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ABSTRACT

A new class of planar optical components and devices has emerged using subwave-
length metastructures with a strong contrast in refractive indices. High-contrast
metastructures have shown promises to manipulate optical fields in an extraordinary
way and to replace conventional bulky optical elements by their low-profile analogs,
typically with subwavelength-scale features. We elucidate the underlying principle,
how these seemingly low-profile geometries render unique optical responses, using
the coupled-mode analysis in a multimode waveguide. Moreover, strong field lo-
calization in high-index structures allows us to interpret each single element in the
metastructures as a low-quality-factor resonator (or a localized scatterer), permitting
us to realize designer surface that shapes phase, amplitude, and polarization of light
in free space, also known as an optical metasurface. The remainder of the thesis is
devoted to explore novel applications in optics using high-contrast metastructures.
One of the particularly interesting applications is to use them in an optical resonator.
Specifically, we demonstrate to incorporate high-contrast subwavelength grating
reflectors and dielectric metasufaces in a vertical Fabry–Perot cavity, and show
that we can flexibly tune the resonance frequency by the subwavelength patterning.
With this technique, we envision the realization of compact, on-chip spectrometers
when integrating them on a photodetector array. Secondly, we investigate the use
of high-contrast subwavelength gratings in visible wavelengths. We perform the
optimization of their geometries and demonstrate a set of RGB color filters, down
to near a micrometer in the pixel size. This platform exhibits unique performances
such as high efficiency, angular insensitivity, and color tunability by the design. A
novel device concept is also explored, where a high-contrast subwavelength grating
reflector is integrated on a silicon platform to constitute an active resonant antenna,
enabling high-speed, phase-dominant modulation by means of thermo-optic effect
of silicon. We demonstrate an array of such active antennas, yielding a beam
deflection capability. This justifies the robustness of our device design, enabling
a large-scale integration of high-speed, phase-dominant spatial light modulators.
Finally, we introduce a disorder-engineered metasurface in the context of wavefront
shaping. Recently, wavefront shaping with disordered media has demonstrated
optical manipulation capabilities beyond those of conventional optics, but translating
this class of technology into a practical use has remained challenging due to enormous
amounts of information needed to be characterized as the input-output responses.
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As a paradigm shift, we propose the use of disorder-engineered metasurface in
wavefront shaping, where the disorder is programmatically designed and makes the
system characterization-free prior to use. With this approach, we demonstrate high
numerical aperture focusing in an extended volume as well as wide-field fluorescence
imaging with unprecedented performances.
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LiDAR light detection and ranging.
DMD digital micro-mirror device.
SiNx silicon nitride.
PBS polarizing beamsplitter.
HWP half waveplate.
QWP quarter waveplate.
FEM finite element method.
TM transmission matrix.
NA numerical aperture.
FOV field of view.
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SNR signal-to-noise ratio.
SVD singular value decomposition.
NH4OH ammonium hydroxide.
H2O2 hydrogen peroxide.
TiO2 titanium dioxide.
FWHM full width at half maximum.
TIRF total internal reflection fluorescence.
SAW surface acoustic wave.
EBL electron beam lithography.
H2SO4 sulfuric acid.
IPA isopropyl alcohol.
DI water deionized water.
MIBK methyl isobutyl ketone.
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Chapter 1

INTRODUCTION

1.1 Introduction to High-Contrast Metastructures

High-contrast metastructures are a class of planar optical components, typically
realized by patterning a single layer of high index material (usually the index contrast
∆n > 1) with an appropriate subwavelength-scale features. In the last decade, they
have received considerable interest in the field of optoelectronics and integrated
optics [1–6] because they offer unique and unprecedented optical properties, such as
broad transmission and reflection features with near unity efficiency [7–9] and the
capability to shape the phase, amplitude, and polarization of light [10–16], just by a
lithographically definable binary structure. The planar form factor and the potential
for low-cost wafer-scale fabrication make them attractive for immediate adoption in
consumer products. Also, high-contrast metastructures are promising for realizing
complex optical systems with new functionalities when used as a new building block
together with other components in integrated optics.

In this chapter, we start with the generic grating problem [17] and use the coupled
Bloch mode analysis in a periodic structure to describe the unique optical properties
of high-contrast metastructures with an emphasis on the fundamental differences
from conventional diffraction gratings or the effective medium theory (EMT) [18–20].
Figure 1.1 defines the parameters of a grating, which will be used to facilitate the
discussion. Without much loss of generality, we treat a 1-D grating, which has a
periodicity of a in the x-direction and is translationally invariant in the y-direction.
The surrounding medium is assumed to be air (n = 1) for the sake of simplicity. It is
also assumed that a monochromatic plane wave with the wavelength of λ normally
impinges on the structure from the −z to the +z-direction.

When the periodicity of the grating is greater than λ, an incident monochromatic
plane wave is separated into multiple orders. This can be understood as a constructive
interference of specific wavelengths of the light along specific directions. The angles
of the diffracted orders, which solely depend on the periodicity of the grating and the
wavelength of the light, are governed by the grating equation:

sin θm = sin θ0 +
mλ
a
, (1.1)
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Figure 1.1: Generic 1-D grating problem. In this chapter, we deal with a 1-D
grating with a periodicity of a, where the light is normally incident, the surrounding
medium is air (n = 1), the refractive index of the grating is nh, and w is the width of
the grating.

where θm is the angle of the m-th order (m as an integer) and θ0 is the incident angle.
This class of structures is commonly used as a diffractive optical element, useful
in efficiently dispersing different colors of incident light into different directions.
Spectral control over the diffracted orders can be achieved by carefully designing the
shape and refractive indices of the unit cell in the periodic structure; one of the most
common technologies is an Échelette grating or blazed grating, in which the unit cell
is optimized such that most of the power is concentrated in a specific order.

As in the condition of Fig. 1.1, we hereafter consider the case where the light is
normally incident (θ0 = 0). When the periodicity of the grating is smaller than the
wavelength of the light, which we call a subwavelength grating (SWG), the right-hand
side of Eq. (1.1) becomes greater than one, and therefore there is no real solution
for θm given any nonzero integer value of m. This indicates that the higher-order
diffracted modes do not correspond to a free-space mode in reflection or transmission,
but to a guided Bloch mode found in the periodic region. Here, Bloch mode refers to
a mode in a waveguide array propagating in the z-direction by virtually extending
the periodic region infinitely long in both ±z-directions. When there exists only
a single propagative Bloch mode along the infinitely long grating, typically when
w < λ/2nh, the EMT provides a good approximation in understanding such periodic
structures, allowing treatment of the grating region (0 < z < h) as a homogeneous
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slab with an anisotropic effective index. This is also known as a deep-subwavelength
regime. This regime is particularly useful when one would like to artificially create
an anisotropic material with optical birefringence. It has been demonstrated that, by
adjusting the height of the grating, the accumulated phases across the grating for the
two orthogonal polarizations can be tuned to have a desired phase shift, resulting in
the realization of waveplates [21].

There is an interesting regime between the aforementioned two regimes, where
the subwavelength periodic structure supports more than one propagative Bloch
mode, herein referred to as a “multimode” regime (also see references [1, 22–24]).
This multimode nature sets it apart from the regime in the EMT, and most of
the unique properties of high-contrast metastructures, such as near unity broad
reflection/transmission as well as the capability to manipulate a wavefront by a
nonperiodic structure appear in this regime, and can be understood by considering
the coupling among those propagative Bloch modes as well as free-space modes
(zeroth-order reflection and transmission). Strong index modulation in the periodic
region makes such Bloch modes highly dispersive, resulting in pronounced spectral
properties, which will be discussed later.

To find Bloch modes in a virtually extended infinite grating, we need to solve the
wave equation. From the Maxwell’s equation, the vector potential A(r) is governed
by the following wave equation in a source-free, nonuniform dielectric medium [25,
26]:

∇2A + ω2µ0εA = 0, (1.2)

whereω is the optical frequency, ε(r) is the dielectric constant, and µ0 is the magnetic
permeability in a vacuum. The relationship between the vector potential A(r) and
scalar potential Φ(r) is given by

∇ · A + jωµ0εΦ = 0. (1.3)

The electric and magnetic fields are given by

E = − jωA − ∇Φ (1.4)

µ0H = ∇ × A. (1.5)

Given an axially uniform medium, such as an infinitely long periodic grating in our
case, we can write the solution for A with a particular polarization,

A = x̂u(x)e−βz, (1.6)
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Figure 1.2: Coupled Bloch mode analysis. (a) ω-β dispersion diagram of 1-D
grating with nh = 3.48 and w/a = 0.75. (b) Coupled Bloch modes β0 and β2,
propagate along the z-direction with two ports s±1 and s±2 .

where β is the propagation constant and we used the assumption that ε is spatially
invariant along the y-axis. The spatial dependence factor u(x) can be derived from
Eq. (1.1), by solving the differential equation:[

∂2

∂x2 + ω
2µ0ε(x)

]
u(x) = β2u(x). (1.7)

Because the dielectric constant is periodic in the x-direction, the spatial dependence
u(x) is also periodic. Given ω and ε(x), we can numerically solve for the eigenfunc-
tions un(x) and the corresponding eigenvalues βn, where n indicates the index of
the mode (n = 0, 1, 2, ...). The numerical results of the ω-β dispersion diagram are
plotted in Fig. 1.2(a), when nh = 3.48 and w/a = 0.75. The yellow-shaded region in
Fig. 1.2(a) is the regime of interest, where two propagative Bloch modes can exist in
the grating region. It should be noted that we are now interested only in the even
symmetric modes (TM0, TM2, TM4, ...), which can be excited by a normally incident
plane wave. The odd symmetric modes (TM1, TM3, TM5, ...) are orthogonal to
the normally incident plane wave, thus cannot be excited. In these situations, it is
physically meaningful to interpret the subwavelength system as coupled Bloch modes
(β0 and β2) with two ports for the input and output waves (s±1 and s±2 ) [25, 27] as
illustrated in Fig. 1.2(b). Although the set of the Bloch modes is orthogonal, they
can be coupled to each other at the interface of z = 0 and z = h, whereas only the
DC components of the coupled Bloch modes can be leaked out into free space as
zeroth-order reflection and transmission. In the picture of coupled Bloch modes,
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one can completely describe the system by relating the coefficients of the modes
using the scattering matrix, for which the coupling coefficients can be numerically
calculated by the rigorous coupled-wave analysis (RCWA) technique [28].
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Figure 1.3: Multimode regime in zeroth-order reflectance map. The blue-shaded
region corresponds to the diffraction grating regime (λ < a). The red-shaded region
corresponds to the EMT regime, in which the grating behaves as a homogeneous slab
with an effective index. The green-shaded region corresponds to the “multimode”
regime, in which a few propagative Bloch modes can exist.

High-Contrast Subwavelength Gratings

Figure 1.3 shows the RCWA-calculated zeroth-order reflectance for the 1-D grating
with nh = 3.48 and w/a = 0.75 as a function of wavelength and height of the grating,
both normalized by the periodicity. The blue-shaded region in the shorter wavelength
side corresponds to the diffraction grating regime (λ < a). The red-shaded region at
longer wavelength corresponds to the EMT regime, in which the periodic modulation
of the reflectance is seen, validating the approximation that the structure behaves
as a homogeneous slab with an effective index. In the multimode regime, denoted
with the green shade, where the grating has a few propagative Bloch modes, albeit
inhibiting the high-order diffractions, we can observe a checkerboard-like pattern in
the reflectance map, which originates from the couplings among the few Bloch modes
in the grating and free-space modes. To further highlight the unique features of high-
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Figure 1.4: Examples designs of high-contrast SWGs. (a) Zeroth-order reflectance
map for a 1-D grating with nh = 3.48 and w/a = 0.75. (b) Broadband, highly
reflective design of high-contrast SWG with a = 0.74 µm, h = 0.435 µm, and
w = 0.555 µm. (c) Zeroth-order reflectance map for a 1-D grating with nh = 3.48
and w/a = 0.55. (d) Broadband, highly transmissive design of high-contrast SWG
with a = 0.74 µm, h = 0.6 µm, and w = 0.4 µm.

contrast SWGs, two of the optimized designs for the near unity reflection/transmission
in broadband are plotted in Fig. 1.4, showing broadband high reflectivity R0 > 0.99
for ∆λ/λ ∼ 39% as well as high transmittance T0 > 0.99 for ∆λ/λ ∼ 13%. These
designs were found by choosing the right height in Fig. 1.4(a,c). These unusual
phenomena can be well understood by the above-discussed coupled Bloch modes.
Each of the Bloch modes has a different propagation constant βn, which describes
the accumulated phase when they propagate along the z-direction. As they reach
the output port z = h, the energy transmission to the zeroth order for z > h can
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be calculated by the field overlap integral at the interface. Because the allowed
free-space mode for z > h has only a DC coefficient, minimizing the DC component
of the total field composed of the propagated Bloch modes leads to minimizing
the zeroth-order transmission, thus zeroth-order reflection is maximized. One can
even find a condition where unit reflectivity is realized by the complete cancellation
of the DC component. In addition to this, we can also find that the dispersion
curve for the few Bloch modes are roughly parallel, as in Fig. 1.2(a), indicating
that the high-reflectivity condition is preserved to some extent when the wavelength
of interest is perturbed. Likewise, in the case of high transmission, one can find
a condition that zeroth-order reflection is suppressed, and thus realize near unit
transmission, as in Fig. 1.4(d). Despite the relatively simple structure, this behavior
was first discovered by Mateus et al. [7] only in the last decades. Subsequently,
high-contrast SWG reflectors have been adopted in vertical-cavity surface-emitting
laser (VCSEL) technology to replace one of the distributed Bragg reflectors (DBRs)
[29] and in novel microelectromechanical systems (MEMS) devices [30–35]. The
broad reflection feature of the high-contrast SWGs can sometimes perform as well as
DBRs with > 30 dielectric stacks. As an additional benefit, these structures provide
new functionalities, such as polarization control.

Optical Metasurfaces

The high-contrast SWGs provide us another opticalmanipulation capabilitywhen used
in nonperiodic fashion. Figure 1.5 shows the magnetic energy density distribution
found by the RCWA technique when the structures are optimized to have near
unit reflection and transmission. The high-index contrast results in negligible
interactions between the grating bars as we can see that the magnetic energy density
is concentrated in high-index regions, denoted with dashed lines. In these situations,
it can be set apart from the periodic picture where the optical field is infinitely
extended along the x-direction, to a different perspective, in which each of high-index
blocks behaves as a localized resonator and reflection and transmission can be
considered as collective scatterings from an array of resonators. Another important
observation in Fig. 1.4(b,d) is that the phases of the reflected and transmitted field
rapidly vary across the spectra with near constant amplitudes. Using the scaling
properties of Maxwell’s equations [36], this property can be qualitatively translated
to a reflection response, where local resonators with scaled size reflect with near
unity amplitude with a significant change in phase as a function of the structural
parameter, for example, period or width of the grating. This concept is quantitatively
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Figure 1.5: Magnetic energy density profile of high-contrast SWGs. (a) Highly
reflective design the same as Fig. 1.4(b) at λ = 1.55 µm. (b) Highly transmissive
design the same as Fig. 1.4(d) at λ = 1.55 µm. The magnetic energy density of
one is normally incident onto the SWGs from the top. The dashed lines depict the
boundaries of the high-index SWGs with nh = 3.48. Scale bar: 1 µm.

confirmed by the numerical simulation using the RCWA technique, shown in Fig. 1.6.
Figure. 1.6(b) can be used as a look-up table to design a reflective metasurface, with
which one can create a spatially varying phase profile by locally modifying the period
and width of the SWG, as experimentally confirmed by Fattal et al. [11].

More ubiquitous classes of optical metasurfaces can be realized by high-index
nanoposts acting as a scatterer on a periodic 2-D lattice (Fig. 1.7(a)). With the same
concept discussed above, we can find a family of periodic structures that provide
large transmission amplitudes, while their phases span the entire 0 to 2π range, just
by modifying the diameter of the nanoposts, as shown in Fig. 1.7(b). This design
is particularly interesting to implement a desired phase profile φ(x, y). The local
scattering effect is more prominent than in 1-D high-contrast SWGs, as indicated by
the magnetic energy density profile in Fig. 1.7(c). This highly localized scattering
allows us to implement any arbitrary wavefront manipulation as high as 1/λ in terms
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Figure 1.6: Reflective 1-D metasurface design. (a) Reflectance spectrum with an
SWG design the same as Fig. 1.4(b) at λ = 1.55 µm. (b) Reflectance spectrum as
well as phase as a function of the grating period with w/a = 0.5 and h = 0.465 µm
at λ = 1.55 µm.

of spatial frequency. With this class of optical metasurface, we have shown high
numerical aperture (as high as 0.9) and wavelength-scale thick microlenses with
high efficiencies [15]. Conventional diffractive optical elements, typically realized
by precision glass surface molding, can aim at realizing the same functionality but
their efficiencies are very low [37]. One can also extend this idea to the more general
case, where the metasurfaces are made of high-index nanoposts with elliptical cross
section, allowing us simultaneously to shape the polarization and phase of the light
[16]. This class of metasurface can realize two categories of diffractive optical
components. In the first category, one can implement two independent phase masks
of any kind for the two orthogonal polarizations. The second category can allow
for any desired vector beam generations. This capability clearly contrasts with
conventional diffractive optical elements with very limited polarization control.



10

(a)

(c)

(d) (e)

(b)

200 300 400 500
0

0. 2

0. 4

0. 6

0. 8

1

Post diameter (nm)

Transmission
Phase (2π)

r

t

20

40

60

80

100

20

40

60

80

D=350 nm

1 m1 m

1
!

μm

100 μm 1 μm

α-Si nanopost

SiO2 substrate

optical �ber

metasurface lens

substrate

Figure 1.7: Transmissive dielectric metasurface design. (a) Schematic of periodic
high-index nanoposts on a SiO2 substrate. (b) Transmission and phase responses
as a function of high-index nanoposts diameter. The nanoposts made of α-Si
(n = 3.43) have the periodicity of 0.8 µm, are 0.94-µm tall and the wavelength is
λ = 1.55 µm. (c) Magnetic energy densities found by RCWA simulations, indicating
each nanopost behaves as a highly localized scatterer. (d) Schematic realization of
a flat metasurface lens that focuses the light from an optical fiber. (e) Fabricated
metasurface lens operating at a wavelength of 1.55 µm. The converging wavefront is
realized by imparting a space-variant phase profile implemented by locally modifying
the diameters of the nanoposts.
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1.2 Outline of the Thesis

The main goal of this thesis is to demonstrate the potential of high-contrast metas-
tructures in the realization of unique optical functionalities and new device concepts.
The remainder of the thesis describes our works utilizing high-contrast SWG or
dielectric metasurfaces. In Chapter 2, we show a novel method for spatially varying
the pass-bands of a Fabry–Perot filter set integrated on a single chip by employing the
high-contrast metastructures inside relatively high quality factor (Q-factor) resonators.
In Chapter 3, we show a transmissive selective color filtering in the visible spectrum,
using high-contrast SWG structures, envisioning replacing conventional dye-based
color filters toward 1 µm-scale pixel technology. In Chapter 4, we propose a novel
device concept of a phase-dominant modulator for free space light. The concept
relies on an optical resonance, in which a high-contrast SWG is used to form a
compact and highly reflective mirror. We demonstrate a spatial light modulation
capability by deploying an array of such phase-dominant modulators on a silicon chip.
In Chapter 5, we propose the concept of a disorder-engineered metasurface. The
disordered metasurface is used in place of random media in the context of wavefront
shaping and to demonstrate unprecedented wavefront manipulation capabilities
beyond those of conventional optics.
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Chapter 2

PLANAR OPTICAL BANDPASS FILTER ARRAY FOR
ON-CHIP SPECTROSCOPY

The material in this chapter was presented in part in:

Y. Horie, A. Arbabi, S. Han, and A. Faraon, “High resolution on-chip optical
filter array based on double subwavelength grating reflectors”, Opt. Express 23,
29848–29854 (2015) DOI: 10.1364/OE.23.029848,

Y. Horie, A. Arbabi, E. Arbabi, S. M. Kamali, and A. Faraon, “Wide bandwidth
and high resolution planar filter array based on DBR-metasurface-DBR structures”,
Opt. Express 24, 11677–11682 (2016) DOI: 10.1364/OE.24.011677,

In this chapter, we show a new method to vary the pass-bands of a Fabry–Perot filter
set on a single substrate, as illustrated by two different approaches using high-contrast
metastructures. The first approach employs high-contrast subwavelength gratings
(SWGs) that exhibit high reflectivity over a very large bandwidth. Two parallel SWGs
placed in close proximity can confine Fabry–Perot resonances that act as narrow-band
filters, and the filter resonance is controlled by changing the in-plane dimensions
of the grating. The second approach uses a transmissive dielectric metasurface
sandwiched between two high reflectivity distributed Bragg reflectors (DBRs). Here,
the dielectric metasurface is used as a phase shifting element inside a Fabry–Perot
cavity without inducing a significant loss. In both approaches, we demonstrate that
the pass-bands of high-resolution filters can be precisely controlled by the in-plane
dimensions of the SWGs reflectors or the sandwiched metasurfaces, and therefore
we can span the resonance over a broad wavelength range as wide as 250 nm around
the telecommunication wavelengths (∆λ/λ = 16%) with measured quality factors
(Q-factors) greater than 103. The planar geometry and the process compatibility
with conventional top-down lithography technique, as well as the large bandwidth
that the proposed filter arrays can span, make them ideal for implementation of
low-cost miniaturized spectrometers with high resolving powers, as an integral part
of equipment for biomedical and environmental sensing.

http://dx.doi.org/10.1364/OE.23.029848
http://dx.doi.org/10.1364/OE.23.029848
http://dx.doi.org/10.1364/OE.23.029848
http://dx.doi.org/10.1364/OE.24.011677
http://dx.doi.org/10.1364/OE.24.011677
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2.1 Motivation

Spectroscopy is an essential tool in bio-chemical sensing applications, material
characterization, and multiple areas of scientific research. Modern spectrometers
based on diffraction gratings are widely used because they can achieve a high
resolving power and high sensitivity. For multiple applications, including those
related to sensors located on handheld devices and low cost portable point-of-
care diagnostics [38], there is a continuous interest in miniaturizing spectrometers.
However, conventional high-resolution diffraction grating based spectrometers are
inevitably bulky as the resolution of the spectrometer scales inversely with optical
path length, and thus are not suitable for miniaturization. For this purpose, several
integrated optics approaches have been explored [39, 40], such as on-chip frequency
filtering based on micro-resonators [41], integrated diffraction gratings [42], and
arrayed waveguide gratings [43]. However, in many applications the optical signals
of interest are freely propagating, and the low coupling efficiency from free-space to
on-chip waveguides limits the sensitivity of this type of spectrometers. An attractive
design for a free-space type spectrometer is to use an array of bandpass optical filters
in conjunction with a photodetector array [44, 45]. One can obtain the spectral
information by measuring intensities of the filtered light within a specific range
of wavelengths at each detector, and more importantly the resolving power of the
spectrometer is only limited by the resolution of the filters. The most common way
to design a high-resolution optical filter is to form a Fabry–Perot resonator using
a pair of broadband high reflectivity mirrors [45]. The Fabry–Perot cavity length
can be varied in a discrete form through multiple etching steps, or in a continuous
form by using an angled surface. The latter creates optical filters with spatially
varying center wavelength, named wedge filters or linear variable filters (LVFs), that
are manufacturable by linearly varying the cavity thicknesses of the Fabry–Perot
resonator [46], and are commercially available [47, 48] (see Fig. 2.1). However, the
angle of the wedge eventually limits the Q-factor of the Fabry–Perot cavities and in
turn the resolution of the filters due to the non-normal reflection on the angled surface.
Alternatively, gray-scale lithography allows a spatially varying cavity thicknesses
in a more controlled manner [49], but the technology is expensive and not readily
available.

We propose and experimentally demonstrate a novel method to effectively vary the
central wavelengths of a Fabry–Perot filter set by two approaches using high-contrast
metastructures. We first consider the simple model of a 1-D Fabry–Perot resonator
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Figure 2.1: Working priciple of compact spectrometers using a wedge filter.
(a) The wedge in the cavity thickness is applied via an intentional tilt between the
two mirrors, comprising the set of bandpass filters. (b) The prototype of a compact
spectrometer. Figures are adapted from reference [47]. This type of compact
spectrometers has been commercialized by Viavi Solutions Inc. [48], formerly known
as the part of JDSU.

consisting of two mirrors under a normally incident plane wave illumination. When
the mirrors are aligned perfectly parallel, the partial reflections of the two mirrors
can constructively interfere each other, constituting a standing wave between the
mirrors. This happens when the round-trip phase accumulation is an exact integer
multiple of 2π and the condition can be written by

4πnL
λ
+ 2∠rmirror ≡ 0 (mod 2π), (2.1)

where n and L are the refractive index and the thickness of a cavity layer, respectively,
∠rmirror is the reflection phase of the mirrors, and λ is the resonance wavelength. As
is discussed, the only practical way of changing the resonance wavelength λ is to
change the cavity thickness L by means of an LVF or gray-scale lithography, whereas
the other parameters are fixed. In our first approach, Fabry–Perot resonators are
formed by two-layers of highly reflective SWG reflectors [7, 22]. SWG reflectors not
only provide broadband reflection spectra comparable to DBRs thus being regarded
as the thin-layer alternatives of DBRs, but also, by changing the grating geometry,
they allow for engineering the reflection phase while maintaining their reflectivity
very high [11]. Replacing conventional mirror made of metals or DBRs with the
SWGs adds the control knob to modify the reflection phase ∠rmirror:

4πnL
λ
+ 2∠rSWG(p) ≡ 0 (mod 2π), (2.2)
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Figure 2.2: Schematic illustration of bandpass filter array composed of vertical
Fabry–Perot resonators realized by two-layers of SWG reflectors separated by
a spacer layer. When broadband input light is illuminated, the spectrum is filtered
out by the bandpass filters with different central wavelengths, and the optical powers
detected by the underlying photodetector pixels are used to reconstruct the original
spectral information.

where ∠rSWG(p) is the reflection phase of SWGs and the argument p indicates that we
have a control knob by the structure. In contrast to the conventional approaches, the
resonance wavelengths of the SWG-based Fabry–Perot resonators can be controlled
by adjusting in-plane geometries, such as the period or duty cycle, of the SWG
reflectors [50]. Therefore, a set of bandpass filters can be easily fabricated using
well-established top-down lithographic processes. As schematically shown in Fig. 2.2,
each of the bandpass optical filters is made of two identical SWG reflectors separated
by a distance on the order of a wavelength of interest, to satisfy the symmetric Fabry–
Perot condition. Such symmetric, loss-less Fabry–Perot resonators can be critically
coupled, have theoretical transmission of 100% at their resonance wavelength, and
reflect back the off-resonance portion of the incident light. In our second approach,
a transmissive dielectric metasurface is inserted as an additional phase shifting
layer between two high reflectivity mirrors made of DBRs, enabling independent
and precise control of the filter’s passbands by controlling the phase shift of the
metasurface layer:

4πnL
λ
+ 2∠rmirror + 2φmeta(p) ≡ 0 (mod 2π), (2.3)

where φmeta(p) is the added phase shift due to the metasurface layer. Metasurfaces
are two dimensional arrays of subwavelength scatters capable of controlling the
phase, amplitude, and polarization of light [2, 4]. One particularly interesting class of
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mirror

mirror

metasurface

λ1 λ2 λ3

Figure 2.3: Schematic illustration of the proposed bandpass filter array using
a dielectric metasurface. Each of the filter is composed of vertical DBR-based
micro-cavities, in which transmissive dielectric metasurface layers are inserted as
phase shifting layers to tune their resonance wavelengths over a broad bandwidth.

metasurfaces is based on high-index nanoposts, which allow both high transmission
as well as phase control capability by designing the geometry of the nanoposts. So
far, various diffractive optical elements such as high performance flat lenses [13–15]
or birefringent optical elements [16] have been demonstrated. Unlike plasmonic
metasurfaces, which inevitably suffer from optical loss [51], the loss-less nature of
dielectric metasurfaces is suitable for resonant applications. As schematically shown
in Fig. 2.3, the dielectric metasurface layers are incorporated in vertical Fabry–Perot
resonators with relatively highQ-factors. By incorporating transmissive metasurfaces
with different geometries into the cavity of a set of Fabry–Perot filters, the round-trip
phase inside the cavity is drastically modified. Thus, the resonance wavelength
(i.e., the filter passband) can be tuned without changing the physical distance between
the two reflectors. Similar concepts for implementation of an array of Fabry–Perot
filters have been previously studied. Walls et al. have demonstrated Fabry–Perot filter
arrays using metallic mirrors and effective index medium created by subwavelength
patterning [52]. Filter arrays composed of dielectric mirrors incorporating 1-D
subwavelength gratings as a phase shifting element have also been proposed [53], but,
to the best our knowledge, have not been experimentally demonstrated. Furthermore,
compared with 1-D subwavelength gratings, the dielectric metasurfaces provide
more control over the phase shifts and are polarization insensitive [13, 15, 16].
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2.2 Planar Filter Array Using Double Subwavelength Grating

Reflectors

To investigate the performance of the bandpass filters using double SWG reflectors,
we first designed an SWG reflector that operates in a wide wavelength range around
the telecommunication band (λ = 1550 nm). The broadband SWG reflector design
typically involves a subwavelength periodic structure made of a high-refractive index
material surrounded by a low refractive index material. The subwavelength geometry
of the grating suppresses higher order diffraction for normally incident light. The
high-index contrast system makes waveguide modes in the high index structure
highly dispersive, opening up unique properties such as highly reflective [7, 11, 22]
or transmissive [13, 15] amplitudes in broadband, which cannot be explained by
the traditional effective medium theory (EMT) [18]. The details of the operating
principle and design for the SWG reflector are discussed in Chapter 1 or can be found
in references [23, 24]. Without loss of generality, the SWG reflectors considered here
are 1-D gratings made of high-index α-Si and embedded in low-index SU-8 polymer
on a fused silica substrate. We used the rigorous coupled-wave analysis (RCWA)
technique [28] to find the optimal SWG reflector designs. The basic reflectors
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Figure 2.4: Design of SWG reflectors. (a) Simulated reflectivity contour map as a
function of duty cycle of SWGs and wavelength, for the α-Si on SiO2 1-D SWGs with
900 nm period and SU-8 polymer cladding for the normally incident TE-polarized
light (i.e., electric field parallel to the grating bars) and (b) the corresponding
reflection phase contour map.
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designed for the normally incident TE-polarized light (i.e., electric field parallel
to the grating bars) have a period of 900 nm and a grating thickness of 310 nm.
Figure 2.4 shows the reflectivity spectra and the associated reflection phase for the
SWG reflectors as a function of the SWG duty cycle and the wavelength.

When two of such SWG reflectors are placed in parallel [54] and separated by a
1.23 µm-thick SU-8 spacer layer, a single Fabry–Perot resonance within the highly
reflective stopband is observed. The SU-8 spacer layer thickness between the two
SWG layers must be thicker than at least half of the wavelength such that evanescent
field coupling between the two SWG layers is avoided. The low near-field coupling
between the gratings should reduce the sensitivity of the structure, making it robust
against the in-plane translational misalignment of the two gratings. The rotational
misalignment of the two gratings should become more sensitive when 1-D gratings
are used, but can be tolerated using polarization-independent 2-D SWG designs
discussed later. Using the results for the SWG reflectors, the resonance wavelengths
of the Fabry–Perot resonators were calculated while varying the in-plane grating
parameters such as period and duty cycle, while keeping the thicknesses of the
gratings constant. To ensure a proper spectral filtering function, it is crucial to avoid
the overlap of the Fabry–Perot resonance with other undesired resonances or the
stopband edge of the SWG reflectors. Then, a set of optimum filter designs which
provide a wide wavelength range of operation as well as narrow-band transmission
was identified. The simulated transmission spectra of these filters are plotted in
Fig. 2.5(a). The simulations were performed using RCWA techniques. Filtering
operation over a wide range of ∆λ = 70 nm (∆λ/λ = 5%) with moderately high
Q-factors larger than 1,000 can be achieved in the proposed SU-8/Si/SiO2 high
index contrast system by introducing changes both in the duty cycles and the periods
of the SWG reflectors. The variation in the peak transmittance of the filters is
caused by the difference in the reflection amplitudes for the top and bottom SWG
reflectors, which led to over- or under-coupling condition for some of the Fabry–Perot
filters. The wavelength coverage can be further enlarged using higher index contrast
gratings such as air-cladded silicon gratings which in general provide a broader SWG
reflection reflection band. Since the structure can be scaled with the wavelength, the
proposed design is readily customizable to any wavelengths of interest, provided
high-index contrast materials in combination with low loss are available. The 1-D
SWG reflector we use here shows large reflectivity only for the TE polarization and
as a result, the bandpass filters function only for the TE-polarized light; however,
polarization-insensitive filters can also be designed by replacing the 1-D SWG
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Figure 2.5: Simulated transmission spectra of bandpass filter array. (a)
Simulated transmission spectra of a normally incident plane wave for a set of
bandpass filters. (b) Angular dependence of the simulated transmission spectrum of
one of the filters with an azimuthal angle of θ = 45◦ and various polar angles ϕ. (c)
Simulated transmission spectra of one of the filters when illuminated with Gaussian
beams with different beam waists w0.
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reflectors with polarization-insensitive 2-D SWG reflectors proposed in references
[55–57].

It is also important to analyze the angular sensitivity as well as the the dependence
on an input beam size of the bandpass filters. Simulated angular dependence of the
transmission spectrum of one of the filters is presented in Fig. 2.5(b), indicating
that the resonance wavelength is shifted to a shorter wavelength for larger angles of
incidence. The maximum transmittance is also decreased as the angle of incidence
changes because the reflection amplitudes for the top and bottom SWG reflectors
become deviated as the angle of incidence changes. This behavior is unique,
compared to the Fabry–Perot resonator formed using a pair of DBRs, as the reflection
coefficient for SWG reflectors has more angular dependence than DBRs. From the
angular response of the SWG reflectors, one can calculate transmission spectra under
Gaussian beam illumination: first, using the Fourier transform, the incident Gaussian
beam is expanded in terms of plane waves propagating at different angles, then, the
amplitude of each of the transmitted plane waves is found using their amplitude in
the expansion and their corresponding transmission coefficient which is computed
using RCWA, finally, the transmitted beam is found by adding the contributions from
all the plane waves (i.e., by an inverse Fourier transform). Figure 2.5(c) shows the
simulated transmission spectra for normally incident Gaussian beams with different
beam waists computed using this technique. It is assumed that the beam waist is
at the same plane as the top SWG. As the beam waist gets smaller, the maximum
transmittance is decreased because Gaussian beams with smaller beam waists have a
larger plane wave angular spectrum and, as Fig. 2.5(b) indicates, a coupling condition
becomes more deviated from the critical coupling for plane waves with non-normal
incidence angles. Thus, one can expect the maximum transmittance as well as
a higher Q-factor when the filters are tested using a collimated light rather than
the focused light. Several approaches have been reported to achieve the lateral
confinement by effective index confinement method [58] or reflector phase gradient
approach [59], which could help to design the laterally confined resonator with better
transmission efficiencies.

2.3 Characterization of Double Grating band-pass Filters

Fabrication

As a proof of concept, the bandpass filter array using the two-layers of SWG reflectors
was fabricated on a fused silica substrate as illustrated in Fig. 2.7(a). First, an α-Si
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layer was deposited with a thickness of 310 nm by plasma-enhanced chemical vapor
deposition (PECVD) method. The grating pattern was defined by electron beam
lithography using a positive resist (ZEP520A) followed by inductively coupled plasma
reactive ion etching (ICP-RIE) process using SF6/C4F8 mixed plasma chemistry for
patterning the first α-Si layer. The patterned α-Si was planarized by spin-coating
with SU-8 2002 followed by thermal reflow at 250◦C, ending up with a 1.23 µm
spacer layer. Subsequenctly, a second layer of PECVD-grown 310 nm-thick α-Si
layer was deposited on top of the planar SU-8 layer. Then, another layer of the SWG
pattern was aligned to the fist layer and etched using the same lithographic mask
and etching processes. Finally, the whole structure was cladded with SU-8, and
planarized by reflowing the SU-8 at 250◦C. Diagrammatic representation of the
double SWGs fabrication process is illustrated in Fig. 2.6. A typical cross-sectional
image of the fabricated double layers of SWGs is shown in Fig. 2.7(b).

Characterization

The fabricated bandpass filter array was characterized by measuring the transmission
spectra of the filters using a tunable laser and collecting the transmitted light from
the filters on an InGaAs photodetector. Using an objective lens, the collimated and

Fused Silica Substrate
(Piranha Clean + O2 Plasma)

1st PECVD α-Si Deposition Resist & Anti-Charging Layer
(ZEP520A & AquaSAVE)

SU-8 Spacer
+ Planarization

2nd PECVD α-Si Deposition Electron-Beam Lithography
Aligned with 1st SWG Layer 

2nd ICP-RIE (SF6/C4F8)
Pseudo-Bosch Etch

+ Resist Removal

SU-8 Cladding
+ Planarization

Electron-Beam Lithography
+ Resist Development

1st ICP-RIE (SF6/C4F8)
Pseudo-Bosch Etch

+ Resist Removal

Figure 2.6: Double SWGs fabrication process. Diagrammatic representation of
the double SWGs fabrication.
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Figure 2.7: Fabrication of double SWG reflectors. (a) Schematic of a bandpass
filter made of two-layers of SWG reflectors in the SU-8/α-Si/SiO2 system. (b)
Cross-sectional SEM image of a fabricated bandpass filters.

linearly TE-polarized beam from the laser was focused onto each filter from the
normal direction. The beam diameter at focus was about 20 µm. The measured
transmission spectra for a set of bandpass filters are shown in Fig. 2.8. The Q-factors
of the filters range from 1,100 to 3,000 (the linewidths range from 0.5 nm to 1.4 nm)
and the maximum transmission ranges from 40% to 65%, as expected for a Gaussian
probe beam (Refer to the simulation of the beam diameter dependence shown in
Fig. 2.5(c)). Compared with the simulated transmission spectra under a plane
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Figure 2.8: Measured transmission spectra of a set of fabricated bandpass
filters. The grating duty cycle and period are controlled to obtain a sets of bandpass
filters with different central wavelengths. The corresponding simulated transmission
spectra for a normally incident plane wave illumination for the corresponding sets of
bandpass filters are also shown in dotted lines.
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wave illumination, the resonance wavelengths in the measured spectra have a good
agreement with the numerical simulations and small discrepancies between the
measured and simulated values are due to fabrication errors. Outside of the passband,
the measured stopband transmittance was less than 1% within the wavelength range
of interest, owing to the highly reflective properties of the designed SWGs. It is also
worth to note that the system here is not limited by scattering or absorption loss. This
was confirmed by checking that the sum of the transmitted and reflected power is
constant around the resonances.

2.4 Planar Filter Array Using DBR-Metasurface-DBR Structures

From this section, we describe the second approach that utilizes a layer of dielectric
metasurface inserted in a conventional DBR-based Fabry–Perot filter. To design the
Fabry–Perot filters, we first simulate and design transmissive dielectric metasurfaces
using the RCWA technique. We use transmissive dielectric metasurfaces that consist
of α-Si (n = 3.40) nanoposts on a square lattice (period: 600 nm, height: 400 nm)
embedded in low-index SU-8 (n = 1.57). The metasurface parameters are determined
for achieving a large variation in the transmission phase by changing the width of the
nanoposts, while the transmission is high enough within the wavelength range from
1450 nm to 1700 nm, as plotted in Fig. 2.9(a,b). We use DBRs as the high reflectivity
mirrors forming the Fabry–Perot resonator. Each of the DBRs consists of 4 pairs of
α-Si and silicon dioxide (SiO2) (n = 1.47) quarter-wavelength stacks. The simulated
reflection spectrum of such a DBR is plotted in Fig. 2.9(c), and shows a stop-band in
the range of ∆λ ∼ 300 nm around λ = 1550 nm with reflectivities R > 0.99. When
the cavity thickness is a half integer multiple of wavelength divided by the cavity
refractive index, the Fabry–Perot resonance is formed inside the cavity and allows
a single Lorentzian shaped peak in the transmission spectrum. For this work, we
chose the longitudinal mode number of 3 and found a single resonance within the
DBR’s stopband when the spacing between the DBR was filled with ∼ 1.2-µm-thick
SU-8 polymer. Then, we incorporated the metasurface layers inside the SU-8 cavity
layer to introduce the phase shift, and thus shift the resonance wavelengths of the
Fabry–Perot resonators without changing the physical distances between the mirrors
(Figure 2.9(d)). We used the transfer matrix formalism to calculate the transmission
spectra for a set of filters, using the complex transmission/reflection coefficients for
the metasurface layers obtained via the RCWA simulations.

In Fig. 2.9(e), the simulated transmission spectra for a set of designed filters are
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Figure 2.9: Design of DBR-metasurface-DBR bandpass filter. (a) Transmission
round-trip phase, and (b) transmission intensity induced by α-Si nanoposts as a
function of post width for different wavelengths. The inset figure in (a) represents the
refractive index profile of the dielectric metasurface considered. (c) The simulated
reflection spectrum of DBRs. (d) Schematic illustration of the proposed filters.
The filters are composed of two DBRs and a phase shifting dielectric metasurface
layer. The metasurface is made of a uniform array of square cross section nanoposts.
(e) Simulated transmission spectra of a set of filters as shown in (d) with different
nanopost widths.

plotted. For this set, the widths of the α-Si nanoposts range from 120 nm to 430 nm.
By changing the widths of nanoposts array, the resonance wavelengths of the bandpass
filters vary from 1450 nm to 1700 nm, spanning a 250 nm bandwidth (∆λ/λc = 16%),
while the physical distance between the two mirrors in each filter is fixed. The planar
form of these filters allows their fabrication using a single binary lithography step.
Each of the filters has a high transmission around the passband due to the low-loss
materials used in the designed nanopost metasurfaces. The square cross section of
the nanoposts and the square form of the lattice lead to the polarization insensitivity
of the metasurface layer and the filters.
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2.5 Fabrication and Characterization of DBR-Metasurface-DBR

Bandpass Filters

Fabrication

As a proof of concept, the designed set of filters was fabricated on a single fused
silica substrate. First, the bottom DBR layers, a 258-nm-thick SiO2 spacer layer and
a 400-nm-thick α-Si layer were deposited by PECVD. The nanopost patterns were
defined by electron beam lithography, first transferred into an Al2O3 hard mask using
a lift-off technique, and then to the α-Si layer by dry etching. Then, SU-8 polymer
was spun and hard-baked, planarizing the entire area on the substrate. Subsequently,
the top DBR layers were deposited by PECVD over the planar SU-8 layer. Finally,
another SU-8 polymer layer was spun to make the index profile along the z-direction
symmetric. Diagrammatic representation of the DBR-metasurface-DBRfilter process
is illustrated in Fig. 2.10. The cross-sectional SEM image of the fabricated structure
is shown in Fig. 2.11(a). Two bird’s-eye views of the α-Si nanoposts with two
different widths before spinning the SU-8 are also shown in Fig. 2.11(a) as insets.
Each of the DBRs were composed of 4 alternating pairs of α-Si and SiO2 layers
(α-Si layers: 112 nm, SiO2 layers: 258 nm).

Fused Silica Substrate
(Piranha Clean + O2 Plasma)

1st PECVD Layers
(DBR / SiO2 spacer / α-Si)

Resist & Anti-Charging Layer
(ZEP520A & AquaSAVE)

Electron-Beam Lithography
+ Resist Development

Clectron-Beam Evaporation
Al2O3 Deposition

ZEP520A Lift-o�
+ Piranha Clean

ICP-RIE (SF6/C4F8)
Pseudo-Bosch Etch

+ Al2O3 Removal

SU-8 Spacer
+ Planarization

2st PECVD Layers
(DBR)

SU-8 Cladding
+ Planarization

Figure 2.10: DBR-metasurface-DBR filter fabrication. Diagrammatic represen-
tation of the DBR-metasurface-DBR filter fabrication.
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Figure 2.11: Experimental results of fabricated DBR-metasurface-DBR band-
pass filters. (a) A cross-sectional SEM image of a fabricated filter, and bird’s-eye
views of two α-Si nanopost arrays with different widths. Scale bars are all 1 µm. (b)
Measured transmission spectra for the set of fabricated bandpass filters. The average
measured absolute transmission for the filters is 41 ± 15% and their quality factors
are around 700.

Characterization

The fabricated bandpass filter array was characterized by measuring the transmission
spectra of the filters. A supercontinuum source was focused onto the fabricated filters
using an objective lens, the transmitted light was collected using another objective
lens, and its spectrum was measured using an optical spectrum analyzer. The
normalized transmission spectra were calculated by measuring the spectrum without
the sample. Figure 2.9(e) shows the simulated transmission spectra computed for
the fabricated designs, and Fig. 2.11(b) shows the measured transmission spectra for
the corresponding set of the filters with normalization. The resonance wavelengths
show good agreement between their simulated and measured values. The measured
Q-factor was ∼ 700, and the measured absolute transmission power was 16% in
average. The transmission measured from the area having no α-Si nanoposts shows
similar peak transmission values and Q-factors, indicating that the relatively low
transmission and the measured linewidths of the filters are due to the loss from the
fabricated DBRs. The deposited DBR layers have significant surface roughness
leading to scattering loss. Optimization of the PECVD deposition conditions is
expected to reduce the surface roughness of the deposited layers and improve the
Q-factors as well as the transmission power of the filters.
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2.6 Summary and Outlook

We proposed and experimentally demonstrated a planar bandpass filter array on the
same chip, based on vertical Fabry–Perot resonators, where two different approaches
were taken; (1) double layers of high-contrast SWGs mirrors were used to form a
Fabry–Perot resonator and (2) a dielectric metasurface was inserted in the middle of a
DBR-based vertical Fabry–Perot resonator. In both approaches, the geometries of the
high-contrast metastructures were precisely controlled by the standard lithographic
technique, to induce appropriate phase shifts in the Fabry–Perot filters, allowing
to widely span the center wavelengths of the bandpass filters without changing the
thicknesses of the devices. The planar geometry and the compatibility with binary
lithography process of the demonstrated structures, as well as large wavelength range
that the proposed filter array can cover make it ideal for implementation of low-cost
compact spectrometers with high resolving powers.

The demonstrated Fabry–Perot resonator containing high-contrastmetastructures adds
an additional degree of freedom in the design of a resonator. As we already discussed
in the context of lateral confinement, it is possible to design a spatially varying
phase profile on the mirror by locally changing the high-contrast metastructures
[11], which in turn allows us to explore exotic modes such as a resonance that has a
specific polarization state [59] and nonzero-order Hermite–Gaussians [26]. Another
interesting direction is to look at angular and wavelength dispersion of a Fabry–Perot
resonator. One of the well-known properties of a Fabry–Perot resonator is that its
resonance wavelength is sensitive to the angle of incidence, due to that the round-trip
path length is changed depending on the angle. Wang et al. [60] proposed to use
high-contrast SWG in a vertical microcavity to engineer the angular dispersion of the
resonator. Interestingly, the angular dispersion of the reflection phase of high-contrast
SWGs can become either positive or negative. One can make use of this unique
property to engineer the angular dispersion of a Fabry–Perot resonator; it is even
possible to design an angular-insensitive Fabry–Perot resonator by compensating the
angular dependent round-trip phase dispersion by the high-contrast metastructures.
The wavelength dispersion of dielectric metasurface is also uniquely engineered
by carefully choosing the dispersion of meta-atoms [61]. Lin et al. [62] proposed
a nontrivial method to couple broadband light into a high Q-factor resonator by
devising the use of negative dispersion in a diffractive optical element. The addition
of the unique dispersion characteristics of high-contrast metastructures into resonator
physics may open up possibilities to design optical resonators with unusual properties.
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Chapter 3

VISIBLE WAVELENGTH COLOR FILTERS USING
SILICON SUBWAVELENGTH METASTRUCTURES

The material in this chapter was presented in part in:

Y. Horie∗, S. Han∗, J.-Y. Lee, J. Kim, Y. Kim, A. Arbabi, C. Shin, L. Shi,
E. Arbabi, S. M. Kamali, H.-S. Lee, S. W. Hwang, and A. Faraon, “Visible
wavelength color filters using dielectric subwavelength gratings for backside-
illuminated CMOS image sensor technologies”, Nano Lett. 17, 3159–3164 (2017)
DOI: 10.1021/acs.nanolett.7b00636,

State-of-the-art, complementary metal oxide transistor (CMOS) image sensors
have pixel sizes that are only a few micrometers in size. The color filtering is
achieved by a material absorption using organic dye filters that are not effective for
further miniaturization of pixel size and can suffer long-term degradation. Thus,
it is imperative to find novel technologies for on-chip filtering. In this chapter,
we present highly efficient, visible wavelength RGB color filters based on high-
contrast metastructures that may replace conventional organic dye-based color filters
used in CMOS image sensor (CIS) technologies. High-contrast metastructures
made of low-loss polycrystalline silicon (poly-Si) materials can form relatively
strong optical resonances that allow us to engineer unique spectral features across
entire visible wavelengths. The set of RGB color filters, specifically optimized
for backside-illumination (BSI) CIS technologies using image signal processing
pipeline, exhibits highly efficient peak transmittance 60-80%, and more importantly,
an almost insensitive angular response over a ±20◦. The effect of finite size pixels,
comparable to the pixel sizes used in state-of-the-art CIS technologies, is discussed
in conjunction with the angular responses.

3.1 Motivation

Scalability of CMOS technology has improved the performance of CIS in the past
decade. One of the trends in the CIS technology, driven mainly by portable devices
with small form-factors, is to decrease the pixel size, which will lead to improved
spatial resolution for digital imaging [63]. The scalability of CIS technology has

http://dx.doi.org/10.1021/acs.nanolett.7b00636
http://dx.doi.org/10.1021/acs.nanolett.7b00636
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enabled lateral pixel size to be reduced from more than 10 µm to less than 2 µm in the
past decade [64, 65]. Alongwith scaling of the pixel size, there have been considerable
efforts to redesign color filters [66–68], microlenses [69], and infrared filters [70] to
prevent the degradation of the optical performance. Dye-doped polymers have been
conventionally used for RGB color filters in digital color imaging. However, when the
pixel size gets smaller, the optical crosstalk among pixels becomes significant because
of the small absorption coefficient of the organic dyes. Additionally, the dye-doped
polymers are essentially photoresists that degrade under ultraviolet illumination or
high temperature environments. To address these issues, plasmonic color filters
made of metallic thin films with subwavelength patterning have been studied for
CIS technology [67, 71, 72]. The plasmonic color filters have several advantages
such as flexible color tunability across the visible spectrum and compatibility with
CMOS processes. However, the absolute efficiency of the plasmonic color filters is
relatively low (40-50% range) compared to conventional organic dye-doped filters.
Here, we show that dielectric subwavelength gratings (SWGs) can be used to achieve
highly efficient transmission color filters with close to angular insensitive properties.
Furthermore, compared to dye-based filters, our dielectric-based filters possess better
reliability under ultraviolet illumination and at high temperature. For the optimized
filter designs, we take advantage of BSI-CIS technologies, where the color filter layer
can be placed in close proximity to the photodiode device layer.

SWGs provide numerous opportunities to manipulate optical waves especially when
the dielectric constant of the grating is high. Owing to the subwavelength size
and high-index contrast, the subwavelength structures can be engineered to support
relatively strong optical resonances that can enhance the spectral features [3]. Various
designs have been studied for various applications, including visible wavelengths
structural colors [73–75], RGB color filters for polarization-sensitive transmission
filter [76] and polarization-insensitive reflective RGB color filters [77], antireflection
coating [78, 79], and reflective-transmission filters for displays [80]. In this chapter,
we demonstrate designs for polarization insensitive filters made of poly-Si located
on a SiO2 spacer layer that separates them from the silicon photodiode layer as
schematically shown in Fig. 3.1. For ease of scalable fabrication, we also restrict the
thicknesses to be equal among the set of red (R), green (G), and blue (B) filters. Our
material choice for the gratings is poly-Si that has a high refractive index (n > 3.5)
as well as sufficiently low absorption (κ < 0.2) over the entire visible wavelength
range (see Fig. 3.10 in Appendix).
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Silicon Photodiode

SiO2 spacer

Silicon SWG
RGB Color Filter

Conventional BSI-CIS

Microlens

On-chip color �lter

Photodiodes

CMOS

Figure 3.1: Schematic of visible wavelength on-chip color filters using dielectric
SWGs. Instead of the conventional dye-doped polymers, high-contrast SWGs can be
used for efficient RGB filtering. The top-right schematic illustrates the cross-section
of a BSI-CIS, which arranges the CMOS wiring layer behind the silicon photodiodes.
The bottom panel is a schematic illustration of the realization of the Bayer pattern
using dielectric SWG color filters. The design consists of a patterned 80-nm-thick
poly-Si slab on a 115-nm-thick SiO2 spacer layer sitting on BSI silicon photodiodes.

3.2 Design of Visible Wavelength RGB Color Filters

We optimized the shape parameters for the primary set of RGB transmissive color
filters based on the similarity to our reference filter spectra and luminance signal-
to-noise ratio (YSNR) in color image sensors [81]. The optimum structure is an
80-nm-thick poly-Si slab with air holes, placed on a 115-nm-thick SiO2 spacer layer
sitting on BSI silicon photodiodes. The red design has a period of 250 nm with a
90 nm hole diameter in hexagonal lattice, the green design has a period of 180 nm
with a 140 nm hole diameter in a square lattice, and the blue design has a period of
270 nm with a 240 nm hole diameter in a hexagonal lattice. The transmittance spectra
of the filters are computed by RCWA technique, shown in Fig. 3.2(a). The simulations
include the effect of the SiO2 spacer layer. The interference between the light passing
through the high-index-contrast grating layer and the reflection from the underlying
silicon photodiodes layer, results in a color-selective transmission spectrum with peak
transmittance of 60-80%. Based on calculations, substantial YSNRs are expected
by calculation, when applying the IR-cut filter spectrum of the lens modules and
the image signal processing pipeline. For average color error 4, YSNR = 28.4 at
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Figure 3.2: Visible wavelength on-chip color filters using dielectric SWGs for
BSI-CIS applications. (a) RCWA simulation results of the transmission spectra
under normal incidence, optimized for the RGB primary colors. (b) Chromaticity co-
ordinates of the optimized color filters in CIE 1931 chromaticity diagram. (c) RCWA
simulations of the angular dependence of the corresponding transmission spectra for
unpolarized light (see Fig. 3.7 in Appendix for polarization dependence).

low light condition (20 lx) and YSNR = 39.9 at high light condition (700 lx) were
obtained. We note that using current color filters technology the YSNR values are
smaller: YSNR = 22.0 at 20 lx and YSNR = 33.3 at 700 lx. The chromaticity
coordinates of the optimized color filters when a conventional IR-cut filter is applied
are shown in the CIE 1931 chromaticity diagram (Figure 3.2(b)). Because of the
rotational symmetry of the structures, the spectral response is polarization-insensitive
for normal incidence. Also, importantly, the filters exhibit relatively insensitive
angular responses for each color as can be seen in Fig. 3.2(c), which is crucial for
maintaining the transmitted color when shrinking the pixel size, as further discussed
in this chapter later on.
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3.3 Fabrication and Characterization of Visible Color Filters

Fabrication

The optimized color filters were fabricated using poly-Si materials prepared by α-Si
deposition followed by a high-temperature furnace annealing method [82–85]. An
α-Si thin film as well as a thin SiO2 cap layer was deposited by low-pressure chemical
vapor deposition (LPCVD) method† on a silicon substrate as well as on a quartz
substrate. Then the films were crystallized to poly-Si of low extinction coefficient
using furnace annealing at 950◦C. Nanohole patterns of ZEP520A resist were defined
on the poly-Si surface using electron beam lithography methods. The ZEP520A
resist served as a mask for dry etching of the 80-nm-thick silicon layer. A sulfur
hexafluoride (SF6) and octafluorocyclobutane (C4F8) mixture gas was used for dry
etching of poly-Si and forming pattern profiles with right angle. Residual resist was
removed by sulfuric acid. Diagrammatic representation of the RGB visible color
filter fabrication is illustrated in Fig. 3.3.

(b)

(a)

Quartz Substrate
(or Silicon substrate)

500 nm

α-Si LPCVD (or PECVD)
with SiO2 cap

High-Temperature Anneal
Poly-Si

Electron-Beam Lithography
+ Resist Development

ICP-RIE (SF6/C4F8)
Pseudo-Bosch Etch

+ Resist Removal

Red Green Blue

Figure 3.3: RGB visible color filter fabrication. (a) Diagrammatic representation
of the RGB visible color filter fabrication. (b) SEM images of the fabricated color
filters. The scale bars are 500 nm.

†Initially, we developed the crystallization recipe for α-Si thin film grown by plasma-enhanced
chemical vapor deposition (PECVD) using two-step high-temperature furnace annealing.
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Characterization

In our proof-of-concept experiments, instead of directly measuring transmission
through the designed filter structures into the photodiode silicon layers, we character-
ized the reflection from the SWG with a SiO2 spacer layer fabricated on a silicon
substrate, and also the transmission through the SWG layer with the same design
fabricated on a transparent quartz substrate. SEM images of the fabricated color
filters are shown in Fig. 3.3(b). To characterize the reflection/transmission spectra
for the fabricated color filters, we used a custom built confocal microscope setup
illustrated in Fig. 3.11 in Appendix. We used a fiber-coupled collimated light from a
Tungsten-Halogen lamp (HL-2000-HP, Ocean Optics) as a broad-band light source.
The sample was illuminated with the collimated light and imaged by a pair of 20×
infinity-corrected objective lens (LMPLFLN20x, Olympus) and a tube lens with a
focal length of 150mm onto a pinhole with diameter of 100 µm to select the region
of interest. From the magnification of the relay lens, we effectively collected the
reflection/transmission spectrum from 6 µm circular apertures. The spatially filtered
light was coupled into a spectrometer (SpectraPro-2500i, Princeton Instruments).
The sample was mounted on a rotation mount to measure the transmission spectra for
different incident angles. In Fig. 3.4(a,b), reflection and transmission spectra (solid
line) are shown along with the RCWA-simulated spectra (dotted line). Both reflection
and transmission spectra for each color filter design show good agreement between
their simulation and measurement. Note that the reason that the transmission and
reflection are not complementary is because the reflectance graphs in Fig. 3.4(a)
account for the interference between the light passing through the high-index-contrast
grating layer and the reflection from the underlying silicon photodiodes layer.

To investigate the effect of the finite size pixels on the filtering properties, we
characterized the transmission microscope color images for the samples fabricated
on the quartz substrate. We fabricated several pixels with sizes of 30 µm, 5 µm, 3 µm,
and 1 µm. The corresponding optical microscope images are shown in Fig. 3.5(a,b)
and the SEM image of the 1 µm-pixel Bayer pattern is shown in Fig. 3.5(c). The
optical microscope images were taken by an Axio Observer inverted microscope
(Carl Zeiss) equipped with a digital color CCD camera (Infinity 2-3, Lumenera
Corp.). The sample was illuminated from the backside of the quartz substrate with
a halogen lamp. For the red and green color filters, the transmitted colors of the
images appear to be preserved even up to the pixel size of 1 µm (the number of holes
is 5 × 4 hole array for red and 6 × 6 hole array for green, Fig. 3.5(c)). For the blue
color filter, the transmitted color appears to be preserved up to 3 µm pixel size, but
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Figure 3.4: Measurement results of visible color filters on silicon substrates
with 115 nm-thick SiO2 spacer layer or on quartz substrates. (a) Measured
reflection spectra for the designed color filters on silicon substrates with 115 nm-thick
SiO2 spacer layer. The corresponding simulated reflection spectra are also shown
in dotted lines. (b) Measured transmission spectra for the designed color filters
on quartz substrates. The corresponding simulated transmission spectra are also
shown in dotted lines. Note that the reason that the transmission and reflection are
not complementary is because the results shown in panel (a) are affected by the
interference effect between the light passing through the high-index-contrast grating
layer and the reflection from the underlying silicon photodiodes layer, while such
interference effect does not happen in devices shown in panel (b).

exhibits a different color for the pixel size of 1 µm (the number of holes is 4 × 3 hole
array, Fig. 3.5(c)). To understand the change in the imaged color for different filter
designs, we simulated the transmission spectra for the finite size of pixels using the
plane wave expansion (PWE) method. From the viewpoint of the diffraction theory,
transmission through a finite sized pixel is equivalent to transmission of a set of
plane waves incident from different angles through an infinite pixel. The angular
distribution of the plane waves is dictated by the size and shape of the finite pixel,
and the amplitude of each plane wave is modified by the transmission coefficient
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(a)

(b) (c)

5 µmPixel
size

: 3 µm 1 µm

Figure 3.5: Spectral responses for small pixel sizes of color filters. (a) Backside-
illuminated optical microscope images for the fabricated RGB color filters with large
pixel size (30 µm) on quartz substrates. (b) The Bayer pattern demonstrations of
small pixel size designs (5 µm, 3 µm, and 1 µm). The transmitted colors are preserved
even with smaller pixel sizes. (c) The SEM image of the 1 µm-pixel color filters in
the Bayer pattern, corresponding to the smallest Bayer pattern optical microscope
image in (b). The scale bar is 500 nm.

of the infinite pixel. Therefore, the smaller the pixel size, the broader the angular
distribution of plane waves. In other words, to preserve the color spectrum when
the pixel size is w, the transmission coefficient of the periodic arrays should remain
constant up to the maximum angle given by sin−1(λ/w), the first zero of the spatial
frequency spectrum of a square aperture, where λ is the wavelength of the light. This
is shown in Fig. 3.6(a). To verify this, we measured the transmission spectra for the
set of color filters fabricated on the quartz substrate under off-axis illuminations for
0◦, 10◦, 20◦, and 30◦. The plots are shown in Fig. 3.6(d). The measured spectra show
good agreement with the RCWA-simulated spectra (also see Fig. 3.9 in Appendix).
As is expected from the results of the color imaging results for the fabricated finite
size pixels, the red and green filters are less angularly sensitive than the blue filter.
From Fig. 3.2(c) (also see Fig. 3.7 and Fig. 3.8 in Appendix), we can see that
the blue filter can be considered angularly insensitive up to ∼ 20◦, indicating the
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Figure 3.6: Color transmission analysis using plane wave expansion. (a) Fourier
transform relation between the finite size of a pixel and its angular spectrum.
(b) Measured transmission spectra of each color filter with s-polarized oblique
illuminations. For each filter, transmission spectra for incidence angles of 0◦, 10◦, 20◦,
and 30◦ are shown with successively lighter shades (i.e., darkest is 0◦, and lightest
is 30◦). Simulated spectra as well as p-polarized cases are shown in Fig. 3.9 in
Appendix.

acceptable pixel size for the presented blue design is w = λ/(sin θ) ∼ 1.4 µm (for
λ = 475 nm), which agrees well with the optical microscope color imaging results.
Since the measured filters are composed of the SWG sitting on a quartz substrate,
the measured angular response for the transmission discussed so far does not include
the interference effect between the light passing through the SWG layer and the
reflection from the underlying silicon photodiodes layer. However, the effect of such
interference on the angular response is not significant, as analyzed in Fig. 3.8 in
Appendix. Therefore, the actual angular performance as well as the effect of small
pixel size for the designed filter should behave similarly to the measured filters.
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3.4 Summary and Outlook

Wedemonstrated transmissive color filters based on subwavelength dielectric gratings,
optimized for the primary RGB colors for BSI-CIS technologies. The optimized set
of color filters exhibits efficient peak transmittance of 60-80%, superior to plasmonic
color filters, owing to the combination of high refractive index contrast and relatively
low loss in poly-Si. We also studied the effect of finite size pixels, comparable to
the pixel size available in state-of-the-art CIS technologies, in conjunction with
the angular response of the infinite array of the structures and found that the
designed filters preserve their colors down to near a micrometer. We note that the
proposed dielectric grating color-filters are highly customizable and compatible with
micrometer and submicrometer pixel sizes, when considering new image processing
methods such as an RWB (red, white, blue) matrix. To make the filter fabrication
more compatible with the CMOS backend processes, a pulsed laser annealing
process [86] may be used for preparing low-loss poly-Si layers as low temperature
alternative methods, instead of the high temperature annealing method. Furthermore,
by exploiting the freedom of designing spatially varying phase, amplitude, and
polarization of the transmission [4, 11, 12, 15, 16] that SWGs are capable of, not
only the conventional dye-doped color filters but also the microlenses on top of CIS
pixels could be replaced in one layer of dielectric SWG on top of silicon photodiodes
layers.
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Figure 3.7: RCWA simulations of the angular dependence of the transmission
spectra for (a) s- and (b) p-polarized light. See Fig. 3.2(c) for unpolarized light.
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Figure 3.8: RCWA simulations of the angular dependence of the transmission
spectra under unpolarized light illumination for the two cases: (a) with and (b)
without SiO2 spacers. The figures indicate that the angular dependence mainly
arises from the angular response of the SWG layer, and that the effect of interference
on the angular response is not significant.
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Figure 3.9: Measured (left) and simulated (right) transmission spectra of each
color filter under oblique illuminations with s- and p-polarized light. For each
filter, transmission spectra for incidence angles of 0◦, 10◦, 20◦, and 30◦ are shown
with successively lighter shades.
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Figure 3.10: Refractive index of poly-Si in the visible wavelength. (a) Refractive
indices and (b) extinction coefficients of poly-Si (measured), crystalline silicon [87],
and α-Si (measured).
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Figure 3.11: Measurement setups. (a) The measurement setup used to obtain
reflection spectra for the color filters on the silicon wafer. (b) The measurement
setup used to obtain transmission spectra for the color filters on the quartz wafer.
(HL: Halogen lamp, PL: polarizer, CL: collimator lens, OL: objective lens, DUT:
device under test, L: lens, PH: pinhole, BS: beam splitter, and FM: flippable mirror).
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Chapter 4

HIGH-SPEED, PHASE-DOMINANT SPATIAL LIGHT
MODULATION WITH SILICON-BASED ACTIVE

RESONANT ANTENNAS

The material in this chapter was presented in part in:

Y. Horie, A. Arbabi, E. Arbabi, S. M. Kamali, and A. Faraon, “High-speed, phase-
dominant spatial light modulation with silicon-based active resonant antennas”,
(under submission),

Spatiotemporal control of optical wavefronts is of great importance in numerous
free-space optical applications including imaging in 3D and through scattering
media, remote sensing, and generation of various beam profiles for microscopy.
Progress in these applications is currently limited because of lack of compact and
high-speed spatial light modulators (SLMs). In this chapter, we report an active
antenna comprising a free-space coupled asymmetric Fabry–Perot resonator, that
produces a phase-dominant thermo-optic modulation of reflected light at frequencies
approaching tens of kilohertz. As proof of concept for spatial light modulation, we
demonstrate a 6×6 array of such active antennas with beam deflection capability. The
robust design of our silicon-based active antenna will enable large-scale integration
of high-speed, phase-dominant SLMs.

4.1 Motivation

An SLM is an optoelectronic device that imposes a spatially varying modulation on a
beam of light [88]. Particularly, spatiotemporal control of the wavefront (i.e., phase)
of light is of great importance for a wide range of applications including beam
steering, imaging, holography, optical tweezers, and remote sensing. However, the
absence of compact and inexpensive SLMs that can freely modulate the wavefront of
light at a high speed is hindering the widespread adoption of popular technologies
such as light detection and ranging (LiDAR) [89] and in-vivo wavefront correction in
biomedical imaging [90]. The liquid crystal on silicon is the most mature technology
used for SLMs that showcases several advantages such as no moving parts, low
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power consumption, and established manufacturing processes [91]. Nonetheless,
nematic liquid crystals, which are most commonly used, suffer from a slow response
time of tens to hundreds of milliseconds. Ferroelectric liquid crystals show sub-
milliseconds response time, but operate only in a binary phase modulation owing
to the bistable nature of the material [92]. Stressed liquid crystals can provide a
sub-millisecond control with continuous phase modulation [93]; however, their mass
production is not feasible due to the requirement of delicate mechanical shearing
process. On the other hand, microelectromechanical systems (MEMS) based
movable micro-mirrors, known as digital micro-mirror device (DMD) technology
[94], offer faster spatial light modulation typically at 10 kHz [95]. However,
they only operate in a binary amplitude mode resulting from sophisticated device
structures, and complex fabrication processes make them less attractive for mass-
production. Recently, MEMS-based tunable all-pass filters that use light-weight high-
contrast subwavelength grating (SWG) reflectors in a Gires–Tournois interferometer
configuration [34] have been demonstrated. The low mass of the SWG reflectors has
increased the modulation speed of these devices to over 500 kHz.

In this chapter, we demonstrate a high-speed silicon-based active resonant antenna
involving no moving parts, as a basic device element for phase-dominant spatial
light modulation. The individual silicon antenna, made of an asymmetric Fabry–

Incident light Modulated wavefront

Spatial light modulator (SLM)

Electrically addressable
Si-based optical antenna

Figure 4.1: Concept of a phase-dominant spatial light modulator with silicon-
based active resonant antennas. Schematic illustration of the SLM, where the
active antenna is made of an optical resonator consisting of a silicon SWG layer and
a DBR layer.
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Perot resonator formed by a silicon SWG reflector and a DBR exhibits nearly 2π
phase-dominant modulation as fast as tens of kHz range by means of the silicon’s
thermo-optic effect at telecom wavelengths. As a proof of concept for spatial light
modulation, a 6 × 6 array of such antennas is actively controlled, yielding a phased
array beam deflection capability.

4.2 Design of an Active Resonant Antenna

The spatial light modulation scheme composed of the silicon-based active antenna
array is illustrated in Fig. 4.1, in which each antenna has an independent electrical
control over the phase of the reflected light. The individual optical antenna comprises
an asymmetric Fabry–Perot resonator [26, 96] as shown in Fig. 4.2(a,c), whose
amplitude and phase response with respect to the laser frequency can be described
with the temporal coupled-mode theory [25].

Coupled-Mode Theory with One Port

We will first formulate the reflection coefficient through a resonator with one port to
analyze the phase response required for phase-dominant modulation. Let us consider
a resonator, which has a decay rate 1/τi due to the intrinsic loss, excited by an input
wave in the form of a waveguide. The presence of the excitation waveguide modifies
the decay rate of the resonator because it also allows the energy in the resonator to
escape into the waveguide. This can be expressed by another decay rate 1/τe. The
waveguide may carry a wave driving the field in the resonator. In this case, we can
write the couple-mode equation,

dac
dt
= iω0ac −

(
1
τi
+

1
τe

)
ac +
√
κes+, (4.1)

where ac is the normalized energy amplitude of the resonator mode, ω0 is the
resonance frequency, √κe is the coupling rate from the waveguide into the resonator,
and s+ is the power amplitude of the input waveguide mode that acts as a source. If
the source has a frequency ω (i.e., s+ ∝ exp( jωt)), then the energy amplitude of the
resonator is

ac =

√
κes+

i(ω − ω0) + (1/τi + 1/τe)
. (4.2)

Because the decay rate 1/τe is due to the coupling between the waveguide, it has
something to do with the coupling rate √κe. We will relate these coefficients using
the time-reversal property. If we consider no intrinsic loss in the resonator (1/τi = 0)
and no excitation from the waveguide (s+ = 0), the resonator decays its energy at the
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rate 1/τe due to the presence of the waveguide:

d
dt
|ac |

2 = −
2
τe
|ac |

2 = − |s− |2 . (4.3)

When the system is time-reversed, the energy in the resonator will build up due to
the excitation from the waveguide:

d
dt
|ãc |

2 = +
2
τe
|ãc |

2 =
��s̃+��2 , (4.4)

where ãc denotes the time-reversed solution and has a negative frequency term
(exp(− jωt)). In the time-reversed case, we can interpret that the incident wave s̃+

drives the resonator at a complex frequency:

ω = ω0 −
i
τe
. (4.5)

Plugging this into Eq. (4.2) gives us

ãc =

√
κe

2/τe
s̃+. (4.6)

Comparing Eq. (4.4) and Eq. (4.6) leads to the important relation

|κe | =
2
τe
, (4.7)

where the phase of √κe can be omitted by absorbing it by s+. Therefore, we can
rewrite the Eq. (4.1) with the time constants

dac
dt
= iω0ac −

(
1
τi
+

1
τe

)
ac +

√
2
τe

s+, (4.8)

or we can also write it in terms of the decay rates

dac
dt
= iω0ac −

κ

2
ac +
√
κes+, (4.9)

where κ is the total dacay rate of the resonator defined as κ = κi + κe, and likewise
we can define the intrinsic decay rate of the resonator by κi = 2/τi.†

We can also develop the equation relating the reflected wave with the excitation
waveguide and the resonator, which allows to derive the reflection coefficient:

s− = Css+ + Caac, (4.10)
†The intrinsic quality factor (Q-factor) can be defined as Qi = ω0τi/2 = ω0/κi. The external Q-

factor can be defined asQe = ω0τe/2 = ω0/κe. The loadedQ-factor then becomesQ = (Q−1
e +Q−1

i )
−1.
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in which we want to determine the coefficients Cs and Ca. From Eq. (4.3), we have
Ca =

√
2/τe. The other coefficient Cs can be evaluated by the energy conservation.

That is, using the fact that the net power flowing into the resonator from the waveguide
must be equal to the rate of energy buildup added to the power dissipation,��s+��2 − |s− |2 = d

dt
|ac |

2 + κi |ac |
2 . (4.11)

On the other hand, from Eq. (4.8), we have

d
dt
|ac |

2 =
dac
dt

a∗c + ac
da∗c
dt

=
(
iω0ac −

κ

2
ac +
√
κes+

)
a∗c + ac

(
−iω0a∗c −

κ

2
a∗c +
√
κes+∗

)
= −κ |ac |

2 +
√
κe

(
a∗cs+ + acs+

∗
)
, (4.12)

and combining Eq. (4.11) and Eq. (4.12) leads to��s+��2 − |s− |2 = −κe |ac |
2 +
√
κe

(
a∗cs+ + acs+

∗
)
. (4.13)

Likewise, with Eq. (4.10), we find that

|s− |2 = C2
s +

��s+��2 + κe |ac |
2 + Cs

√
κe

(
a∗cs+ + acs+

∗
)
. (4.14)

By comparing Eq. (4.13) and Eq. (4.14), we finally obtain Cs = −1. Therefore,
Eq. (4.10) becomes

s− = −s+ +
√
κeac. (4.15)

Equation (4.9) and (4.15) are the fundamental equations describing a resonator
system with one port (either in the form of waveguide or free-space mode). Now we
can calculate the reflection coefficient as a function of driving frequency. Then, we
can compute the reflection coefficient spectrum r(∆) through the resonance system:

r(∆) ≡
s−

s+
=
−i∆ + κe

2 −
κi
2

i∆ + κe
2 +

κi
2
, (4.16)

where∆ is the frequency detuning defined as∆ ≡ ω−ω0. The graphical representation
of complex plane r(∆) is depicted in Fig. 4.3. Figure 4.2(b) shows the reflectivity
spectra as well as their phase curves as a function of frequency detuning∆, normalized
by κ in two cases; over-coupled (κe > κi) and under-coupled (κe < κi) conditions.
The power reflection loss at an on-resonance frequency is dependent on the decay
rates of the resonator:

Γloss =

(
κe − κi
κe + κi

)2
. (4.17)
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Figure 4.2: Design of active resonant antenna using the temporal coupled-
mode theory. (a) Schematic of an optical resonator system coupled with one port.
(b) Reflectivity spectra as well as phase curves as a function of frequency detuning
∆, normalized to the total decay rate κ, calculated using the temporal coupled-mode
theory. The results for over-coupled (κe/κ = 0.95) and under-coupled (κe/κ = 0.05)
are plotted. (c) Design of the over-coupled resonator realized by a silicon SWG
layer on top of a DBR. (d) Simulated reflectivity change as well as phase response
as a function of change in the temperature variation in the silicon bars, resulting
in the refractive index modulation of silicon. The incident is assumed to be a
continuous-wave laser light at a wavelength of 1550 nm. The simulation results were
calculated by the RCWA technique [28].

The reflection loss can be minimized by decreasing κi, leading to phase modulation
with small amplitude variation. The reflection phase spectrum exhibits nearly 2π
rapid phase shift around the resonance frequency only when a resonator is over-
coupled, whereas the phase shift is very small in the case of an under-coupled
resonator. If the resonance frequency of the over-coupled resonator can be tuned
by some means, the modulation of the resonance frequency will manifest itself as a
phase-dominant modulation for the reflected light.
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Figure 4.3: Graphical representation of the reflection coefficient in a resonator
system with one port. The phase of reflection is the angle in the complex plane.
Only in the over coupling condition, we can obtain a nearly 2π phase shift across the
resonance.

Implementation of an Over-Coupled Resonator System

To implement such a phase-modulation scheme, we design a free-space coupled
Fabry–Perot resonator comprising a high-contrast SWG reflector [1, 7, 11, 22, 23]
made of high-index amorphous silicon (α-Si) bars located on a high reflectivity DBR
made of a quarter-wave stack of silicon nitride (SiNx) and silicon dioxide (SiO2)
(Fig. 4.2(c)). This is equivalent to a conventional Gires–Tournois interferometer,
with a bottom mirror exhibiting nearly unity reflectivity and a less reflective top
mirror, that is widely used for pulse compression bacause of its highly dispersive
phase response. Owing to the high electric-field accumulation in the silicon SWG
layer when used in a Fabry–Perot resonator [97], the resonance frequency can be
efficiently tuned with respect to the wavelength of the incident light by modulating
the refractive index of the silicon bars. The large thermo-optic coefficient of α-Si
(dn/dT ≈ 2 × 10−4 /K) [98] can be practically used by integrating a microheater
around the device but far enough from the area of the optical resonator to avoid
absorption loss. Figure 4.2(d) shows the simulated phase modulation as well as
the reflectivity change for a TM-polarized (i.e., electric field perpendicular to the
grating bars) normally incident light as a function of the temperature change in the
α-Si bars resulting in the refractive index modulation of α-Si. Using the temporal
coupled-mode theory results, the coupling rate κe is related to the reflection coefficient
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of the top SWG reflector. The intrinsic decay rate κi accounts for the losses of the
resonator such as transmission through the bottom reflector, scattering loss due to the
surface roughness, and lateral energy leakage due to the finite extent of the optical
mode. It should be noted again that nearly 2π phase modulation is achieved under
the over-coupled resonator condition κe > κi (i.e., coupling rate of the antenna to the
free-space mode has to be greater than the total intrinsic decay rate).

4.3 Phase-Dominant Modulation with a Single Antenna

Device Fabrication

For silicon-based active antenna fabrication, we started with a 675-µm-thick silicon
substrate. We deposited the DBR structure with 12 pairs of SiNx/SiO2 quarter-wave
stacks (195 nm and 258 nm in thicknesses, respectively) at 350◦C using plasma-
enhanced chemical vapor deposition (PECVD) method. Then, a 415-nm-thick SiO2

and a 435-nm-thick α-Si layer were deposited at 200◦C also by PECVD. The top α-Si
layer was then patterned by electron beam lithography and dry etched in a mixture of
SF6 and C4F8 plasma, to form the top silicon SWG reflector (period: 675 nm, width:
430 nm, height: 435 nm). 100 nm-thick, 1 µm-wide NiCr heaters surrounding the
antennas were then patterned using a lift-off process, and subsequently Au contact
pads were fabricated. An scanning electron microscope (SEM) image of a single
element of the fabricated active silicon antenna with the integrated microheater made
of nichrome (NiCr) is shown in Fig. 4.4(a).

Optical Measurement Procedure

For optical measurements, including reflectivity spectra from single active antennas
and far-field patterns, we used a custom-built confocal microscope setup illustrated
in Fig. 4.6 in Appendix. A continuous-wave laser light emitted from a tunable
external cavity laser diode (Photonetics, TUNICS-Plus) was collimated using a fiber
collimation package (Thorlabs, F260FC-1550). A polarizing beamsplitter (PBS), a
half waveplate (HWP), and a quarter waveplate (QWP) were inserted to set a desired
polarization state of the incident light. The device was illuminated with a beam
whose profile has a Gaussian beam waist of 75 µm on the device. The reflected
field was imaged by a pair of a 20× infinity-corrected objective lens (Mitutoyo,
M Plan Apo NIR) and a tube lens with a focal length of 200mm onto a pinhole
with a diameter of 400 µm to select a region of interest with diameter of 20 µm in
the object plane. The spatially filtered light was either focused onto an InGaAs
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detector (Thorlabs, PDA10CS) for the measurement of the reflectivity spectra by
scanning the source wavelength, or imaged on an InGaAs SWIR camera (Goodrich,
SU320HX-1.7RT) for both the near-field and the far-field measurements using relay
optics. For the measurement of temporal responses, the bias voltages, both DC and
AC, were applied with a function generator (Stanford Research System, DS345).

Phase Measurement in a Cross-Polarized Setup

For the reflection phase measurement, we inserted a QWP and a HWP between the
PBS and the antenna (see Fig. 4.6 in Appendix). The waveplates were used to convert
the linearly polarized beam into an elliptically polarized beam with electric-field
components parallel and orthogonal to the resonance of the antenna. Only the parallel
component (TM-polarization) can acquire a drastic phase shift due to the antenna
resonance, while the orthogonal component (co-propagating TE-polarization) does
not. The detected light intensities through the PBS are the results of interference
between those two components:

Iout(λ, θ) = |Eout(λ, θ)|
2 = |A(θ)[−rc(λ) + B(θ, r0)]|

2, (4.18)

where θ is the QWP angle, and rc and r0 are the reflection coefficients for TM- and
TE-polarized light, respectively. The HWP angle is fixed at 22.5◦ relative to the
vertical polarization of the PBS. We also have

A(θ) = 1 + cos(4θ) + 2i sin(2θ), (4.19)

B(θ, r0) = r0

(
1 + cos(4θ) − 2i sin(2θ)
1 + cos(4θ) + 2i sin(2θ)

)
. (4.20)

By measuring Iout for different θ and fitting the data with the equations, the reflection
phase can be determined.

Characterization Results of a Single Antenna

We measured reflectivity spectra of the fabricated antenna for a normally incident
TM-polarized beam using a custom-built confocal microscope setup by scanning a
tunable laser (see Fig. 4.6 in Appendix for the detailed measurement setup) as shown
in Fig. 4.4(b). By fitting the reflectivity spectra with Eq. (4.16), we found that the
measured loaded Q-factor (Q ≡ ω0/κ) of the resonance was around 1.9 × 102 (the
intrinsic Qi was around 1.1 × 103) at 1525 nm and the maximum loss at resonance
was approximately 58%. The over-coupled condition (κe > κi ⇔ Qe < Qi) was
determined by the phase measurement later on. Passing a DC current through the
integrated microheater, we confirmed the resonance wavelength tunability owing to
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Figure 4.4: Characterization results of a single active antenna. (a) False-color
SEM image of a fabricated single-pixel silicon antenna (pixel size: 20 µm) with a
NiCr microheater as well as Au contacts. (b) Measured reflectivity spectra of the
antenna and the extracted phase curves. The dispersive phase shift ∼1.6π indicates
that the resonance satisfies the over-coupling condition. The required electrical
power to introduce π phase shift Pπ was found to be 3.5mW. (c) Measured resonance
wavelength tunability by means of silicon’s thermo-optic effect, indicating high
thermal efficiency of about 0.77 nm/mW. (d) Temporal response of the silicon active
antenna, characterized by the modulated optical output power of the reflected light.
The measured response time is about 70 µs. The dashed line indicates a 1 kHz
square-wave applied across the microheater with an input power of Pπ.
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the thermo-optic effect of α-Si without degrading the optical resonance. Figure 4.4(c)
shows the resonance wavelength shift as a function of electrical power injected into the
NiCr microheater with measured resistance of ∼7.2 × 103Ω, indicating high thermal
efficiency of about 0.77 nm/mW, benefiting from the high thermo-optic coefficient
of silicon. Next, we measured the reflected phase using a cross-polarization setup,
in which the phase of reflected TM-polarized beam of interest was extracted by
interfering it with a co-propagating TE-polarized beam, which does not couple to the
antenna (see Methods as well as Fig. 4.7) in Appendix. After fitting the measured
intensities with a theoretical model, the reflected phase curves were computed as
shown in Fig. 4.4(b). A phase change ∼1.6π across the resonance wavelength was
observed, implying the resonance was over-coupled as we intended. The required
electrical power to introduce π phase change Pπ was 3.5mW. We also investigated
response times of the phase modulation shown in Fig. 4.4(d) when 1 kHz square-wave
electrical signal modulated the antenna with Pπ. The rise and fall response times
of 74 µs and 66 µs were observed, which are in good agreement with the simulated
values (see Fig. 4.8 in Appendix for the simulated response times). The response
time is defined as the time duration by which the normalized optical power rises
(or falls) from 10% to 90% (or vice versa) of the steady-state when an input signal
modulates the microheater.

4.4 Demonstration of Phased Array Beam Deflection

As a proof of concept for spatial light modulation, a 6 × 6 array of active silicon
antennas was fabricated (Fig. 4.5(a)). Since the pixel pitch of the array is 26 µm,
while the pixel size of the antenna is 20 µm, the fill factor of the phased array is ∼59%.
For the sake of simplicity, the microheaters around the antennas were grouped in
every other column and addressed by a single input, such that the entire phased
array displays an alternating phase pattern between the neighboring pixels. From
the reflectivity measurements, each of the fabricated antennas in the array exhibited
relatively small fluctuations in the resonance wavelengths with standard deviation of
0.44 nm among the antennas that are negligible compared with the FWHM of the
resonance. Figure 4.5(b) shows the simulated temperature distribution of the device
surface when only the central pixel is active, indicating the designed microheaters
can individually address the pixels with some thermal crosstalk of 8% measured
by the temperature change in the center of the pixels. The far-field patterns of
the phased array were measured by imaging the back focal plane of the objective
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Figure 4.5: Experimental demonstration of phased array beam deflection.
(a) SEM image of a fabricated phased array. (b) Temperature distribution of the
surface of the silicon antenna array found using FEM simulation. (c) Intended
near-field phase profile for two states: “off” and “on”. The array is illuminated with
an incident Gaussian beam profile with a beam waist of 75 µm. (d) Measured far-field
patterns for the two states: “off” and “on”. The dashed box indicates the ±1st order
diffraction angles imposed by the pixel pitch. (e) Corresponding 1-D profiles of
the far-field patterns along the deflection direction by the simulation (top) and the
experiment (bottom). The deflected beam appeared at the angles θ = ±θmax = ±1.7◦
as denoted by the yellow shades including the Gaussian divergence half angle of
0.37◦. Again, the dashed line corresponds to the angles of the ±1st diffraction orders.
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lens. The result of the beam deflection is shown in Fig. 4.5(c) together with the
corresponding near-field phase patterns. The strong diffraction pattern can be seen
in the far-field pattern when no voltage is applied (“off” state), due to the low fill
factor of the phased array. When the voltage was tuned to introduce π phase shift
in every column (“on” state; electrical power P = 18Pπ was applied ), the phased
array beam deflection was observed at the angle given by θmax = sin−1(λ/2p) ≈ 1.7◦,
where λ is the wavelength of the light and p is the pixel pitch of the phased array,
in reasonably good agreement with the measured angle. Figure 4.5(d) shows the
1-D profiles of the measured far-field patterns, in good agreement with simulated
patterns, which confirms the robustness of the proposed device design. The beam
deflection efficiency measured as the ratio between the total of ±1st order deflected
beams and that of the undiffracted beam was about 40% at best, which wouldn’t be
possible with amplitude-only modulation (see Fig. 4.9 in Appendix).

4.5 Discussion

The demonstrated response time in phase modulation is currently dominated by the
large thermal resistance between the α-Si SWG layer and the silicon substrate, owing
to the low thermal conductivities of the ∼6-µm-thick DBR layers. Substituting the
material for a good thermal conductor (e.g. polycrystalline silicon or GaAs/AlGaAs-
based DBR) or thinning the DBR layers should greatly improve the response time
[99]. As a point of reference, sub-microseconds response was reported by means
of direct heating of silicon waveguides in the context of an on-chip Mach–Zehnder
interferometer, where the buried oxide layer in a silicon-on-insulator substrate
was 1 µm [100]. Even further improvement of the modulation speed as fast as up
to hundreds of MHz can be expected by deploying the same device design but
comprising p-i-n structure along the silicon bars using the plasma dispersion effect
[101–103] or the Kerr effect [104]. However, in this case, one would need an optical
resonance with much higher Q-factor, as those modulation methods can practically
achieve q refractive index change on the order of 10−4, an order of magnitude smaller
than the one achievable via thermo-optic effect. The pixel pitch and the fill factor are
also important parameters in spatial light modulation. The former imposes a limit on
the maximum spatial frequency or deflection angle [105], and the latter leads to beam
deflection efficiency loss as it contributes to the undiffracted components. In our
scheme, if we reduce the size of antenna, the number of SWG bars in a pixel will be
lower, and additional loss will be induced due to the lack of lateral mode confinement
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[106]. This can be circumvented by several approaches including the effective index
method [58] and the phase gradient mirror approach [59], to further shrink the size
of the antennas. Alternatively, even without having a smaller pixel pitch, one can
think of enlarging the deflection angle limit using appropriate magnification optics
to access a larger spatial frequency. The proposed phased array scheme can be
immediately extended to use advanced electrical circuitry schemes such as an active
matrix addressing to independently control the enormous number of pixels or vertical
integration of wiring layers to maximize the fill factor of the pixels.

4.6 Summary and Outlook

In summary, we demonstrated a silicon-based active antenna based on an over-coupled
optical resonator system, where the phase modulation for the light propagating in
free space is achieved via the refractive index modulation of silicon. The fabricated
active antenna exhibits phase-dominant thermo-optic modulation with a response
time of ∼70 µs, an order of magnitudes faster than the conventional liquid crystal
based SLMs. A phased array beam deflection was demonstrated with a 6 × 6 array
of such active antennas. The demonstrated design can be easily integrated in a
scalable fashion using conventional complementary metal oxide transistor (CMOS)
technology (e.g. silicon photonics [107, 108]), allowing large-scale phase-dominant
SLMs to be implemented on inexpensive and compact photonic chips. As such, the
presented spatial light modulation device will enable cost-effective beam steering
solutions for LiDAR and in-vivo biomedical imaging applications.
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Figure 4.6: Experimental setup to characterize an optical antenna as well as
phased array. A continuous-wave laser emitted from a tunable external cavity laser
diode was used as a light source for the measurements. After transmitting through
the PBS, the laser beam was demagnified by a lens (L2, focal length: 200mm) and a
20× microscope objective (MO), resulting in a Gaussian beam waist of 75 µm on
the object plane. The reflected light was then imaged by the same lenses onto a
pinhole with diameter of 400 µm to select the region of interest with correspoding
diameter of 20 µm in the object plane. After the PH, the intensity was measured
onto PD2 using a lens pair of L3 and L4, while the image was monitored at a SWIR
camera by a lens pair of L3 and L5. For the reflectivity measurement, a polarizer
and a HWP were inserted in the path, where the angle of polarizer was set to 45◦
with respect to the axes of the PBS. For the phase extraction measurement, a QWP
was inserted in place of the polarizer in order to make the incident polarization state
being elliptical. Iso: optical isolator. PC: polarization controller. CL: collimation
lens. Pol: polarizer. BS: beamsplitter. L: lens. PD: photodetector. M: mirror.
PBS: polarizing beamsplitter. QWP: quarter waveplate. HWP: half waveplate. MO:
microscope objective. DUT: device under test. FG: function generator. PH: pinhole.
FG: function generator.
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Figure 4.7: Measured reflectivity spectra for different QWP angles in a cross-
polarized setup. These data were used to fit the model to extract the phase curve in
Fig.4.4(b).
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Figure 4.9: Simulated phased array beam deflection. (a) Simulated far-field
patterns with corresponding near-field phase profile in the cases of amplitude-only
and phase-only modulation. An incident Gaussian beam profile with a beam waist of
75 µm was used. (b) Corresponding 1-D profiles of the simulated far-field patterns.
We can find that phase modulation can perform a beam deflection with a higher
efficiency. This also confirms that the silicon active antennas used in the experiments
modulates the phase dominantly.
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Figure 4.10: CAD layout of the phased array used for electron beam lithogra-
phy. Only the 6 × 6 array in the 8 × 8 is an electrically active region in the beam
deflection operation. The incident beam size also roughly equals the active region.
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Chapter 5

DISORDER-ENGINEERED METASURFACES FOR
WAVEFRONT SHAPING

The material in this chapter was presented in part in:

M. Jang∗, Y. Horie∗, A. Shibukawa∗, J. Brake, Y. Liu, S. M. Kamali, A. Arbabi,
H. Ruan, A. Faraon, and C. Yang, “Complex wavefront engineering with disorder-
engineered metasurfaces”, (2017), arXiv:1706.08640, URL: https://arxiv.
org/abs/1706.08640,

In the past decade, wavefront shaping with disordered media has demonstrated
optical manipulation capabilities beyond those of conventional optics. These
include extended volume, aberration-free focusing, and subwavelength focusing
via evanescent mode coupling. However, translating these capabilities to useful
applications has remained challenging as the input-output characteristics of the
disordered media (P variables, to be defined in Section. 5.2) need to be exhaustively
determined via O(P) measurements. Here, we propose a paradigm shift where the
disorder is specifically designed so that its exact characteristics are known, resulting
in an a priori determined transmission matrix (TM) that can be utilized with only
a few alignment steps. We implement this concept with a disorder-engineered
metasurface, which exhibits additional unique features for wavefront shaping such as
an unprecedented optical memory effect range, excellent stability, and a tailorable
angular scattering profile. Using this designed metasurface with wavefront shaping,
we demonstrate the ability to perform optical focusing with numerical apertures
(NAs) as high as 0.95 within a lateral field of view (FOV) as wide as ∼14mm, and
furthermore, perform fluorescence imaging that can resolve ∼2.2 × 108 points in a
lateral FOV of ∼8mm.

5.1 Background

Wavefront shaping can be best described as a class of methods that allow control
of a very large number of optical degrees of freedom, ranging up to hundreds of
thousands [109]. This sets it apart from the regime of wavefront manipulation in
adaptive optics where the corrections are typically performed for aberrations modeled

https://arxiv.org/abs/1706.08640
http://arxiv.org/abs/1706.08640
https://arxiv.org/abs/1706.08640
https://arxiv.org/abs/1706.08640
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by a relatively small number of Zernike orders [110]. As a class of technologies,
wavefront shaping is particularly well suited for applications involving disordered
media. These applications can be broadly divided into two categories. In the
first category, wavefront engineering works to overcome intrinsic limitations of
the disordered media. Biological tissue is one such example where scattering is a
problem, with wavefront shaping emerging as a solution to produce a shaped light
beam that counteracts multiple scattering and enables imaging and focusing deep
inside the tissue [111].

In the second category, disordered media are intentionally introduced in conjunction
with wavefront engineering to unlock an optical space with spatial extent (x) and
frequency content (ν) that is inaccessible using conventional optics [112–118]. One
of the first demonstrations of this ability was reported by Vellekoop et al. [112],
showing that the presence of a disordered medium (e.g. a scattering white paint
layer) between a source and a desired focal plane can actually help render a sharper
focus. In related efforts, researchers have also shown that wavefront shaping can
make use of disordered media to couple propagating and evanescent modes, in turn
enabling near-field focusing [114, 115]. Recently, there have been more extensive
demonstrations combining disordered media with wavefront shaping to increase the
flexibility of the optical system to, for example, significantly extend the volumetric
range in which aberration-free focusing can be achieved [116–118].

Unfortunately, this class of methods is stymied by one overriding challenge – the
optical input-output response of the disordered medium needs to be exhaustively
characterized before use [118–122]. Fundamentally, characterizing P input-output
relationships of a disordered medium requires O(P) measurements. For most
practical applications, P greater than 1012 is highly desired to enable high fidelity
access to the expanded optical space enabled by the disordered media with wavefront
engineering. Unfortunately, the time-consuming nature of the measurements and the
intrinsic instability of the vast majority of disordered media have limited the ability
to achieve high values of P. To date, the best P quantification that has been achieved
is ∼108 with a measurement time of 40 seconds [120].

In this chapter, we propose the use of a disorder-engineered metasurface (we call this
a disordered metasurface for brevity) in place of a conventional disordered medium.
The disordered metasurface, which is composed of a 2-D array of nano-scatterers
that can be freely designed and fabricated, provides the optical “randomness” of
conventional disordered media, but in a way that is fully known a priori. We note
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(a)
SLM

Disorder-Engineered

Metasurface

(b)

(c) 

(d)(e)

Disorder-engineered metasurface
(calibration free transmission matrix)

2π

0

High NA focusing over a wide FOV

Figure 5.1: Wavefront shaping assisted by a disorder-engineered metasurface.
(a) The system setup consists of two planar components, an SLM and a disorder-
engineered metasurface. (b) The disorder-engineered metasurface is implemented
by varying the size of nanoposts, which correspond to different phase delays φ(x, y)
on the metasurface. (c) The wide angular scattering range enables high-NA focusing
over a wide FOV. (d) The thin, planar nature of the disordered metasurface yields a
large memory effect range and also makes the TM of the metasurface extraordinarily
stable. (e) The SLM enables reconfigurable control of the expanded optical space
available through the disordered metasurface.

that this approach is conceptually different from previous techniques with similar
names [123–126] (e.g. Engineered Diffusers from RPC Photonics) since it enables
the individual input-output responses rather than the statistical properties of the
scattered light pattern to be engineered. Through this approach, we reduce the system
characterization to a simple alignment problem. In addition to eliminating the need
for extensive characterization measurements, the disordered metasurface platform
exhibits a wide optical memory effect range, excellent stability, and a tailorable
angular scattering profile – properties that are highly desirable for wavefront shaping
but that are missing from conventional disordered media. Using this disorder-
engineered metasurface platform, we demonstrate full control over P = 1.1 × 1013

input-output relationships after a simple alignment procedure. To demonstrate this
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new paradigm for controllably exploiting optical “randomness”, we have implemented
a disordered metasurface assisted focusing and imaging system that is capable of
high-NA focusing (NA ≈ 0.5) to ∼2.2 × 108 points in a FOV with a diameter of
∼8 mm. In comparison, for the same FOV, a conventional optical system such as an
objective lens can at most access one or two orders of magnitude fewer points.

5.2 Principles of Wavefront Shaping

Given any linear propagation medium, the wave propagation of an optical field is
completely described by its Green function. For the sake of simplicity, we can
consider a scalar field. Even though a disordered medium scrambles an incident beam
of light, resulting in a speckle field, a seemingly “random” output field, modeling
of such a system using the Green function formalism still holds, because the light
scattering process involved here is linear [119]. The scalar Green function describes
the causality of the input field at position r′ at time t′ on the output field at r at time
t:

E(r, t) =
∬

Si
d2r′

∫ ∞

−∞

dt′G(r, r′, t − t′)E(r′, t′), (5.1)

where Si represents the surface containing sources of interest. Since we are interested
in a monochromatic wave, we can rewrite this in the spectral domain using the
time-domain Fourier transform of the fields at the oscillation of ω:

E(r, ω) =
∬

Si
d2r′ G(r, r′, ω)E(r′, ω). (5.2)

In practice, the sources at r′ and receivers at r correspond to the areas having a
spatial extent (i.e., a pixel on the SLM and camera, respectively), and performing
spatial averaging the fields within the pixel discretizes Eq. (5.2):

Eo = TEi

⇔ Em
o =

N∑
n

tmnEn
i , (5.3)

where we omit the frequency term by considering a monochromatic wave, Eo is a
column vector (with elements of Em

o for m = 1, · · · , M, namely a desired focusing
optical field), Eo is a column vector (with elements of En

i for n = 1, · · · , N , namely
independent optical modes controlled by the SLM), and T is a matrix (i.e., the TM)
where each element (tmn) describes the amplitude and phase relationship between
a given input mode and output focal spot. In this scenario, Ei has a dimension of
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N , the number of degrees of freedom in the input field (i.e., the number of SLM
pixels), Eo has a dimension of M given by the number of resolvable spots on the
projection plane, and T is a matrix which connects the input and output fields with P

elements, where P ≡ M × N . This formalism applies to any wave propagation in a
linear medium, even for a disordered medium, giving us the insights on wavefront
shaping as well as its limitations.

One of the most prominent capabilities in wavefront shaping in conjuction with a
disordered medium is to render a shaper focus than without the medium [112]. This
counterintuitive ability can be understood using the time-reversal symmetry of the
light propagation in a reciprocal system [127]. We consider a thought experiment
using the time-reversed wave, where we place a point source emitter at the output
plane of interest and record the fields propagated through a disordered medium at
input plane. Owing to the reciprocity of the wave equation, this wave propagation can
be time-reversed, in which the time-reversed signals emitted from an array of sources
from the input plane should propagate through the disordered medium, and naturally
converge toward the point where we placed the point source. Phase conjugation,
which is the monochromatic equivalent of the time-reversal operation, is the best to
deduce the optimal field to be emitted from the input and how the tight focusing is
realized in wavefront shaping [128]. Using the concept of the phase conjugation, the
optimal input field vector to generate a desired output focusing field is given by

Eopt
i = T+E target

o , (5.4)

where + denotes the transpose conjugate of a matrix. Due to the imperfect realization
of the phase-conjugated field†, the actual output field does not correspond to the
desired field,

Eo = TEopt
i = TT+E target

o . (5.5)

In practice, it is challenging to generate a perfect phase-conjugated field as in our
experiments. This is equivalent that T is not a unitary matrix, and thus Eo , E target

o .
Despite the imperfection of the phase conjugation, we would be able to create a sharp
focusing on the output, oweing to an enormous number of degrees of freedom on the
input and will now show that the focusing performance depends on the input degree

†In our experiments as well as other demonstrations using an SLMs, we reconstruct only the
low spatial frequency components of the phase-conjugated field, due to the large pixel size of SLMs.
This is also known as the technique called the digital optical phase conjugation. It has also been
demonstrated to perform a nearly perfect phase-conjugated field using the nonlinear optical phenomena
such as Brillouin scattering and photorefractive media [128, 129].
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of freedom N (presumably, N � 1), using Eq. (5.5). We consider the “intensity”
of the output field on the jth receiver. If the phase-conjugated field is perfectly
reconstructed, we have

|sm
o |

2 =

����� N∑
l

tmlt∗jl

�����2 , (5.6)

where sm
o is the complex amplitude in the mth pixel on the output used as the reference.

For m = j, the output fields are coherently interfered and the ensemble average of
the intensity becomes〈

|sm= j
o |2

〉
=

〈(
N∑
l

|t jl |
2

)2〉
=

〈(
N∑
l

|t jl |
4

)〉
+

〈
N,N∑
l,l ′
|t jl |

2 |t jl ′ |
2

〉
= N(N − 1)

〈
|t |2

〉2
+ N

〈
|t |4

〉
≈ N2 〈

|t |2
〉2
. (5.7)

For m , j, the output fields are incoherently interfered and the ensemble average of
the intensity becomes〈

|sm, j
o |2

〉
=

〈
N,N∑
l,l ′

tmlt∗ml ′t
∗
jlt jl ′

〉
=

〈(
N∑
l

|tml |
2 |t jl |

2

)〉
+

〈
N,N∑
l,l ′

tmlt∗ml ′t
∗
jlt jl ′

〉
= N

〈
|t |2

〉2
. (5.8)

With the results of Eqs. (5.7) and (5.8), we can estimate the contrast η, the ratio
between the intensity transmitted into the focal spot and the surrounding background,
namely the energy signal-to-noise ratio (SNR), which is solely dependent on the
number of input degrees of freedom N† as given by

η ≡

〈
|sm= j

o |2
〉〈

|sm, j
o |2

〉 ≈ N2 〈
|t |2

〉2

N
〈
|t |2

〉2 = N . (5.9)

We note that these results can be generalized to arbitrary wavefronts (e.g. beam
steering or optical vortex generation) simply by switching Eo to an appropriate basis
set.

†In the case of phase-only and amplitude-only reconstruction of the phase conjugation, the
contrast is given by η = (π/4)N and η = (1/2π)N , respectively [130].
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One of the unique and most useful aspects of wavefront shaping with disordered
media is that it allows access to a broader optical space in both spatial extent (x)
and frequency content (ν) than the input optical field can conventionally access.
For example, when an SLM is used alone, the generated optical field Ei contains
a limited range of spatial frequencies due to the large pixel pitch of the SLM
(νx or νy ≤ 1/(2dSLM), where dSLM is the pixel pitch; typically ∼10 µm). As
a consequence, the number of resolvable spots M is identical to the number of
controllable degrees of freedom N . In contrast, when a disordered medium is placed
in the optical path, its strongly scattering nature generates an output field Eo with
much higher spatial frequencies given by

√
ν2

x + ν
2
y ≤ 1/λ, where λ is the wavelength

of the light. According to the space–bandwidth product formalism [131], this means
that the number of addressable focal spots M within a given modulation area S, is
maximally improved to

M = S ×
π

λ2 . (5.10)

The scheme for focusing with disordered medium assisted wavefront shaping can be
understood as the process of combining N independent opticalmodes to constructively
interfere at a desired position on the projection plane [112, 132, 133]. In general, due
to the increased spatial frequency range of the output field, the number of addressable
spots M is much larger than the number of degrees of freedom in the input, N , and
therefore the accessible focal points on the output plane are not independent optical
modes. This will be discussed in detail in Sec. 5.A in Appendix by performing
singular value decomposition (SVD) of the TM. Instead, each focal spot exists
on top of a background which contains the contributions from the unoptimized
optical modes in the output field. Here the contrast η, the ratio between the intensity
transmitted into the focal spot and the surrounding background, is dictated by the
number of controlled optical modes in the input, N [132]. In practical situations
where, for instance, the addressed spots are used for imaging or photo-switching,
the contrast η needs to be sufficiently high to ensure the energy leakage does not
harmfully compromise the system performance.

To maximize performance, we can see it is desirable to have as many resolvable
spots as possible, each with high contrast. This means that both M and N , and in
turn P, should be as high as possible. Practically, there are two ways to measure
the elements – orthogonal input probing and output phase conjugation. Refer to
Sec. 5.B in Appendix for the conventional method to measure the TM. In each
case, an individual measurement corresponds to a single element in the TM and is
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accomplished by determining the field relationship between an input mode and a
location on the projection plane. Both still necessitate O(P) measurements which,
when P is large, leads to a prohibitively long measurement time. As a point of
reference, if the fast TM characterization method reported in Ref. [120] could be
extended without complications, it would still require a measurement time of over
40 days to characterize a TM with P = 1013 elements. In comparison, the stability
associated with most conventional disordered media can last only several hours [132,
134, 135].

In contrast, our disorder-engineered metasurface avoids the measurement problem
altogether since all elements of the TM are known a priori. This means that now the
procedure to calibrate the system is simplified from the O(P)measurements needed to
determine the TM to the small number of alignment steps for the disorder-engineered
metasurface and the SLM.

A schematic illustration of the technique is presented in Fig. 5.1 with the omission
of a 4- f imaging system optically conjugating the SLM plane to the disordered
metasurface. An SLM structures a collimated incident beam into an optimal
wavefront which in turn generates a desired complex output wavefront through the
disordered metasurface. Since the TM is known a priori, the process to focus to
a desired location is a simple computation. The optimal incident pattern Eopt

i that
encodes the information for a target field E target

o is calculated using the concept
of phase conjugation. This approach enables us to access the maximum possible
number of resolvable spots for wavefront shaping for a given modulation area S with
the added benefit of control over the scattering properties of the metasurface.

5.3 Disorder-Engineered Metasurfaces

Design of Disordered Metasurfaces

The disordered metasurface platform demonstrated in this study shares the same
design principles as the conventional metasurfaces that have been previously reported
to implement planar optical components [2, 14, 15, 136–138]: rationally designed
subwavelength scatterers or meta-atoms are arranged on a 2-D lattice to purposefully
shape optical wavefronts with subwavelength resolution as illustrated in Fig. 5.2(a).
The disordered metasurface, consisting of silicon nitride (SiNx) nanoposts sitting
on a fused silica substrate, imparts local and space-variant phase delays with high
transmission for the designed wavelength of 532 nm. The disordered metasurface
consists of SiNx nanoposts arranged on a subwavelength square lattice with a
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periodicity of 350 nm as shown in Fig. 5.2(b). The width of each SiNx nanopost is
precisely controlled within a range from 60 nm to 275 nm, correspondingly imparting
local and space-variant phase delays covering a full range of 2π with close to unity
transmittance for an incident wavefront at the design wavelength of 532 nm. The
widths of the nanoposts corresponding to the grayed regions in Fig. 5.2(b) correspond
to high quality factor (Q-factor) resonances and are excluded in the design of the
disordered metasurface. The phase profile φ(x, y) of the disordered metasurface is
designed to yield an isotropic scattering profile over the maximal possible spatial
bandwidth of 1/λ or the desired angular range using the Gerchberg–Saxton algorithm.
The initial phase profile of the far-field is randomly chosen from a uniform distribution
between 0 and 2π radians. After several iterations, the phase profile converges such
that the far-field pattern has isotropic scattering over the target angular ranges. This
approach helps to minimize undiffracted light and evenly distribute the input energy
over the whole angular range.

Fabrication of Disordered Metasurfaces

A SiNx thin film of 630 nm is deposited using plasma-enhanced chemical vapor
deposition (PECVD) on a fused silica substrate. The metasurface pattern is first
defined in ZEP520A positive resist using an electron beam lithography system.
After developing the resist, the pattern is transferred onto a 60 nm-thick Al2O3 layer
deposited by electron beam evaporation using the lift-off technique. The patterned
Al2O3 serves as a hard mask for the dry etching of the 630 nm-thick SiNx layer in
a mixture of SF6 and C4F8 plasma and is finally removed by a mixture of NH4OH
and H2O2 at 80◦C. Diagrammatic representation of the RGB visible color filter
fabrication is illustrated in Fig. 5.3.

Characterization of Disordered Metasurfaces

The experimentally measured scattering profile confirms the nearly isotropic scatter-
ing property of the disordered metasurface, presenting a scattering profile that fully
extends to the spatial frequency of 1/λ as shown in Fig. 5.2(c). This platform also al-
lows tailoring of the scattering profile, which can be potentially useful in conjunction
with angle-selective optical behaviors such as total internal reflection. Figure 5.2(d)
presents the measured scattering profiles of disordered metasurfaces designed to
have different angular scattering ranges, corresponding to NAs of 0.3, 0.6, and 0.9
(see Fig. 5.8 in Appendix for 2-D angular scattering profiles). In addition to a highly
isotropic scattering profile, the disordered metasurface also exhibits a very large
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Figure 5.2: Disorder-engineered metasurface. (a) Photograph and SEM image of
a fabricated disorder-engineered metasurface. (b) Simulated transmission and phase
of the SiNx nanoposts as a function of their width at a wavelength of 532 nm. These
data are used as a look-up table for the metasurface design. (c) Measured 2-D angular
scattering profile of the disordered metasurface, normalized to the strongest scattered
field component. (d) Measured 1-D angular scattering profile of the disordered
metasurfaces that were specifically designed to scatter the incident light to certain
angular ranges (NA = 0.3, 0.6, 0.9). (e) Memory effect range and angular scattering
range of the disordered metasurface compared with conventional random media such
as white paint, opal glass, and ground glass diffusers.

angular (tilt/tilt) correlation range (also known as the optical memory effect [139]).
The correlation is larger than 0.5 even up to a tilting angle of 30 degrees (Fig. 5.2(e)).
In comparison, conventional scattering media commonly used for scattering lenses,
such as opal glass and several micron-thick titanium dioxide (TiO2) white paint
layers, exhibit much narrower correlation ranges of less than 1 degree (Fig. 5.2(e))
[140]. Although ground glass diffusers present a relatively wider correlation range
of ∼5 degrees, their limited angular scattering range makes them less attractive for
wavefront shaping. Moreover, the disordered metasurface is extraordinarily stable.
We were able to retain the ability to generate a high quality optical focus from the
same metasurface without observable efficiency loss over a period of 75 days by
making only minor corrections to the system alignment to compensate for mechanical
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Figure 5.3: Disordered metasurface fabrication. Diagrammatic representation of
the disordered metasurface fabrication.
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Figure 5.4: Extraordinary stability of a disordered metasurface. Over a period
of 75 days, a high quality optical focus was obtained from the same metasurface
without observable efficiency loss by small system alignments to compensate for
mechanical drift. (a) Reconstructed focus on the 1st day. The measured contrast was
19,800. (b) Reconstructed focus on the 75th day. The measured contrast was 21,500.
Scale bar: 1 µm.

drift as shown in Fig. 5.4.
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Figure 5.5: Experimental demonstration of diffraction-limited focusing over
an extended volume. (a) Schematic of optical focusing assisted by the disordered
metasurface. (b1-6) Measured 2-D intensity profiles for the foci reconstructed at the
positions indicated in (a). (b1-3) are the foci along the optical axis at z = 1.4, 2.1,
and 3.8 mm, respectively, corresponding to NAs of 0.95, 0.9, and 0.75. (b1-3) are the
foci at x = 0, 1, 4, and 7mm scanned on the fixed focal plane of z = 3.8mm. Scale
bar: 1 µm. (c) Measured NA (along the x-axis) of the foci created along the optical
axis (red solid line) compared with theoretical values (black dashed line). When
the SLM is used alone, the maximum accessible NA is 0.033 (orange dashed line).
(d) Measured NA (along the x-axis) of the foci created along x-axis at z = 3.8mm
(red solid line) compared with theoretical values (black dashed line). The number of
addressable focusing points within the 14-mm diameter FOV was estimated to be
4.3 × 108.

5.4 High-NA Optical Focusing over an Extended Volume

Alignment Procedure

We experimentally tested our wavefront shaping scheme in the context of disordered
medium assisted focusing and imaging. First, we aligned the disordered metasurface
to the SLM. The alignment procedure consists of two steps to ensure the proper
mapping of the SLM pixels onto the intended coordinates of the disordered metasur-
face. Cross-shaped markers engraved at the four corners of the metasurface are used
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to guide rough alignment. Then, the marginal misalignments (e.g. translation and
tip-tilt) and aberrations induced by the 4- f system are corrected. For this purpose, a
collimated laser beam (Spectra-Physics, Excelsior 532) is tuned to be incident on
the metasurface and the resulting field is measured with phase shifting holography.
The residual misalignments and aberrations are then calibrated by comparing the
measured complex field with the calculated one and digitally compensating for the
misalignment by adding appropriate correction patterns on the SLM.

Procedure for Optical Focusing Using Transmission Matrix

Next, to demonstrate the flexibility of this approach, we reconstructed a converging
spherical wave for a wide range of lateral and axial focus positions. Figure 5.5(a)
presents the simplified schematic for optical focusing (see Fig. 5.9 for the complete
optical setup). The transmission matrix model in our experiments describes the
amplitude and phase relationship between each controllable input mode, given as each
SLM pixel, and each desired focusing optical field. The calculation of T was carried
out in a row-by-row manner, based on the intrinsic phase profile of the disordered
metasurface φ(x, y). Setting the position of the focal spot corresponding to m-th row
vector in T as r′m = (x′m, y′m, z′) for m = 1, · · · , M , the converging spherical wavefront
on the plane of metasurface is given as

Sm(x, y) = exp
[
−i

2π
λ

√
(x − x′m)2 + (y − y′m)

2 + z′2
]
, (5.11)

where z′ is the focal length. Then, the corresponding input field on the plane of
metasurface is simply given as the product of the spherical wavefront Sm(x, y) and
the transmission phase profile of the disordered metasurface:

Emeta
m (x, y) = Sm(x, y) × exp(iφ(x, y)). (5.12)

Next, to calculate the input field on the plane of SLM that corresponds to the input
field on the plane of metasurface Emeta

m (x, y), a low-pass spatial frequency filter L is
applied to Emeta

m (x, y) using a fast Fourier transform algorithm:

ESLM
m (x, y) = L

[
Emeta

m (x, y)
]

(5.13)

Finally, the ESLM
m (x, y) is sampled at positions corresponding to N SLM pixels for

discretization, yielding N matrix elements. That is, the discretized complex field
composes the m-th row of transmission matrix T (or the m-th column of T+ for
the conjugate) that relates all controllable input modes to a given focal spot on
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the projection plane. In the actual experiment, we use an SLM (Pluto, Holoeye)
for phase-only reconstruction of the optimal field Eopt

i within a circular aperture
with a 4.3mm radius. In order to measure the focal spot, we use a custom-built
microscope setup consisting of 100× objective lens (Olympus, UMPlanFl) with an
NA of 0.95, a tube lens (Nikon, 2×, Plan Apo), and a CCD camera (Imaging Source,
DFK 23UP031).

Demonstration of High-NA Focusing in an Extended Volume

Figure 5.5(b1-3) shows the 2-D intensity profiles for the foci reconstructed along
the optical axis at z′ = 1.4, 2.1, and 3.8mm, measured at their focal planes. The
corresponding NAs are 0.95, 0.9, and 0.75, respectively. The full width at half
maximum (FWHM) spot sizes of the reconstructed foci were 280, 330, 370 nm, which
are nearly diffraction-limited as shown in Fig. 5.5(c). The intensity profiles are highly
symmetric, implying that the converging spherical wavefronts were reconstructed
with high fidelity through the disordered metasurface. It is also remarkable that
this technique can reliably control the high transverse wavevector components
corresponding to an NA of 0.95, while the SLM used alone can control only those
transverse wavevectors associated with an NA of 0.033.

Figure 5.5(b4-6) shows the 2-D intensity profiles at x′ = 0, 1, 4, and 7mm on
the fixed focal plane of z′ = 3.8mm (corresponding to the on-axis NA of 0.75).
Because the disordered metasurface based scattering lens is a singlet lens scheme,
the spot size along the x-axis increased from 370 to 1500 nm as the focus was shifted
(summarized in Fig. 5.5(d)).

The total number of resolvable spots achievable with the disordered metasurface,
M , was experimentally determined to be ∼4.3 × 108 based on the plot in Fig. 5.5(d),
exceeding the number of controlled degrees of freedom on the SLM (N∼105) by
over 3 orders of magnitude. The NA of ∼0.5 was also maintained in a lateral FOV
with a diameter of ∼8mm, resulting in 2.2 × 108 resolvable focal spots. For the
sake of comparison, a high-quality objective lens with an NA of 0.5 typically has
∼107 resolvable spots, an order of magnitude smaller than the number of the spots
demonstrated with the disordered metasurface.

With our disordered metasurface platformwe control a TMwith a number of elements
P given by the product of the number of resolvable focal spots on the output plane and
the number of controllable modes in the input. The P we achieved with our system
was 1.1 × 1013 which allowed us to address ∼4.3 × 108 focus spots with a contrast
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factor η of ∼2.5 × 104. This value of P is 5 orders of magnitude higher than what
has previously been reported [120]. These findings testify to the paradigm-shifting
advantage that this engineered “randomness” approach brings.
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Figure 5.6: Demonstration of ultra-high number of resolvable spots even with
a handful of physically controlled degrees of freedom as inputs. (a) Cropped
phase images displayed on the SLM (top panels) as well as the corresponding 2-D
intensity profiles (bottom panels) of the foci reconstructed at z′ = 3.8mm on axis
(NA = 0.75). The controlled number of input optical modes displayed SLM was
1.0 × 105 (left) and 2.5 × 102 (right), respectively. Scale bars for the phase images
and the 2-D intensity profiles are 500 µm and 1 µm, respectively. (b) Measured
FWHM spotsizes of the foci created along the x-axis. The measured spotsize shows
a good agreement with the theoretical one, regardless of the number of input modes
controlled on the SLM. (c) Dependence of contrast factor η on the number of optical
modes controlled on the SLM NSLM. (d) Measured number of resolvable spots M as
a function of the number of optical modes controlled on the SLM NSLM.

We also experimentally confirmed that even with reduced control over the number of
input modes, we can still access the same number of resolvable spots on the output
plane, albeit with a reduced contrast. By binning pixels on the SLM, we reduced
the number of controlled degrees of freedom on the SLM by up to three orders of
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magnitude, from ∼105 to ∼102, and verified that the capability of diffraction-limited
focusing over a wide FOV is maintained as shown in Fig. 5.6. Although the same
number of focal spots can be addressed, the contrast factor η is sacrificed when the
number of degrees of control is reduced. Using ∼102 degrees of freedom in the
input, we achieved a contrast factor of ∼70. This validates that the wavefront shaping
scheme assisted by the disordered metasurface can greatly improve the number of
addressable focal spots for wavefront shaping regardless of the number of degrees of
freedom in the input.

5.5 Wide FOV, High-Resolution Fluorescence Imaging

Procedure for Scanning Fluorescence Imaging

Finally, we implemented a scanning fluorescence microscope for high-resolution
wide FOV fluorescence imaging. The setup of our scanning microscope is shown
in Fig. 5.9(c) in Appendix. For the collection of the scanned fluorescent signal, an
imaging system consisting of a 4× objective lens (Olympus, 0.1NA, Plan N) and tube
lens (Thorlabs, AC508-100-A-ML) is used to cover most of the FOV of the scanning
microscope. We scan the focal spot created behind the metasurface across the region
of interest with a 10ms pixel dwell time. A pair of galvanometric mirrors are used to
scan 2 × 2 µm2 patches with a step size of 200 nm, and the neighboring patches are
successively scanned by adding a compensation map on the SLM to correct coma
aberrations, instead of exhaustively calculating and refreshing the Eopt

i for every
spot. The fluorescent signal is detected by the sCMOS camera (PCO, PCO.edge
5.5) with an exposure time of 7ms. The fluorescence signal is extracted from the
camera pixels corresponding to the scanned focus position. The imaging time for a
30 × 30 µm2 area is 5min, which can be easily improved by two orders of magnitude
using a high-power laser and resonant scanning mirrors.

Fluorescence Imaging of Giardia Lamblia Cysts

Figure 5.7(a) presents the wide FOV low-resolution fluorescence image of immunofl
uorescence-labeled parasites (Giardia lamblia cysts; see Sec. 5.C in Appendix for
sample preparation procedures) captured through the 4× objective lens. As shown
in the magnified view in Fig. 5.7(b3), a typical fluorescent image directly captured
with a 4× objective lens was significantly blurred, so that the shape and number of
parasites was not discernible from the image. Figure 5.7, (b1, c, and d) presents the
fluorescence images obtained with our scanning microscope. The scanned images
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Figure 5.7: Demonstration of disordered metasurface assisted microscope for
high resolution wide-FOV fluorescence imaging of giardia lamblia cysts. (a) Low
resolution bright field image captured by a conventional fluorescence microscope
with a 4× objective lens (NA = 0.1). Scale bar: 1mm. (b1-3) Fluorescence images
captured at the center of the FOV. (b1) Images obtained with a disordered metasurface
lens. (b2) Ground truth fluorescence image captured with a 20× objective lens
(NA = 0.5). (b3) Magnified low-resolution fluorescence image captured with the 4×
objective. (c,d) Images obtained with the disorder metasurface-assisted microscope
at (x, y) = (1, 1) and (2.5, 0)mm, respectively. This demonstrates that we can indeed
use the system for high resolution and wide FOV imaging.
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resolve the fine features of parasites both near the center and the boundary of the
5-mm wide FOV (Fig. 5.7(d)). Our platform provides the capability for high-NA
focusing (NA ≈ 0.5) within a FOV with a diameter of ∼8mm, as shown in Fig. 5.5.
To validate the performance of our imaging system, we compare it to conventional
20× and 4× objectives. The captured images in Fig. 5.7 demonstrate that we can
achieve the resolution of the 20× objective over the FOV of the 4× objective.

5.6 Summary and Outlook

Here we have implemented a disorder-engineered medium using a metasurface
platform and demonstrated the benefit of using it for wavefront shaping. Our
study is the first to propose engineering the entire input-output response of an
optical disordered medium, presenting a new approach to disordered media in
optics. Allowing complete control of the TM a priori, the disorder-engineered
metasurface fundamentally changes the way we can employ disordered media for
wavefront shaping. Prior to this study, to control P input-output relationships through
a disordered medium, O(P) calibration measurements were required. In contrast,
the disorder-engineered metasurface allows for a TM with P elements to be fully
employed with only a simple alignment procedure.

Although we only demonstrate the reconstruction of spherical wavefronts in this study,
our method is generally applicable to produce arbitrary wavefronts for applications
such as beam steering, vector beam generation, multiple foci, or even random
pattern generation. We anticipate that the large gain in the number of addressable
optical focal spots (or equivalently angles or patterns) enabled by our method will
substantially improve existing optical techniques such as fluorescence imaging,
optical stimulation/lithography [141, 142], free space coupling among photonic
chips/optical networks [143, 144], and optical encryption/decryption [145].

In the specific application of focal spot scanning, our basic system consisting of two
planar components, a metasurface phase mask and a conventional SLM, offers several
advantages. The system is highly scalable and versatile, bypassing the limitations
and complexities of using conventional objective lenses. The scalability of the
metasurface can be especially useful in achieving ultra-long working distances for
high-NA focusing. The scheme can also be implemented as a vertically integrated
optical device together with electronics [146] (e.g. a metasurface phase mask on
top of a transmissive LCD), providing a compact and robust solution to render a
large number of diffraction-limited spots. Furthermore, the concept is applicable
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over a wide range of the electromagnetic spectrum with the proper choice of low-loss
materials for the meta-atoms (e.g. SiNx or TiO2 for entire visible [137, 147] and
Si for near infrared wavelengths [11, 13, 15, 148]), which allows for multiplexing
different colors, useful for multicolor fluorescence microscopy and multiphoton
excitation microscopy. Finally, the planar design provides a platform to achieve
ultra-high NA solid-immersion lenses [149] or total internal reflection fluorescence
(TIRF) excitation [150], suitable for super-resolution imaging and single-molecule
biophysics experiments.

More broadly speaking, we anticipate the ability to customize the design of the
disordered metasurface for a particular application will prove highly useful. For
example, we can tailor the scattering profile of the disordered metasurface to act as
an efficient spatial frequency mixer or to be exploited for novel optical detection
strategies [125, 151, 152]. The disordered metasurface can serve as a collection
lens, analogous to the results obtained for light manipulation, providing an enhanced
resolving power and extended view field. Additionally, the metasurface platform
can be designed independently for orthogonal polarization states, which provides
additional avenues for control in wavefront shaping [16]. Together, the engineering
flexibility provided by these parameters offers unprecedented control over complex
patterned illumination, which can directly benefit emerging imaging methods that
rely on complex structured illumination [153, 154].

To conclude, we explored the use of a disorder-engineered metasurface in wavefront
shaping, challenging a prevailing view of the “randomness” of disordered media by
programmatically designing its “randomness”. The presented technology has the
potential to provide a game-changing shift that unlocks the benefits of wavefront
shaping, opening new avenues for the design of optical systems and enabling new
techniques for exploring complex biological systems.
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Appendix

5.A Degrees of Freedom in a Disordered Metasurface Assisted

Wavefront Engineering System

In this supplementary section, we describe the disorder-engineered metasurface
and phase-only SLM optical system from the main text in a general mathematical
framework. This framework is based on the SVD of the linear operator (e.g. the
TM), which allows us to rigorously characterize the degrees of freedom of the optical
system [133, 155]. We show that the linear operator connecting the input and output
optical modes always has a full rank of N (the number of pixels in the SLM), and
thus the degrees of freedom for the output modes is also equal to N . However, even
though we are limited to N degrees of freedom for the output modes, it is still possible
to have a large number of resolvable focal spots within a field of view. Finally, we
explain why our system has more degrees of freedom than conventional disordered
media.

Any linear optical device can be described by a linear operator D which takes an
input function |ψo〉 and generates a linear combination of modes |ψi〉, given as

|ψo〉 = D |ψi〉 . (5.14)

We can always perform the SVD of D which yields

D = UΣV+, (5.15)

where U and V are unitary matrices, and Σ is a diagonal matrix with complex values
that describe the transmission coefficients for independent channels between the
input and output modes. By multiplying U+ from the left-hand side, we have

U+ |ψo〉 = Σ
(
V+ |ψi〉

)
. (5.16)

The set of modes U+ |ψo〉 and V+ |ψi〉 that correspond with nonzero singular values
in Σ form the orthogonal sets of basis modes in the output and input spaces.

Next, we consider the case where the linear device operator D represents a general
phase mask, the input mode is a wavefront shaped by the SLM, and the output is the
field at an arbitrary plane after passing through the phase mask. If the response of
the phase mask is insensitive to input angle, the mask can be thought of as a device
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which simply multiplies the input field ψi(x, y) by a position-dependent transmission
function T(x, y) to obtain the output field ψo(x, y) on the device output plane:

ψo(x, y) = T(x, y)ψi(x, y). (5.17)

Writing this in matrix form yields

|ψ
p
o 〉 = Dmask |ψ

p
i 〉 , (5.18)

where we can choose the orthogonal set of input modes as the SLM’s pixels. No
spatial overlap ensures the orthogonality of the modes. This orthogonality for the N

modes holds only if the SLM has a pixel pitch larger than λ/2. If the pixel pitch is
smaller than λ/2, we cannot count each pixel as an independent mode.

Since the transmission function of the phase mask is local, (i.e., the phase mask device
operation connects an input at a given transverse position on the input plane with an
output at the same transverse location on the output plane), the mask operator Dmask

should be diagonal and full-rank in general. This “local” effect is not applicable in
the case of volumetric scattering media, where an input mode can diffuse inside the
media and form a speckle field as an output mode. We will come back to this point
later on to compare the two cases. For the corresponding set of output modes |ψp

o 〉,
the mode orthogonality still holds because the locally transmitted output modes do
not spatially overlap right after they are transmitted through the mask.

Describing the optical system of the phase mask and phase-only SLM in this fashion,
we return to the SVD analysis for the system where Dmask is a diagonal matrix with
the elements corresponding to the local transmission coefficients (or, transmission
coefficients for the eigenchannels) and |ψp

i 〉 and |ψ
p
o 〉 are the pairs of the orthogonal

input and output modes respectively. From this SVD analysis, we can see that the
device operator (or TM) describing our proposed optical system is always full-rank
and we have N degrees of freedom for the output modes as well. This statement is
true however one designs the phase mask and however the bases are chosen.

For example, for our disordered metasurface phase mask, we know that plane wave
illumination as an input mode can excite all the possible output plane waves nearly
isotopically, as experimentally verified in Fig. 5.2(c). If we describe the system using
plane waves as the bases and discretize the angle of the plane waves into M and N

values for the output and input modes, where M is greater than N , we can describe
the system in the form

|ψ′o〉 = D′mask |ψ
′
i 〉 , (5.19)
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where |ψ′i 〉 and |ψ
′
o〉 are input and output plane wave modes, and D′mask is another

representation of the device operator Dmask. However, since the description of the
system with the operator Dmask and the input and output sets of orthogonal modes
|ψ

p
i 〉 and |ψ

p
o 〉 is a unique and complete characterization of the system, performing

the SVD of D′mask will result in the same full-rank diagonal matrix Dmask described
above.

So far, we have considered only the linear system describing the field transformation
before and after the phase mask. In our experimental scheme, light also propagates
from the phase mask to the focal plane. However, free-space propagation can be
considered by incorporating the free-space propagation operator, which does not
degrade the full-rank operation since it is always full-rank as well.

Now we know that through the metasurface we can control N output modes because
we have N degrees of freedom in the input. On the other hand, we also know that
we can focus light to a large number of diffraction-limited spots using wavefront
engineering (i.e., choosing the optimum phase for the N input modes in order to
form constructive interference peaks at locations of interest). When a disordered
medium is used in this way, it is called a “scattering lens”. If each resolvable focal
spot in the output space is treated as one mode (the total number of which is defined
as M according to the space–bandwidth product formalism in the main text), we
would seemingly be able to achieve a number of degrees of freedom larger than the
rank of our linear system. However, it is not valid to count each resolvable focal spot
as an independent mode, because the focal spots created by the scattering lens have
correlated, speckle-like backgrounds. Although the number of resolvable focal spots
is not equivalent to the number of degrees of freedom, it is an important and useful
parameter in many applications. In our focus-scanning scattering lens microscope,
since the intensity of an achieved focal spot is significantly higher (> 104) than the
background intensity, we can count the number of resolvable focal spots.

It is also worthwhile to analyze the number of degrees of freedom (or eigenchannels)
supported by our disordered metasurface phase mask compared to conventional
disordered media. For a conventional random medium, multiple scattering processes
completely scramble the input modes and generate spatially extended speckle-fields
as output modes. In contrast to the mask-based device, the device operator Ds (or
TM, with P = M × N entries) of such a scattering medium is fully populated with
complex entries. Similarly, performing the SVD of the TM reveals the number
of independent channels for the disordered medium. The TM is generally not
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full-rank (rank(Ds) ≤ min(N, M)), and it is well-known that the singular value
distributions of volumetric disordered media statistically follow the “quarter-circle
law”, experimentally confirmed by Popoff et al. [119]. Therefore, conventional
disorderedmedia deteriorate some degrees of freedom for the outputmodes, degrading
the SNR and the focal contrast η. This means the advantage of replacing conventional
disordered media with a disordered metasurface for wavefront shaping is not only
that we can operate a scattering lens without characterizing the entire TM of the
system, but also that the device operator does not deteriorate the supported degrees
of freedom.

5.B Conventional Measurement of the Transmission Matrix

In previous reports, measurements of the TM have been performed in one of two
ways. The first method can be implemented by displaying N orthogonal patterns on
the SLM and recording the output field for each pattern [119, 120]. This approach
can be understood as measuring the TM one column at a time, where each column
corresponds to one SLM pattern, and each element in the column represents the
output field contribution at a unique focal point on the projection plane. To focus to
a given point on the projection plane, the pattern displayed on the SLM is selected as
a linear combination of the SLM patterns such that the output field constructively
interferes at the desired focal point. In the context of phase-only modulation, this
means that the phase of each field vector, controlled by their respective pixels on the
SLM, is aligned so as to maximize the sum over all the field vectors at that location.
In order to enable focusing at all M focal spots, the output field for each SLM pattern
must be measured at each of the M focal spot locations.

An alternate way to measure the TM is using optical phase conjugation [156]. This
scheme is typically implemented by creating a calibration light focus from an external
lens positioned at the desired focus location and recording the optical field transmitted
in the reverse direction through the disordered medium toward the SLM. Then this
procedure is repeated by scanning the focus to all M desired focal spots on the output
plane. Mathematically, this approach can be interpreted as measuring the TM one
row at a time, where the elements in each row describe the phase and amplitude
relationship between a pixel on the SLM and the desired focal point.

While both of these approaches provide a way to characterize the TM of a disordered
medium, they each suffer from practical limitations that prevent them from being
practically useful for achieving control over large TMs (P > 1012). These stem
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from the sheer number of measurements and time required to characterize the TM.
The first method is infeasible for large M due to the lack of commercially available
camera sensors with the required number of pixels. Thus far, to the best of our
knowledge, the largest reported TM measured using this method contained P = 108

elements. While the second method is not limited by the availability of the requisite
technology, it requires mechanically scanning the focus to each spot. Assuming the
relevant measurement technology existed for both cases, with a measurement speed
of 108 measurements (i.e., TM elements) per second (equivalent to 5megapixels
at 100 frames per second), the measurement for all P = 1013 elements in our
demonstrated TM would require a measurement time of over 24 hours. To make
matters worse, conventional disordered media used with wavefront engineering
such as white paint made of TiO2 or ZnO nanoparticles have a stability of only
several hours [120, 132, 157], so the measured TM would be invalid by the time the
measurement was complete.

5.C Immunofluorescence-Labeled Sample Preparation

As a biological sample, we use microscopic parasites, Giardia lamblia cysts (Wa-
terborne, Inc.). Before labeling the Giardia, we first prepare (a) the sample of 105

Giardia in 10 µL phosphate buffered solution (PBS) in a centrifuge tube, (b) 1 µg of
Giardia lamblia cysts antibody (Invitrogen, MA1-7441) in 100 µL PBS, and (c) 2 µg
of Goat anti-Mouse IgG (H+L) Secondary Antibody conjugated with Alexa Fluor
532 fluorescent dye (Life Technologies, A-11002) in 100 µL of PBS. The sample
(a) is incubated with a blocking buffer. After the blocking buffer is removed, the
sample is again incubated with the Giardia antibody solution (b). The sample is
rinsed twice with PBS to remove the Giardia antibody solution. The sample is then
incubated with the secondary antibody solution with fluorescent dye (c). Finally, the
sample is rinsed twice with PBS to remove the secondary antibody solution. All
incubations are carried out for 30min at 37◦C. The sample in 10 µL PBS is prepared
on a slide with Prolong Gold antifade reagent with DAPI (Life Technologies, P36935)
to protect the labeled sample from fading and covered with a coverslip.



84

(a) (b) (c)

(d) (e) (f)

NA=0.3

NA=0.6

NA=0.9

0.0

0.2

0.4

0.6

0.8

1.0

NA=0.95

Figure 5.8: Measured angular scattering profiles of disordered metasurfaces
as well as those of conventional disordered media. A collimated laser beam
illuminated the scattering media and a 4- f system imaged the back focal plane of
an objective lens (NA = 0.95) to a camera. (a-c) Angular scattering profiles of
disordered metasurfaces with different designs, normalized to strongest scattered field
component. The disordered metasurfaces were specifically designed such that they
scatter the incident light to certain angular ranges of (a) NA = 0.3, (b) 0.6, (c) 0.9,
which are denoted with red dotted lines. See also Fig. 5.2(c) for the scattering profiles
of the disordered metasurface used in the experiment. (d-f) Angular scattering
profiles of conventional scattering media. (d) The 20-µm-thick white paint (made
of TiO2 nanoparticles) and (e) opal glass diffuser (10DIFF-VIS, Newport) show
isotropic scattering over the wide angular ranges, while (f) the ground glass diffuser
(DG10-120, Thorlabs) has a very limited angular range for scattering. The black
dotted lines correspond to the cutoff frequencies of the objective lens (NA = 0.95),
which is the limit in our measurement setup.
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Figure 5.9: Experimental setup for wavefront shaping with a disordered meta-
surface. (a) Phase-shifting holography setup used for calibrating the alignment for
the disordered metasurface and the SLM. (b) Custom-built microscope setup used for
characterizing high-NA focusing over a wide-FOV. (c) Focus-scanning fluorescence
imaging setup. M: mirror, L: lens, HWP: half-wave plate, PBS: polarizing beam
splitter, S: shutter, EOM: electro-optic modulator, GM: galvanometric mirror, BS:
beam splitter, sCMOS: scientific CMOS camera, CCD: CCD camera, SLM: spatial
light modulator, ZB: zeroth-order block, DM: disordered metasurface, FM: flip
mirror, PSM: polarization-maintaining single-mode fiber, FL: fluorescence filter.
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Chapter 6

CONCLUSION

6.1 Summary of Accomplishments

In this thesis, we explored the technological opportunities using high-contrast metas-
tructures and their potential advantages over the conventionally existing optical
components. In Chapter 1, we first elucidated the underlying physical principles of
high-contrast metastructures, specifically in the form of a high-constrast subwave-
length grating (SWG) that exhibits a broad reflection/transmission spectrum and an
optical metasurface that allows for flexible wavefront engineering with subwavelength
resolution. Despite their seemingly straightforward structure, high-contrast metas-
tructures exhibit unique optical responses, benefitting from the interference effect
due to the “multimode” nature in the waveguide geometry and the high refractive
index contrast. We also studied that high-contrast structure allows us to think of each
of high-index structures (e.g. high-index bars or posts) as local scatterers, enabling
wavefront engineering by the structural modifications, namely an optical metasurface.
In Chapter 2, we demonstrated a novel method to spatially vary the pass-bands
of a Fabry–Perot filter set on a single substrate by the design of the high-contrast
metastructures inside relatively high Q-factor resonators. We experimentally showed
that the wavelength range that the filter set can cover was as large as ∆λ/λ = 16%
whereas measured Q-factor were greater than 103. In Chapter 3, we designed a
set of transmissive visible color filters toward miniaturizing on-chip RGB color
filters used in complementary metal oxide transistor (CMOS) image sensors. We
demonstrated that visible wavelength color filters based on high-contrast SWG can
maintain its color filtering performance even when the pixel size becomes near a
micron-size. In Chapter 4, we proposed a novel device concept of a phase-dominant
modulator toward high-speed, phase-only spatial light modulator. Our concept relies
on one-sided optical resonance, in which a high-contrast SWG is used to form a
compact and highly reflective mirror. We formulated the condition for the dispersive
phase response using the temporal coupled-mode theory. Active phase-dominant
modulation was experimentally achieved by the refractive index modulation of silicon
using thermo-optic effect. We also demonstrated a spatial light modulation capability
by deploying a phased array using phase-dominant modulators on a silicon chip.
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In Chapter 5, we proposed the concept of a disorder-engineered metasurface in the
context of wavefront shaping. We exploited an engineered optical “randomness”
using a metasurface platform, as an enabling technology to translate unprecedented
wavefront manipulation capabilities in wavefront shaping into practical applications.
We highlighted the unique optical properties of the disordered metasurfaces in
contrast with conventional disordered media. We experimentally demonstrated the
ability to perform high-NA optical focusing in a volumetric range. We furthermore
applied this technique for wide-field high-resolution imaging of fluorescence samples.

6.2 Concluding Remarks

Looking forward, the works presented in this thesis represents merely a small portion
of the potentials that high-contrast metastructures can demonstrate. As we see
in Chapter 2, the inclusion of high-contrast metastructures in a high-Q resonator
system may have an opportunity to design a new optical functionality in optical
resonators or laser systems. Another direction in this field is a large-scale fabrication
of such high-contrast structures. Even though high-contrast metastructures have a
great potential for large-scale integration due to its compatibility with conventional
wafer-scale fabrication techniques, most of the demonstrations so far still rely on
an expensive electron beam lithography, rather than conventional photolithography.
The adaption of a variety of lithographic techniques toward large-scale fabrication,
such as deep-UV lithography, nanoimprint lithography and soft lithography, is highly
anticipated. Lastly, the holy grail in wavefront engineering is the realization of
a spatial light modulation device with a subwavelength pixel size. Metasurfaces
are very promising in that they have shown to allow for arbitrary control for phase,
amplitude, and polarization of the light with subwavelength resolution and high
efficiency, but their functionalities are generally fixed at the moment of fabrication.
As we discussed in Chapter 4, we can consider using varieties of exotic modulation
scheme available in other physical systems, such as thermo-optic effect, electro-optic
effect, microelectromechanical systems (MEMS) actuated structure, coupling with
surface acoustic wave (SAW), and the use of liquid crystals.
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Appendix A

FABRICATION

A.1 Lab Procedure

The devices presented in this thesis shares the fabrication recipes and the procedure
are enumerated in each chapter. In thi appendix section, we will describe the detailed
procedure in each step.

Silicon Subwavelength Grating Reflector Fabrication

This fabrication recipe is used for the double SWG filters (Chapter 1) and the silicon
active antenna (Chapter 4). The process mainly consists of patterning a resist with
an electron beam lithography (EBL) and dry etching of the silicon layer using
Pseudo-Bosch etch termed by Henry et al. [158, 159] at Caltech. The Pseudo-
Bosch etch involves a mixture of SF6 and C4F8, which simultaneously etches the
horizontal surface and passivates the vertical sidewalls, respectively, and thus enables
high-aspect ratio structure with smooth sidewalls and controllable sidewall angles
[160].

(a) The diced chips typically with <1 cm in side width are cleaned with Nano-Strip
(Cyantek, stabilized formulation of H2SO4 and H2O2), followed by acetone,
methanol, isopropyl alcohol (IPA), and rinsing with deionized water (DI water).

(b) After dehydrating the chip (180◦C, 5min), a positive electron beam resist of
ZEP520A† (Zeon Chemicals) is spun onto the chip (5000 rpm, 60 sec), and then
baked (180◦C, 3min), resulting in ∼300 nm-thick resist. If the substrate is a
fused silica, to avoid charging effects, a charge dissipation polymer, AquaSAVE
(Mitsubishi Rayon) is spun on the resist (2000 rpm, 60 sec) , and then baked
(70◦C, 5min).

(c) The SWG mask pattern (line & space pattern) is defined by EBL using a
100 kV electron beam (EBPG5000+ or EBPG5200, Raith).

†We find that hydrogen-teminated silicon (Si-H) surface makes the adhesion of an electron beam
resist, ZEP520A worse. Hydroxyl-terminated silicon (Si-OH) surface is formed due to a very thin
layer of oxide (<1 nm) during the Nano-Strip cleaning process, making the adhesion better.
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(d) AquaSAVE is removed by dissolving it in DI water. The patterns are developed
using ZED-N50 (Zeon Chemicals) (150 sec) and rised with methyl isobutyl
ketone (MIBK) (30 sec).

(e) The pattern in ZEP520A is transferred into the silicon layer by inductively
coupled plasma reactive ion etching (ICP-RIE) process using SF6/C4F8 mixed
plasma chemistry (Pseudo-Bosch etch).

(f) Remover PG (MicroChem) is used to strip the residual resist layer (80◦C, a
few hours).

1 µm

Figure A.1: SEM image of a subwavelength grating reflector.

Silicon/Silicon Nitride Metasurface Fabrication

This fabrication recipe is used for the silicon metasurface fabrication (Chapter 1). The
process mainly consists of patterning a resist with an EBL, transferring the pattern into
a hard mask of Al2O3 by menas of a lift-off, and dry etching of the silicon (or SiNx)
layer using Pseudo-Bosch etch. Al2O3 hard mask shows a substantial selectivity,
typically >1000 [158], with respect to silicon when used in the Pseudo-Bosch etch.

(a) The diced fused silica chips are cleaned with Nano-Strip, followed by acetone,
methanol, IPA, and rinsing with DI water.

(b) After dehydrating the chip (180◦C, 5min), a positive electron beam resist of
ZEP520A is spun onto the chip (5000 rpm, 60 sec), and then baked (180◦C,
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3min), resulting in ∼300 nm-thick resist. To avoid charging effects, a charge
dissipation polymer, AquaSAVE is spun on the resist (2000 rpm, 60 sec) , and
then baked (70◦C, 5min).

(c) The metasurface mask pattern (2-D array of rectangles) is defined by EBL.

(d) AquaSAVE is removed by dissolving it in DI water. The patterns are developed
using ZED-N50 (150 sec) and rised with MIBK (30 sec).

(e) 80 nm-thick Al2O3 is deposited by electron beam evaporation and the pattern
is transferred into Al2O3 layer by a lift-off technique, by stripping ZEP520A
in Remover PG (80◦C, a few hours). Subsequently, cleaning with Nano-Strip
ensures the removal of any residual resist.

(f) The amorphous silicon (α-Si) layer or SiNx layer is patterned by ICP-RIE
process using Pseudo-Bosch etch, where Al2O3 serves as a hard mask.

(g) Finally, Al2O3 hard mask is selectively etched by a mixture of NH4OH and
H2O2 at 80◦C.

500 nm

Figure A.2: SEM image of a silicon nitride disordered metasurface. A thin Au
layer is deposited for anti-charging purpose.

A.2 Optical Properties of Materials

It is important to characterize the refractive indices of the materials. We measured
complex refractive indices by means of ellipsometry. The complex refractive index
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of α-Si is plotted in Fig. A.3(a,b). The measured refractive index of silicon dioxide
(SiO2) as shown in Fig. A.3(c) is fitted well with Sellmeier equation:

n2(λ) = ε +
Aλ2

λ2 − B2 − Eλ2, (A.1)

where ε = 1.870, A = 0.34, B = 0.16 (µm2), and E = 0.01382 (µm−2). The
measured refractive index of SiNx as shown in Fig. A.3(d)) is fitted well with
Cauchy’s equation:

n(λ) = A +
B
λ2 +

C
λ4 , (A.2)

where A = 1.868, B = 0.0879 (µm2), and C = −0.00492 (µm4).
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Figure A.3: Measured refractive indices by ellipsometry. (a) Refractice index
of α-Si grown with PECVD at 200◦C. (b) Extinction coefficient of α-Si grown
with PECVD at 200◦C. (c) Refractice index of SiO2 grown with PECVD at 350◦C.
(d) Refractice index of SiNx grown with PECVD at 350◦C. All the films are grown
using the KNI standard recipe.
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