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Abstract: Metasurface-based beam deflector, as an important optical element to bend the light propagation direction,
has drawn a lot of interests in research to achieve miniaturization of devices and reduction of system complexity.
Based on the 12-inch immersion lithography technology,
in this work, an ultra-thin and large-area pixelated metasurface beam deflector with a footprint of 2500 × 2500 μm,
formed by nanopillars with diameters from 221 to 396 nm,
is demonstrated on a 12-inch glass wafer. The 21 × 21 array
of deflectors is designed to bend the input light in different directions and to generate 441 random points. In addition, the layer transfer on the 12-inch glass wafer makes the
device working in transmission mode at a 940-nm wavelength. The random point array generated from the experiment shows good match with the design. This pixelated
metasurface beam deflector can generate random points
simultaneously and has potential to make beam steering
by switching each pixel of the beam deflector, which can
be applied on motion detection, facial recognition, and
light detection and ranging.
Keywords: large area; metasurface; glass wafer; optical
deflector.
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1 Introduction
Manipulating light by optical components makes effective use of light and hence explores numerous applications. For example, a lens is used to redirect light to focus
for imaging application, and a prism is used to bend the
light. However, conventional optical components are
bulky and optically thick, which limit their integration
capability for a compact optical device. Recently, the
metasurface-based optics offers a series of alternative
optical components in flat, ultra-thin and light-weight
form. Moreover, because of the efficient control of the
amplitude, phase and polarization of light, particularly
in achieving a full 2π phase shift, the metasurface-based
structure has been widely applied to achieve the function of lens, waveplates, holograms and so on, among
which beam deflectors are one of the most basic optical
components to control the propagation direction of the
beam in free space. In the past decade, metasurfacebased beam deflectors have been demonstrated by using
metallic [1–3] and dielectric [4–8] nanostructures and
have shown polarization-insensitive deflection with a
single output beam [6]. Recently, pixelated metasurfaces
are reported, showing the pixel level controlling of light
[9, 10]. However, the metasurface-based pixelated beam
deflector in a large area, which can be used as a random
point generator, remains to be minimally explored. For
large-area nanostructure patterning, both nanoimprint
lithography and photolithography have been developed.
Nanoimprint lithography, based on mold, is able to
pattern the metasurface by creating a mechanical deformation on an imprint resist [11] or a metasurface layer
[12] or by transferring the pattern onto the substrate as
etching hard mask [13]. Although these demonstrate the
feasibility of nanoimprint lithography for mass production, because of the contact mode of nanoimprinting,
there still are concerns about defects, throughput and
template wear. In comparison, photolithography uses
This work is licensed under the Creative Commons Attribution 4.0
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light to transfer a geometric pattern from a photomask
to a photoresist on the substrate, which has advantages
in terms of consistency and throughput. Photolithography is currently used as a part of the standard complementary metal-oxide-semiconductor (CMOS) fabrication
process in the microelectronics industry. Besides, it has
been widely used in silicon photonics for optical and
electronic components patterning [14–19]. Recently, it
has also been applied for large-area metasurface fabrication [20–23].
In this work, we report a pixelated metasurfacebased beam deflector. Thanks to the advances of 12-inch
immersion photolithography technology with large-area
patterning while still keeping small critical dimension
[24], the footprint of the metasurface beam deflector
is 2500 × 2500 μm with the diameters of the nanopillar from 221 to 396 nm. By using the CMOS-compatible
layer transfer technology developed in-house, the amorphous silicon (a-Si) metasurface layer originally grown
on Si substrate is transferred to a 12-inch standard glass
wafer, which makes a transmission type metasurface
beam deflector with a working wavelength of 940 nm.
The metasurface-based device generates 441 random
points, which are deflected from a 21 × 21 array of beam
deflectors. Our work can provide an ultra-thin metasurface beam deflector to generate random points simultaneously [25] or make beam steering by switching each
pixel of the beam deflector, which could be applied on
motion detection, facial recognition and light detection
and ranging [26–29].

2 Device design
The random points generation by the pixelated metasurface beam deflector is illustrated schematically (drawing
not to scale) in Figure 1A. The pixelated metasurface beam
deflector is constituted by an array of metasurface beam
deflectors. The incident light is injected from the bottom,
and each metasurface beam deflector will bend the light
in one desired direction. The direction of bending light
from each beam deflector is described by bending angle θ
and orientation angle φ as shown in Figure 1A. This gives
2 degrees of freedom to engineer the bending direction
of the transmitted light. The beam deflectors are formed
by a-Si nanopillar array with various diameters embedded within the dielectric surrounding medium. Figure 1B,
C and D show the perspective, top and side views of one
nanopillar in a unit cell, respectively.
The beam deflector shapes the wavefront of the transmitted light with a phase gradient and deflects the light
with a deflection angle θ, which is governed by the generalized Snell’s law [30], as presented in the following
equation:
nt sin θ − ni sin θ i =

λ0 dϕ

2 π dx

(1)

where the incident angle θi = 0o (normal incidence), and
hence the deflection angle, also known as bending angle
θ, is determined by the phase gradient dϕ/dx. The nanopillar pattern is oriented in a designed angle φ to determine

Figure 1: Schematic of the large-area pixelated metasurface beam deflector to generate random points.
(A) Schematic of the pixelated metasurface beam deflector (drawing not to scale), demonstrating the concept for random point generator.
(B) The perspective view, (C) top view and (D) side view of a one unit cell of the a-Si nanopillar.
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the orientation angle of the bending direction. The orientation angle φ covers from 0° to 360°. The combination of
the bending angle θ and the orientation angle φ enables
the generation of two-dimensional (2D) point array.
To realize the phase gradient of the beam deflector,
we use a supercell containing a number of nanopillars,
whose diameter is chosen to provide the accumulated
phase difference from one neighboring nanopillar to the
other, resulting in a full 2π phase difference accumulation
over the period of the supercell. According to Equation (1),
the bending angle is determined by the period of the supercell. Figure 2A shows the simulation results of the phase
shift and transmission for nanopillars with a variation of
diameters, which is calculated by three-dimensional finite
difference time domain (FDTD) method (FDTD Solutions,
Lumerical Inc., Vancouver, British Columbia, Canada). In
the simulation, the unit cell dimension is fixed at 545 nm,
and the height of the nanopillar is 145 nm, with working
wavelength at 940 nm. The phase shift and the transmission with respect to the diameter of the nanopillar is
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calculated for each metasurface unit cell. The range of the
pillar diameters is chosen to be 221 to 396 nm, in order to
cover the full range of phase shift (from 0 up to 2π) while
maintaining a relatively high transmission (>70%).
The design is able to achieve different bending and
orientation angles for the transmitted light from each
beam deflector to form a 2D point array. The 2D point array
is designed within a square area with a diagonal length
of 0.53 m on the surface located 1 m behind the metasurface, with the largest bending angle of 15°. The location of
each point within the area is randomly generated, with the
limitation on the minimum distance between two points
of 1.8 cm. The metasurface pixel is 21 × 21, which gives 441
random points on the screen. The designed 2D point array
is shown in Figure 2B. The layout of the pixelated metasurface beam deflector is partly shown in Figure 2C, and the
zoomed-in view of one beam deflector is shown in Figure 2D.
It is clear to see that the nanopillars with various diameters
are arranged in one supercell denoted by the dotted rectangle, and the supercell has an orientation angle of φ.
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Figure 2: Design of the large-area pixelated metasurface beam deflector.
(A) Simulation of phase shift and transmission of building block for beam deflector (a-Si nanopillar with a unit cell of 545 nm and height of
145 nm embedded in dielectric media) as a function of diameter. (B) Designed 441 random point positions (relating to the bending angles θ
and the orientation angles φ) on a screen with distance of 1 m away from the pixelated metasurface beam deflector. (C) Layout mask for the
designed metasurface, showing pixel boundaries. (D) Zoomed-in view of (C), showing a supercell of beam deflector (denoted by a dotted
rectangle) and nanopillar array with a designed orientation.
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3 Results and discussion
Figure 3A shows the fabricated 12-inch glass wafer, with its
central die highlighted in a red dotted line. A zoomed-in
view of the central die is illustrated in Figure 3B, with the
pixelated metasurface beam deflector device highlighted.
The CMOS-compatible fabrication process flow of the metasurface on glass wafer is shown in Figure 3C. It starts with
a 12-inch (300-mm) silicon wafer, and a 1-μm thick SiO2
layer is deposited at the top via plasma enhanced chemical vapor deposition (PECVD). This SiO2 layer serves two
purposes: it acts as an etch stop layer for the later process
and a protective cladding layer at the top of the metasurface structure. The 100-nm-thick amorphous Si (a-Si) layer
is deposited at the top via PECVD, as shown in step I. Next,
a layer of photoresist is patterned at the top using a 193-nm
ArF deep ultraviolet immersion lithography. The a-Si metasurface nanopillar structure is then formed by inductively
coupled plasma (ICP) etching, as shown in step II. After
the formation of the metasurface layer, a layer of transparent bonding glue is spin coated at the top of the a-Si layer,
which is used to bond the silicon wafer with a standard

12-inch glass wafer, as shown in step III. The bonding glue
is chosen based on its refractive index (n = 1.479, k = 0 at
940 nm), which is close to the glass substrate (n = 1.452 at
940 nm) to make the a-Si nanopillar to be embedded in
a more homogeneous environment [8]. Then the Si substrate thickness is reduced to about 20 μm through backside grinding and polishing process. In the last step, the
remaining Si layer is removed completely by wet etching
process, with the SiO2 layer as an etch stop, as shown in
step IV. The metasurface layer under the scanning electron
microscopy right after the ICP etching process is shown in
Figure 3D. The projected view includes several pixels of
beam deflector. Each pixel has a dimension of 120 × 120 μm
and is designed to generate one spot by bending the input
light beam to the designed direction. The enlarged view
for one pixel is shown in Figure 3E. The nanopillars with
various d
 iameters are arranged and oriented with designed
angles for light bending, which refers to Figure 2D. The
shape of each nanopillar can be visualized in zoomedin view in Figure 3F, showing a clear edge without defect
after the patterning and etching process. The cross-section
view of the nanopillar on the glass substrate is captured

Figure 3: Fabrication of the large-area pixelated metasurface beam deflector on a 12-inch glass wafer.
(A) The photo of the fabricated 12-inch glass wafer, with highlighted area denoting central die. (B) Central die with dimension of
33 × 26 mm2, with highlighted area indicating the pixelated metasurface beam deflector. (C) Schematic of the fabrication process for layer
transfer on glass wafer: (I) 12-inch Si wafer with SiO2 and a-Si layer deposited both via PECVD; (II) patterning of the photoresist using the
193-nm immersion lithography, followed by ICP etching of the metasurface layer; (III) spin coating of the bonding glue, followed by the
bonding of Si wafer with glass wafer; and (IV) backside grinding and polishing, followed by wet etching process to remove the Si substrate.
(D) The projected scanning electron microscopy of the fabricated metasurface layer after the ICP process, with projection angle of 45°.
(E) Zoomed-in view of (D) for one pixel of beam deflector. (F) Zoomed-in view of (E) showing the nanopillar fabricated on Si substrate.
(G) Cross-sectional transmission electron microscopy image of the nanopillars on glass embedded in bonding glue.
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by transmission electron microscopy, as shown in Figure
3G. The shape of each pillar and the gap in between can be
seen clearly. The height of the a-Si layer is measured to be
125 nm. These images prove the mass-manufacturing capability of the sub-wavelength metasurface structure using
the immersion lithography technology for a 12-inch glass
wafer.
Figure 4A shows the characterization setup. A supercontinuum laser source (SuperK series, NKT Photonics
Inc., Portland, OR, USA) cascaded with an acoustic optical
tunable filter (AOTF) is used as a light source. A lens set,
which is formed by two lenses with focus lengths of 6.24
and 20 mm, is used to expand the beam diameter to fully
cover the metasurface area. A paper screen is placed at the
back of the device with a distance of 31 cm. An infrared (IR)
camera is used to capture the random points projected on
the paper screen. The AOTF central wavelength is tuned to
940 nm. The image captured by the IR camera is presented
in Figure 4B. The comparison between the designed 2D
point array and the measurement result is made by taking
the mirror image of the design and overlapping with the

screen capture from experiment, as shown in Figure 4C.
A good match can be observed. Note that the camera
is placed on the side of the metasurface device with a
viewing angle; hence, the width and the height of the
design needs to be adjusted to compensate for the image
distortion from the side view. In order to obtain the deflection efficiency of this random point generator, a hole with
a diameter of 12 mm is drilled on the screen to pass the
zeroth order diffraction. The area around the central hole
looks more elongated along the vertical direction because
the original beam from the supercontinuum cascaded by
the AOTF source is elongated along the vertical direction.
The optical power measured after the metasurface and
after the screen through the hole are 0.43 and 0.23 mW,
respectively. The deflection power efficiency can, therefore, be calculated by using 1 minus the ratio between
0.23 and 0.43, which gives 46.5%. Such efficiency can be
further improved by optimizing the design of the nanopillars, taking the interactions among nearby pillars with
various diameters into consideration. Furthermore, the
efficiency performance of the device may also be affected
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Figure 4: Characterization setup and results for the large-area pixelated metasurface beam deflector.
(A) Metasurface-based random point generator characterization setup, showing expanded input laser beam injected on the device and
deflected to different directions on the screen behind the metasurface device. (B) The image on the screen captured by IR camera.
(C) The comparison between the designed random point array with the experimental result, showing good match.
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Figure 5: Wafer-level device performance uniformity measurement, showing the deflection efficiency measured in the central row.
At locations (0, −4), (0, −2), (0, 0), (0, 2) and (0, 4), the deflection efficiencies are measured to be 40.4%, 43.5%, 46.5%, 45.7% and 44.7%,
respectively. The random points images captured by the IR camera show a slight difference in brightness contributed by the difference in
deflection efficiency.

by the critical dimension variation from the lithography
process, which can be compensated by implementing the
optical proximity correction technique. In addition, the
transmission of the bonded glass wafer can be improved
by optimizing the quality of the bonding process.
To conduct the spectral characterization of the metasurface, we vary the central wavelength of incident light
from the AOTF, which is from 900 up to 980 nm, with a
step of 20 nm. The deflection efficiencies at the wavelength of 900, 920, 940, 960 and 980 nm are measured to
be 30.0%, 33.8%, 46.5%, 40.6% and 32.1%, respectively.
The highest deflection efficiency is found to be at 940-nm
wavelength, which matches with the designed wavelength
of the device. A note worth to mention is that the images
captured by the IR camera at different wavelengths are
not comparable as the sensitivity of the IR camera detector varies with the wavelength.
The wafer-level uniformity of our platform was measured and analyzed in a previous work [24], which reports
the amorphous silicon nanopillar with a comparable
dimension as the ones used in this work. The wafer-level
lithography shows good uniformity in terms of the range
(max-min) and 3σ values. The maximum critical dimension variation was measured to be 7.65% after the etching
process. Here, to verify the wafer-level uniformity on
device performance, the optical deflection efficiency of

the selected dies on the wafer are measured at 940 nm.
The selected five dies are in the central row on the wafer
and are indicated in Figure 5. The device is located at the
left-bottom corner of each die and is highlighted in red.
The deflection efficiencies on locations (0, −4), (0, −2),
(0, 0), (0, 2) and (0, 4) are measured to be 40.4%, 43.5%,
46.5%, 45.7% and 44.7%, respectively. It can be found
that the deflection efficiency has the highest value at
the central die (0, 0) and becomes lower as the location
of the die moves toward the edge of the wafer. The variation of deflection efficiency at different locations on the
wafer should be contributed by the etching rate difference
from the wafer center to the edge. Such variations can be
further reduced by optimization of the etching process.

4 Conclusion
In summary, a large-area pixelated metasurface beam
deflector based random point generator working at
940 nm is demonstrated. A CMOS-compatible fabrication process is developed to make the device on standard
12-inch glass wafer substrate. The random point generator
contains a 21 × 21 array of beam deflector as pixels. Each
pixel of beam deflector has a designed bending angle and
orientation angle to control the propagation direction of
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the transmission beam. The random point array generated
by the device is captured in experiment, showing good
match with the original design. The potential applications
of this device include sensing motion, facial recognition
and light detection and ranging.
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