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ABSTRACT: Semiconducting nanostructures are promising
as components in high-performance metasurfaces. We show
that single-crystal silicon can be used to realize efficient
metasurface devices across the entire visible spectrum, ranging
from 480 to 700 nm. Alternative forms of silicon, such as
polycrystalline and amorphous silicon, suffer from higher
absorption losses and do not yield efficient metasurfaces across
this wavelength range. To demonstrate, we theoretically and
experimentally characterize the resonant scattering peaks of
individual single-crystal silicon nanoridges. In addition, we
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design high-efficiency metagratings and lenses based on nanoridge arrays, operating at visible wavelengths, using a stochastic
optimization approach. We find that at wavelengths where single-crystal silicon is effectively lossless, devices based on high aspect
ratio nanostructures are optimal. These devices possess efficiencies similar to those made of titanium oxide, which is an
established material for high-efficiency visible wavelength metasurfaces. At blue wavelengths, where single-crystal silicon exhibits
absorption losses, optimal devices are instead based on coupled low aspect ratio resonant nanostructures and are able to provide
reasonably high efficiencies. We envision that crystalline silicon metasurfaces will enable compact optical systems spanning the

full visible spectrum.
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M etasurfaces are optical devices with amplitude and phase
responses that can be tailored by design. For example,
they can be engineered to control the wavefronts of incident
electromagnetic waves' and support beam steering and focusing
functionality™ with high efficiency. They can also manipulate
the polarization and angular momentum of light”” in ways that
exceed the capabilities of conventional optical components.
Ultimately, the ability of metasurfaces to scale traditionally
bulky optical parts down to ultrathin components promises to
enable ultraminiaturized optical systems that will increase the
scope and context of photonic applications.

There are two principal materials strategies to realizing
metasurfaces. One is to use plasmonic materials, which possess
a negative permittivity. Thus far, metals,”” doped semi-
conductors,® ' transition metal oxides,'' and transition metal
nitrides'> have been used in metasurfaces operating at
wavelengths spanning the terahertz to visible. While this
approach has produced workable devices, their overall
efficiencies are limited by absorption losses intrinsic to
plasmonic materials. The second strategy is to utilize low-
loss, high refractive index semiconductors,?
structured to support waveguiding14 or resonant scattering15
modes for amplitude and phase control. By limiting or
eliminating absorption losses, this approach makes high-
efficiency devices possible. For wavelengths spanning the
infrared to visible range, materials such as amorphous and
polycrystalline silicon'®™"® have been utilized.

which can be
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The push to realize metasurfaces that encompass the full
visible spectrum, including blue wavelengths, has proven to be
challenging. Amorphous and polycrystalline silicon nanostruc-
tures absorb significantly at these wavelengths, limiting their
scattering efficiency. Aluminum is plasmonic above ultraviolet
wavelengths,'” but its performance is limited by absorption
losses and sensitivity to oxidization. Silicon nitride is trans-
parent in the visible spectrum and has been utilized in
metasurface designs,20 but its low refractive index limits the
efficiency of these devices. Thus far, the best demonstration of
metasurfaces across the full visible regime has utilized titanium
oxide,”"””” which has a refractive index of approximately 2.6 and
is transparent. While this approach is effective, its implementa-
tion requires nonconventional fabrication methods.

In this Article, we show that single-crystal silicon can be
adopted as a foundational material for high-efficiency visible
light devices. This work builds on prior studies exammmg the
optical properties of crystalline silicon nanoparticles™ and
nanowires,” >° and it focuses on the implementation of
crystalline silicon in metagratings and metasurfaces. At red and
green wavelengths, the material behaves as an ideal, lossless
high-index material, and established design strategies guided by
intuitive physical constructs'”** can be implemented. At blue
wavelengths, the absorption losses in single-crystal silicon are
no longer negligible. We focus our study on structures resonant
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Figure 1. Optical properties of silicon nanoridges. (a) Complex refractive indices of single-crystal (black), polycrystalline (green), and amorphous
(red) silicon, characterized experimentally by ellipsometry. The solid and dashed lines represent the real and imaginary parts, respectively, of the
refractive index. (b) Calculated TM- and c) TE-polarized scattering spectra of silicon nanoridges 90 nm wide and 90 nm high. The spectra are
plotted in terms of normalized scattering cross-section for four variants of silicon: “ideal” (blue), single-crystal (black), polycrystalline (green), and
amorphous silicon (red). The insets in (b) show the TM,; and TM,, mode profiles in terms of Re(H,), while the insets in (c) show the TE,, and

TE,, mode profiles in terms of Re(E,).

at these wavelengths and find that in spite of non-negligible
absorption losses metasurfaces with reasonable efficiencies can
still be realized using advanced design algorithms. As such,
single-crystal silicon is an effective material choice for high-
performance metasurface devices across the entire visible
wavelength range. We envision that the use of silicon will
enable the integration of metasurface devices into existing
technology platforms, due to the mainstream industrialization
and mature development of silicon in electronics, on-chip
photonics, and microelectromechanical systems.

We begin our analysis by quantifying the complex refractive
index of single-crystal, polycrystalline, and amorphous silicon in
the visible wavelength range (Figure 1a). This comparison
between differing forms of silicon will help benchmark single-
crystal silicon in the context of the other variants of silicon used
in prior studies. Comparisons between single-crystal silicon and
titanijum oxide will come later, in our study of devices.
Refractive index characterization is obtained by ellipsometry of
thin film samples prepared using standard methods (see
Methods section for details). The refractive indices measured
here are consistent with those in the literature (Figure S1).

The plot shows that for all forms of silicon the real part of
the refractive index is high throughout the visible spectrum,
presenting the possibility of strong scattering in subwavelength-
scale structures. However, the imaginary parts of the refractive
indices are very different. Amorphous silicon has a pronounced
imaginary component to its refractive index throughout the
visible spectrum due to the disorder-induced broadening of its
bands.”” Polycrystalline silicon also has a significant imaginary
refractive index due to material disorder at grain boundaries.”®
Single-crystal silicon, on the other hand, has no structural
disorder and therefore possesses relatively low absorption
below its direct band gap near 3.4 eV. At wavelengths longer
than 500 nm, the imaginary part is nearly negligible, indicating
that the material is effectively lossless at green and red
wavelengths. At blue wavelengths between 450 and 500 nm, a
small but non-negligible imaginary part to the refractive index
arises.

It is not clear from an examination of the complex-valued
refractive indices in which spectral ranges the varied forms of
silicon can be used to produce high-efliciency metasurface
devices. To address this issue, we analyze the scattering spectra
of individual silicon nanoridges and their associated scattering
modes. We select ridges with rectangular cross-sections as a
model system for nano-optical engineering, as they have been
widely utilized'*'®** as metasurface building blocks. An
analysis of devices will follow. We perform scattering spectra
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calculations for four materials: “ideal,” single-crystal, poly-
crystalline, and amorphous silicon. We define “ideal” silicon to
be a nonphysical reference material that has the real refractive
index of single-crystal silicon but no imaginary part.
Comparisons between “ideal” silicon with the other silicon
variants will allow us to quantify the scattering efficiency of
nanostructures made from those materials. The spectra are
plotted in terms of the normalized scattering cross-section
(0ycare), which is the total scattering cross-section normalized by
the geometric cross-section of the ridge.

Typical nanoridge scattering spectra, obtained here for 90
nm wide and 90 nm thick ridges, are plotted in Figure 1b and c.
The excitation source is a plane wave with normal incidence to
the ridges, and two incident polarizations are considered: TM-
polarized light, in which the incident magnetic field is oriented
parallel to the length of the ridge, and TE-polarized light, in
which the incident electric field is oriented parallel to the length
of the ridge. The modes are clearly visible as peaks in the “ideal”
silicon spectra. The TM-polarized spectrum shows sharp TM,,
and TM,;, modes peaked near 560 and 420 nm, respectively,
and the TE-polarized spectrum shows a sharp TE;, mode near
550 nm and an ultrabroad TE;; mode peaked near 1040 nm.
The mode profiles of these resonances (insets of Figure 1b and
c), calculated at their eigenfrequencies,” confirm their type and
symmetry.

The single-crystal silicon nanoridge spectra, including the
TE;, and TM;; mode peaks, overlap with those of “ideal”
silicon at wavelengths longer than 500 nm, indicating that
losses are negligible at these wavelengths. Below 500 nm,
deviations occur due to absorption, and the TM;, mode at 420
nm has a peak magnitude that is reduced due to losses.
Polycrystalline and amorphous silicon exhibit very different
spectra due to absorption throughout the visible wavelength
range. For both materials, the TE;, and TM,, modes are
strongly suppressed, and the TM,;, mode peaks are hardly
visible.

It may be considered counterintuitive that single-crystal
silicon can scatter light at wavelengths above 500 nm in ways
that appear lossless. Silicon wafers are opaque to the eye, and
conventional single-crystal silicon solar cells rely on strong
absorption across the visible spectrum. In those cases, the
silicon films are multiple micrometers thick, such that the small
imaginary part of the refractive index contributes significant
absorption. In our design regime, our structures are nanoscale
and optically thin, minimizing the impact of material
absorption.
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The radiative characteristics of these modes can be inferred
from the line widths of these resonances as calculated with
“ideal” silicon, where radiative losses are the sole loss channel of
the system. Modes with narrower line widths support stronger
light—matter interactions, which result in enhanced absorption
when material losses are added. The TE;; mode has an
ultrabroad bandwidth and is highly radiative, with a quality
factor Q = 1. Its radiative characteristics can be understood by
its spatial delocalization from the silicon ridge (inset of Figure
1c). The TM,,, TM,,, and TE,, modes have much narrower
bandwidths and possess Q factors of ~20, 8, and 7, respectively.
The TE;, mode supports a high Q because its two lobes are out
of phase, yielding subradiant behavior. The TM,; mode is
highly confined inside the subwavelength-scale silicon ridge and
is therefore also subradiant. The TM;, mode is highly confined
and possesses two out-of-phase lobes, yielding the highest Q of
these modes.

To more systematically study the scattering properties of
silicon nanostructures at visible frequencies, we calculate the
TE- and TM-polarized scattering spectra for silicon nanoridges
with a range of square cross-sectional dimensions. As the
dimensions of the ridges change, the peak positions of the
modes shift in wavelength. We record the peak wavelengths and
corresponding o, of the TE,;, TE,,, TM,;, and TM,, modes,
for differently sized ridges. The results are summarized in
Figure 2. For “ideal” silicon, 0, is high for all modes at all
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Figure 2. Theoretical analysis of the scattering properties of silicon
ridges. (a, b) Plots of the peak normalized scattering cross-sections of
silicon ridges under TM-polarized illumination for the (a) TM;; and
(b) TM,, modes. The silicon nanoridges have square cross-sections,
and the peak wavelengths of the modes are swept across the visible
wavelength range by sweeping the cross-sectional dimensions. Data
points are shown for “ideal” (blue line), single-crystal (black circles),
polycrystalline (green circles), and amorphous silicon (red circles). (¢,
d) Plots of the peak normalized scattering cross-sections of silicon
ridges under TE-polarized illumination for the (c) TE;; and (d) TE,,
modes.

wavelengths, due to the high refractive index and lack of
absorption in this material. o, increases as the wavelength
decreases for all modes, which follows from the dispersion of
the refractive index of “ideal” silicon (Figure 1a).

For single-crystal silicon, the o, s above 500 nm match
those of “ideal” silicon for all modes, confirming that the
material can be effectively treated as lossless at these
wavelengths. Below 500 nm, absorption causes the cross-
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sections to deviate from those of “ideal” silicon. For the TE;
mode, this deviation is modest because the mode strongly
radiates and is weakly localized within the silicon (Figure 1b,
inset). At 450 nm, o, for single-crystal silicon decreases by
only 10% relative to that of “ideal” silicon. For the TE,, TM,,,
and TM}, modes, these deviations are larger due to their larger
Q factors. For these modes, the o,,s relative to those of “ideal”
silicon decrease by 20% between 470 and 480 nm. As such, the
scattering efficiencies of single-crystal silicon for modes of
differing order and polarization are greater than 80% for
wavelengths longer than 480 nm.

In sharp contrast, polycrystalline and amorphous silicon have
substantially suppressed o,.,’s for all modes throughout the
visible wavelength range, due to absorption losses. This
suppression is clearly visible with the TE,; mode, in spite of
its strong radiative characteristics, and it is even more
prominent in the high-Q TE;,, TM;;, and TM;, modes. As
such, nanostructures fabricated from these materials do not
efficiently scatter at visible wavelengths. It is noted that for
amorphous silicon above 650 nm o, of the TE;; mode
exceeds that of ideal silicon, due to its larger real part of the
refractive index (Figure la).

We note that while this analysis is performed for ridge
geometries, it is general to other shapes common to
metasurface engineering, such as cylinders, posts, and spheres,
with and without a supporting substrate. The trends in
normalized scattering cross-section and scattering efficiency
for these geometries are consistent with our analysis above and
are discussed in the Supporting Information.

Following our theoretical analysis, we experimentally study
optical scattering from individual single-crystal and polycrystal-
line silicon nanoridges. The details of the fabrication process
are in the Supporting Information. To summarize, single-crystal
silicon samples are prepared by first bonding an SOI wafer to
Pyrex using hydrogen silsesquioxane (HSQ) as an adhesive
layer.®® The silicon handle and buried oxide layer are then
removed to expose the single-crystal silicon film, which is then
patterned by electron beam lithography and etched. Scanning
electron microscopy images of the ridges (Figure 3b, inset)
indicate that they can be precisely etched with smooth
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Figure 3. Scattering spectra of individual silicon nanoridges. (a) Dark-
field scattering spectra of individual single-crystal (solid lines) and
polycrystalline (dashed lines) silicon ridges for TM-polarized incident
light. The ridge widths are 50 nm (red), 60 nm (blue), 80 nm (green),
and 100 nm (black), and the thickness for all samples is 70 nm. Inset:
Scanning electron microscopy images of single-crystal silicon ridges
with widths of 50, 60, 80, and 100 nm (left to right). Scale bar: 100
nm. For imaging, the samples are coated with a thin layer of titanium
to minimize charging, which artificially widens the ridges. (b) Dark-
field scattering spectra of individual single-crystal (solid lines) and
polycrystalline (dashed lines) silicon ridges for TE-polarized incident
light.
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sidewalls. Polycrystalline silicon samples are prepared by
growing the silicon film on a silicon dioxide wafer by low-
pressure chemical vapor deposition, followed by the same
lithographic patterning and etching steps.

A polarized halogen white light source coupled to a near-
normal dark-field spectroscopy setup”' is used to characterize
light scattering from individual 10-ym-long ridges. Near-normal
excitation is used instead of oblique excitation because it
eliminates retardation effects, which can distort the spectral line
shapes.

The spectra of 70-nm-thick ridges with differing widths,
taken with differing incident polarizations, are plotted in Figure
3. The ridge widths range from 50 to 100 nm, and they are
chosen so that the TM,; and TE, modes of the ridges resonate
at blue wavelengths. The spectra for TM-polarized incidence
(Figure 3a) show that, as the ridge widths increase from 50 nm
to 100 nm, the TM,, peak resonance wavelength shifts from
400 nm to 500 nm. For the 80-nm-wide ridge, the TM,, higher
order mode emerges as a distinct feature near 415 nm and
becomes further pronounced and red-shifted in the 100-nm-
wide ridge. As such, crystalline silicon nanostructures can
exhibit clear and distinct resonant features, including the
fundamental and higher order modes, at blue wavelengths.

The spectra of polycrystalline silicon ridges are also plotted
in Figure 3a and also show distinct peaks across the blue
wavelength range. However, the magnitudes of these peaks are
significantly lower than those from single-crystal silicon. For 50
and 60-nm-wide structures, the peaks have magnitudes that are
4 to S times lower than those from crystalline silicon. For 80
and 100-nm-wide structures, the peaks have magnitudes that
are approximately half of those from single-crystal silicon. In
addition, the polycrystalline silicon scattering spectra do not
display any TM,, peaks, due to strong optical absorption.

The spectra of single-crystal silicon ridges excited by TE-
polarized light are presented in Figure 3b. The TE,
fundamental modes peak at near-infrared frequencies for
these ridges and shift from 750 nm to 900 nm as the ridge
widths increase. The higher order TE;, mode, on the other
hand, is more strongly confined and produces a clear narrow
peak between 450 and 500 nm for these ridge geometries. The
polycrystalline ridge spectra in Figure 3b display a clear TE,
mode peaked in the near-infrared. At these wavelengths,
polycrystalline silicon has a larger real part of the refractive
index compared to single-crystal silicon and therefore displays
larger peak scattering magnitudes. However, no TE,, peaks are
visible, due to absorption.

For the rest of our study, we focus on the implementation of
devices based on coupled nanoridges. In the first part, we use
silicon ridges as a base element to design and characterize beam
deflectors, which are transmissive blazed grating structures that
can deflect light at a specific angle and wavelength. These
devices control the magnitude and phase of incident light in
ways that can generalize to more complex metasurfaces, such as
lenses.

There are multiple design strategies to producing optical
responses from high refractive index nanostructures. One is to
implement the structures as high aspect ratio dielectric
waveguides with tunable phase delays.'* This route to phase
control has a rich history spanning nearly 20 years and has
applied binary grating design concepts to produce diffractive
gratings®>** and lenses.”* More recently, these concepts have
been revisited in the context of multifunctional devices'’
operating at new wavelength regimes such as the visible.”” An
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alternative strategy is to use coupled, low aspect ratio
structures, which produce phase responses based on Mie
resonant elements.”” Structures designed with this coupled
Mie-scattering approach have advantages in ease of fabrication,
especially at visible wavelengths where the widths of individual
nanostructures scale down to the tens of nanometers range.

It is not obvious which of these two design approaches can
produce better performing devices, especially with the presence
of material absorption. In addition, the optimal design layouts
for each approach are not intuitive. As such, we optimize and
compare devices in the waveguide and Mie-scattering regimes
using stochastic optimization. With this technique, we are able
to solve for optimal device thicknesses, ridge widths, and ridge
positions without any initial assumptions of the device
geometry. We perform this analysis for devices that deflect
TE-polarized light at a 20 degree angle. We optimize devices
operating at 488 nm, where single-crystal silicon absorbs, and
633 nm, where single-crystal silicon is effectively lossless, and
we compare single-crystal silicon devices with those made from
titanjum oxide. Our detailed methodology and final device
dimensions are in the Supporting Information.

The angular distributions of transmitted radiation for
optimized designs operating at 633 nm are plotted in Figure
4a—d, in terms of absolute and relative efficiency. Absolute
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Figure 4. Far-field profiles of single-crystal silicon and titanium oxide
devices deflecting normally incident 633 nm TE-polarized light at a 20
degree angle. (a, b) Waveguide-based devices designed using high
aspect ratio (a) silicon and (b) titanium oxide nanoridges. (¢, d) Mie-
scattering-based devices designed using low aspect ratio (c) silicon and
(d) titanium oxide nanoridges. In (a)—(d), the absolute and relative
efficiencies are plotted using dashed red lines and solid blue lines,
respectively.

efficiency is defined as the total power deflected into the
desired angle divided by the total incident power. Relative
efficiency is defined as the total power deflected into the
desired angle divided by the total transmitted power. The
results indicate that the high aspect ratio waveguide approach
yields optimal device performance for both materials, which are
lossless at this wavelength. Furthermore, the performances of
optimized single-crystal silicon and titanium dioxide devices are
comparable. In this design regime, the absolute efficiencies for
both materials are in the 80—90% range and the relative
efficiencies are 98%. Compared to device designs established in
the literature,'”?* our devices exhibit similar absolute
efficiencies and significantly higher relative efficiencies. These
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improvements in performance are due to the flexibility of our
optimization approach, which does not constrain the dielectric
elements to discrete positions on a lattice.

In comparison, the low aspect ratio Mie-scattering devices for
both materials are less optimal at this wavelength. For single-
crystal silicon, the absolute and relative efficiencies are 74% and
88%, respectively, while the absolute and relative efficiencies of
the titanium dioxide devices are 64% and 81%, respectively.
The efliciencies of the silicon Mie-scattering devices are higher
than those made from titanium oxide, due to its relatively large
refractive index. Optimal efficiencies are achieved with high
aspect ratio nanostructures because the coupling of incident
light into these waveguide structures is efficient, with minimal
back-reflection. The coupled Mie-scattering devices suffer from
backscattering, which limits their performance.

At 488 nm, single-crystal silicon is no longer lossless, making
material absorption a relevant parameter in device design. We
find that with absorption the Mie-scattering approach yields
silicon devices with higher absolute efficiency than those
designed with the waveguide approach (Figure Sac): the
absolute efficiencies of the Mie-scattering and waveguide-based
devices are 65% and 54%, respectively. The relative efficiencies
of both devices are comparable and in the 80—90% range. The
waveguide-based devices are no longer optimal because these
devices possess heights on the order of the operating
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Figure S. Far-field profiles of single-crystal silicon and titanium oxide
devices deflecting normally incident 488 nm TE-polarized light at a 20
degree angle. (a, b) Devices designed using high aspect ratio (a) silicon
and (b) titanium oxide nanoridges. (c, d) Devices designed using low
aspect ratio (c) silicon and (d) titanium oxide nanoridges. (e)
Scanning electron microscopy image of the single-crystal silicon
deflector with the design from (c). Scale bar: 1 um. (f) Far-field power
measurement of TE-polarized 488 nm light passing through the
deflector from (e). The absolute and relative efficiencies are measured
to be 61% and 82%, respectively. In (a)—(d) and (f), the absolute and
relative efficiencies are plotted using dashed red lines and solid blue
lines, respectively.
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wavelength, which yields a relatively long absorption path
length. The Mie-scattering structures possess deeply sub-
wavelength-scale heights, reducing the total interaction between
the light and the device and therefore minimizing absorption.

Titanium oxide remains lossless at 488 nm. The waveguide
approach produces more efficient devices than those designed
using the Mie-scattering approach, which is consistent with our
analysis with 633 nm light (Figure Sb,d). In addition, these
devices support higher efficiencies compared to those made
from silicon. We note, however, that these optimal waveguide-
based devices require nanostructures with aspect ratios with
height-to-width dimensions on the order of 10:1, which
presents a nontrivial fabrication challenge.

To experimentally test our design strategy at the absorbing
blue end of the spectrum, we fabricate and characterize a single-
crystal silicon deflector based on our optimized coupled Mie-
scatterer scheme. The device is designed for TE-polarized 488
nm light and is 75 nm thick. The fabrication methodology is
consistent with that for individual silicon ridges. A scanning
electron microscopy image of the deflector (Figure Se) shows a
periodic array of coupled silicon ridges with clean sidewalls. To
test the deflection efficiency, we collimate, filter, and polarize an
incoherent white light source with a 488 nm laser line filter and
then focus the light with a 0.14 NA objective onto the deflector.
The transmitted beam is spatially filtered with a slit and
characterized with a power meter mounted on a motorized
rotation stage. The far-field profile of the transmitted light is
displayed in Figure Sf. The plot shows that the device deflects
the 488 nm beam at 20 degrees with absolute and relative
efficiencies of 61% and 82%, respectively. A comparison
between the theoretical (Figure Sc) and experimental (Figure
5f) deflection efficiencies shows very close agreement. A more
quantitative analysis of the impact of the focusing objective NA
and the slit on deflection efficiency is detailed in the Supporting
Information.

Our optimization scheme can also be used to control the
phase response of nanoscale optical elements, which serve as
building blocks for metasurfaces in wavefront engineering
applications. As a demonstration, we have optimized silicon
nanoridge layouts that exhibit phase responses ranging from 0
to 2w at 488 nm (Figure 6a). By combining these structures
into an array, we can construct metasurface devices with specific
phase gradient profiles, such as a cylindrical lens (Figure 6b).
With single-crystal silicon, our device possesses an absolute
focusing efficiency of 64%, which is defined here as the fraction
of incident light that focuses to the beam focal point. This
efficiency metric is similar to that of our beam deflector.

We note that while our stochastic optimization approach
provides one design methodology for nanoridge-based visible
light metasurfaces, single-crystal silicon can be used in other
alternative two- and three-dimensional design schemes. For
example, it can be used in metasurface schemes that utilize
cylindrical posts (Figure S10).

In conclusion, our study of silicon ridges and devices
demonstrates that single-crystal silicon is a foundational
material for metasurfaces spanning the full visible spectrum.
For most of the visible wavelength range, single-crystal silicon is
effectively lossless and can yield devices with performance
metrics comparable to those made from titanium dioxide. At
blue wavelengths, single-crystal silicon absorbs, but the material
can still be used to construct devices with reasonably high
efficiencies. Other variants of silicon, including polycrystalline
and amorphous silicon, are not suitable at these wavelengths
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Figure 6. Single-crystal silicon metasurfaces with phase control. (a)
Transmitted electric field wavefronts from metasurface elements
optimized to yield phase responses ranging from 0 to 27. The 150 nm
tall silicon ridges are sketched as gray blocks, and the normally
incident electromagnetic field is TE-polarized with a wavelength of 488
nm. (b) Field intensity profile of a cylindrical lens constructed using
the elements in (a). The position of the lens is marked by the white
dashed line. The width and focal length of the lens are 40 and 30 ym,
respectively. The absolute and relative focusing efficiencies of the
device are 64% and 81%, respectively.

due to material absorption losses. We also find, using stochastic
optimization, that the optimal device design strategy depends
on the wavelength of operation, which determines whether
single-crystal silicon is lossless or absorbing. We note that these
concepts in optimization can extend to fully three-dimensional
layouts to produce devices with significantly better perform-
ance, and we will report these findings in future studies.

B METHODS

Fabrication of the Crystalline Silicon Ridges and
Gratings. A borosilicate glass substrate is spun-coat with
hydrogen silesquioxane, prebaked, and held under vacuum for
20 min. A piece of SOI wafer (SOITEC) with a 100-nm-thick
device layer is placed, with the device layer face down, on the
coated wafer and bonded with a pressure of 2000 N at 400 °C
for 1 h. The back-side silicon is removed by a combination of
back-side polishing, etching with SF, and etching with XeF,.
The bottom oxide is removed by wet-etching in 2% HF. For
thinner samples, the pieces are blanket dry-etched in C,F¢. The
patterns are defined using electron beam lithography. Individual
ridges are patterned using ma-N 2405 negative tone resist.
Grating structures are patterned using ZEP 520A resist. The
nanostructures are dry-etched using a breakthrough C,F etch,
followed by a Cl,, HBr, and O, main etch, and finally an HBr
and O, overetch.

Fabrication of the Polycrystalline and Amorphous
Silicon Samples. Amorphous silicon is deposited using silane
onto a fused silica substrate in a low-pressure chemical vapor
deposition furnace at 525 °C. Polycrystalline silicon is
deposited using silane onto a fused silica substrate in a low-
pressure chemical vapor deposition furnace at 620 °C. The
sample is optically characterized using ellipsometry to
determine the final thickness and measure the refractive
index. The complex refractive index fitting process includes a
consistency check with the Kramers—Kronig relations. The
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patterns in the p-Si are formed, etched, and characterized in the
same manner as the crystalline silicon samples. Scanning
electron microscopy images of individual polysilicon ridges are
displayed in Figure S2.

Optical Simulation Methods. Finite-element simulations
are performed using the scattered-field formulation of
COMSOL Multiphysics 5.0. The computation volume is a
sphere for 3D simulations and a circle for 2D simulations, each
with a radius of ~0.54. The computation volume is surrounded
by a PML layer with ~0.54 thickness, which eliminates
backscattering. The outermost boundary of the PML is set as
scattering boundary condition. The silicon resonators are
positioned in the center of the computational window, with or
without a semi-infinite substrate depending on the simulation.

Beam Deflector Optimization Methods. We optimize
metasurfaces for beam deflection using a numerical thermal
annealing approach. The computational foundation for our
optimization scheme is rigorous coupled wave analysis
(RCWA). This computation package is suitable for our
application because it is fast and designed for periodic
structures. Our structures are periodic, consist of infinitely
long silicon nanoridges with a rectangular cross-section, and
deflect light based on diffraction. The period determines the
diffraction deflection angle and is predetermined. The refractive
indices of single-crystal, polycrystalline, and amorphous silicon
are taken to be those interpolated from experimental
measurement (Figure la). We perform RCWA using the
Reticolo software package for Matlab, written by the Lalanne
group at the Institut d’Optique.*®

Our optimization routine involves an iterative process
summarized in Figure S3. The optimization begins with a
system consisting of uniformly spaced devices. A figure of merit
is defined as the magnitude of power deflected from a plane
wave into our desired deflection angle and is directly calculated
using RCWA. During each subsequent iteration, a random
perturbation is made to the system that involves shifting the
width and/or location of all, some, or one of the scatterers. The
new system is simulated, and the figure of merit is calculated. If
the figure of merit does not improve, the change is rejected. If
the figure of merit improves, the resulting device is used as the
new starting configuration. The perturbation magnitudes are
random variables with either Gaussian or normal distributions
that decrease over the course of the optimization.

To identify optimal structures for waveguide-based and Mie-
scatterer-based beam deflectors, parameter sweeps are
performed for a wide range of ridge numbers (up to six per
period) and ridge thicknesses. For each ridge number and
thickness, hundreds of optimization simulations are performed,
and we record the layout and efficiencies of the most optimal
devices. A summary of our analysis of single-crystal silicon
deflectors operating at 633 nm is displayed in Figure S4. The
geometric parameters of the optimized devices presented in
Figures 4 and S are summarized in Figure SS.
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