86°. The structural parameters
of each element and detailed numerical results are
listed in Table 3. In our optimizing process, the side
length of the regular hexagon w and the period P are
the main optimization parameters.

According to the generalized Snell’s Law, in order
to design a larger anomalous refraction angle 0,., the
ratio of working wavelength A to structural period
P, should be increased. As shown in Fig. 8(a), we
plotted the phase variation of the transmitted light

along the x-direction for the wavelengths of 1400-
1600 nm. We select four wavelength points 1450
nm, 1500 nm, central working wavelength 1530 nm,
and 1550 nm for plotting the phase shift curves
shown in Fig. 8(b). It is clear that the all-dielectric
metasurface can be realized a full 27 phase shift for
the wavelength points. From Fig. 8(b), we can see
that the phase variation shows a linear trend along
the x-direction. We calculate the total transmission
efficiency and the desired anomalous transmission
efficiency of the structure in the working band, re-
spectively, and the results are shown in Fig. 8(c).
It can be observed that the total transmission effi-
ciency is lower than before. However, the anoma-
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Figure 7 Far-field transmission intensity at different angles of the phase- gradient metasurface consisting of different
element numbers. (a)-(f) represents nine, eight, seven, five, four, and three elements, respectively.

Table 3 The side length of the regular hexagon nanorods.

N Uy Usz Us Uy Us Usg Uy Usg Uy n P A [

3 0.131  0.181 0.203 — — — — — — 67.8% 1.65 1.530 68.03°
4 0.080 0.153 0.173 0.196 — — — — — 80.1% 2.0 1.506  48.86°
5 0.103 0.146 0.153 0.166 0.193 - - — — 88.6% 2.5 1.424  34.73°
6 0.113 0.142 0.154 0.176 0.179 0.208 - — — 96.1% 3.0 1.504  30.09°
7 0119 0.139 0.153 0.171 0.173 0.193 0.214 — — 88.6% 3.5 1.531  25.94°
8 0.089 0.138 0.150 0.157 0.165 0.168 0.185 0.197 — 89.4% 4.0 1.435 21.03°
9 0.114 0.145 0.149 0.160 0.164 0.173 0.182 0.192 0.202 85.7% 4.5 1.463  18.98°

lous transmission efficiency can remain above 60%
in the broadband range from 1506 nm to 1555 nm
and reaches 67.9% at the wavelength of 1530 nm.
The anomalous refraction angle within the band-
width can reach 70.47°. The phase distribution of
transmitted light and energy distributions at differ-
ent anomalous refraction angles are shown in Fig. 6
(f) and Fig. 7(f), respectively. By observing the dis-
tribution of the electric field, we can clearly see that
the equilateral phase plane of the transmitted light is
very flat. The transmitted light has very little energy
emitting at 0° and symmetric -68.03°, but the ma-

jority of transmitted light is concentrated at 68.03°.
The anomalous transmission performance of the all-
dielectric phase gradient metasurface designed by us
is better than that of most of the metasurface struc-
tures proposed before, and the anomalous transmis-
sion efficiency can reach more than 60% within the
range of anomalous refraction angle from 0° to 70°.
Based on the above analysis, the anomalous refrac-
tion angle of about 30° is the most reasonable. At
this anomalous refraction angle, the highest anoma-
lous transmission efficiency can be achieved, and the
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Figure 8 The convergence and optimality of the proposed algorithm.

anomalous refraction angle can be guaranteed to be
large enough.

Conclusions

In summary, we design and simulate an all-dielectric
phase-gradient metasurface for performing high-
efficiency anomalous transmission in the near-infrared
region. The metasurface consists of regular hexago-
nal silicon nanorods arranged on a silica substrate.
The FDTD method is used to simulate the trans-
mission efficiency and anomalous refraction angle
of the transmitted light. The results show that the
metasurface can realize a complete 27 phase shift
in the wavelength range of 1400-1600 nm. At the
centre wavelength of 1504 nm, the desired anoma-
lous transmission efficiency reaches 96.1% with an
anomalous refraction angle of 30.11°. The anoma-
lous transmission efficiency exceeds 80% in the
range of 1499-1532 nm, which makes our design
more flexible. We also design multiple sets of phase-
gradient metasurfaces by changing the number of
elements in one unit cell and adjusting the period
of the metasurface. The optimized results show that
we can adjust the refraction angle in the range of
18.98°-70.47°. When the anomalous refraction an-
gle is less than 48.86°, more than 80% of the anoma-
lous transmission efficiency can be obtained. Such
an all-dielectric metasurface will easily find appli-
cations in integrated optical devices.
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Figure 1

Schematic of the simple array structure composed of regular hexagon silicon nanorods supported by a
silica substrate.
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Figure 2

(@) The phase of the periodic regular hexagon nanorods for different structural parameters H1 and w at
the wavelength of 1504 nm. (b) The transmission efficiency and (c) the reflection efficiency of the
periodic structure for different thicknesses H1 at the wavelength range of 1400-1600 nm.
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Figure 3

(@) The phase of the periodic regular hexagon nanorods for different values of w at the wavelength range
of 1400-1600 nm. (b) Phase and Transmission efficiency as a function of the structure parameter w at
the wavelength of 1504 nm. (c) The amplitude distribution of the magnetic field for w=130 nm, w=160
nm, w=185 nm, and w=209 nm at the wavelength of 1504 nm. (d) Schematic of the designed phase-

gradient metasurface.
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Figure 6

Phase distribution of the Phase-gradient metasurface consisting of different element numbers. (a) Nine-
element metasurface. (b) Eight-element metasurface. (c) Seven-element metasurface. (d) Five-element
metasurface. (e) Four-element metasurface. (d) Three-element metasurface. (d) - (f) contains two periods
to better show the anomalous transmission effect. The detailed parameters are shown in Table 3.
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