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On-Chip Multidimensional Manipulation of Far-Field
Radiation with Guided Wave-Driven Metasurfaces

Yuebian Zhang, Zhancheng Li, Wenwei Liu, Hua Cheng,* Duk-Yong Choi,* Jianguo Tian,

and Shugqi Chen*

Miniaturization and integration of multiple optical components in one chip
are important trends in the future development of optical chips. Despite
various on-chip multifunctional metasurfaces having been proposed,
simultaneously manipulating the polarization and wavefront of far-field
radiation still remains a challenge. Here, a novel approach to simultaneously
realize on-chip polarization and wavefront manipulation of far-field radiation
with guided wave-driven geometric metasurfaces is theoretically proposed
and experimentally demonstrated. Various polarized beams with controllable
radiation angles can be generated by maneuvering phase gradients and

on-chip optical applications such
as integrated quantum  optics,!"
photon  switching,?l and  optical

communications.’)  For many appli-
cations, it is desirable to connect the free-
space light and on-chip wave fields in
waveguides, such as in photodetectors,*l
advanced lasers,l’! and augmented reality
devices.[®] Although conventional grating
couplers can be used to couple light into
or out of waveguides,”8! this method has

far-field interferences of meta-atoms. The phase and amplitude of off-chip
radiation can be tailored all at once by altering the rotation angles and
positions of each meta-atom. As a proof of concept, a guided wave-driven
metalens and four different on-chip polarization generators are fabricated and
characterized. These on-chip devices work at broadband and can realize
mode-dependent beam deflection. This study provides a practical route
toward on-chip multidimensional control of far-field radiation, which could
support a further step in the development of photonic integrated circuits,
wearable near-eye displays, and optical information processing devices, just

to name a few.

1. Introduction

Nanophotonic waveguides play a vital role in photonic inte-
grated circuits, and they represent an attractive platform for novel
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limited ability to manipulate the off-chip
light field. In particular, it is challenging
for grating couplers to control the po-
larization states or arbitrarily shape the
complex amplitude of the off-chip light
field. Another way to realize coupling
between free-space light and guided
waves is to integrate subwavelength
artificial microstructures (also called
“meta-atoms”) with waveguides.’] Due
to the unique resonance and scattering
properties of meta-atoms, directional
out-coupling of guided waves,'% on-chip
polarization (de)multiplexing,"!  and
many novel on-chip applications have
been proposed in recent years.[1213]

Metasurfaces are two-dimensional meta-atom arrays that
can realize more complex wave field manipulations.['*8] By
changing the geometrical parameters and arrangements of
the meta-atoms in metasurfaces, polarization converters,[**]
beam deflectors,!?”) metalenses,!!l holograms,/?2%] coding
metasurfaces,?* and other novel applications have been demon-
strated to control free-space light.[??] In the past few years,
by combining metasurfaces on waveguides or microcavities,
on-chip metalenses,*3!l mode converters,?2¥] waveguide
metacouplers,?* ] and some off-chip wavefront shaping
metasurfaces!**] have been proposed. Fang et al. demonstrated
that slab waveguide-integrated metasurfaces are capable of beam
focusing, multichannel vortex beam generation and holography
based on the geometric phase design.[*] Recently, several on-
chip multifunctional metasurfaces have been presented based on
the detour phase.l*’~*] However, it is difficult to simultaneously
manipulate the phase and polarization of the radiation in these
designs. Meanwhile, only the fundamental transverse-electric
(TE) mode is used as incident light, which limits the possibility
of achieving polarization- or mode-dependent multifunctional
devices.
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Figure 1. a) Schematic of the guided wave-driven geometric metasurfaces. The metasurfaces are excited by guided waves and radiate different polarized
light with controllable radiation angles. The inset shows SEM images of the fabricated samples that can produce off-chip LP along vertical (LP-V) (sample
A), horizontal (LP-H) (sample B), circularly polarized (sample C), and non-uniformly polarized (sample D) light. The nanopillar spacing of samples A
and B is P = 480 nm, while that of samples C and D is P = 450 nm. b) Three-dimensional (3D) view of a unit cell (upper) and plan view of the silicon
nanostructures (lower). The black dashed lines bisecting the waveguide mark the position y = 0. s is the lateral offset of the nanopillar relative to the
center of the waveguide. s; and s, are the y-coordinates of the nanopillar arrays.

In this paper, we can convert waveguide modes into free space
light fields and simultaneously manipulate their polarization and
wavefront. Different polarized beams with controllable radiation
angles can be generated by tailoring the phase gradients and far-
field interferences of the meta-atoms. A guided wave-driven met-
alens and four different on-chip polarization generators are fab-
ricated and characterized to validate the phase and polarization
manipulation abilities of the guided wave-driven geometric meta-
surfaces. They can work at broadband and enable both large and
small angle deflections. Compared with previous guided wave-
driven metasurfaces (GWDMs) based on slab waveguides,[*—]
our approach explored the lateral offset of the meta-atoms, which
provides a new degree of freedom to easily control the amplitude
of radiated light. Moreover, it supports several types of incident
modes, which can be explored for mode-dependent beam deflec-
tion and other functions. This work finds a feasible route toward
on-chip multidimensional manipulation of far-field radiation.

2. Results and Discussion

The designed GWDMs and scanning electron microscope (SEM)
images of the fabricated samples are shown in Figure 1. The
metasurfaces can be excited by guided waves and radiate distinct
polarized light with controllable radiation angles. It consists of a
SiO, substrate, a Si;N, ridge waveguide and two rows of hydro-
genated amorphous silicon (a-Si:H) elliptical nanopillar arrays.
The waveguide has width w = 1500 nm and thickness t = 570 nm.
The etching depth of the waveguide is d = 300 nm. The major
and minor axis and height of each elliptical silicon nanopillar are
a =390 nm, b = 210 nm, and h = 850 nm, respectively. The dis-
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tance between two adjacent nanopillars along the x-axis is P. The
y-coordinates of the nanopillar arrays are s; and s,.

Since TE guided waves can be decomposed into in-plane left-
handed circularly polarized (LCP) and right-handed circularly po-
larized (RCP) components, Pancharatnam-Berry (PB) phase of
the GWDMs can be realized with the incident TE modes of the
ridge waveguide. We simulated the phase and the electric field
intensity | E|? of the scattered wave from a single silicon nanopil-
lar on a Si;N, waveguide. Figure 2a,b represents the outcome as
a function of orientation angle 6 for fundamental TE mode inci-
dence. The phase of the scattered RCP light can be altered from
—x to « by spatially rotating the elliptical nanopillar. As the in-
cident mode is not circularly polarized, which is nearly linearly
polarized light at the center of the waveguide and right-handed
or left-handed elliptically polarized light at positions where y # 0,
the scattered RCP light contains both the unconverted RCP com-
ponent and the polarization converted from the LCP. As a result,
the phase change is affected by the unconverted RCP compo-
nent and deviates from ¢=26. When the nanopillar is closer to
the center of the waveguide, the effect of the unconverted light
on the phase is greater (more details can be found in Figure S1,
Supporting Information). We therefore used a silicon nanopillar
with a lateral offset s = 500 nm to study the PB phase of the scat-
tered RCP light in Figure 2a. The scattered electric field intensity
from the nanopillar also varies with its orientation, nearly propor-
tional to sin®@ (Figure 2b). This is comprehensible since the res-
onance within the nanostructure is mainly excited by the electric
field component along the major axis of the elliptical nanopillar.
When the orientation angle of the nanopillar changes, the inter-
section angle between the input electric field and the major axis
of structure changes accordingly. Furthermore, the scattered field
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Figure 2. Simulated a) phase of the RCP component and b) electric field intensity |E|> of the scattered wave from a single silicon nanopillar
patterned on a Si;N, waveguide as a function of orientation angle . The input light is fundamental TE mode with a wavelength of 1550 nm.
The inset in (a) shows the electric field amplitude in the waveguide and silicon nanopillar, which has a lateral offset s = 500 nm relative to
the center of the waveguide. c) Simulated electric field distributions of the LCP component, E cp, and RCP component, Egcp, in the x-z plane
bisecting the waveguide for a one-row array comprising 120 nanopillars. The incident light is the fundamental TE mode at 1550 nm. Top is
the nanopillar array used in the simulation, which is patterned on the midline of the waveguide and has a distance P = 480 nm between ad-
jacent nanopillars. d) Up-extraction efficiency as a function of array position s for the on-chip beam deflector comprising different numbers of

nanopillars N.

intensity from the nanopillar can be manipulated by varying the
lateral offset of the nanostructure. As shown in Figure 2b, the
scattered field will decrease with the increase of the lateral off-
set s, coinciding with the electric field distribution of the TE,
waveguide mode (see the inset in Figure 2a). Because the elec-
tric field intensity of the TE, mode has a maximum at the center
of the waveguide and decreases along the lateral direction, the
scattered field intensity from the nanopillar also decreases when
the nanopillar moves toward the waveguide edge. This provides a
simple way to manipulate the amplitude of the scattered light. To
evaluate the amplitude modulation capability of a single nanopil-
lar, we defined the modulation depth of the nanopillar structure
as 1—(|E%, /IEI2 ), with |E|>. and |E|? being the minimum
and maximum electric field intensities of the scattered wave from
a single nanopillar patterned on waveguide. If we keep the orien-
tation angles @ = 90° and change the lateral offsets of the nanopil-
lars, the modulation depth is about 65%, which is limited by the
sizes of the waveguide and the nanopillars. However, it can reach
95.3% by altering the orientation angles of the nanopillars.

To validate the PB phases of the waveguide-integrated nanos-
tructures, we designed a guided wave-driven beam deflector that
deflects RCP and LCP beams to different off-chip directions. Fig-
ure 2c illustrates the deflector containing one row of 120 nanopil-
lars patterned on the midline of the waveguide. The orientation
angles of the nanopillars are varied along the x-direction with a
step of 7/3 to generate a constant phase gradient. According to
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the generalized Snell’s laws,!'] the anomalous diffraction of the
GWDM obeys the following equation :

2r  dd
m=Z + 2= 1
5t o 1)

kysin 8, = nogky —
where k, = 2z /A, is the vacuum wavevector, 6, is the diffrac-
tion angle in free space, n.q is the effective refractive index of
the waveguide mode and can be obtained from simulation, m is
the diffraction order due to the spacing of the meta-atoms, and
d® /dx is the phase gradient provided by the geometric metasur-
face. @ = 200 is the phase change of the scattered circularly po-
larized light due to the PB phase. When the GWDM shown in
Figure 2c is excited by the TE,, mode at 1550 nm, the nanopillar
array provides a phase gradient d® /dx = +2x /3P for the RCP and
LCP scattered lights. As a consequence, their diffraction angles
for the m = 1 order RCP and m = 0 order LCP light are —27.3°
and 38.1°, respectively. Figure 2c represents the simulated elec-
tric field distributions of the LCP and RCP components in the x-z
plane bisecting the Si;N, waveguide. It is obvious that the LCP
and RCP beams are extracted from the waveguide and deflected
to different directions with distinct angles, which agrees well with
the theoretical prediction. We also simulated the up-extraction ef-
ficiencies of the on-chip beam deflectors as a function of array po-
sition s and nanopillar numbers N. Here, the efficiency is defined
as the ratio of the power recorded by a power monitor at 3.5 um

(3 of 9) © 2023 Wiley-VCH GmbH
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Figure 3. a) Illustration of the measurement setup for characterizing the off-chip light deflection in Fourier space and focusing in real space. Lens 1 is
not used in the off-chip light focusing measurement. LP, linear polarizer; QWP, quarter-wave plate; Obj, objective; PC, polarization controller; FR, fiber
rotator; LF, lensed fiber; BS, beam splitter. The auxiliary optical path with an NIR lamp is used to obtain the image of the sample and assist in aligning
the sample with the lensed fiber. The inset shows the SEM image of the fabricated guided wave-driven metalens. The b) simulated and c) measured
LCP intensity distributions along the propagation direction of the off-chip light. The white dashed line in (c) shows the position of the focal plane. The
incident light is the TEy, mode with a wavelength of 1550 nm. d) Measured LCP intensity distributions at the focal plane. Scale bar: T mm. e) Measured
LCP intensity distributions along the white dashed line in (d). The abscissa was calibrated by dividing it by the magnification of the imaging system.

above the metasurface to the incident power n = P, ... /Pi- Fig-
ure 2d clearly shows that the up-extraction can increase with the
increase of the nanopillar numbers and be managed by chang-
ing the positions of the nanopillar arrays. Owing to the elec-
tric field distribution of the fundamental TE mode in the ridge
waveguide, the extraction efficiency of the beam deflector reaches
a maximum when the nanopillar array is on the centerline of
the waveguide. The maximum number of the nanopillars is re-
lated to the scattering efficiency of a single nanopillar. A higher
scattering efficiency can reduce the footprint (total number of
the nanopillars) of the metasurface. If the scattering efficiency
of a single nanopillar is too high, the light field in waveguide
will decay fast. As a result, the up-extraction amplitude will dra-
matically decrease along the propagation direction of the waveg-
uide mode, which will degrade the performance of the device. In
addition, mode conversion may occur if the scattering efficien-
cies of the meta-atoms are too high. In our design, we chose a
moderate scattering efficiency to balance the device performance
and footprint. All these results clearly show that the phase and
amplitude of the off-chip radiation can be simultaneously ma-
nipulated by changing the rotation angles and positions of each
meta-atom.

To experimentally validate the PB phases of the waveguide-
integrated nanostructures, we designed and fabricated a guided
wave-driven metalens that functions as off-chip light focusing.
The metalens contains two rows of a-Si:H elliptical nanopillar
arrays to improve the up-extraction efficiencies, which are lo-
cated at positions s = +350 nm with the same orientation an-
gle arrangement, as depicted in the inset in Figure 3a. Each row
has N = 161 nanopillars, and the distance between two adja-
cent silicon nanopillars is P = 480 nm. The rotation angles of
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the nanopillars are 8(x) = [ky(y/%? + f2 — f) + n.gkyx]/2, where
f =50 um is the focal length of the metalens at the design wave-
length 1550 nm, x is the x-coordinate of the nanopillar, and x = 0
is taken at the midpoint of the nanopillar arrays. The PB phase
of the LCP scattered light provided by the nanopillar arrays can
be expressed as

() =~k (VA +]7 =) = ko @)

Combined with the propagation phase of the guided wave,
the total phase of the LCP scattered light along the x-direction
is @(x) + n.gkyx = —ky(v/x? + f2 — f), which can focus the up-
extracted LCP light in free space with a focal length f. An opti-
cal setup was built to measure the focusing of the guided wave-
driven metalens, as shown in Figure 3a. An infrared laser beam
was generated from a supercontinuum laser source (NKT Pho-
tonics) and then converted to y-polarized light. Then, the light
was coupled into the on-chip ridge waveguide in an end-fire man-
ner by using a lensed fiber. The off-chip light was collected by an
objective and finally recorded by an infrared camera. The simu-
lated and measured LCP intensity distributions along the propa-
gation direction of the off-chip light are illustrated in Figure 3b,c,
respectively. It can be clearly seen that the off-chip scattered light
is focused at about 50 pm from the guided wave-driven metal-
ens, which agrees well with the simulation. It is noteworthy that
the guided wave-driven metalens operates at a wideband as the
PB phases of the nanopillars are broadband (more details can be
found in Figure S2, Supporting Information). Figure 3d,e shows
the LCP intensity distributions at the focal plane. The scattered
light is well focused in the x direction but spreads out in the y

© 2023 Wiley-VCH GmbH

51807 SUOWILLIOD BATIE.D) 3|ed! dde 84 A PAUIBAOD e S 11e YO ‘35N JO Sa|NJ 10} Afeiq1TaUIIUO AB|IAM UO (SUO1HIU0D-PUE-SULBIWIOD"AB | W ARG [BU[UO//StY) SUOIPUOD PUE S | 3U) 89S * [£202/90/62] UO AfeiqiTauliuo A|im ‘AIs AN B3N Ad 60T00EZ02 10d|/Z00T 0T/10p/w0o s | M AleIq1Bu! uo//SdNy L0} PBpeojuMOQ ‘0 ‘6688898T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

x (mm)

Intensity (a.u.) (®

X (mm)

X (mm)

www.lpr-journal.org

Intensity (a.u.)

Max

20 0 20
Angle (°)

Max

Wavelength (nm)

20 0 20 40
Angle (°)

Figure 4. Measured Fourier plane images of the a) x-polarized and b) y-polarized light radiated from sample A. The white circles correspond to the
maximum angular field of view. Measured Fourier plane images of the c) x-polarized light and d) y-polarized light radiated by sample B. ) Measured
(white star), calculated (white line), and simulated (color map) radiation angles of sample A at different wavelengths. The color bar represents the
simulated far-field radiation intensities of the outgoing beams that have k= 0. f) Measured, calculated, and simulated radiation angles of sample B at

different wavelengths.

direction because no phase modulation is applied in this direc-
tion. The measured full-width at half-maximum in the x direction
is ~1.93 um, which is slightly larger than the simulated result
(1.4 pm) due to the fabrication and measurement imperfections.

As the phase and amplitude of the off-chip radiation can be
simultaneously manipulated, the proposed GWDMs are highly
suitable for achieving on-chip polarization generators. An arbi-
trary state of polarization (SoP) |n) can be synthesized by two
orthogonal circularly polarized components:

In) = Ag [R) + A€ |L) ©)

where |R) and |L) represent the RCP and LCP lights. Ay and A;
are the amplitude coefficients of the RCP and LCP components;
26 = @ — @y is the phase difference between them. The main
axis angle y and ellipticity angle y can be derived as y=6 and
y=sin"'[(A% — A?) /(A2 + A?)]/2. The phase and amplitude of the
off-chip scattered circularly polarized light could be controlled
at will by the rotation angles and positions of each meta-atoms,
respectively; therefore, we can engineer the SoP of the off-chip
light from the GWDMs. One way for combining the RCP and
LCP scattered lights is to set d®/dx = +x /P, which can deflect
them in the same direction from only one row of the nanopillar
array. Equation (1) can be written as sin 64 = n.g — 4,/2P (when
“+” is taken, m =1, and when “~” is taken, m = 0). The calculated
diffraction angles are about 4.6° for both RCP and LCP beams
at 1550 nm. Each elliptical nanopillar can be viewed as a dipole
antenna that radiates light polarized along the major axis of the
nanopillar. By varying the orientation angles of two elliptical
nanopillars in each period and maintaining their relative angles
to 90°, various polarized light can be generated and diffracted at
the same angles (more details can be found in Figure S3, Support-
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ing Information). We fabricated two samples that enable off-chip
light deflection and polarization manipulation simultaneously
(see samples A and B in Figure 1a), each of which consists of two
rows of Si nanopillar arrays. The nanopillar spacing of each sam-
ple is P = 480 nm. The nanopillars of sample A are alternately
arranged with orientation angles 8 = 0°/90°. Sample B is similar
to sample A, but the orientation angles are 6 = 45°/135°. Two
samples can couple the guided waves into the air at the same
deflection angle but with orthogonal polarizations. To measure
the SoP and the deflection angles, we used the homebuilt optical
setup shown in Figure 3a to characterize the far-field intensity
distributions in Fourier space. The GWDMs were positioned on
the focal plane of a 50x objective lens, and the far-field intensity
distributions in Fourier space were captured by an infrared cam-
era. The off-chip diffraction angles of the samples were obtained
by measuring the lateral coordinates of the diffracted beams
in the sensor plane x,, which is proportional to tan 6,.5%
Figure 4a,b shows the measured Fourier space images of the
x- and y-polarized lights radiated from sample A. The off-chip
diffraction beam from sample A is mainly y-polarized (LP-V)
light, whilst that from sample B is mainly x-polarized (LP-H)
light, as evident in Figure 4c,d. These results can be understood
by analyzing the far-field interferences of the meta-atoms. The
propagation phase differences of the scattered light between
two adjacent meta-atoms are Ag,,,, = k(1P — Psing,) = z.
For sample A, the scattered electric field intensity is predomi-
nantly from the nanopillars with orientation angle 6 = 90°, as
demonstrated in Figure 2b. Therefore, the far-field of sample
A is mainly y-polarized light. At the same token, there is a «
propagation phase difference for each two adjacent meta-atoms
under the TE, mode excitation in sample B. As a consequence,
the y- and x-polarization components interfere destructively and

© 2023 Wiley-VCH GmbH
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a) Simulated effective refractive indices of different waveguide modes. b)

Calculated radiation angles of sample A excited by different incident modes. c) Simulated electric field distributions in k-space of sample A excited by
different incident modes at 1550 nm. I-IV correspond to the points shown in (b).

constructively in the far-field, respectively; therefore, the far-field
of sample B is mainly x-polarized light. Figure 4e,f shows the
measured radiation angles from samples A and B at different
wavelengths, which fits well with the calculated and simulated
results even though the slight mismatch is likely to be incurred
from the fabrication and measurement imperfections. The
radiation angles decrease with increase of the wavelength and
gradually change from positive to negative angles when the
incident wavelengths are varied from 1450 to 1650 nm. This
is because the effective refractive index n.g of the waveguide
mode decreases with increase of the wavelength. Figure 4e,f also
clearly demonstrates that the on-chip deflectors are operational
at broad bandwidths, which is the attribute of the PB phase
employed in the current design.

According to Equation (1), the deflection angles of the radiated
light can be changed by tailoring the effective refractive index n g
of the waveguide mode. If we use different waveguide modes to
excite the ridge waveguide-integrated metasurfaces, we can easily
manipulate the deflection angles of the radiated light. Figure 5a
shows the simulated effective refractive indices of four different
waveguide modes in a bare ridge waveguide. Obviously, the effec-
tive refractive indices decrease with wavelength, and those of the
TM modes are smaller than those of the TE modes at 1550 nm.
Consequently, the deflection angles decrease with wavelength
and can be gradually changed from positive to negative angles
when the wavelengths vary from 1400 to 1700 nm, which is ver-
ified by Figure 5b and the experimental results (see Figure 4e).
From Figure 5D, it is also possible to modify the radiation angles
from positive to negative with incident waveguide modes. Fig-
ure 5c shows the simulated electric field distributions in k-space
of sample A under different incident modes at 1550 nm, which
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fits well with the calculated results in Figure 5b. It can be clearly
seen that the off-chip light is deflected to the right and left sides of
the normal for TE,, and TE,, modes, respectively. This property
gives us a convenient way to dynamically control the radiation
angles. In the experiment, the incident waveguide mode can be
easily changed from TE, mode to TM,, mode by changing the
polarization state of the incident light.

Another way to combine RCP and LCP scattered lights is to
use the photonic spin Hall effect (PSHE) to separate the RCP
and LCP components, and then use two rows of nanopillar ar-
rays to deflect them to the same angle so that they can super-
pose in the far-field. As a proof of concept, a GWDM carrying out
off-chip PSHE under waveguide mode excitation was designed
and fabricated (sample C in Figure 1a). It contains two rows of
nanopillar arrays, each of which comprises 161 nanopillars pat-
terned at the positions s; = 350 nm and s, = —350 nm. The ori-
entation angles of the nanopillars are linearly varied along the
x-direction with a step size of z/3 to generate a constant phase
gradient. Figure 6a,b shows the measured Fourier space images
of the RCP and LCP lights radiated by sample C. The RCP and
LCP beams are deflected in the k—(k, < 0) and k + (k, > 0) di-
rections respectively, which clearly demonstrates the realization
of the PSHE. Figure 5c depicts the measured radiation angles of
sample C at different wavelengths, which fit well with the cal-
culated and simulated results. The radiation angle of the RCP
light increases with increase of the wavelength, while the LCP
light has an opposite trend, which can be derived from Equa-
tion (1). To further prove the validity of our approach, i.e., the
manipulation of the SoP of the off-chip light with the GWDMs,
we fabricated sample D, which can generate a non-uniform po-
larization distribution through the combination of RCP and LCP
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Figure 6. Measured Fourier plane images of the a) RCP and b) LCP light radiated by sample C. ¢) Measured, calculated, and simulated (color map)
radiation angles of sample C at different wavelengths. Measured Fourier plane images of the d) x-polarized and e) y-polarized light radiated from sample
D. f) Measured, calculated, and simulated radiation angles of sample D at different wavelengths.

scattered lights. As represented in Figure 1a, it has the same sec-
ond row nanopillar arrangement as sample C, but the orientation
angles of the nanopillars at s; = 350 nm are linearly varied with
a step size of —x/3 so that opposite circularly polarized light can
be deflected to the same angle. Because the incident light of the
GWDM sample is the TE, waveguide mode, the phase difference
between the RCP and LCP beams deflected to the same angle is
7. According to Equation (3), it is obvious that the SoP of the
generated far-field directly above the waveguide is y-polarization.
When the scattered light gradually deviates from the x—z plane bi-
secting the ridge waveguide, the phase difference gradually devi-
ates from z, so the SoP will gradually deviate from y-polarization
along the y direction and the x-polarized component will appear.
Figure 6d,e shows the measured Fourier space images of the x-
and y-polarized lights radiated from sample D. The off-chip radi-
ated light from sample D is mainly y-polarized when k,= 0, but
the SoP deviates from y-polarization when k, increases, which
is consistent with the theoretical analysis and the simulation re-
sults. Figure 6f shows the measured deflection angles of the y-
polarized light radiated from sample D at different wavelengths,
which fit well with the calculated and simulated results. Com-
pared with Figure 6c, we can find that the deflection angles of the
light radiated from samples C and D are the same, but the SoPs
are different. According to Equation (1), the deflection angles can
be easily manipulated by tailoring the effective refractive index
n.g of the waveguide mode and the nanopillar spacing P, which
is also validated by the simulation (more details can be found
in Figure S4, Supporting Information). Compared with previous
slab waveguide-based metasurfaces (see Table S1, Supporting In-
formation for more details about the comparation between our
work and other literatures), our approach provides more degrees
of freedom to control the radiated light and supports more types
of incident modes, which can be explored for mode-dependent
beam deflection and other functions. These results prove that the
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proposed GWDMs can function as on-chip wideband polariza-
tion generators with controllable deflection angles.

3. Conclusions and Outlook

In conclusion, we theoretically propose and experimentally
demonstrate a novel approach to convert waveguide modes
into free space light with controllable polarization states and
phase gradients based on GWDMs. By integrating subwave-
length nanostructures with on-chip ridge waveguides, more de-
sign freedoms are introduced and on-chip multidimensional ma-
nipulation of far-field radiation can be realized. For example, the
amplitude of the off-chip scattered light can be manipulated by
tailoring the lateral offset of the nanopillars and the nanopillar
numbers; the phase gradients of the nanopillar arrays can be
controlled by spatially rotating the nanopillars and changing the
nanopillar spacing. In principle, the amplitude, phase and polar-
ization of the off-chip scattered light can be controlled simultane-
ously based on our method. Both large- and small-angle deflec-
tion (vertical radiation) have been achieved by choosing different
design strategies. Furthermore, the proposed GWDMs can work
at broadband and be dynamically tuned by changing the incident
polarization and waveguide modes. In view that the proposed
GWDMs are based on ridge or rectangular waveguides, they can
be expanded easily into GWDM arrays with different functions
to realize polarization multiplexing or some more complex ap-
plications. The proposed GWDMs could also be integrated with
microfluidic channels®) and used in refractive index sensing or
on-chip dynamic light field control.l’?] This study finds a feasible
route toward on-chip multidimensional manipulation of far-field
radiation, which may provide a further step in the development
of photonic integrated circuits, wearable near-eye displays, opti-
cal encryption and optical information processing devices.
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4. Experimental Section

Sample Fabrication: A 570 nm Si;N, film was deposited on the SiO,
substrate via plasma-enhanced chemical vapor deposition (PECVD) and
was partially etched to pattern the ridge waveguides. Then, a 20 nm
Al,O; protective layer was deposited on the Si;N, waveguide to protect
the waveguides during the silicon nanopillar etching step. Subsequently,
an 850 nm-thick hydrogenated amorphous silicon (a-Si:H) layer was de-
posited from the Oxford PECVD system. The elliptical holes of resist pat-
terns were then produced by electron beam lithography, and 70 nm thick Al
was deposited by e-beam evaporation (Temescal B|D-2000), accompanied
by a lift-off process in which the sample was soaked in a resist remover
(ZDMAC from ZEON Co.). The nanopillars were formed by reactive ion
plasma etching using CHF; and SFg gas mix, followed by the residual Al
removal by an Al wet etchant (a mixture of H;PO,, HNOj3, acetic acid, and
water).

Optical Measurement: The collimated near-infrared (NIR) laser beam
generated from a supercontinuous laser source (NKT SuperK EXR-20)
passed through an infrared polarizer and then was coupled into a fiber
with an objective (Sigma NIR plan apo 10X, NA = 0.3). A polarization con-
troller and a fiber rotator were used to control the polarization of the input
light. The light was coupled into the on-chip ridge waveguide in an end-
fire manner by using a polarization-maintaining lensed fiber mounted on a
3D translational stage. For the measurement of the focusing in real space,
the off-chip light was collected by an objective (50%x/0.67) and then trans-
mitted through a quarter-wave plate and a linear polarizer and recorded
by an infrared camera. The objective, quarter-wave plate, linear polarizer,
and infrared camera were all integrated on an XYZ translation stage with a
high-resolution piezo-controlled actuator in the z-direction. By moving the
z stage, the real-space images (x—y plane) were taken at different distances
from the waveguide plane. The auxiliary optical path with an NIR lamp was
used to obtain the image of the sample and assist in aligning the sample
with the lensed fiber. When the Fourier plane images were measured, the
GWDMs were placed on the focal plane of a 50x objective lens, and the
far-field intensity distributions in Fourier space were imaged by a lens and
captured by an infrared camera (photographs of the measurement setup
can be found in Figure S5, Supporting Information).

Numerical Simulation: The numerical simulations were conducted by
using a finite difference time-domain (FDTD) approach based on the
Lumerical Solutions commercial software package. In this software, the
phase of an electromagnetic wave increases with propagation length and
decreases with time. The phase and electric field intensity |E|? of the
scattered wave shown in Figure 2a,b are recorded by a point monitor at
z=3000 nm directly above the nanopillar. The optical constants of amor-
phous silicon were taken from ref. [53]. The refractive indices of the SiO,
substrate and Si; N, were 1.44 and 1.927, respectively. To reduce the mem-
ory required for the simulation, N = 121 nanopillars were used in the sim-
ulation of the metalens and polarization generators. The scattered light
fields of the GWDMs were recorded by a planar monitor at z =5 pm di-
rectly above the waveguide to calculate the far-field radiation angles shown
in Figures 3 and 4.
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Supporting Information is available from the Wiley Online Library or from
the author.
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