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Introduction

All-dielectric metasurfaces for simultaneously
realizing polarization rotation and wavefront
shaping of visible light¥

Song Gao, 22 Chul-Soon Park, €2 Sang-Shin Lee © *® and Duk-Yong Choi @ °<

All-dielectric metasurfaces have shown unprecedented abilities to control light polarization and phase,
yet most previous relevant studies have been mainly limited to cross-polarized schemes. This paper pre-
sents dielectric metasurfaces that incorporate distinct half-waveplate-like hydrogenated amorphous
silicon nanoposts and are shown to manipulate the wavefront of transmitted visible light exhibiting con-
trollable linear polarization angles. An anomalous beam deflector is designed, and high performances
including an absolute deflection efficiency of 82%, a polarization conversion efficiency of 96%, and an
extinction ratio of 37 dB are first demonstrated in the cross-polarized scheme. Furthermore, the anoma-
lously deflected light could hold a high degree of linear polarization (>0.96), which can be continuously
rotated by varying the incident polarization angle. Based on this principle, we fabricate a metalens and
experimentally observe the light focusing phenomenon at the location designed for the cross-polarized
light. Moreover, the rotation of the linear polarization angle corresponding to the output focused beam
spot is successfully validated by tailoring the incident polarization angle. The developed metalens can
therefore be treated as equivalent to the combination of a half-waveplate and focusing lens. The pro-
posed ultra-thin dielectric metasurfaces, which do not require the alignment of multiple elements, could
be used to facilitate the development of ultra-compact photonics systems.

cal Snell’s law could be rewritten." Thereafter, phase-gradient
metasurfaces were extensively explored to manipulate the wave-

Metasurfaces, which are prominent planar counterparts of
three-dimensional metamaterials, have garnered significant
interest because of their extraordinary ability to manipulate
the properties of electromagnetic waves at subwavelength
scales. The fundamental elements that constitute an optical
metasurface include a subwavelength-spaced nanostructure
(meta-atom), which can interact with and scatter the incoming
light, imparting a phase delay that is managed according to
the size, shape, and orientation of the structure. Along an
interface between two media, a set of meticulously designed
deep-subwavelength metallic nanoantennas that were spatially
allocated to induce a linearly varying phase delay (a constant
phase gradient) resulted in anomalous light bending, a
phenomenon that was successfully validated so that the classi-

“Department of Electronic Engineering, Kwangwoon University, 20 Kwangwoon-ro,
Nowon-gu, Seoul 01897, Republic of Korea. E-mail: slee@kw.ac.kr

bLaser Physics Centre, Research School of Physics and Engineering, Australian
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1 Electronic supplementary information (ESI) available: Details of the calculated
effective indices and corresponding phase shifts. See DOI: 10.1039/c9nr00187e
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front of light propagating in free space in studies relating to
light focusing,* hologram generation,”” and vortex beams,®’
among others. The idea that meta-atoms can mediate abrupt
phase changes has also been applied to optical waveguides in
recent years, with the intention of fulfilling diverse and intri-
guing functions such as optical routing and mode conver-
sion.®? In addition to the simple modulation of common light
properties including the phase, amplitude and polarization,”
metasurfaces can also be smartly devised to tailor the reso-
nance dispersion'’ and the near-field electromagnetic wave
distributions,>"* which can be respectively beneficial for rea-
lizing flat achromatic lenses and sensing applications.

The polarization state is critically important in many classi-
cal optics applications and has lately been recognized to play a
significant role in quantum optics because quantum bits of
data (qubits) can be stored in the polarization of individual
photons. With the advent of metasurfaces, polarization can
also serve as a vital tool for developing innovative nanopho-
tonic devices. Recent years have witnessed the development of
various bifunctional metasurfaces where two similar or dis-
tinct functionalities, such as beam steering,"*™® light
focusing,"”*° hologram generation,”*>" and vortex beam gene-
ration,”*** can be achieved when incident polarization is

Nanoscale, 2019, 11, 4083-4090 | 4083
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switched from one specific state to its orthogonal counterpart.
Furthermore, much recent research has been devoted to realiz-
ing metasurface-based ultra-thin polarimeters for the purpose
of measuring, analyzing, and imaging light polarization.>*°
By dividing the metasurface into several sectors, with each
sector operating for a designated polarization state, different
polarization components of the impinging light can be deter-
mined. In all the applications mentioned above, the polariz-
ation states of the input and output light remained the same
for each functionality.

Optical waveplates are commonly used to rotate or convert
light polarization in practical optical systems. With conven-
tional waveplates made of birefringent materials, the required
phase delay between the two orthogonal polarizations is
attained through phase retardation accumulated over a propa-
gation distance, which is much longer than the wavelength.
Being well known for their full control over the phase and
polarization, metasurfaces are undoubtedly capable of
enabling significant polarization conversion with a drastically
diminished thickness,*®*" and have high potential for inte-
grating multiple optical elements such as the waveplate, lens,
and polarization beam splitter, which would advance the
development of ultra-compact polarization optics. Notably, a
majority of metasurfaces are reported to manipulate the wave-
front of a light output whose polarization is orthogonal to that
of the incident beam (cross-polarized), either by taking advan-
tage of the geometric phase to manipulate the circularly polar-
ized light>* or the resonance-induced phase shift to control
the linearly polarized light.**7**> Geometric metasurfaces have
been vastly explored as they hold an intrinsic ability to manip-
ulate the wavefront of the cross-polarized light in a broad-
band.*” Although the poor polarization conversion found in
connection with a monolayer plasmonic metasurface can be
addressed by resorting to a gap-plasmon configuration,*®?”
the operation of the metasurface remains inconveniently
limited to the reflection mode. For a transmissive geometric
metasurface manipulating cross-polarized light, the conver-
sion efficiency can be remarkably elevated by taking advantage
of all-dielectric materials.>*%™*' However, because the meta-
surface’s manipulation capability is solely based on the
spatially variant orientations of identical meta-atoms, the
resulting phase control is valid only for incident light with cir-
cular polarization,”*?® and only the spatial modulation of
polarization is allowed for linearly polarized incident light.***°
Even though the phase control of such a metasurface can be
effective in a broad spectral band, the high polarization con-
version efficiency can be rarely maintained over the broad-
band.”> Apart from geometric metasurfaces, an ultra-thin
hybrid bilayer plasmonic metasurface has also been devised to
enable anomalous beam transmission with an enhanced
linear polarization conversion efficiency at wavelengths near
700 nm in the visible regime.*” The optimal conversion
efficiency of the metasurface was approximately 36%, a rela-
tively low value that may have been caused by the metal-
induced dissipation loss. In most of the abovementioned
studies, the desired wavefront manipulation was restricted to

4084 | Nanoscale, 2019, 11, 4083-4090
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cross-polarized light, a severe limitation inconsistent with the
original objective of integrating multiple devices. To enable
both arbitrary polarization and phase control, several metasur-
face schemes have been proposed using paired nanoanten-
nas,”*"  combinations of geometric and propagation
phases,*>™® and a Fourier holography technique.’® Another
straightforward approach resorts to multiple meta-atoms with
various dimensions; however, most of the relevant studies
were demonstrated in the infrared regime and all were
restricted to gap-plasmon metasurfaces.*® >

In this work, we propose and demonstrate all-dielectric
metasurfaces for visible light wavefront shaping with a tailor-
able linear polarization state. Eight nanoposts made of hydro-
genated amorphous silicon (a-Si:H) constitute the elemental
meta-atoms that impart various phase delays to the incident
light, playing the role of also rotating the incident light polar-
ization angle, considering that each nanopost behaves like a
half waveplate (HWP). First, the feasibility of the proposed
method is verified by conceiving a beam deflector design and
systematically investigating its efficiency and polarization
state. We then fabricated a metasurface lens (metalens) that
successfully focuses a transmitted cross-polarized beam. The
linear polarization angle of the focused spot can be tuned by
altering the incident polarization angle, and the monolayer
metalens is considered tantamount to the combination of a
conventional HWP and focusing lens (Fig. 1), which are bulky
and usually need to be precisely aligned in conventional
optical systems.

Results and discussion

Fig. 2a shows the configuration of the unit cell of the proposed
dielectric metasurface, consisting of a rectangular a-Si:H nano-

Fig. 1 Schematics of the conventional half waveplate (HWP) and lens
that are usually used for polarization rotation and light focusing in
optical systems (top) and a monolayer dielectric metalens that can sim-
ultaneously rotate the polarization and focus the light (bottom). The
arrows in cyan, magenta and yellow color only represent the orientation
of the electric field.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Schematic of an elemental unit cell of the proposed dielectric
metasurface. (b) For normally x-polarized incident light, the calculated
transmission efficiency and transmission phase for the y-polarized light
at the designed wavelength 2 = 690 nm, as a function of the nanopost
dimensions (w; and w,). The selected nanoposts are marked with
crosses. (c) Derived transmission (black dots), phase (blue dots), and
phase difference (pentagrams) between the u- and v-axes of the eight
nanoposts.

post formed on an SiO, substrate. The adoption of a-Si:H
offers the following advantages: unlike crystalline silicon, a-Si:
H can be easily grown on a foreign substrate at a low
temperature,’>> and a-Si:H exhibits a high refractive index
and a low extinction coefficient (n ~ 4.077 + 0.005{) at the
designed wavelength of 690 nm, guaranteeing efficient light
manipulation at a subwavelength scale. However, when it
comes to the operation at short visible wavelengths, other
dielectric materials, including crystalline silicon,”*™° titanium
dioxide,’ silicon nitride,>” and gallium nitride,*® are preferable
to a-Si:H, which is susceptible to high absorption. Notably,
except for crystalline silicon, the remaining materials have
relatively lower indices which mostly restrict the meta-atoms to
have near-wavelength structural heights to fulfill the entire 2n
phase control. For manufacturing such devices, additional
process techniques such as atomic layer deposition are usually
required.”

Here, the unit cell’s pitch was A = 240 nm, and the a-Si:H
nanopost had a thickness of 2 = 320 nm, which was approxi-
mately 0.464. The nanopost was rotated by 45° with respect to
the unit cell’s x-axis, so that incident x- or y-polarized light
could be decomposed into two orthogonal components along
the u- and v-axes, representing the long and short axes of the
nanopost, respectively. Supposing that a unity transmission
occurred with a phase difference of |A¢,_,| = n between the u-
and v-axes, incident x-polarized light could be completely con-
verted to y-polarized light. Simulations were conducted to
determine the optimal dimensions of the structures using a
finite-difference time-domain method-based tool (FDTD
Solutions, Lumerical, Canada). The x-polarized light was set to
impinge normally upon the proposed unit cell, and the
y-polarized component was examined in terms of the trans-
mission efficiency (Tg,) and phase shift (¢y,) by varying the
dimensions (w;, w,) of the nanopost, as delineated in Fig. 2(b).

This journal is © The Royal Society of Chemistry 2019
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With appropriate adjustments of the nanopost dimensions,
the phase shift of the transmitted y-polarized light could be
tuned from 0 to 2z with no significant loss, which is crucial to
wavefront shaping in a cross-polarized scheme. For our dem-
onstration, eight nanoposts (marked with crosses in Fig. 2(b))
were selected to provide a full 2z phase control. As shown in
Fig. 2(c), with normally incident x-polarized light at the
designed wavelength 2 = 690 nm, the nanoposts featured
nearly invariant transmission efficiencies (black dots) surpass-
ing 89% and provided incremental phase shifts of n/4 (blue
dots), both of which are related to the y-polarized light. For
each of the selected nanoposts, the phase difference between
its long and short axes was also calculated. As plotted in
Fig. 2(c), the estimated phase differences (pentagrams) closely
mimicked n with discrepancies within 0.05x radians, indicat-
ing that each nanopost could be treated as a near-perfect HWP
at the designed wavelength, with the long (z-) and short (v-)
axes of the nanopost corresponding to the slow and fast axes
of the waveplate, respectively.

The dielectric nanoposts could be understood as truncated
waveguides allowing the propagation of certain modes: the
nanopost widths could be varied to modulate the effective
index of the modes, leading to different phase shifts in the
light scattered at the end of the waveguide. Because each nano-
post’s short and long dimensions differed, all selected nano-
posts were assumed to support two effective indices (neg , and
Negr ) associated with distinet phase shifts. For each of the
selected nanoposts, the effective indices of the fundamental
modes were extracted from the simulations, and their corres-
ponding phase shifts were calculated following the relation-

2
ship ¢ = TRneffh as illustrated in Fig. S1 of the ESIL.T For each

nanopost, the difference between the two effective indices led
to a phase difference in the vicinity of &, which is consistent
with the simulation results shown in Fig. 2(c), while for two
adjacent nanoposts, the differences of their effective indices
along the u- and v-axes (Aneg , and Aneg ,) were nearly the
same and both led to a near constant quarter-rt phase shift.

To validate the proposed dielectric metasurface’s bifunc-
tionality in polarization conversion and wavefront shaping, an
anomalous beam deflector was designed by integrating the
eight nanoposts to form a supercell. A linearly increasing
phase shift in intervals of n/4 was imparted across the super-
cell, establishing a constant phase gradient. Upon normal illu-
mination of a plane wave polarized parallel to the x-axis, the x-
and y-components of the electric field (E, and E,) were calcu-
lated, as illustrated in Fig. 3(a) and (b), respectively. The trans-
mission profile showed that E), was substantially stronger than
E,, indicating the conversion of the linear polarization. In
addition, the field profile in Fig. 3(b) indicates a planar wave-
front pertaining to an oblique propagation angle, suggesting
anomalous refraction. The angle of anomalous refraction was
estimated to be 6, = 20.9°, close to the calculated angle of 21.1°
as per the generalized Snell’s law." According to the equiva-
lence between the generalized Snell’s law and the modified
diffraction equation,®® the anomalously transmitted beam

Nanoscale, 2019, 11, 4083-4090 | 4085


http://dx.doi.org/10.1039/c9nr00187e

Published on 07 February 2019. Downloaded by Australian National University on 3/1/2019 12:42:14 AM.

Max
-Max
. - Ttotal
- Tpo\
_D+1
— D,1
0 -D
600 650 700 750 800 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
e 40
0.8 32 o
w 0.6 241
O 163
0; ER=0 8 2
0.0 = 0
600 650 700 750 800

Wavelength (nm)

Fig. 3 Simulation results under normal incidence with polarization par-
allel to the x-axis. The simulated xz-plane electric field distribution relat-
ing to the (a) Ex and (b) E, components at the wavelength of 690 nm.
The polarized transmission and zeroth, positive, and negative first diffr-
action spectra relating to the (c) E, and (d) E, components. The dashed
line indicates the total transmission of the dielectric metasurface. (e)
Calculated conversion efficiency (CE) and extinction ratio (ER).

matched the light wave in the first diffraction order (the posi-
tive first order in our case). Efficiencies for the polarized trans-
mission (Tp1), positive first diffraction order (D), negative
first diffraction order (D_,), and zeroth diffraction order (D,)
were calculated in the spectral band ranging from 600 nm to
800 nm for the E, and E, components, as shown in Fig. 3(c)
and (d), respectively. The total transmission efficiency (Tioa1)
of the proposed dielectric metasurface is shown with the
dashed line in the figure for comparison. At the designed
wavelength of 4 = 690 nm, the total efficiency (Tiotal), E,-polar-
ized transmission (TEypol) and absolute diffraction of the
Ey-polarized positive first diffraction (Dg 1) were 88.6%, 85.5%,
and 82.2%, respectively. The non-unity total transmission
efficiency is accounted for by silicon absorption (5.4%) and
the inevitable reflection (6%) from the nanoposts as these non-
identical elements exhibit different reflection coefficients."”
The performance of the beam deflector was further analyzed
in terms of the conversion efficiency (CE) and extinction ratio
(ER).”> The CE is defined as the ratio of the anomalous
refracted light power (D.,) to the incident light power, and the
ER is given as ER = 10 log(DEy+1/DEx0) in dB, where Dy, denotes
the zeroth order diffraction relating to the E, component. As
plotted in Fig. 3(e), the maximum CE and ER were 96.5% and
37 dB, respectively, exceeding those of a previously reported
hybrid bilayer plasmonic counterpart in a similar spectral
band.**> Although the hybrid bilayer metasurface featured an
ultra-thin thickness (~4/6), the thickness of our dielectric
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metasurface was considerably smaller vis-qa-vis the operation
wavelength (~4/2). In addition, the operation bandwidth
of the proposed dielectric metasurface with over 80%
polarization conversion efficiency is near 100 nm, which is
comparable to that of the geometric metasurface incorporating
identical meta-atoms that are made of titanium dioxide
nanofins.”

Unlike the previous dielectric metasurfaces, which are
capable of manipulating cross-polarized light only with respect
to a designated incident polarization,>**® the proposed meta-
surface could adjust the polarization of the transmitted light
by altering the angle of incident polarization (Fig. 4(a)).
Linearly polarized incident light can be described using the
Cos i

ones vector Ji, = .
O

}, where ¢;, stands for the incident

polarization angle with respect to the x-axis. Assuming that
each nanopost in the designed metasurface was an ideal HWP
that could act on the incident Jones vector, the nanoposts
could be represented in the form of a Jones matrix

| cos2a
T | sin2a

sin 2a
where represents the angle
—cos Za} ’ @ Tep &
between the fast axis of the waveplate and the x-axis. For the
proposed dielectric metasurface with a = 45°, the linear polar-

ization of the output transmitted light could then be expressed

T
as B {cos 2a  sin2a } {cos @i } | cos (5 - ‘ﬂin)
out — . _ : = /T y
sin 2a cos2a | | sin ¢y, sin (_ _ (ﬂin)
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Fig. 4 (a) Illustration of a beam deflector, the output polarization state
of which can be tuned by rotating the incident polarization. (b)
Polarization ellipse map of the anomalously transmitted light calculated
as a function of the incident polarization angle ¢;, for the designed
wavelength 4 = 690 nm. The inset shows the result at ¢;, = 45°. (c) DOLP
and primary polarization angle of the output light calculated as a func-
tion of the incident polarization angle ¢;, at a wavelength of 690 nm. (d)
Total transmission and polarized transmission with the incident polariz-
ation angle ¢;, at the wavelength 690 nm.
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signifying that the input and output electric fields would have
the same angle with respect to the waveplate’s fast axis. For the
beam deflector designed at A = 690 nm, the polarization state
pertaining to the dominant transmitted light, preserved in the
first diffraction order, was analyzed based on a polarization
ellipse map, with incident polarization angles being varied
from ¢;, = 0° to 90°, as shown in Fig. 4(b). For ¢;, = 0° and
90°, the output light was linearly polarized along the y- and
x-axes, respectively, whereas the output exhibited elliptical
polarizations with the intermediate incident polarization
angles (inset in Fig. 4(b) shows the most elliptical case at ¢;, =
45°). The corresponding degree of linear polarization (DOLP)
and primary polarization angle are calculated as shown in
Fig. 4(c). The DOLP, indicative of the quality of linear polariz-
ation, is expressed as DOLP = 1 — 2y/(1 + y*), where y represents
the ratio of the lengths of the major to minor axes associated
with the ellipse, and DOLP = 1 indicated a perfect linear polar-
ization. The simulated DOLP was found to exceed 0.96, signify-
ing a highly linear polarization. The above analysis reveals that
an ideal HWP is established when the angular discrepancy
between the output and input polarizations is twice the angle
between the input polarization and the axis of the waveplate.
Therefore, go,: equals @i, as shown in the inset of Fig. 4(c).
The simulated primary polarization angle matched the theore-
tical result. As the incident polarization was scanned from 0°
to 90°, the two decomposed polarized transmissions of T poi
and Tg pol, Tespectively, decreased and increased as expected,
while the total transmission remained quite stable (Fig. 4(d)).
Apart from the polarization control, the transmitted beam
wavefronts relating to the x- and y-polarization components
were also investigated to show the wavefront control, as can be
seen in Fig. S2 of the ESL7 It should be noted that for the pro-
posed metasurface, the wavefront manipulation in the cross-
polarized scheme is only valid when the incident light is x- or
y-polarized. To enable constant wavefront manipulation only
in the cross-polarized scheme for the incident light with an
arbitrary linear polarization angle, the device is required to
exhibit different fast axes corresponding to different polariz-
ation angles.

Because the HWP and focusing lens are indispensable in a
variety of optical systems, we herein propose a monolayer
dielectric metalens as a viable ultra-thin substitute for these
two bulky components. The phase distribution for the meta-

lens is given by ¢(x,y) = 2/1—n ( b — VX2 +)? +f02), where f; is
the focal length and (x, y) represents the coordinates corres-
ponding to the center of each unit cell affiliated with the meta-
lens with respect to the global origin thereof (xo, yo) = (0, 0).
Fig. 5(a) shows the geometry of the designed metalens, the dia-
meter and focal length of which were both chosen to be the
same, at 60 pm each. For a normally incident x-polarized light,
the simulated electric field intensity profiles near the focal
region in both the xz- and xy-plane are shown in Fig. 5(b). The
y-polarized light was solely focused at the expected position of
z = 60 pm. For the designed wavelength of 690 nm, the meta-
lens had a numerical aperture (NA) of ~0.45 and a longitudi-
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Fig. 5 (a) Geometry of the designed metalens. (b) For the designed
wavelength 690 nm, the simulated electric field intensity relating to the
E, and E, components in the xz-plane and xy-plane near and at the
focal plane. (c) Scanning electron microscopy images of the metalens
for illustrating the distribution of the nanoposts.

nal focal length of 4.6 pm (~6.674) in the xz-plane. In the focal
plane (xy-plane), the focused beam spot exhibited a full-width
at half-maximum (FWHM) of 720 nm, which was smaller than
the diffraction limited spot size of ~770 nm (~A/2NA).

The fabrication of the designed metalens was initiated by
depositing a 320 nm thick a-Si:H film on a glass substrate via
plasma-enhanced chemical vapor deposition (Oxford,
Plasmalab 100). The film was then spin-coated with an elec-
tron beam resist (ZEP520A), forming the metalens pattern
with an electron beam writer (EBL, Raith150). Following elec-
tron beam evaporation of a 60 nm-thick Al layer and a sub-
sequent lift-off process, the metalens pattern was finally trans-
ferred to the a-Si:H film via fluorine-based inductively coupled
plasma-reactive ion etching (Oxford, Plasmalab System 100).
Scanning electron microscopy images of the fabricated meta-
lens for illustrating the distribution of the nanoposts are
included in Fig. 5(c). The prepared sample was then character-
ized using the test setup illustrated in Fig. 6(a). A superconti-
nuum laser (SuperK compact, NKT Photonics) was used as an
illuminator to emit broadband unpolarized light. Prior to
reaching the sample, the light was converted to become line-
arly polarized over a narrow spectral band via a Glan-
Thompson linear polarizer (GTH10M-A) and a narrow band-
pass filter (FB690-10, with a center wavelength of 690 nm and
a FWHM of 10 nm). The light transmitted from the metalens
was collected via an objective lens that is paired with a tube
lens, leading to the intensity distribution image (xy-plane) on
a camera. An additional linear polarizer (analyzer) was incor-
porated so that the intensity patterns of different polarization
components could be monitored.

For normally incident x-polarized light, a series of y-polar-
ized intensity patterns were first captured by translating the
imaging system along the z-axis in increments of 2 pm. The

Nanoscale, 2019, 11, 4083-4090 | 4087


http://dx.doi.org/10.1039/c9nr00187e

Published on 07 February 2019. Downloaded by Australian National University on 3/1/2019 12:42:14 AM.

Paper

P Sample

LZ:E—H

Filter

Analyzer Objective Tube lens Camera

a
b30

60
z (um)

Fig. 6 (a) Measurement setup for characterizing the metalens. (b) For
x-polarized incident light, the y-polarized light intensity in the xz-plane
extracted from the measurement. The inset shows the light intensity
pattern at z = 68 pm in the xy-plane (case 1). (c) Focus spot patterns
observed in the absence of the analyzer (case 2) and when the incident
polarization is parallel to the analyzer (case 3, both are x-polarized). (d)
One-dimensional intensity distribution across the spot center from x =
—30 pm to 30 um, for all three cases. The inset shows the magnified
intensity distribution from x = 0 pm to 30 pm.

metalens was placed at the position z = 0 pm, by extracting the
intensity along the transverse line connecting the centers of
the recorded intensity patterns, and the cross-polarized light
was unequivocally revealed to be focused starting from z =
60 pm to z = 75 pm, as shown in Fig. 6(b). Because of the non-
zero bandwidth of the filter and the chromatic dispersion
nature of the metalens, the measured focus profile was slightly
elongated compared with the simulation result shown in
Fig. 5(b). The inset in the figure represents one of the cross-
polarized intensity patterns (case 1) captured at z = 68 pm
within the focal region, where the light passing through the
metalens was focused to a bright spot at the center of the focal
plane (the dashed circle in the inset corresponds to the
location of the metalens) and no light is visible outside the
metalens region. The non-negligible light intensity encircling
the focal spot in both the figure and its inset, was supposed to
be caused by the analyzer. As shown in Fig. 6(c), in the
absence of the analyzer (case 2), the focused light spot fea-
tured a much finer circular shape and a uniform intensity dis-
tribution. Remarkably, the relatively weak light intensity
outside of the metalens area that was invisible in case 1 is
believed to originate from the incident light (x-polarized)
because the impinging light beam was larger in size than the
metalens. This can be further confirmed in case 3 when the
polarization of the analyzer was set along the x-direction, ie.,
the polarization of the analyzer was parallel to the incident
polarization, where a similar intensity distribution was
observed except for the disappeared focus spot that was
expected to be y-polarized. Fig. 6(d) summarizes the above ana-
lysis by plotting the one-dimensional intensity distribution
across the focus center for all three cases (results for cases 1
and 2 are normalized with respect to case 3). For the focused
beam spots, the peak intensity ratio between the E, and E,
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components reached a favorable level around 40. Overall, we
could conclude that it was the y-polarized light that dominated
the focused beam spot.

For the focused output light that is y-polarized, the inten-
sity should be adjustable by rotating the analyzer according to
Malus’ law. Moreover, in contrast to the previous dielectric
metalenses with fixed output polarizations,>*' the linear polar-
ization of the focal spot generated by the proposed metalens
could be rotated by adjusting the incident polarization angle.
Here, to prove that the output polarization is rotatable, the
intensity of the focused spot was monitored by rotating the
linear polarizer while the polarization of the analyzer was fixed
to be parallel to the y-axis. Fig. 7(a) shows the measured peak
intensity Lalyzer in the focal spot when the input polarizer was
rotated from ¢@;, = 0° to 180°. Both the measurement and
theory indicated that the intensity vanished in the co-polarized
case for ¢;, = 90° and peaked in the cross-polarized case for
@in = 0° and 180°. The phenomenon contradicted Malus’ law
at first glance; however, it can be understood by considering
that the incident polarization angle was altered by the meta-
lens. Moreover, the linear polarization angle of the focused
output light was quantitatively examined when the input polar-
ization was varied from ¢;, = 0° to 90°. Given a fixed incident
polarization angle, by rotating the analyzer, the output polariz-
ation could be determined when the detected intensity
reached the maximum. As one may find difficulty in identify-
ing the maximum intensity point, we chose to find the point
when the intensity completely vanished, where the polari-
zation of the analyzer was supposed to be perpendicular to
that of the output polarization. Based on the above analysis,
the polarization angle (@anayzer) Of the analyzer, as indicated
on the right-hand side of Fig. 7(b), should be equal to ¢;,,. The
measured polarization angle agreed reasonably with the theor-
etically calculated one as shown in Fig. 7(b). The above results
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Fig. 7 (a) For the designed wavelength = 690 nm, the calculated and
measured intensity in the center of the focused beam spot as a function
of the incident polarization angle ¢, when the polarization of the analy-
zer is parallel to the y-axis. (b) For the designed wavelength = 690 nm,
the calculated and measured polarization angle of the analyzer ganayyzer
as a function of the incident polarization angle ;.
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corroborate that the demonstrated monolayer metalens can
function as both the HWP and the focusing lens. In addition
to integrating multiple distinct optical devices, the simul-
taneous control of the light polarization and phase shift
enabled by our proposed dielectric metasurface also offers
strong potential for high-capacity information encryption.

Conclusions

In conclusion, all-dielectric metasurfaces were presented for
concurrent realization of arbitrary linear polarization rotation
and wavefront shaping in the long visible spectral band. We
selected an a-Si:H material for the meta-atoms constituting the
dielectric metasurface, considering its ease of fabrication, low
loss, and high refractive index. Through rigorous simulations,
eight nanoposts that were shown to behave like near-perfect
HWPs were selected to provide full 2z phase tuning while
maintaining a near-constant high transmission efficiency. We
designed an anomalous beam deflector and verified its oper-
ation in the cross-polarized scheme, where it showed
enhanced performances in terms of the anomalous deflection
efficiency, polarization conversion efficiency, and extinction
ratio. Unlike previous dielectric metasurfaces with static
output polarization limited to the cross-polarization, the linear
polarization of the anomalously deflected light from the pro-
posed metasurface could be continuously rotated with a high
DOLP, simply by changing the incident polarization. Based on
these principles, we fabricated a metalens and experimentally
observed excellent point focusing for cross-polarized trans-
mitted light. Moreover, by tuning the input light polarization
angle, the polarization of the focused spot was readily rotated.
The developed metalens holds several advantages over conven-
tional systems that combine the HWP and focusing lens,
including ultra-thin thickness and no-need for alignment. The
proposed metasurface could thus be considered to facilitate
the development of ultimately miniaturized optical systems in
the future.
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[0005] WlE}EH 2 AAA ol = EAeHA] &= Qe Fe FHS Tt
27 7lsEs ok, vdwry w59 AL A7)e w5, 44 549 23E F8
TdHE.
[0006] wWElE A EAst= F A (media) AFo]l2] AE #H o] (interfac
e)e ugl, Aygom Wt YA A A (linearly varying phase delay) =, YA 3l
24 ¥l (constant phase gradient)”7} =% T},

[0007] =, A B 34 (subwavelength) oA A= F7F

o
el
kK
=
P

HEeR Ui StElY AlEE ik Feo] WA #dS 2o, o= s u
AA ~dlo] WA (Spell's law)S 285 7] o] tt.

[0008] o]&gt, wWElEHe] XA 942 (phase-gradient)E JA T

als
¥

%

T 54 wiEd, A FdA AgEE 35S 2238 5 e wEtrde] oig

A77b AdHYom, ¥Y, T2 44 % bR Wlvortex bean)?t HAH
Fol A vlEREH S o] A7H AT,

(0009] oleid Az AFA, vigEHe] FA Y MAE FAT
= E4L olgdtel, YT A A4 L BE WS /5L 4 WeEEe 3
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.

Fadgion, 42 PR Foto d@ Bilol FEPel weh AP A5e 2e B

Y
2
fiw)
rol
e,

F a7t 2rketn An

N

[0019] 1= &3, H 2 d Foto A= weExde tisk ¢

Aol B4 Aelold A7 gaow dad w, v 2%, W 2AN, TR A

o
g
'

F W Ay (beam steering, light focusing, hologram generation, and
vortex beam generation)¥ & ME FAFSE 755 ek dwk 18 E o] gt
[0020] B3k, Ho] A+ W AFe 54, #4 % o9 A (measuring,
analyzing, and imaging light polarization)S H-A o= we g 7|¥F Xxuts #H
B A (ultra—thin polarimeters)S 2 &3t dvk dyds)skot.
[0021] Bl o], Fefo] wWEEHS A9 HF 2 A AoE 7Hsetes
a7l 98, e o]& = ¢telub(paired nanoantennas), 713l 914 2 Hyk 94

°] Z3t(combinations of geometric and propagation phases) % Fglo] E =1

O

3] 7|4 (Fourier holography technique)< AF83F= 7 7HES A|A8}S1 S Bolt).

il

[0022] o] ¢fol vrapde]l b5 wEbd A (meta-atom) 5< ©]-&3to] HF

NE

A AAE st sdgoy, Hed do 2 H-Zeh=E ez 53tE o
Aok FAHl A

(P37 e23]
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[0023] (B]EFESE 0001) 1 =% N. Yu, P. Genevet, M. A. Kats, F.
Aieta, J. P. Tetienne, F. Capasso and Z. Gaburro, Science, 2011, 334, p333

~337.

(M E3IEH 0002) 2 =% M. Khorasaninejad, W. T. Chen, R. C. Devlin,
J. Oh, A. Y. Zhu and F. Capasso, Science, 2016, 352, pl1190~1194.

(53] &3 0003) 3 =% X. Li, L. Chen, Y. Li, X. Zhang, M. Pu, Z.
Zhao, X. Ma, Y. Wang, M. Hong and X. Luo, Sci. Adv., 2016, 2, e1601102.

(M EFEHA 0004) 4 =% B. Wang, F. Dong, Q. T. Li, D. Yang, C. Sun,
J. Chen, Z. Song, L. Xu, W. Chu, Y. F. Xiao, Q. Gong and Y. Li, Nano Lett.,

2016, 16, p5235 ~ 5240.

(M &3 &3 0005) 5 =+ L. Huang, S. Zhang and T. Zentgraf,

Nanophotonics, 2018, 7, pl1169 ~ 1190.

239 W&l
[3hZ23txAt sl FHA]

[0024] & U2 =s FAHS JNdshy] s Ao =2ZA, HErEH ¢
AbE = dlo) Hg ks s, S5 wAe wel v (half-waveplate) & &

et FA0 A=(Lens) 9 7]5& By AT & = #AFI 27 A7t 7t
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[0035] &=~ 709 7] 7 Aol Mz A= dais o|Fa, 7] d3

o] AAF %4 Zdol(focal length)+ RF 60md 4+ AT},

A7 Zo dFnF =& FHsta FIZE QI (lift-off)dte] X wpAaE A

&= ASEA, A7 FAA WSl ol F (etching)= skl HEHl= F2E FA

[0037] 7] ASAE= 7] 71 %9 EA3le E-ES AA = 4
ol#] ZEYS 3= Al-1 GA, FES AASE= fstel=deold  wo]F
(dehydration baking)S 3t Al1-2 ©A, 7] 71¢e qHo| 254 S HEF W
et Zakdstes A1-3 HAES o £3e = gl

[0038] 7371 A2dA= 7] 719del stst 714 529 (chemical vapor
deposition)= &3l 43t v Al (a-SiH) FdA4 a2 S5 Sz, A
7] FAast uAd AEES 320me] FAR FERSE A2-1 dAE o XS S

ATt
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[0039] 7471 A3eAl= 2~ F® (spin-coated) WHOE A A ~E
(electron beam resist) & sl A|3-1 @A, H3ZE H|o]A(soft baking)E
st A|3-2 dAIE o E23E 9

[0040] A7) A4dAE AxH] @ 222k (electron beam 1ithography)=
ol &3t HIEEW RS FA sk, dAHo] AR HAIEEE A|AS] AN
(development ) d}t= 4-19HAIE o] ¥ 4 ).

[0041] 7] AsTAl= 7] Fo ¢Frw (ADS S3 st Ik, 4
7] &FrlE S T 607t HES ek 519, YEZE 22 (lift-off)E
Tt oA mpAA (etch mask)E sk 52915 o 28 + 2

[0042] 7] AleGA =, 7] 7] E4 7Rk f%= A Z2b=nt vhs
A o] 2 o & (fluorine-based inductively coupled plasma-reactive ion etching)
= Fst= A6-1 dAE o 23S F

[0043] 7371 A7kA AN, &7 7]l 54 A2 (wet etching)s &3l &

fel e o]

obE= &FHlE T= AAGE AT-1 GAE o TS 5 Ut

e

[0045] ¥ wdgo w2 AP EZAAN A7} 7l Hkubdsd wElgA,

Hetdl == Aol HFE= Wl weE gt Viss THHER, Zoly

(

(LiDAR)Y &dv|AdE& xstsle= 33E yufo]x 58 FokoA %

)
b~
2L
1o
my
)
k
fl{
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[0067] Y= 7]% (nanopost)S 7]¥H(Si02) 9ol HAEY, FHAtezm
AEo, & AA oo wmE fAAs a4 vAgdd AelZ(a-Si:DolRgE, Yk

7eS FAast vAd AyE(a-Sithoe® FAHT).

[0069] w}ebal, 7194¢] w9 WA o] 240nmx240nme. 2 o] Fojd A9 7}=
2 M 27} 240nm X 240nme] WAL 7IX]= 7| Ao SF el v 7]|Eo] A=
T+ A

[0070] &, 2 o] o A doA Y 7|5 & 20| Z=AJE wpe}

Do), A% A% D A2Ew} 247t 4550] AEE o] FHA WA RRY 44

[0071] o]}, &= 2¢] Z=AlH wle} o] Y 7]Fo] 7|&3} Hole Wy
npH = WS o] s W oA H,

[0072] o]+ Y 7]%E°] 543 E=(mode)olH F AdE ste =t o

A 9 Hygow fLEE AP @9 A(unit cell)Z A H=E 4 Av}
[0074] =, A<3 A 2AA] A", 712 D A 27F 240nm*240nme] H 2 -&
T = IR &g HAHES FES AS, 449 W9 WHd sdels 78S
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ol AR A e, e Avpy Z47) gk 7)o v Y)Fe] g E T,

[0075] =3k, o]g3t &9 AES A= AZAH, 3 A(super cell)S

-~

t, ary AL B9 Y Ve Es £9

Ol
i

T4 a7 ek,

[0076] ¥ oA 73 A2 Al WA A A(#1, #2, #3, #4, #5,

i
ofr

#6, #7, #3, & 29 (c) #IF)S FaeE AL A AN d= Fto] AHEEiy, A1
WA A A((#1, #2, #3, #4, #5, #6, #7, #38) Z+Z+& A1 YA A8 Y 7]

B L I REREE T L

offt
o

[0078] whebA], 79 AL R @] Aol A=A ded=s 4
ate 71 ol €t

[0079] olel&t 73 Aol E3hd Al WA A8 Ui 715 & 29 (o)
T=ALE vRe} o] 1 A7)e} Helrh AR 2 748 5 9

[0080] %= 29] (a)oll Al mps} o], Z4zhe] v 7)ol ek 7k=, Al

= 8 FolE 77t w2, wl ¥ h= Ao 4, Al v 7s WA A8 v Vs
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[0082] &bk, o] HAF EAS dASA Alosty] s, Al Y= 7]&
WAl A8 Y= 7159 w2, wl ¥ heE BF 593
[0083] =, A1 Y= 7Is WA A8 U= 7o EF 320nme] FLT x|
(h) #e 25 7449 + 3l
[0084] T=3F, &= 29 (c)oll Al HEkel o], w73 Ao e = Al W
A A8 Y 7leE T Aok e Y Ve vE e v 7S YAkst
= 3s A3 Az V)es TR FAEY] S8, & 20 BA]E
o} o], 447} 0% A EE o] FHA nfFHEE HiXHT},
[0085] l& E9°], A1l WA A4 Y= 7|55 = 29 (o) =A]E ufe}
o], 718 QEH AEFS vlgR =S HAESHA wldE = v, A5 WA A

[0086] =, = 2(c)oll =A1E AL WA A8 U 759 wlds oA

Hlglr s guss Uged 49 A1 YA A4 Y 71523 5 A A- Y 7]

[0087] W3k, & o] o AA] oA, 7|9 7t2E YEhls AlS 2
AZE Yehdl= A2Fe] dole IA Av EF 240me] 22, & 29 () EA|

H Al WA A8 Y 7FEL 2% 7247 240mmirEe] 7HEA S ke 2 o)A ujx 9

66-20



2019-12-31

[0088] 3Hd, FHa=o] &9 Aol dgste 4w wd AL I AA=H

Aetdl=s 7Fdd F dou, = 79 (a) B (o)l =AIE nps} o], Ho] 4

[0089] %= 7¢] (a) B (c)ol YEbd 2 HA] oo we wEdlzes A3t
2173 0] 60im= FA T,

[0090] B3k, 60ume] A4S 71zl 2 AA] oo mE dEedllz=s 23 Ao
(focal length) 9A] 60m= A ).

[0091] & ¥of wWE WE M= AB 3 I T3 7HA =S -

3% x FZ(subwavelength—-spaced nanostructure)o]™, o]&]3t Y= FZX= A
=% Yk 7|2 FHEY.

(00021 @, olel¥ Vb TRES ARHOR QYR FE A45n Y

S A 5 A WER A (meta—atom) il FolE Fr 9low, Zh7bo] i

[0093] = &Ho mE wWe=r7t 72 = AF 7|5 dF a8
A=3s7] Yste], v)|AA W )= E (anomalous beam deflector)E A A Slo], A
ALY YA wx HF(cross-polarized light)S Al71x, FF A (light

focusing phenomenon)S 23l T},
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[¢]
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=
=

N
=
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ol
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=

By el
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) .

)
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[0101] B28 AR THR Fehol sbgae, 2o g 24 2 4

5 Aol AR FHE 94 AAL olgtel, 2709 4w AY Aol g A
2 WA,

[0102] =3k, Feo wHElxHS 45

rr

s 24%G. o,
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=]
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e
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g

= 2wz #WFHof(cross—polarized) YAbsk= Fo HAFI Aust= Fo

il

n

[0103] old], T HEexEWH-S Y3 HHF(circularly polarized light)&
zx2tsk7] 98l 71shet4] 93 (geometric phase)= ©]-&3dtAY, A4 HAF(linearly
polarized light)S #|o3}7] 98] FH-+=% % AlEZE(resonance-induced

phase shift)E ol &al A % o= dhije] WS Algstd Fuue z4H).
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metasurface)< H3F W2l EF(poor polarization conversion)©] BHAIE}ISI o |
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AARE
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N

[0118] gHd, ¥ el WE Y 7o FaA] a3t vAd A&

(a-Si:Rtez FAEY, $43t vAdd A (a-Siths Aol ozt v

[0119] 24 4A Hej2y gy $438 44 AgF(a-SiH)S 9 25

o = Etetar o Z|dgelA HAA AT 7 o, 690mme] el FAs)

ali

[0120] =3k, 43 ¥AE A& (a-Si:DS a84oz s 233

98 AR 42Xl AMB 3w JFE(subwavelength scale)e] @& A2FA4(n =

i

4.077 + 0.0051)2 HolFr},
[0121] &A1 5, 2 wdo) wE ve gz 2 wegdlzes 9o 430 1)

A AR (@STDBE Agaok e A ofvl, Aol we e AP 5

[0122] 53], 244 deds Addsta, ymA =22 didez ¢
AT-E 7Y, vy EZE giREES dA 2n 9% Ao(entire 2n phase
control)E 38T £ Jdr=, ZH 34 FF(near-wavelength)9 Zol&E Ux 7]

Tol FAHES v T2 %S A
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[0123] &+, oleidt FAE Azl Adl, xS 2} &2 F7HA<
Tgel 74 o Ao
[0124] ¥ 2Hol w2 LAF e WHow ofo3l Mexus el A

olgfil str, Lk 2] ZEAE wpe} o] whe] Aol I X (A)e 240nmo]il, FA3}
HA A A Z(a-SitH o2 o] Fozx Yk 7] (nanopost )= h=320nme] Fol& 7}
Al ok 0.46 N 7 Aolol gt

[0125] 3+, Y= 7]5(nanopost) 5L @] Aol xFo| tis] 45° 3|4
w1 Ay JAFSFE x-H 3 (x-—polarized light) T=X y-HAF(y-polarized ligh
t)ol uF vHS w7 e An AR Fad 5 3

[0126] 714 uFH3 vEHS 22 = 20 Z=AIE Y 75 7hR(w2) S 3

Y3k F3 A=Wt FAyT F& el

[0127] u= v= Alolol A |A(/)u ul =

[0128] =3k, & oM = FebaHE AP Al 7I1¥kgk & (Finite-
Difference Time-Domain method-based tool, FDID Solutions, Lumerical, Canada)
= AH&Ste] FE2=e HA AeE A4S 913 AlEdelds skt

[0129] o] 3k AlEeoldoll A, x-Hg2 & Lo o HA oo & &

9 A0 FHoE YARES AAHen, y-EFE £ 28 (hel HAE
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AAH, Y 7159 Hol(wl, w2)E HWHIAHo=ZH F3 @GS (Transmission

Efficiency, Try) 2 A} W3} (Phase Shift, ¢ry)e] TAA A=},

-

[0130] 27 A oz B AA oo WE Yx 7]%(nanopost) X5 243}

Aol o, Fae y-HFe] oY WEks 00 2n7kA 2AHE 5 e, ux

=
(B
>,
rlo

A3 7 (cross—polarized scheme)E FAdsh= ©l lof, Fapdoe] ZAH<I
AT

[0131] & AA] ooAx=, = 29 (b)ollA AR FAIHO A= 8719 Y
7]°%& (nanoposts) o] €33 2n % AAE Algstr] fla A=A,

[0132] = 29] (c)olX= & 4 dol, 34 A=690mmell A 2 o= YA}
3 x-HPe, Uk 7|5S T 89%E AE aE(HeH How IE)S

VER AL, ol gk HE G282 79 Wyt i

[0134)] A8l Y 7|5 ZZ4d s, 711 FE(u-axes)¥} HE FH=(v-
axes) AFol9] 932 E ALEE ST
[0135] = 29] (c)ol Z=AlE vle} o], FA4H eSS HEYgSR #

AH™, 3o TARLe B AowA, B 0.05n FH ¢k ojlie] Aol e H

(—

olx Qi 7k vhw F1Fe A7) sgeM Ae Hd WIPRUP)OR HFd

S 4 F 9o, Yx V%9 7 FE(u-axes) % S FE(v-axes)S 747 A3
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I(waveplate)d AL (slow) @ 1 (fast) = o3},

[0136] 2 wgo] WE fAANo FHE e /)5S 54 vl 7

%)

)

s Fgsy] slal dwdel ZER de mAYrt HEE Wi A

(truncated) =3}#o 2 o|3]st 4= Q).

[0138] Z} = 7]FEmttt 11 FE(u-axes) B &2 FE(v-axes)o| Aol
b vE  demr, BE v V55 oM F A & S8 E e 2

netfv) #ko] WA = glom o] F FEL 71 FH(u—axe) @ HE F(v-axes)o 4

[0139] HgE, = 3o Al whel o], vo] =4 (Del wel, <=3

i

Aol & FAE e D no) @ol B 94 WMol Ak

2%
¢ = —Negeh
[0140) - (1)

[0141] 2} Y= 7]sErd 199 2ol o A& 2oy, +

&

fol

=45 (nerrn E netiv) AP0l 2Fo] Zh(Anerru 2 Anefiv)S & 29 (c)o Y

£}

4
>~

JEeold Aol A

ok

ot
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[0142] Wb¥l, M= S 5 7o Wie 7lese, uFmH vES w2
St Z7te] Ha =455 7 Aol Aol gh(Anern E Anerry)©] ALl LIS

o, 7 e Yk VeE B A9 A7 n/4e] o WolE

mm
Jo
=
_OL
2
0

=
A ARE AFE7] Yste], 819 Y VT ES T8l 73 A (super cell)E

AR, o] 7y AS T HALAHA W tlZE (anomalous beam

[0144] & 2A] do] W& 79 AL /4 1Ao7 HAF =rtete A H

m

o7t FolA AT A 712718 FAHAH

i

[0145] =gk, = 49] (a)9 (b)ol ZAlE wie} o], xZF3 HastA HF

d 99 e gPHeE AT, AN ARE) 2 yIEE)S 47 A

[0146] 53 Z & (transmission profile)< yAE(Ey)o] xAdE(E) Rt 7
SHAl YEltor A3 AP WHES LEY

[0147] =38F, & 49 (b)9] A7 =2t (field profile)S AAR A3}

Z} %= (oblique propagation angle)®} @& ¥ ¥ 3} (planar wavefront)S YERY

X

B A A4 o1 = (anomalous refraction)S H.olF&r},
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[0148] WA 249 Ztes 0:=20.9" ox FAHM, st =

o] H =] (the generalized Snell's law)el W} Al4tE Z+%= g2 21.1° o 7M7),
[0149] A+fste e
W2 A 3 Ak (o]

equation) 7+l FSAdel wWEW, HAHAAHoR HAH5H WS A

B, el 1)) Fateh AR w,

4o
[0150] % 49] () 2 (D)ol EAF upeh o], Y FHE(T), %] 1

4 34 A0, &0 14 54 450 2 04 I8 45000 hF EEEL
8

v (Ey) ez ALE™, 600nm HA] 800nme] AHEZ e

F2h xAd 2 (Ex) H

N

oA Atect.

[0151] #lqtd +dA wetxde] & AF 88 (Twa)S HUE H3] = 4

oM st g mAIE.

[0152] 3 A=690mmol A, &= A% &8 (Tww), B AY Fopg( ) 2

B, W oy 12 s)d(Pee Ay 84

[0153] ©o]&]3} H] HTUA] g AE0] A& 2 Aro|dt WAl Al (reflection

oo, w9l AA F3E(non-unity total

coefficients)ES YERN7]

transmission efficiency)= A& F2(5.4%) 2L Y= 7|5 o3& &7} 3HA

A SF = WhAR(6%) = A E )
5

e ) gzdse A4y

=

ek w8

rlo

[0154] &H, E  2A] o9

-

(conversion efficiency, CE) ¥ A33W|(extinction ratio, ER)S] SHHoA ] &
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A= A,

rlo

[0155)] W3 & & (CE) T3 Yo digt HAY =4 F 39
(anomalous refracted light power)(Dn)¢] vl &= AEw 4338 (ER)E dB @9

o] ER=1010g(Dg11/Dpo) o zoyx}

[0156] o174 Pro = xR (R)o] o3 0xF 314 LERAT
[0157] &= 49] (e)oll Z=A]E nle} o], Hol HE g&5(CE) 2 AFH|(E
R)= Z+2F 96.5% 2 37dBolH, o] A4S A~ EY tidoA Fe slolB=

olFs Tt WERHMoRRY HEW de 2dete ol

[0158] E&e] slolBgs o|FF Zdh=i |

(~A/2)9 vs] AAsA =},

[0159] B=3F, & AA] oo W& FAAToR J49 wexd 2 wesl

== 80% o]Ate] W3 W3 F&(polarization conversion efficiency)g 7}A W,
%2+ )9 2% (operation bandwidth)< 100nmel] 7} th.
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[0161] & W oA A

&)

FE AAL

okt

R R NOERE EEES

=22 WE (the Jones vector)E AF&3te] Ama 4 3]

[0162] [58H4] 2]

o= [12500]

SIN @y,

(01631 91714 V10 = x%o) @ YA}

W)
ofd
~
ki
il
W
o
=
id

[0164] & do] wE HEe W &A= 2429 Yw 7552, YAs

= o) xFEE £ WY gE o Hom 28 wkabAR(HWP) o ekl 7t
Aald, Y 71552 £2 dHJones Matrix)e] FHQl thgeo 842 (3)o=

e 4 gl

[0165] [4=8}4] 3]

Ccos 2a Sin 2a
sin2a — cos2a

(0166] 1714, o= Fgwe] We %3} xF Aole] Zwg Yehun,
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[0168] [45}24] 4]

p18
Jout = s St sin 2a ] !COS Pin :| — o (E B (Pin)

sin2a —cos2a| | sing;, sin (E — )
2 in

[0170] &ts

&
e
g
z

: Argo]l o2 A d2H, I A=690mmo.2 AAE H
gZgge A9, 3 ¥WA - A5 g AHe HY Y AR

(polarization ellipse map)E 7|¥to =z EAFEQow <Jil HF = = 59

(b)oll =AIE wpe} o], Pincgs 2y 90° 74H chraA EEEL,

(01711 olw], R WA S A5olAde] WY e WA

i
1)
ol

(dominant transmitted light)S RB.E8l= A #AHFEC

(1721 ¥in =" 9 90" oA, FHFE B yEW xFL w27 HY

How PFHAAR, FHHE B F1k A WY AEE(E 59 ()9 Ak

Vin_g5 M9 A1 BHI9l A9E VEDS 2= B BYS tehad,
[0173] 8l A& HF %= (Degree Of Linear Polarization, DOLP)9} 1% #H

3 = = 59 (¢)9F Zo] AXkET.
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= X
L

H 3% (DOLP)

]

Bk

Gl

[0174] 7] A

es

Tor

5]

84

1

(<

[0175]

1 —-2y/(1+7%)

DOLP

&

(major axes)ollA] H-Z(minor axes)®| ZAolo o

= =
T

T
T

(01761 1714 '

T
T

3 %= (DOLP)

b= Ao vehgon, o

S

Z 3

0.96<

B

ol
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oA 90° 74A &

UAF HFo] 0

[0181] &= 59] (d)o] Z=AlE wpe} o],

dF

A

2

o 2749 Eale

1 T.’?xpul

=

Tf_-‘l.pol -

o

2~ =
S 8

&l

s

=
<

Ao ey,

e

[€)

T.’?xpu] =

T
E pol 7]_ 71:}5:—5‘]‘1,

el =7 3bH Ao

=i
=

1= E

)

ﬁﬂ

)
B
=10
ﬁﬂ

zt

=
=

S (arbitrary linear polarization angle)

o))

o]
=i

[0184]

o] § 3t}

KeN
=

Al (the cross—polarized scheme)

F71 f1sliA, 2 AAL el

S

(constant wavefront manipulation)<=-

A}
A

e =

w

-
[¢]

Hetdl == A

ol
=

bl

ee

v Ef

)

Ryl

o

N

[0185] =3k, &3} tju}o]

o] % 7}

T
-

M=z PR 9 ure] s

B, & AA de] & HE
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[0186] & 2IA] oo W& wWEeldl=o] E3tE Y 7]% E(nanoposts)] i+
X5 Adstr] e, dAx dn]Ad ol A (electron microscopy images)® UERHH
 AA ool mE HERI=F = 79 (o)ol] =AIE Q)
[0187] & AA] do] m& wetzEd 3 wepd=e] i 914 & E(phase
distribution)= U9 F8H263} o] Fojxitt,

[0188] [58}4] 6]

2
P(x,y) = TI (fo — /X2 4 y? +ﬁ)_*)

[0189] 714, fo= =4 Aglola, (x, y)&, (xo, yo) = (0, 0)o.&2
v Y- (origin) & 7|Hro 2 2 AA] oo wE wEl =] x3E 7 o9 A
o] TAH &ete FHEE UERAT.

[0190] &= 7¢] (a)= & AAl oo wE ez 7gshd =
(geometry)S YERUH, E AA] oo wE detal =z AAI =H dol(focal
length)= 242 60im= F4dH2 eI

[0191] = 79 (b)Y A7NF #x Z2u}(electric field intensity
profiles)S FZ3HH, x-HFE o] B AA] oo wE dHEerdl=o JAFSE Fo],
xz-HH (xz-plane) 2 xy-HWH(xy-plane) ¥Zo] A A Y(focal region) =3l

A OGE 4714 ZEd] dd AEeeld A9t depdlr,
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Zo7 ¥AA(focusing) ¥ AUT}.

[0193] HE=3F, o] 690mY 749, & AA de wE wedl=s ~0.459
N5 (numerical aperture, NA)S 7FAW, xz-HWHol|x] Zo] wWeko =z ~6.67A\ 3
Aol st 4.6ime] =% Ad(longitudinal focal length)E 7}Ht}.

[0194] kA, xy-FWAe] =4 HW(focal plane)ollA, FFH W 2=3E
(focused beam spot) FHuthgkel wholldq Hdl 2(full-width at half-maximum,
FIHD) .2 720mme] #& 7kA™, o= ~770nm(~A/2NA)S] 314 Algk 3% F7]
(diffraction limited spot size) H.t} Ztt}.

[0195] = 8 B o] o A ojo] W vekze] 54 45

[0196)] FHo=z ZdZL ¢ o)A (Supercontinuum laser)(SuperK compact,

NKT Photonics)olA W&EH+= Fodde] FHFH

ol

(broadband unpolarized ligh
t)= ARESFA T

=
S

[0197] HlEldl =l A T3 F& FH A= FS ofF+= Hedlx

i

3 Y, FheE el A xy-HHAe] A= X o]v]X|(intensity distribution
image) & F=8 & 3
[0198] Fo] AZo| =dslr] Ao, =d F<& A3 H33FAH(Glan-Thompson

linear polarizer)(GTHIOM-A) 2 Y FIdE(narrow band-pass filter)

(FB690-10, 4! ZFo] 690nm E FWHMe] 10nm )& &3l HF =HEF 94
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A FS AdHe= A

[0199] &= 89 (a)E

g Azdls ®HEANFeRExN, y-dlFd Fo Ax HH-H(y-
polarized intensity patterns)o] XEZFw <t}

[0201] 7129 7% HEle] A4S 245

ZH z=0ime] Aol wEtdl=7F A=, = 89 (b)o] Z=AlE uRe}

H(the cross—polarized light)< z=60mol A z=75m7}A2] WA =+

o] St A= Aol WA ¥

[0202] ZE 9] 00] o} th2Z(the non—zero bandwidth of the filter) %
N EA

(the chromatic dispersion nature of the metalens) ™3

% 79 (b)e] BAE AEeIH Ao} wmate] of

[0203] =3, = 89 (b)o] E=AE Case 1S Fx3dH, z=
g F styE UeRdE, vER=E

= Eg
= ©

=)
_O|L
rir
z
rlo
P
o
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[0205) T3, = 89 (b)olA] Z=F (focal spot) FH ol A

K

1, & 89 (h)ell Z=AjE Ao

o

[0206] &

A7|H 37] wiol x-

)

To-

o
ﬂuﬂo

e

7
B
il

JNEA 2+ 142

Kol
o=

o, 24 #4

o]
2R

Aol 1 WA 39

T
T

[0208] &= 8<] (d)

ted At sk Tt

S 133

3

= Aol

2¢] A3}

l
=

By B Ex 7424 Abo]9

)
)

o 7

F¥ Fol

A

k2

[0210] whebA], y-

il
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[0211] =3,

2~ (focal spot)<]

i 4de =4

9

T AU

_~
[ie}

Nlo
el

|

[0212] o] 7]l A,

it

o}
B

A3

of ¥

=
=

Fe y-

3

A2

7))

(pil'l: 1800 i ﬁﬁéﬂ

A7 Yins o o

]

=
=

]

- o
'C

[0213] = 99¢] (a)

<]

Pin_ 0° <} Pin_ 180° ¢l

AL %) o]

E

H,

0|
ok

0

-

93 AEE EA

ui-
ag

Ar

ﬁo

T
K
K

)

Hay

7

]

>
B 5

A= B Malus9y

©
T

/2,)1—

Eal

s

[0215] o]

G+

ol

o

—_
fite)

N
~

fie)

e

AN oA,
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=
o

A3 o]

| AbebAl =

45

E7F &%

%

1714

okt

] o
= =2

| Abebd A

45

BET} g

121 v
~ -

)

HepRl =7 9k (HWP)

=
.

Al oflell wh

Al
=

Z(light

-

A

=i
=

7 o] (phase shift)

}E}

FASA

- o
o=

3= 7|

polarization)S &Aol Ao

P}

T

fite)

HEld =S o] &

=
.

Al ool u}

7}

- o
o=

|

RN

g 7

[0223] o]

gy
)

i
uze)

)

g Agstel ol o=

3} 4

Az

5o

EX
2

2

S
=

N2 Fast vAdd Aa#(a-Si:H)

b

%)

[0224]

(==
"o

ol A

HO
ol

1

[0225] &

|
"

A& 7He] v 7]
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3 %= (DOLP)

Bl

0
~

ol
HH

WA 7= ARto 2%

A AR

o]
H

3ol

)

AYA
a1

st H

S

of ]

=

Eﬂ_‘:

VA
It

v e} =l
et == S HE

2L
#e] et
=1

kil

-
it

[}

v Ef

=

T

bl tpepd npet 2ol

[0229] wje}ba, & wbrdo) wh

[0228]
(focused spot)<]

S

™
23!

B
~

2]E](polization beam splitter)
66-43

T

3
[ I

=
TC

go) sk tulo] ol A

=

=]
k=i
[

-
[e]

3

Ay
1l

gonz, Fo tupelx
[0231] =3,
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[0232] °]slelA+= &= 10

ftlo
Y
EN
_O‘E
£

w Urgoel whE vEtay R vEld=
& Alxske Wl diske] Arg it
[0233] & ol & weiEy 2 vedl=s A xsk= Wyl diste] A

gkl lojM, 2

=4 =

o,
9
k=)

il
[
5]
)
SE
=)
o
)
N
1o
ot
ne
o
-
o,
ko
B>
2,
=
_OL

A (s1200), 7] §A A vk AW # X AE (electron beam resist)E =2
A7l @A (s1300), AR #4183 (electron beam lithography)E &3l H|
ERdl= gElE& FAste GAI(s1400), 7] Tl €FvE 5& Tt ZEZE

L2 (liff-off) 3h= @7l (s1500), 7] FA Hrepgel o (etching)& 3l

etz F2E FASE dA (s1600) L A7) HERIZ Fxo dolgle Fho
AT E TS A DA(s1700)E £33

2

[0235] olwf, 7|¥S TH|etE ©A(s1100) & 7|3 ZWHo| EAlsteE &

22 AAGE dols 2eYL ik A, vl $2e AAds da Halol

=g oA Ho]7] (dehydration baking)< 3h= WA, @ 7]#2] FWHo| LAFAS

18

=2 Hy3tE 28 (priming) st GAE FEFHCH
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[0236] 71¥e] THES aFdos WEsts Hgdo] TRHA, 7HS 7Y

st WAZE mbrEl T, o]F, A7) Z1wdel ste 7]4 S (chemical vapor
deposition)S &3l A v F& FFA7IE GA(s1200)E P ST

[0237] olwf, ¥ HA] ooX= 43t #8d Ao (a-Si:H)<= 320mm9]

FAZ S2TT.

ol\

i

[0238] +43t vAA AL (a-Si:He FTzho] &xFW, 7] JTo 2%
18 (spin-coated) WHEZ HAH] # A ~E (electron beam resist)E S 2Fsfil,
A~ E o] A (soft baking)E dHtH(s1300).

[0239] 22 E Ho|a7} sy, AW #2183 (electron beam

i

lithography) & ©o|&3to] vl sHS FAdsta, dAHlo] 2AME YAEE
A Aske] &4 (development )3k ©AI(s1400) 5 7 8 3ht},

FREEADNS FHee] FAei, PrE o

2

[0240] o], 7] Z
(1ift-off)E F83}e] ol x] ml2~= (etch mask) S A= TA(s1500) S 71 8)3)

= 607t HEE ST 5 3

H
)
£

>,
~
i
Sl
=)
"
ofj
Lo

[0241] ol 2] wi==7F FAHE™E, Z7] 718l =4 7Nke] /= A4 =&
Zu} Hk-8-A o] o A (fluorine-based inductively coupled plasma-reactive ion
etching) S 3to] HEAN = F2E A3}, (s1600)

[0242] o4 (etching) ¥7ge] W, A7 7ol F2 2 ZH(wet

etching)& &l Holdl= o &Frlg T A7ste] Hexd 3 HEd=s
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[0244] 2 AHA] dof] & wEeR= Ax FHS 4, S=vt %3 st
712 Z2F7] (plasma—enhanced chemical vapor deposition)(Oxford, Plasmalab 10

OF E, f¢ 71Wgel 320m FA Fash wHA W B(a-SiH) e S

[0245] =1 vh& F4st A8 4 A (a-Si:H) ¥t 9ol AR HA~E
(electron beam resist)(ZEP520A)S 231 ¥ (spin-coated) 3T},

[0246] ©]3, A9 g}olE|(electron beam writer)(EBL, Raithl50)= 7]
ol HEtEY 'S FAdeta, ARl ZAME HAIZEES AASY A4
(development ) 3FC}.

[0247] olwf, Ax}Hlo] FAtE FiEo] A AE(ZEP520A) = A A=, wet

=]

il

£

Ho] gt

[0248] o] % AR Z27] (electron beam evaporation)E E3af, & ¢
o 60nm F71¢] AlT& SZAIZIT.

[0249] & o] o HA] o] w2 W, ZEP FHE o] &3te] YIE 2

I (lift-off)E F3sA HUAZE IS AAHL, LdFuge ox wxaz
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(etch mask)”7} JAH ).

[0250] ol %] mp~=7F AW, 7] 7]l &4 7|9k %= 4

X
I
i)

Zul Hk$-A o] 2o H (fluorine-based inductively coupled plasma-reactive ion

etching)(Oxford, Plasmalab System 100)= 3l HWEH = F+2E FAd3s),

v}

[0251] ©l g (etching) ©1%, 7] 7]del #2 A 7ZH(wet etching)S &3]

o}

of\i
o
2
Y
ol
ol

U= Zro] dFEvE i HFAHoR Fast HAd dYd(a-

d

Si:H)¢ YX 7]-s(nanopost)TF 7|3 Ao G &= slo] HElEH 2 HEHANZE 3

A

)
o
a1
>
)
S
m
)
e
(3
ol
=
k)
il
A,
o
)
N
rlr
rtﬁ

343+ (hal f-wave plate)
I A=E Agtsto gy, Fst Ao L5Hel 24 HFH EAN 7|eS TA
of AEESE 4 = 7FeA S HoF3.

[0253] 7)) Whapgaa) A=e] 7

o
o
ol
v
t
i
X
re
o
oy
ol
=
jan}

=]

—r
N

o sgstE w9k FAR FEe] b3ttt

[0254] o1& F3t 2455 & ol AT A5, olelet F3t 2AEs B
F Aol gtk ERF] AXRAT, 2 S AT A9 olHd B
sloj =) A k.

[0255] 57 @4, &2 59 7|&S taststed 2oAY, ¥ 43
sb, ®Weh, Zholth(LiDAR), =Y JhHlet & §o §8& &ofd RF A8d

ATt

66-47



2019-12-31
[0256] o] HFd =Hs Fxste] & 2] A dEss ds AsH

Argsi o, B A REA] o] AA] d= I3y s A2 ofya, iy

lo

71EAMES HoluA] s HE el gdsiA WE AAE S Q).
[0257] whe}A, & @rgo] /MAE AA &L B wtyo] 7|& AMAS A
k7] §sk Aol ofye} AHsty] 9k Holar, o]t AA] oo sl E o]

Zle AP e dAEE AL ofdth. I BER oA TEd HA &

td
rld
)
=
o
2
>,
a2
r (o]
N
°
)

g Aol ofd How o]afsfoprt e}, I

[0260] #1, #2, #3, #4, #5, #6, #7, #3: A1 WA A8HS A

66-48



2019-12-31

(3739

[37% 1]

mK

7
~

E g,

A= e)
=2 =

by ol v )%

<)
“

e Ao

(¢}

el
=

ol

A2

X
=

=
=

, A7 71 Al

=
=

A1

S
=

=
=

A7) 71ke] TR

[37% 2]

Lol gloiA,

)

4

= Wo]

TH

Wt v}

A

22

Aelg, e

[7% 3]

7] 713 o) hbs A (Sil) = A AL,

66-49



2019-12-31

¥,

3} B Ay (a-SiH)el, HE

[37% 4]

7
~

o
el

—

0

B

i

TRAAO R o] FojXaL, 7] 7

#ate,

23!

AR s I

=
=

A1

X
=

=
=

4o A, 37 R =

0

9 2]

X

o

—_—

NI

2% 3}

o, &7 Al E

3]
=

ol 2}ar

S A2

=
=

240nm*240nm

Z] O
]

7] &9 i

[37% 5]

4ol QLo A,

Bl

4

A1 WA A8 As B A7 Al WA

66-50



2019-12-31

Al F(a-SiH) o =xt

] 4 2

5}

= o
Ko

1

7

U

A8

A1 WA

o

)
es

T4, v

50 SlofA],

5}

71 AL WA A

37

[%+% 6]
)

Y
B

z g,

[37% 7]

M

A=l 277} 7

7} =,

0|
Hlo

71 AL WA A8 Y 7]

Bl
es

AOZA, 7] 7k=2 Alze] A7) A9 Wstel wep 7] mE

M=

ol =

[37% 8]

=
~

%

10
;0U
£
ol
il

~

oF
)

o)
G+

66-51



2019-12-31

B
10
ol
£
o
il

A A8 Y= 7]

7] A1 WA A8 Y= 7)E

)

Solghar

A2

o
=

=
=

=, 7] 718 A=

=

&7 71 TtrES Al

s

B

24

} o

2 A2

71 Al

2 479 4y

53 o

ol 47f 9] Y= 7]

S|
A

NEE F

-
- .

71 A1 WA A8

Ak

=
T

8ol 1A,

s

(373 9]
37

240nm<), W EFA =,

= A A=

o ol VEn]

=
=

2 )2

=
=

71 Al

5 Alo] Az Ad¥ ol

2=
T

9ol 1o A,

s

e
25 o] 7]

[73 10]

Zo](focal length)¥= 60mm<l, HEAIZE.

]
“

A%} %

66-52



2019-12-31

[373 11]

&7 71l FAA Bt S SR Y= A2EA;
7] A vkl AR HA~E (electron beam resist)E S2Al7]
= A3 9A;

AAH 2] 412y (electron beam lithography)E 3 w el

[N
B
uh)
o
o

Al A4 GA;
A7) ZFo] dFEug =& ZFEe] gZE QZ(lift-off)dte] ARvAaE
FAst= A5 GHA;

A7) FAA b Zof o H (etching)S st HEA = 25 A= A6

[+ 12]

A3 110l 3lofA,

O

71 71 ¥l EAete EeES AlAske Aoy 2ddE ot All-

66-53



2019-12-31

ANAsE yslol=d o] Ho] 7 (dehydration baking)S 3+ #|1-2

B O
T =

A

271 71 ZWol AFAS YEE WYste oot Al1-3 9dAE d
Z3tete, wEEd 9 dERlz A2y
[’ 13]

78 1100 QlofA,

371 A2eA =,

A7) 71Aol ek 714 Z2HH (chemical vapor deposition)S =a f-%

A B S SFskeE Al2-1 GAE v E23eh,

7] 2 NAR QRS 39 FAE 320m7t HES FHehe,

[373 14]
78 110 delA,

371 A3TA =

)

27 F¥(spin-coated) HH oz AR HAAE (electron beam resist)

2 sk A3-1 @Al

66-54



2019-12-31

A E #H|o]FA(soft baking)E 3t A|3-2 A

(i
in
ke
o
_O‘L
rr
£
o

EAL

T X

[3+3 15]
AT-8F 119 Qo] A,
A7) A4FA N A

AA 2] 4212} (electron beam lithography)E o]&3fe] wEl®E™ &S

-

JAstar, AAH o] FALE HAAEES A ASe] A4 (development)dhi= 4-1¢HA]

& 9 x2gsh=, HEs

=]

W9 e aE A

(%3 16]
AT-8F 119 Qo] A,
A7) AsEA =

71 Sl LFvEADS S8t F4stal, 47 LFvE S FA=

2 E 92 (lift-off)E F#ske] oA v (etch mask)E FA 8= 5-

2TAE o X, deEY B dedl= A2l

66-55



2019-12-31
[+ 17]
78 1100 QlofA,

371 AeTA =

’

A7) 7)ol B4 7iHke] f = A3 Fek=vl HbgA o] oA (fluorine-

il

based inductively coupled plasma-reactive ion etching)< 33t A6-1 GAS

o Egeli, WeEd 2 ez Az

[ 18]

BT 110 Aol A,

71 718 54 A Zb(wet etching)S &3 Holde Fo &dFvjE T3

AAsE A7-1 GAS ¢ 3=, Wb 2 weldl= A 2.

66-56



2019-12-31

[ 2 9FA]

[2°F]

B

R

& 7l ol v 7%

#o) 12

=

(¢}

el

Z

ute = g 5w

d

7SS H%

[t =]

=1

66-57



2019-12-31

[= 1]

66-58



2019-12-31

[= 2]

0
60 100 140 180 220 60 100 140 180 220

4 w; (nm) w; (nm)
(C} 2‘[‘[ -} 9 o_@h 1
=g °
u "V ? O/o '0,85|
I\ 45° = i 0.6 @
g T % e ¥ & & a\n * 3
A 4 1 5|5 043
= _ o 023
D - 0 T T T L L) T ? Ll 0
Si0, a-Si:H B B R K 2 @ @ 2
2 . Bl #2 #3 #4 #5 #6 H#HT #8

66-59



2019-12-31

p—
a1
e
[

—_
QO

) 3
o /l/ "\ /I/ ol
= 1 = ]
= ./“eﬁf\) ./
$ 24 B C
= ~ o
) =] =
£ /./(\e“fq /'/
L ’ B ioi}
S| I8 B K 12 @ @ 1€
#1 #2 #3 #4 #5 #6 #7 #8
(b) 21
= =
N Qv g
% /./. /./.
Q - I—a—s—a\-i—a—n—1n
& lAd’u-vI ./. ./.
0 /./ /./
0 ! L 1 1 ! L} L} L
S| B IS K 1€ [ 1@ &
#1 #2 #3 #4 #5 #6 #7 #8

66-60




600 650 700 750 800 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

600 650 700 750 800
Wavelength (nm)

66-61

2019-12-31



2019-12-31

(b) 1 Calculated D, polarization ellipse map

/ .
Metasurface ¥

vaoaooao@gaonna J
= Theory ¥ I:IIIIIIIIIIIIIIIIII:
@ Simulation do0s8 o8l '.. "
@ Simulation e "
> - a
-4 0.6 O 06 - Ll
8 E - . - Tol::l
C 0 = e
4040 Eo04l b, " Teypo
w s LW Texpor
8 o
402 02 .' n
L
a" L} -
0 0 '.. 1 1 'q
0 30 60 90 ] 30 60 90
@in (°) @, (°)

66-62



2019-12-31

[= 6]

q’in = 150

Z @Qp= 0°

(pin = 7h° <pin - 900

__Pn=60°

@, = 45°

66-63



2019-12-31
[= 7]

el et
1?01-$- r'z. J—’y
sHagteszefahisere
AL ELE S 22 fCaspare x x
trarey
e $ S5 3
1ErEIR -1 =1
B R R e Tt L bl
s syiafasdudstadess
Sanbasih
sTerne E 0 0
AR 2] ] X
. w
L) 1 1

56 57 659 61 63 65( -1 0 1

-1
1

56 57 59 61 63 65| -1 0 1

SAAMANAAN
YL Ll

AAAAMAASAAS
LELLPPOPIS

AABALAN

3 il'l’liﬂ“SDUnm

66-64



[= 8]
(@) LP Sample Analyzer Objective Tube lens Camera
e—
y ‘
A
Ly 2 e BT,
L

(©)

wlo Analyzer  LP /f Analyzer

(d) Case 1 —
Case 2 —
Case 3 —
100 -30 -15
[= 9]
@ 10 S .
5 Metagns LE
& & 2 %- ol
5054 ° 9 180, Sl - '
TE == Theory E" <) ’ Eﬁut
o i @ Experiment 0
0 L L L) L ' . —
0 30 60 90 120 150 180 MaluslaWw Jouny =Ly X cos’p,
Incident Polarization Angle ¢, (°)
(b) 90
804 Theory g
70 4 @ Experiment : y
< 604 T S - v
g 501 % *k\x | 2n
g 301 § 0
20 1 %
10 4
0 LI L L] L) L] L |

0 10 20 30 40 50 60 70 80 90
Incident Polarization Angle ¢,, (°)

66-65

2019-12-31



2019-12-31

[= 10]

Al

o o o o o o o
o () () o [aw) o o
~— N o Al Vo) [{o] N~
» & » »n » »n »n
= _
ud =
_ Z0 o
A 0 0 _
Ll I 0 . =
& | R © = wy
Klo £l ud m o T
Ly - K <0 <l <0 =
o ar ) 10 O 380
T T - T 3 Ko
= ol M_._ﬂ — K J >
e ) K = > - =]
EN oF &l K| oK Kl -
" = > Bl R ml il
flo o u e = 5
o or = ] =
gl g - K<
~| |Z :
o -
Ll o
o=

66-66



	Button 1: 


