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Abstract

Recently there has been great interest in the applications of infrared (IR) light in many
areas, including infrared imaging, trace-gas detection, biological and medical sensing, and
environmental monitoring. Over the last decade, there has been major progress in the development
of new IR sources and detectors. However, a limiting factor in the development of IR optics is the

lack of suitable materials that are transparent, low cost, lightweight, and easy to fabricate.

A new class of optical components based on metasurfaces could be used to overcome these
limitations. In contrast to conventional optical components that achieve wavefront engineering by
phase accumulation through light propagation in the medium, these components control the
wavefront of light using arrays of optical resonators with subwavelength dimensions, which are
patterned on a surface to introduce a desired spatial profile of optical phase. By tailoring the
properties of each element of the array, one can spatially control the phase, amplitude, and/or
polarization of the scattered light and consequently mold the wavefront. Their exceptional optical
properties have led to the development of ultrathin optical devices with various functionalities

outperforming their conventional bulky counterparts or demonstrating new optical phenomena



covering a wide range of spectrum from the visible to the terahertz. However, most of the

metasurface devices are static, limiting the functions that can be achieved.

In this thesis, reconfigurable metasurface devices at IR wavelengths based on three types
of tuning mechanisms are designed and fabricated: (1) a metasurface absorber and a metasurface
polarizer based on a phase transition material, vanadium dioxide (VO2); (2) a metasurface lens
integrated with a Micro-Electro-Mechanical System (MEMS); (3) a metasurface lens and
aberration corrector based on dielectric elastomer actuators (DEAs). These devices were designed
to operate in the long-wave IR (LWIR, 8 — 14 um), mid-wave IR (MWIR, 3 — 5 um), and short-
wave IR (SWIR, 1 — 3 um), respectively. However, the design principles of these devices can be

generalized to other wavelength ranges.
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Figure 2-1 (a) Study of resistance change above and below the phase transition. (b) Determination
of the transition temperature and the hysteresis width during heating and cooling. The hysteresis
width (TIMTheating — TIMTcooling) is 4 °C. 10
Figure 2-2 Conducting path dynamics: (a) a schematic of the two-terminal device and optical
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the images was increased for visual clarity). (b) Curve fit results showing a linear correlation
between the width of the conducting path and the applied current in the increasing current mode
(blue curve) and the decreasing current mode (red curve). 12
Figure 2-3 (a) I-V characteristics for increasing current (blue curve) and decreasing current (red
curve). (b) The measured resistance is related to the width of the conducting path. The resistivity
of the metal-phase VO is determined to be 2.32 X 10 — 3 Q-cm from the fit of the data. 13
Figure 2-4 (a) The blue curve is the Raman spectrum measured with zero applied current. The red
and black curves are the Raman spectra measured with 35 mA applied current at the center of the
conducting path and 50 pm away from the conducting path, respectively. (b) Plot of the sum of the
Raman signal intensity integrated over the wavenumber range from 530 cm™ to 700 cm™ (light
gray region in (a)) in an area (60 X 60 pm?) around the conducting path; the darker the color, the
lower the intensity sum. 15
Figure 2-5 (a) — (c) FTIR spectroscopy measurement at 21 mA and 40 mA. The reflectance spectra
are integrated over the 2.86-2.94 um (left) and 8.33-10 um (right) wavelength regions. (a) and (b)
are the maps of the reflectance distribution after integration and (c) is the corresponding line scans
taken at the positions indicated by the black dashed lines. (d) Infrared spectrum at the center of
(blue), 10 um away from the center (green), and 23.3 um away from (red) the conducting path

(CP). The positions are shown as black crosses in (b) at 40 mA. 17
Figure 2-6 Reflectance spectra at different temperatures during the heating cycle (a) and the
cooling cycle (b). 18

Figure 2-7 Optical meta-devices based on defect engineering of phase-transition materials. (a) The
thermally driven insulator-to-metal phase transition of vanadium dioxide (VO2) can be modified
by deliberately introducing structural defects into the lattice (defect engineering). Spatially
selective defect engineering is achieved by ion beam irradiation through a mask. The enlarged area
shows the primary displacement of both vanadium and oxygen lattice atoms by an incoming
energetic ion and the subsequent damage cascade. The complex refractive indices of the insulating
and metallic states are similar for the intrinsic and irradiated VO,, but the phase transition of the
irradiated regions occurs at a much lower temperature. (b) The irradiated features can be made
much smaller than the wavelength of light, so the resulting film becomes a metasurface with
effective optical properties. One example is a tunable polarizer comprising stripes of irradiated
and intrinsic VO», creating a metasurface with a variable degree of optical anisotropy. 20
Figure 2-8 Defect engineering via ion beam irradiation. (a) Temperature-dependent transmittance
(A=2.5 um) of a 100 nm VO: film on c-plane sapphire irradiated with 75 keV Ar" ions for various
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ion fluences. The arrows mark the heating and cooling branches of the hysteresis curves. (b)
Experimentally determined shift of the phase transition temperature (ATc) versus the calculated
Ndpa, given irradiation with 75 keV Ar" and 190 keV Cs" ions. The energy, mass, and fluence of
the ion irradiation determine the ndpa. The data points for Ar" and Cs" fall on the same curve and,
because argon is not incorporated into the VO, lattice, we conclude that the shift of the critical
temperature is a result of lattice defects induced by ion irradiation and is not caused by impurity
doping. The exponential curve is a common fit to both sets of points using a direct impact damage
formation model. 23
Figure 2-9 (a) Schematic drawing of the near-normal incidence reflectance measurement setup
using an IR microscope and a temperature controlled stage. (b) Effect of Cs” ion irradiation on the
temperature dependent reflectance of a 100 nm VO3 thin film on c-Al;O3 for ion fluences up to
Ni=2x10" ¢cm™ corresponding to napa = 0.09. At a critical temperature, the reflectance drops to
almost zero at A = 11.3 um for all samples. Calculated reflectance curves for intrinsic VO; using
Fresnel Equations and our effective medium approximation are given in dashed lines. (¢) Measured
reflectance for different ion fluences at A = 11.3 pm as a function of increasing temperature. The
critical temperature at which the sample shows minimal reflectance decreases with increasing ion
fluence, reaching room temperature for the highest fluence. 25
Figure 2-10 (a) Depolarization factor q as a function of the metallic fraction f that was used in
Bruggeman’s Equation to approximate the effective dielectric function of intrinsic VO across the
phase transition. b, Calculated map of the reflectance at A = 11.3 pm as a function of the real and
imaginary part of the complex refractive index n = n + ik of an arbitrary 100 nm thin dielectric
film on sapphire. The black line marks the trajectory of the calculated complex refractive index of
VO obtained by Bruggemann’s mixing rule using the depolarization factors from (a). The black
dashed line marks the calculated index paths obtained by Looyenga’s mixing rule. Selected
temperatures and corresponding metallic fractions f are labeled. 28
Figure 2-11 Artificially induced persistent phase coexistence. (a) Schematic drawing of the near-
normal incidence reflectance measurement using an infrared microscope and a temperature-
controlled stage. (b) Temperature-dependent reflectance of the checkerboard structure (area
coverage D = 50%, period = 500 nm, film thickness = 100 nm). At a critical temperature, the
reflectance of the sample drops to almost zero for A = 11.3 um due to an ultrathin film interference
interaction between the film and the substrate.35 (c¢) Measured reflectance of intrinsic,
checkerboard structure (D = 50%), and completely irradiated (D = 100%) films at A = 11.3 pm.
The subwavelength checkerboard structure possesses effective optical properties that cannot be
trivially deduced by averaging the reflectance of the intrinsic and fully irradiated samples (dashed
line) and appears to have a single broadened phase transition. (d,e) Calculated reflectance for the
sample measured in (b,c) using Fresnel Equations and our effective medium approximation. _ 32
Figure 2-12 (a) Temperature-dependent transmittance measured at A = 2.5 pm for a 100 nm VO2
film on sapphire entirely irradiated with 75 keV Ar' ions at Ny = 0.8 x 10'* cm™. The sample was
cycled through the IMT from -50 to 100°C for 17 times without noticeable transmittances change.
(b) Temperature-dependent reflectance measurement for the checkerboard patterned sample
described in Figures 1a and 3a. The sample was cycled through the IMT from 30 to 100°C for 400
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times. Although the absolute reflectance values slightly differ, the minimum-reflectance point at
A=11.3 um remains constant at T ~ 60 °C, indicating good thermal stability of the checkerboard
patterned sample in the measured temperature region. 36
Figure 2-13 Switchable polarizer via tunable anisotropy. (a) Measured reflectance of the
anisotropic metasurface shown in Figure 1b, comprised of stripes of irradiated and intrinsic VO»
(film thickness = 100 nm, D = 50%, period = 1000 nm) on a sapphire substrate. The sample
temperature was maintained at 60 °C, between the transition temperatures of the intrinsic and
irradiated VO, for light polarized parallel (Ej) and perpendicular (EL) to the ridges. Light
polarized parallel to the ridges is preferentially absorbed at A ~ 11 um. (b) Evolution of the
polarization-dependent reflectance at A= 11 pum for increasing temperatures between 25 and 90 °C.
(c) Calculated map of the reflectance at A = 11 um as a function of the real and imaginary part of
the complex refractive index fi= n + ik of an arbitrary 100 nm film on sapphire. The lamellar grid
pattern is equivalent to a uniaxial crystal with form birefringence and dichroism. The solid (dashed)
line marks the calculated temperature-dependent complex refractive index of a patterned VO film
for light that is polarized parallel (perpendicular) to the ridges. 37
Figure 2-14 Limits of spatially selective defect engineering probed by infrared nano-imaging. (a)
Near-field scattering amplitude of the switchable polarizer of the type shown in Figures 1b and 4
obtained by scattering-type scanning near-field infrared microscopy (s-SNIM) at A = 10.9 um for
increasing sample temperature. The scattering amplitude is related to the local value of the
dielectric function and thus yields a good contrast between the insulating and metallic phases of
VO.. The contrast in the image is highest at intermediate temperatures (~60 °C), at which half of
the stripes have transitioned to the metallic state while the others have not. (b) The topography of
the sample measured by AFM [zoom-in, corresponding to the red dashed area in (a)] overlaid with
the color map of the near-field scattering amplitude that was measured simultaneously at 60 °C.
(c) Line scan of the AFM topography (blue) and near-field amplitude (red) taken at the line
indicated in (b). 40
Figure 3-1 (a) Geometry of the flat lens based on reflectarray antennas. W is the width of the lens.
The focus is a narrow line in the y-direction which is characterized by angular and translational
scans indicated by the blue and orange dashed lines, respectively. The drawing is not to scale. (b)
Schematic of the unit cell of the reflectarray lens: a 50 nm-thick gold disc is separated from a 200
nm-thick gold back reflector layer by a 400 nm-thick SiO; spacer. The size of the unit cell is 2.5
pm x 2.5 um. (¢) Scanning electron microscope image of a small section of the fabricated antenna

arrays. The center-to-center distance of the discs is the same. 45
Figure 3-2 (a) Phase and (b) amplitude response of antennas with varying disc radius for different
incidence angles from 0° to 45°. 47

Figure 3-3 FDTD simulation results of the flat lens. (a) Phase profile created by the lens weighted
by the respective reflectance amplitude for an oblique incidence at 6 = 45°. (b) Distribution of the
intensity (normalized |E[?) of the reflected beam in the x-z plane at y = 0. The lens is centered at x
= 0 and the size of the lens is from -1.54 mm to 1.54 mm. (c) Far-field angular scan of the reflected
beam with the scan radius equals to the focal length). 49
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Figure 3-4 Angular scan of the reflected beam intensity (normalized) from -50° to 10° at y = 0.
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Figure 3-5 Angular scan (a) and translational scan (b) of the reflected beam intensity (normalized
IEP*) measured at the center of the focal line. The arrows in (b) indicate the full beam waist
measurement in pum. 52
Figure 3-6 Normalized focused beam profile at (a) y = -0.75 mm and (b) y = 1.4 mm. (c)
Normalized focused beam intensity as a function of y measured at x = 0. The step size of the
measurement is 100 um. 53
Figure 3-7 Simulation and experimental results of the flat lens with p-polarized incident light. (a)
Distribution of the intensity (normalized |E|?) of the reflected beam in the x-z plane. The antenna
arrays are centered at x = 0. (b) Far-field projection of the reflected beam intensity (normalized
|E[*in log scale) showing that the majority of the light was focused at 0° (normal to the lens surface).
(c) Angular scan and (d) Translational scan of the reflected beam intensity (normalized [E[?) at the
focus. 54
Figure 3-8 (a) The focused beam profile for various incidence angles obtained by FDTD
simulations. The inset shows the difference between the beam profiles and the one corresponding
to an incidence angle of 6 = 45°. Experimentally measured focused beam profiles for (b) 6 = 35°
and (c) 6 = 55° compared with the simulation results. 57
Figure 3-9 Ray tracing plots of reflectarray lens and parabolic mirror of NA = 0.02 for incidence
angles (a) 0 = 35° (b) 0 = 45° and (c) 8 = 55°. The vertical black dashed line is at x = 0 and the
horizontal black solid line is at z = 80 mm (focal length). 59
Figure 3-10 FDTD simulation results. (a) Phase and amplitude response of GaSb posts with
different radii. The inset is the design of the unit cell. (b) Normalized intensity plot in the x- and
z-direction at y = 0. (c) Normalized intensity plot in the x- and y-direction at z = F = 150 pm. (d)
Normalized line scan at the focus, i.e. at y =0 and z = 150 pm. 62
Figure 3-11 FDTD simulations of the broadband meta-lens. (a) Beam profile as a function of
incident wavelength at the camera plane. The two black dashed lines indicate the pixel size of the
detector, i.e. 10 um. (b) Horizontal line cuts of (a) at selected wavelengths. Curves are shifted in
the y-axis for visual clarity. (c) Focal length as a function of wavelength. The black dashed line
indicates the designed focal length, 158 um. (d) Percentage change in focal length as a function of
wavelength. 64
Figure 3-12 Fabricated lens. The SEM image shows one GaSb post. 65
Figure 3-13 Experimental setup. The metasurface lens array is facing the front of the blackbody.
The inset shows a zoomed-in view of one lens. This is a drawing of the actual design of the lens.

66
Figure 3-14 Measurement results for the monochromatic lens design. (a) Normalized electric field
intensity in the x-z plane for different incident wavelengths. (b) Focused beam profiles at peak
intensities. (c) Focal length change as a function of incident wavelength. 68
Figure 3-15 Measurement results for the broadband lens design. (a) Normalized electric field
intensity in the x-z plane for different incident wavelengths. (b) Focused beam profiles at peak
intensities. (c) Focal length change as a function of incident wavelength. 69




Figure 4-1 Design and fabrication of the metasurface lens: (a) A unit cell consisting of a 50 nm
thick gold disc on 400 nm thick silicon dioxide substrate with a 200 nm thick gold backplane. (b)
Simulated values of reflectance and phase for varying sizes of gold discs. (¢) Schematic
representation of focusing characteristics of the reflective metasurface lens for tilted illumination.
(d,e) Scanning electron microscope images of the fabricated lens. (f) Schematic cross-section of

the different constituting layers of the membrane-supported flat lens. 74
Figure 4-2 Fabrication of the planar lens. (a) — (f) Process flow of photolithography as described
in the text. 76

Figure 4-3 Optical microscope image after etching of the SOI handle layer from the backside and
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Figure 4-4 Integration of flat lens onto MEMS: (a) Stages of integration of the metasurface-based
flat lens with an external 2D MEMS platform. (b) Optical microscope image of a MEMS scanner
with a flat lens on top. The two rotational axes of the scanner are indicated. The inset shows the
device mounted on a dual in-line package ready for electrostatic actuation. (c¢) Angular
displacement of the MEMS scanner with and without the metasurface-based lens. The orange
circles represent the angular displacement when the inner axis is actuated, while the blue circles
show the response when the outer axis is activated. 78
Figure 4-5 (a) Scanning electron micrograph (SEM) of a bare MEMS platform with a square
layout, each side measuring 900 um. (b) SEM of a flat lens integrated with the MEMS platform
shown in (a). (¢) Photograph of the DIP where the MEMS-with-lens is attached with silver paste
and wire-bonded appropriately. (d — f) Voltage connections (in red) for actuating outer or inner
axis of the MEMS platform. 80
Figure 4-6 (a) Simulation: distribution of the intensity (normalized |E|*) of the reflected beam in
the x-z plane at y = 0. The lens is centered at x = 0 and the size of the lens is from -0.4 mm to 0.4
mm. The white dashed line indicates the focal length. (b) Simulation: line scan of the focused beam
profile at y = 0 and z = f = 5 mm along the white dashed line. (c) Experiment: translational scan
of the reflected beam intensity (normalized |E|*) measured at the center of the focal line. (d-f):
Schematic of the three experimental configurations. The angle with respect to the vertical axis is
fixed at 45°, while the MEMS platform is actuated to move the lens by 0°, 1°, and 2.5° respectively.
To align with the peak of the reflected signal, the position of the detector needs to be at 0°, 2.7°,
and 7.3° respectively. (g-1) Optical profile of the actuated lens-on-MEMS device. Experimentally
measured translation scan for each of the three configurations. The FWHMs calculated from the
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Figure 4-7 Schematic showing experimental arrangement used for characterization of the optical
response of a flat lens. 84

Figure 4-8 (a) Schematic for defining the effective incident angle and effective reflective angle,
when the lens is tilted. (b) Table comparing calculated (for a flat lens) and measured (for a non-
flat lens) effective reflective angles for three different tilt angles of the MEMS platform. (c)-(f)



FDTD simulation of reflected beam intensity and the line cut at the focal length for tilt angle (c)
and (d) 1° and (e) and (f) 2.5° respectively. 86
Figure 4-9 (a) 3D topography of the integrated lens device measured with an optical profilometer.
The green surrounding region indicates the flatness of the MEMS frame. Red indicates higher
regions. (b) 2D top view of the device topography. (c) and (d) shows the height distribution
measured along the dashed lines marked in (b) in the x and y-direction respectively. 88
Figure 4-10 (a) Distribution of the intensity (normalized |E[?) of the reflected beam in the x-z plane
at y = 0 with a curved substrate. The white dashed line is perpendicular to the reflected beam path.
(b) Simulation: line scan of the focused beam profile along the white dashed line. (c) Experiment:
translational scan of the reflected beam intensity (normalized |E[*) measured at the center of the
focal line. 89
Figure 4-11 (a) Change in focal intensity with electrostatic actuation of the MEMS. The applied
voltage is increased up to the saturation region and then decreased back to zero to study hysteresis
if any. The light is incident at 45°, while the detector is kept fixed at 0°. (b) Data measured in (a)
plotted in terms of the mechanical angle of the integrated device. The inset shows the two
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Figure 5-1 Design of tunable metasurface lens. An illustration of a metasurface (left column) is
constructed by digitizing an analog optical phase profile on a flat surface into discrete cells, each
of which contains a metasurface element that locally imparts the required phase shift to the incident
light in order to reconstruct the desired wavefront (middle column, dotted line is optic axis). The
wavefront generated by the metasurface determines the subsequent beam shaping (right column).
A periodic, radial gradient structure can be seen in the metasurface illustration, corresponding to
0 to 2w phase modulation, similar to the rings of a Fresnel lens. Rows: (a) A metasurface with a
hyperboloidal phase profile following Equation 1 will focus normal incidence light to a point at
distance corresponding to the focal length. Light rays traveling along the x, z and y, z planes (red
and blue lines, respectively) will both be focused to the same point. (b) When the metasurface is
stretched uniformly and isotropically, the phase profile widens and shallows, and this is seen in
the outgoing wavefront (i.e., isophase surface), resulting in an extended focal length. Conversely,
if the metasurface is compressed, the focal length would reduce. (c) When the metasurface is
asymmetrically stretched (here stretched and compressed in the x and y directions, respectively),
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scanned using a microscope objective (10x magnification) at two different voltages: 0 kV (top)
and 1 kV (bottom). (Left) Z-scan of the intensity profile showing two distinct focal lengths. (Center)
Image of focal spot intensity profile, i.e. x-y cross sections at the position of maximum intensity.
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Chapter 1
Introduction

From auroras and rainbows to the human eye — light has fascinated scientists for centuries.
Today, optical technologies — from lasers to solar cells to cameras — harness light to advance
physics and serve societies’ needs. The understanding and use of the fundamental properties of
light is an important part of the development of the human history. The most influential discoveries
and development milestones of light include the long debate on the character of light in 1600s;
August Fresnel’s proposal in 1815 that light is a wave; James Clerk Maxwell’s electromagnetic
theory of light in 1865; Albert Einstein’s theory of General Relativity 1915; the study of solar cells
in 1954; the invention of lasers in 1960; the discovery of the cosmic microwave background
radiation and the development of optical fibers for communication in 1965; high resolution laser
spectroscopy and frequency metrology in 1981; and the more recent hot research topics in

plasmonics and metamaterials [1].

Physicist Richard Feynman had a famous quote, “there is plenty of room at the bottom,”
referring to the promise of nanotechnology [2]. The development of photonic materials, circuitry,
devices, and probes on the nanoscale has opened up new opportunities for controlling light in
the subwavelength regime. Metamaterials are artificial composite nanostructures with unique
properties for controlling electromagnetic waves and have numerous intriguing novel optical
effects and applications that cannot be achieved by natural materials [3]-[6]. Metasurfaces, benefit
from the reduced dimensionality of metamaterials, however, are relatively easy to fabricate and
possess smaller footprint. There has been increasing interest in the past decade as they carry great

feasibility for realization and demonstrate remarkable capabilities for light molding beyond that



offered by conventional planar interfaces [7]-[11]. These optical components control the
wavefront of light using arrays of optical resonators with subwavelength dimensions, which are
patterned on a surface to introduce a desired spatial profile of optical phase. By tailoring the
properties of each element of the array, one can spatially control the phase of the scattered light
and consequently shape the wavefront. Besides subwavelength optical resonators, metasurfaces
can also be created by using optically thin films made of lossy materials with the imaginary part
of the complex refractive index comparable to the real part. The phase changes on reflection or
transmission of light at the boundary between lossy media can be substantially different from 0 or

n, which enable nanometer-thin films to substantially modify the incident light properties [10],
[11].

The governing equations of the interaction of light of the metasurfaces composed of
nanostructures designed and arranged in specific patterns at the interface between two media are

summarized as the generalized Snell’s laws derived from the Fermat’s principle:

. . Ao do>
sin(8)n; — sin(0;)n; = ﬁﬂ "
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sin(6,) — sin(6;) = anlia

where 0y, 0;, and 0; represent the angle of transmission, reflection, and incidence, respectively [12].
Using these design equations, planar counterparts of conventional bulky optical devices like lenses
[13]-[21], beam deflectors [12], holograms [22], [23], polarimeters [24] and so on have been
designed and experimentally demonstrated. Such metasurface-based flat devices represent a new

class of optical components that are compact, flat and lightweight.

Recently, a variety of tuning mechanisms have been proposed to add functionalities to



static metasurfaces. For instance, flexible substrates made of poly(dimethylsiloxane) (PDMS)
were used for conformal metasurfaces [25] and mechanically reconfigurable metasurfaces [26].
The high flexibility and stretchability of soft materials such as PDMS and poly(methyl
methacrylate) (PMMA) made it possible for the substrates to be wrapped and bent around. Phase
transition materials have been widely used in optical data-storage systems and nanophotonic
systems based on their tunable optical properties. Commonly used materials include vanadium
dioxide (VO2) [27]-[29] and GeSbTe alloys [30], which show a dramatic change in optical
properties when undergoing phase transitions. The reversible phase transition can be triggered by
thermal energy or chemical doping. Liquid crystals have also been extensively used for the
dynamic control of the optical properties because of their broadband optical nonlinearity and
birefringence. Their refractive-index change can be externally tuned by temperature, light, and
electric or magnetic fields [31], [32]. Microfluidic technology has been applied to tunable
metalenses by controlling the air pressure of the pneumatic valves to change the distribution of
liquid metals within a unit cell [33]. In addition, two-dimensional materials with extraordinary
optical and electrical properties such as graphene were integrated to electrically tunable
metasurfaces. Their optical properties were made tunable through a change in the charge-carrier

density which was controlled by the gate voltage [34].

The application of metasurfaces in the infrared spectrum is highly desirable. Infrared light
is a scientific breakthrough that has led to advancements in many fields and applications including
night vision, thermography, tracking technology, metrology, art history, heating, and astronomy.
A limiting aspect for the development of infrared optics is represented by the scarcity of materials

that are at the same time low-loss, lightweight and easy to mold. Here we design and implement



metasurfaces comprising subwavelength features which provide subwavelength resolution of
optical wavefronts. They are extremely thin, light-weight, and free from spherical aberration
compared to conventional bulky optical components. For example, metasurfaces can replace the
mirrors in the Cassegrain telescope which tend to sag over time and make less accurate
measurements. The infrared spectrum was divided into three regions, i.e. short-wave infrared
(SWIR) ranging from 1 — 3 pm, mid-wave infrared (MWIR) ranging from 3 — 5 um, and long-

wave infrared (LWIR) ranging from 8 — 14 um.

The purpose of this thesis is to study reconfigurable metasurface devices based on three
types of tuning mechanisms. The applications are in the infrared wavelength region. It is organized

into five chapters and their contents are summarized below:

Chapter 1 introduces the background and gives an overview of the thesis structure.

Chapter 2 presents reconfigurable metasurface devices based on vanadium dioxide (VO2)
in the LWIR: Active, widely tunable optical materials have enabled rapid advances in photonics
and optoelectronics, especially in the emerging field of meta-devices. We demonstrate that
spatially selective defect engineering on the nanometer scale can transform phase transition
materials into optical metasurfaces. Using ion irradiation through nanometer-scale masks, we
selectively defect-engineered the insulator-metal transition of VO, a prototypical correlated
phase-transition material whose optical properties change dramatically depending on its state.
Using this robust technique, we demonstrated several optical metasurfaces, including tunable
absorbers with artificially induced phase coexistence and tunable polarizers based on thermally
triggered dichroism. Spatially selective nanoscale defect engineering represents a new paradigm

for active photonic structures and devices.



Chapter 3 discusses two types of metasurface lens designs in MWIR, i.e. reflective and
transmissive metasurface lenses: We report the demonstration of a mid-IR reflection-based flat
lens with high efficiency and near diffraction-limited focusing. Focusing efficiency as high as 80%,
in good agreement with simulations (83%), has been achieved at 45° incidence angle at A = 4.6 um.
The off-axis geometry considerably simplifies the optical arrangement compared to the common
geometry of normal incidence in reflection mode which requires beam splitters. Simulations show
that the effects of incidence angle are small compared to parabolic mirrors with the same NA. The
use of single-step photolithography allows large-scale fabrication. Such a device is important in
the development of compact telescopes, microscopes, and spectroscopic designs. We also show a
new type of transmissive metasurface lens design that operates as an immersion lens (i.e. focuses
light inside the GaSb substrate instead of in the air) in the mid-IR. Such a lens is designed to be
integrated with barrier infrared detectors (BIRD). BIRD devices with small (<30 um) active
elements are fabricated to reduce the detector volume (and therefore dark current). The size
reduction combined with increasing optical collection efficiency by the integrated lens is predicted

to enhance the signal-to-noise ratio by 5-10 times.

Chapter 4 presents reconfigurable metasurface devices based on Micro-Electro-
Mechanical System (MEMS) technology in the MWIR: We demonstrate for the first time a
monolithic MEMS integrated with a reflective metasurface-based flat lens that focuses incident
light in the mid-IR spectrum. The two-dimensional scanning MEMS platform controls the angle
of the lens along two orthogonal axes (tip-tilt) by £9 degrees enabling dynamic beam steering.
When the incident light deviates from the designed angle, the device can compensate for the off-

axis angle and thus correct for any off-axis aberrations such as coma. We show that, for low



angular displacements, the integrated lens-on-MEMS system does not affect the mechanical
performance of the MEMS actuators and preserves the focused beam profile as well as the
measured beam width. We envision a new class of flat optics devices with active control provided
by the combination of metasurfaces and MEMS for a wide range of applications, such as

miniaturized MEMS-based microscope systems, LIDAR scanners, and projection systems.

Chapter 5 presents reconfigurable metasurface devices based on dielectric elastomer
actuators (DEAs) in the SWIR: Tunable optical devices, in particular, varifocal lenses, have
important applications in various fields, including imaging and adaptive vision. We have
demonstrated for the first time an electrically tunable flat lens, based on large area metasurfaces
combined with a dielectric elastomer actuator having inline transparent electrodes, that is capable
of simultaneously performing focal length tuning (>100%) as well as dynamic corrections,
including astigmatism and image shift. This offers control versatility to flat optics hitherto only
possible in electron microscopes. The water-based transfer process, which we describe, also
enables wide compatibility across materials. The combination of metasurface optics and dielectric
elastomer actuators enables a new, versatile platform for creating all kinds of tunable optical

devices, through the design of tunable phase, amplitude, and polarization profiles.



Chapter 2
Reconfigurable metasurface devices based on vanadium dioxide
(VO2) in LWIR

Vanadium dioxide (VO») is a correlated electron material which features an insulator-metal
transition (IMT). The thermally driven IMT occurs near room temperature (~70 °C) and results in
an on/off resistance ratio of up to five orders of magnitude [35]. This IMT also results in a large
change in the optical transmittance in the near-infrared spectral range, which has found
applications in energy-efficient windows [36] and high-efficiency switches [37]; in the infrared a
close-to-zero reflectance has been used as a perfect absorber [38], thermal emitter [39], and
resonance tuning of optical antennas [40], among others. The onset of the IMT can be percolative
in nature, accompanied by phase inhomogeneity where the metallic and insulating phase coexist
and various aspects of the transition are an active area of study [37], [41]-[43]. The transition can
be driven electrically by current injection and the threshold can be modulated by external stimuli

including pressure and ambient temperature or by chemical doping [44].

Probing the physics of this intermediate state is still at an early stage because the material
quality of VO, films has only recently been improved to the point where a complex region such as
the intermediate state of the phase transition can be explored with reproducibility. The IMT in this
material has been known for over 50 years; however, bulk crystals often crack during the transition
because of stress (as is often the case for brittle ceramics) [45]. Thin-film structures can be made
more robust to the stress relaxation caused by substrate clamping; however, careful thermal
profiles and composition control are required to obtain reversible transition properties [46], [47].

Studies on thin-film VO, with reproducible phase-transition properties can be considered an



emerging field, and within that, the intermediate state (i.e., a mixture of metallic and insulating
states) is now being recognized as an opportunity, especially given recent interest in metamaterials
that often require composite structures comprising domains of subwavelength dimensions with

vastly different optical properties [48].

In this chapter, optical properties of VO2 in the LWIR region will be discussed in detail. It
is further divided into two sections. Two types of methods of triggering the phase transition are
investigated. The first section utilizes current [49] and the second utilizes temperature [50]. Two
metasurface devices were fabricated and measured based on the temperature-controlled phase

transition.

2.1 Current-modulated phase transition of VO;

Recently, VO»-based spatially tunable gradient index metasurfaces have been
demonstrated in the terahertz spectral regime where the tuning was achieved by applying heat or
voltage pulses to a VO, thin film combined with split ring resonators [51], [52]. However, as the
authors pointed out, tradeoffs exist between the degree of spatial control and the strength of the

tuning of the optical properties.

In this section, we demonstrate electrical tuning of the mid-infrared optical properties of
VO: on the micron scale. Our simple design provides dynamic control of the geometry of metallic
and insulating phase regions within a compositionally-homogeneous VO thin film. A two-
terminal device consisting of a pair of wide electrodes patterned on a VO3 thin film was fabricated.
By current injection, a localized micron-scale conducting path comprising metal-phase VO2 was

formed within the gap between the electrodes, surrounded by insulator-phase VO.. The spatial



extent of this conducting path and thereby its optical properties can be deterministically controlled

locally via the applied current which allows the development of tunable optical devices.

Our sample consists of a VO2 film grown on a polished c-plane sapphire wafer substrate
by radio frequency (rf) magnetron sputtering with a V>Os target (99.9% purity, AJA International,
Inc.). During film growth, the substrate temperature and RF source gun power were maintained at
550 °C and 125 W, respectively. A mixture of 99.50-sccm Ar and 0.50-sccm O was used as the
sputtering gas while maintaining the total pressure at 10 mTorr. The film thickness is
approximately 230 nm measured by a scanning ellipsometer (Gaertner Scientific) with a root-
mean-square roughness value of approximately 3 nm measured by an optical profiler (Taylor
Hobson CCI HD optical profiler system). The resistance on/off ratio of the film is

R,50c/R100 0c = 610. The transition temperature is 69 °C given by the average of the maximum
of derivative curves d[log(R)]/dT during heating and cooling, respectively, i.e. Tjyr =
(TI};Z? ting 4 le\%”ng ) /2. Figure 2-1(a) shows the resistance change as a function of temperature
in a log scale measured by a home-made 2-probe station with a calibrated temperature stage.

Resistance values were taken at every 2 degrees Celsius. The resistance on/off ratio is

R,50c/R100 ¢ = 610. To determine the transition temperature Tivr and the hysteresis, we plot

the d[log(R)]/dT in Figure 2-2(b). The maxima occur at Tjreet™ = 71 °C and T, ;00"™ = 67 °C.

Hence the hysteresis width is the difference between the two which is 4 °C .
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Figure 2-1 (a) Study of resistance change above and below the phase transition. (b) Determination
of the transition temperature and the hysteresis width during heating and cooling. The hysteresis

width (et — TS0 s 4 oC.

A pair of metallic electrodes was patterned on the sample using direct-write
photolithography (MicroChem LOR3A, Shipley S1818 photoresist, and Heidelberg pPG501
writer), electron beam evaporation (Denton evaporator), and lift-off. The electrode composition
was Ti (10 nm)/Au (300 nm). The gap between the electrodes was 15 um and the width was 300
pm. The sample was mounted on a probe station and characterized using a parameter analyzer
(Agilent 4156C). Before all other electrical measurements, electroforming of the contacts was
performed to break down any oxide layers and to form a conducting path at the Ti-VO: interface.
The electroforming process involved applying a voltage to the electrodes from 0 to a value at which
a sharp increase in conductivity was observed and the I-V curve became S-shaped [53] (12 V in
our experiment). The experiments were performed in an ambient atmosphere at room temperature
with no external temperature control in the set-up. The Raman spectroscopy study was performed

using a WITec Alpha300 confocal Raman microscope with a laser source of A = 532 nm. The
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Fourier transform infrared (FTIR) spectroscopy measurements were performed using a Bruker
Vertex 70 FTIR spectrometer with a Hyperion 3000 microscope equipped with a focal plane array

(FPA) detector.

Figure 2-2(a) shows a schematic of the two-terminal device and optical microscope images
zoomed in on the gap region (black dashed box) when the applied current was gradually increased
from 0 to 100 mA. The contrast of the images was increased for visual clarity. Below 18 mA, the
increasing current did not lead to any visually noticeable features. When the current reached 18
mA, a dark strip (indicated by black arrows) suddenly appeared. As explained below, this dark
strip corresponds to a ‘conducting path’ — a region of metal-phase VO, which has a much higher
conductivity than the surrounding insulator-phase VO». As the current was increased further, the
width of this conducting path increased until it reached the width of the electrodes. Similarly, when
the current was decreased, the width decreased as would be expected for the reversible transition.
The physics behind the formation of the conducting path was discussed in ref. [54]. We focus on

the optical control that this tunable path can provide.

Figure 2-2(b) shows a linear relationship (curve fit with an r-squared value close to 0.99)
between the width of the conducting path and the applied current for increasing current (blue
curve) and decreasing current (red curve). The slopes of the curves are constant, which means that
the current density in the conducting path region is approximately constant over the range of the
applied current. Once a conducting path is formed, the local resistance drops significantly, which
provides a favorable path for the current flow. Most of the power is dissipated in this metal-phase

region, so any additional current elevates the local temperature and hence widens the region.
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Figure 2-2 Conducting path dynamics: (a) a schematic of the two-terminal device and optical microscope
images zoomed in on the gap region showing a conducting path (indicated by the black arrows) appeared
at a threshold current and grew wider as the current was increased (contrast of the images was increased
for visual clarity). (b) Curve fit results showing a linear correlation between the width of the conducting
path and the applied current in the increasing current mode (blue curve) and the decreasing current mode
(red curve).

Figure 2-3(a) shows the I-V characteristics of the two-terminal device measured using a
current source. We observed a region of negative differential resistance (NDR) from 12.5 mA to
91.5 mA for increasing current and from 80.5 mA to 8.5 mA for decreasing current, where the
voltage decreased as the current was increased and vice versa. The onset of the NDR region
corresponds to the onset of the IMT which is percolative in nature, i.e. the metallic and insulating
phase coexist in VO» [55], [56]. The difference between the NDR regions of the red curve and the

blue curve is a result of the hysteresis [52], [56].

Since the conductance of the insulating phase region is much smaller compared to that of
the metallic phase region and assuming that the borders between the metallic phase and insulating
phase regions are relatively abrupt, we correlated the electrical measurements and the width of the

conducting path to deduce the local resistivity of the metallic phase region. The resistivity p is
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related to the resistance by R = p X [/A, where [ is the gap size, A is the product of the width of
the conducting path and the thickness of the VO film. In Figure 2-3(b), we plot the measured
resistance as a function of the width of the conducting path. We fitted the data with the above
expression to obtain the resistivity p to be 2.32 x 1073 Q-cm with an r-squared value close to 0.99

(black curve) consistent with the literature.
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Figure 2-3 (a) I-V characteristics for increasing current (blue curve) and decreasing current (red curve).
(b) The measured resistance is related to the width of the conducting path. The resistivity of the metal-
phase VO; is determined to be 2.32 X 1073 Q-cm from the fit of the data.

Figure 2-4(a) shows the Raman spectroscopy measurements near the conducting path
region. Raman measurements are frequently used to study the structural change associated with
the IMT [57]. We compared the Raman spectrum at the center of and approximately 50 um away
from the conducting path region (the latter point is outside of the frame in Figure 2-4(b)). The blue
curve in Figure 2-4(a) is the Raman spectrum of the VO film with no applied current and the VO»
film was entirely in its insulating phase. At an applied current of 35 mA, we observed a metal-

phase conducting region (red curve); outside the conducting path, the VO, appeared to still be in
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its insulating phase (black curve). Comparing the red curve with the blue and black curves, several
peaks associated with the insulating phase VO vanished (e.g. 196 cm™, 224 cm™!, and 620 cm™),
but a broad peak at about 390 cm™ appeared, which is a Raman active mode of the metal-phase

VO, [58].

We also performed a two-dimensional scan of an area of 60 X 60 um? (150 x150 points)
around the conducting region (integration time = 0.5 seconds). We applied a sum filter which
integrates the Raman signal intensity over a defined wavenumber range of interest and subtracts
the background as a linear baseline from the minimum to the maximum value of the wavenumber
range. The filter range selected was from 530 cm™ to 700 cm™! (indicated by the light gray region
in Figure 2-4(a)) covering one of the characteristic Raman peaks of the insulator-phase VO, at 620
cm’!. The resulting image is shown in Figure 2-4(b). We can see clearly the contrast of the Raman
intensities inside and outside the conducting path; the darker the color, the lower the intensity sum.
The Raman intensity distribution at the edge of the conducting path shows that there is a phase co-
existence region. As a result, our assumption that the edge of the conducting path is abrupt made
in calculating the resistivity (Figure 2-3(b)) is only approximate; nonetheless, the uncertainty is

relatively small (~3 um) compared to the total width of the conducting path (tens of microns).
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Figure 2-4 (a) The blue curve is the Raman spectrum measured with zero applied current. The red and
black curves are the Raman spectra measured with 35 mA applied current at the center of the conducting
path and 50 um away from the conducting path, respectively. (b) Plot of the sum of the Raman signal
intensity integrated over the wavenumber range from 530 cm™ to 700 cm™ (light gray region in (a)) in an
area (60 X 60 um’) around the conducting path; the darker the color, the lower the intensity sum.

Since both the real and imaginary parts of the refractive index change drastically as VO»
undergoes phase change [40], the optical properties are different in the conducting path region and
outside of it. Figure 2-5 shows mid-infrared reflectance images acquired using an FTIR
microscope with an FPA detector. The FPA detectors allow for the simultaneous acquisition of 64
by 64 spatially resolved spectra, with each pixel providing an independent infrared spectrum. With
a 36X objective, each pixel corresponds to an area of 1.11 X 1.11 um?. The measurements were
performed at two different currents (21 mA and 40 mA). Figure 2-5(a)-(c) show the reflectance
spectra at each pixel integrated over the 2.86 to 2.94 um and 8.33 to 10 pm regions. The resolution
of each image is diffraction limited, so the smaller the wavelength, the better the resolution. All
spectra were normalized to the reflectance of the gold electrodes. The conducting path is shown at
the center of the images. The line scans are taken across the middle of the conducting path indicated

by the black dashed lines. The reflectance intensity sum is higher in the conducting path than
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outside of it. The width of the high-reflectance region increased with the current. This provides a
way to dynamically control the optical properties of VO locally and use it as a tunable optical

device.

Figure 2-5(d) compares the reflectance at the center of (blue), at the edge of (green), and
far away from (red) the conducting path (CP) as a function of wavelength. The positions are
marked as the black crosses in (b). It can be seen that the reflectance decreases gradually from a
value above 0.6 at the center of the conducting path to approximately 0.4 at the edge (10 um away
from the center) and finally to approximately 0.2 far away (23.3 um from the center). The
reflectance spectrum at the center of the conducting path increases slightly at longer wavelengths
whereas the reflectance at the edge of and far away from the conducting path decreases the
wavelength increases. This is consistent with the observations of the reflectance spectra of the
same sample at temperatures above and below the transition temperature. The spikes at near 4.25
pm and 6.25 pm come from carbon dioxide and ambient water respectively which do not affect

our analysis.
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Figure 2-5 (a) — (c) FTIR spectroscopy measurement at 21 mA and 40 mA. The reflectance spectra are
integrated over the 2.86-2.94 um (left) and 8.33-10 um (right) wavelength regions. (a) and (b) are the maps
of the reflectance distribution after integration and (c) is the corresponding line scans taken at the positions
indicated by the black dashed lines. (d) Infrared spectrum at the center of (blue), 10 um away from the
center (green), and 23.3 um away from (red) the conducting path (CP). The positions are shown as black

crosses in (b) at 40 mA.



Figure 2-6(a) and (b) show the reflectance spectra at different temperatures for the heating
and cooling cycles respectively. The measurements were performed with Bruker Fourier transform
infrared (FTIR) spectrometer with a Hyperion 3000 FTIR microscope. Above the Tc, VO is in its
metallic phase which has a high reflectance close to 0.6 whereas below the Tc, VO is insulating
which has a low reflectance of about 0.2 and it decreases as the wavelength increases. This
observation is consistent with Figure 2-5(d). The close-to-zero reflectance point at about 11.6 pm
is a result of critical coupling between the device layers and is used as the perfect absorber
condition discussed in ref. [35]. Unfortunately, our Focal Plane Array detector has a limited

spectral range, so this feature is not captured in Figure 2-5.
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Figure 2-6 Reflectance spectra at different temperatures during the heating cycle (a) and the
cooling cycle (b).

2.2 Reconfigurable metasurface devices based on temperature-modulated
phase transition of VO,

Tunable optical metamaterials and metasurfaces are an emerging frontier with promising
applications including optical modulation, routing, dynamic beam shaping, and adaptive optics

[59]-[62]. Dynamic control in meta-devices can be achieved by careful integration of existing
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designs with active media, for example, liquid crystals [63], [64], graphene [62], or strongly
electron-correlated [65], [66] and chalcogenide [67] phase-transition materials. Phase-transition
materials featuring various structural and electronic transitions such as germanium antimony
tellurium (GST) [66]-[68], vanadium dioxide (VO.) [65], [69], and rare-earth nickelates [70] have
particular promise because of their large change of optical properties given an applied stimulus
compared to, for example, Kerr materials [71] or liquid crystals [63], [64], [72]. Of the phase-
transition materials, one of the most prolifically studied is VO2, which exhibits a reversible
insulator-metal transition (IMT) as the temperature reaches a critical temperature Tc ~ 67 °C [69].
This transition, which takes VO from its low-temperature insulating monoclinic phase to the high-
temperature metallic rutile phase, corresponds to a resistivity change of up to five orders of
magnitude and a dramatic change in the complex refractive index, especially at infrared (IR)
wavelengths [73]. Here we describe how ion beam irradiation can be used to modify and engineer
the thermally driven IMT of vanadium dioxide via the intentional creation of structural defects and
lattice damage (“defect engineering”). Unlike existing means to modify the IMT via doping during
growth [74], ion beam irradiation can be combined with lithographic patterning to create complex

optical meta-devices with designer phase transitions (Figure 2-7).
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Figure 2-7 Optical meta-devices based on defect engineering of phase-transition materials. (a)
The thermally driven insulator-to-metal phase transition of vanadium dioxide (VO;) can be
modified by deliberately introducing structural defects into the lattice (defect engineering).
Spatially selective defect engineering is achieved by ion beam irradiation through a mask. The
enlarged area shows the primary displacement of both vanadium and oxygen lattice atoms by an
incoming energetic ion and the subsequent damage cascade. The complex refractive indices of the
insulating and metallic states are similar for the intrinsic and irradiated VO,, but the phase
transition of the irradiated regions occurs at a much lower temperature. (b) The irradiated
features can be made much smaller than the wavelength of light, so the resulting film becomes a
metasurface with effective optical properties. One example is a tunable polarizer comprising
stripes of irradiated and intrinsic VO:, creating a metasurface with a variable degree of optical
anisotropy.

Vanadium dioxide (VO>) thin films with a thickness of ~ 100 nm were grown on double-
side polished c-plane sapphire substrates using rf magnetron sputtering from a V,Os target. During
growth, the temperature, pressure and the Ar gas flow were maintained at 550 °C or 450 °C, 5
mTorr, and 40 sccm leading to phase pure crystalline films with few structural defects, which was
confirmed by X-ray diffraction measurements and Rutherford backscattering spectrometry (RBS)
(see Appendix A3). The VO, films consist of highly oriented epitaxial domains with the [010]
direction normal to the substrate surface and three-fold in-plane rotational symmetry. The domain

size varies between 20 — 100 nm as measured by atomic force microscopy (see Appendix A4).
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The insulating phase of VO, is a Mott-Peierls insulator with both electron-electron
correlations and dimerization of vanadium ions contributing to the opening of an insulating gap
[75]. Thus, the IMT is very sensitive to the stability of the electron hybridization and therefore to
electronic doping [74], structural defects [76], and lattice strain [77]-[79], all of which can be
introduced via ion beam irradiation. The VO, thin films were irradiated with 75 keV Ar* or 190
keV Cs' ions at room temperature in a fluence range starting from Nj=5x10'% to Nj=1x10'° cm™.
To compare the irradiation effects on the IMT induced by the same amount of lattice defects, we
estimated the fraction of atoms that have been displaced by the incoming ions (number of primary
displacements per lattice atom) ngpa using Stopping and Range of Ions in Matter (SRIM) code. For
this purpose, the depth distribution of primary displacements was calculated with SRIM for both
ion species. The calculations indicate that the maximum number of displacements per ion is ~ 3
times higher for 190 keV Cs" irradiation of VOa: Ni/ngpa ~ 2.1 % 10'* cm? compared to 75 keV
Ar'": Ni/ngpa ~6.7 x 10" ecm™. Area-selective irradiation was achieved by covering the samples
with an e- beam patterned PMMA masks prior to ion irradiation. The thickness of each mask was

300 nm, sufficient to stop all ions in the covered regions.

To investigate the effect of the irradiation on the optical properties, we performed
temperature-dependent near-infrared transmittance measurements (A = 2.5 pm) of intrinsic and
irradiated VO> films (Figure 2-8). The highly oriented epitaxial VO, films were grown to a
thickness of ~100 nm on c-plane sapphire and then irradiated with varying fluences of 75 keV Ar*
ions, corresponding to a Gaussian depth profile centered at the middle of the film (see Appendix
A). Argon was chosen because it is a noble gas and is thus not chemically incorporated in the VO»

lattice, enabling the study of the effects of irradiation-induced lattice defects separate from any
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impurity doping. The transmittance of all films decreased with increasing temperature (Figure 2-
8(a)), a result of increasing free carrier concentration during the transition from the insulating to
the metallic state and displayed a hysteresis loop that is characteristic of a first-order phase
transition [80]. We calculated the critical temperature Tc of the IMT as the average of the
temperatures of the largest slope of the transmittance versus temperature curves for the heating

and cooling cycles, respectively [81].

Temperature-dependent optical transmission measurements were performed at a
wavelength of 2.5 pm using a halogen lamp attached to a Shamrock 500 monochromator. The
transmitted light was detected with a PbSe detector. The reflectance of the patterned samples in
the mid-IR wavelength range was investigated via near-normal incidence measurements using a
mid-infrared microscope Hyperion 2000 with a Cassegrain objective (NA = 0.4) attached to a
Fourier transform infrared (FTIR) spectrometer (Bruker Vertex 70). All spectra were collected in
the middle of the respective pattern on an area of 50 x 50 um? while gradually
increasing/decreasing the sample temperature in the range between 25°C and 100°C at 1°C

increments.
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Figure 2-8 Defect engineering via ion beam irradiation. (a) Temperature-dependent transmittance
(A= 2.5 um) of a 100 nm VO: film on c-plane sapphire irradiated with 75 keV Ar" ions for various
ion fluences. The arrows mark the heating and cooling branches of the hysteresis curves. (b)
Experimentally determined shift of the phase transition temperature (ATc) versus the calculated
Napa, given irradiation with 75 keV Ar™ and 190 keV Cs™ ions. The energy, mass, and fluence of the
ion irradiation determine the nagpa. The data points for Ar* and Cs* fall on the same curve and,
because argon is not incorporated into the VO: lattice, we conclude that the shift of the critical
temperature is a result of lattice defects induced by ion irradiation and is not caused by impurity
doping. The exponential curve is a common fit to both sets of points using a direct impact damage
formation model.

When the films were irradiated with an increasing Ar" ion fluence Ni (number of ions per
unit area), the transition temperature decreased, reaching room temperature for Ny~ 1 x 104 cm™
(Figure 2-8(a) and (b)). This effect is a result of irradiation damage, that is, the displacements of
both oxygen and vanadium from their lattice sites by nuclear collisions that lead to the formation
of stable interstitial-vacancy complexes (Frenkel pairs) at low ion fluences [82], reducing Tc via
the local compressive strain [77], [78] induced in the lattice by atomic displacements [83]. We
attribute the broadening of the transition width for increasing ion fluences to the Gaussian depth
distribution of lattice defects, and the reduction of transmittance in the insulating state (Figure 2-

8(a)) to absorption within the band gap resulting from the increasing number of defect states. For
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the highest ion fluences (>5 x 10'* cm™2), the accumulation of point defects leads to the formation
of amorphous regions of VO, that overlap until a continuous amorphous VO film is formed (see
Appendix A3). For a comparable shift of Tc to room temperature by ion beam impurity doping
with tungsten, the most efficient dopant [74], Ni ~ 10'® cm 2 would be necessary, far above the

amorphization threshold. Amorphous films of VO2 do not feature an IMT [84].

To confirm that the shift of Tc (ATc) is caused by irradiation damage rather than impurity
doping or stress from the impurity atoms themselves, we repeated the experiment with 190 keV
Cs" ions, which have a much larger atomic number and ionic radius (Figure 2-8(b)). The energy
was chosen to ensure an implantation profile comparable to that of the Ar® irradiation (see
Appendix A). To compare ATc induced by the same density of lattice defects due to Ar" and Cs*
ion irradiation, respectively, we estimated the fraction of atoms that have been displaced by the
incoming ions (number of primary displacements per lattice atom, ngpa). The reflectance of each
region was measured in the 2 - 15 um wavelength range for increasing temperatures (25 °C to 100
°C in steps of 1 °C). In agreement with ref. [11], the reflectance changes non-monotonically as a
function of temperature, with a minimum-reflectivity point near (but slightly below) Tc at A =
11.3 um, which is a result of the complex interplay between the intermediate state of VO» and the
underlying substrate (Figure 2-9). For the irradiated regions of VO, the temperature of the
intermediate state is decreased, but all the reflectance curves display the same shape as those of
intrinsic VO; (Figure 2-9(b) and (c)), indicating that the ion irradiation does not fundamentally
alter the optical properties of VO2 across the phase transition. The temperature at which the
reflectance minimum occurs is 70°C for intrinsic VO, and 55, 43 and 32 °C for irradiated VO»

with ngp. = 0.02, 0.05 and 0.09, respectively. Tc is found to be roughly independent of the ion
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species, depending only on ndpa, and reaches room temperature when less than ~15% of all lattice
atoms are displaced (Figure 2-8(b)). The irradiation defects are stable in the temperature range
investigated in this work and remain unaltered after many cycles through the IMT. Thus, we can
conclude that defect engineering using ion irradiation with various ions can be used to broadly

tune the critical temperature of the IMT.
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Figure 2-9 (a) Schematic drawing of the near-normal incidence reflectance measurement setup
using an IR microscope and a temperature controlled stage. (b) Effect of Cs™ ion irradiation on
the temperature dependent reflectance of a 100 nm VO: thin film on c-Al>O;s for ion fluences up to
Ni = 2x10" em™ corresponding to napa = 0.09. At a critical temperature, the reflectance drops to
almost zero at A = 11.3 um for all samples. Calculated reflectance curves for intrinsic VO using
Fresnel Equations and our effective medium approximation are given in dashed lines. (c)
Measured reflectance for different ion fluences at A = 11.3 um as a function of increasing
temperature. The critical temperature at which the sample shows minimal reflectance decreases
with increasing ion fluence, reaching room temperature for the highest fluence.
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The IMT in VO is particularly useful for tunable optical and optoelectronic devices
because it occurs gradually over a range of temperatures and provides access to a wide range of
complex refractive index values. At the onset of the IMT, nanoscale islands of the metallic phase
start to nucleate surrounded by insulating VO2, which then grow and connect in a percolation
process [41]. Because of this phase coexistence on a subwavelength scale, VO: in its transition
region has been described as a natural disordered optical metamaterial [39]. A similar gradual
refractive index change can be observed in GST [84]. However, it has been noted that the intrinsic
transition temperature of VO; limits the utility of this material for devices. Now using area-
selective defect engineering with ion fluences significantly smaller than the amorphization
threshold of VO», we can obtain control over the shape, temperature, and persistence of the phase
coexistence regions by selectively irradiating appropriate regions of the VO film, locally
modifying the IMT (Figure 2-7 [84]). In the temperature range where irradiated VO, regions are
metallic while the intrinsic regions are insulating, persistent phase coexistence of metallic and

insulating domains with a fixed metallic fraction is artificially induced.

To calculate the theoretical infrared reflectance of our samples, we consider light incident
from air (7; = 1) onto the VO film with thickness d and temperature dependent complex
refractive index 7i,(T) = n,(T) + ik,(T), which is deposited on a sapphire substrate with a
temperature-independent index of 7i; = nz + ik,. The reflectance is given by R = |r|? where

7'1,2 +T2‘3 82"6

- 1+T1'27’2‘362i6 ’ (2)

Te1 = (A — M)/ (A + 7)) are the Fresnel reflection coefficients for normal incidence as the

wave encounters medium [ from medium k, i, ; are the complex refractive indices of medium k
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and 1, respectively, and § = 2711 d 7i,(T) is the complex phase shift [38] due to the wave passing

through the VO film.

In the vicinity of the phase transition of VOy, as the temperature is increased, islands of the
metallic phase begin to nucleate and grow in the insulating VO> film until the film is entirely in
the metallic phase. Thus, VO, during its transition can be described as an inhomogeneous
composite medium composed of metallic and insulating domains that are much smaller than the
wavelength of the incident light. The optical properties of such a system can be estimated by
effective medium approximations (EMAs), which predict the effective dielectric constant of the
composite medium in terms of dielectric constants and volume fractions of its constituent
components [85]. Here we use the Bruggeman formalism [86] with a definition of the
depolarization factors that were introduced by Polder and van Santen [87]. For a mixture of two
isotropic constituents with bulk dielectric functions €; and €, (here insulating and metallic VO,

experimentally obtained by spectroscopic ellipsometry [41], the effective dielectric function €,y 4

along the directions a = x, y and z is given by the Bruggeman Equation [88]:

t~€1_§e'ff,a

EZ_Eeff,a
~ ~ - + — 0’ 3
! Eerfatda(B1—Eesra) f. 3)

2 Eeff,a"“la(gz_éeff,a) -

where f; and f> are the volume fractions of component 1 and 2, respectively. In general, the
inclusions are modeled as ellipsoids, where g is the depolarization factor of the ellipsoid along

the a direction, which can be calculated as [88]:

N ds
Qa = 2 fo (s+a2)/(s+x2)(s+y2)(s+z2) @)

The three depolarization factors have to satisfy ¢, + ¢, + ¢g- = I and are linked to the structure of

the inclusions. For example, spherical inclusions can be modeled with ¢, = g, = ¢. = 1/3, whereas
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for disk-like inclusions the depolarization factor orthogonal to the disk is zero and the in-plane

depolarization factors are gx = g, = 1/2.

Following the arguments of ref. [41] for VO thin films, the isotropic in-plane
depolarization factor is taken to be 0.2-0.4 assuming nearly spherical metallic inclusions of the
emerging metallic phase for low metallic fractions f = f> (fi= 1 -f).With increasing f, the
depolarization factor continuously increases to 0.5 (thin flat disks) because the out-of-plane
dimension of the metallic inclusions is limited by the film thickness. We used a depolarization

factor ¢(f) as given in Figure 2-10(a).
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Figure 2-10 (a) Depolarization factor q as a function of the metallic fraction f that was used in
Bruggeman’s Equation to approximate the effective dielectric function of intrinsic VO: across the
phase transition. b, Calculated map of the reflectance at . = 11.3 um as a function of the real and
imaginary part of the complex refractive index 7 = n + if of an arbitrary 100 nm thin dielectric
film on sapphire. The black line marks the trajectory of the calculated complex refractive index of
VO: obtained by Bruggemann’s mixing rule using the depolarization factors from (a). The black
dashed line marks the calculated index paths obtained by Looyenga’s mixing rule. Selected
temperatures and corresponding metallic fractions f are labeled.
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The phase co-existence in VO> can be empirically considered as a first-order equilibrium

[89] and hence the metallic fraction can be estimated:

1

1+exp[W/kB<1/ =/ Tl/z)]’

f(T) = (3)

where W is an energy scale for the IMT which contains information about the total width

(sharpness) of the IMT, and 77, is the temperature at which half of the VO is in the metallic state.

Using Equation (5), we were able to fit the calculated reflectance in the mid-IR
simultaneously to our experimental data of intrinsic VO; at all temperatures (in total 76 data sets)
by independently varying only the two free parameters: 7,2 and W. The best fit using W=2.4 eV
and T, =73 °C agrees well with all reflectance spectra across the IMT over the entire spectral
region (Figure 2-9(b), Equation (2)). The metallic fraction at the point of minimal reflectance is ~
0.33. This means that minimal reflection at a given wavelength occurs at a fixed metallic fraction

during the IMT, but not necessarily at Tc or 77,

We calculated the reflectance of a 100 nm thick arbitrary film on a sapphire substrate at a
wavelength of A = 11.3 um for a range of potential complex refractive indices i = n + ik = Vé
of this film using Equation (2) (color map in Figure 2-10(b)). The complex refractive index of
sapphire was taken to be ~0.1 + 0.51 at this wavelength [90]. The calculated reflectance goes to

zero for 71 = 3.8 + 2.21, corresponding to a critical coupling condition [11].

We calculated the complex refractive index of intrinsic VO2 using Equations (3)-(5) for
different temperatures (metallic fractions) across the IMT. We the same 77,=73°C and
W=2.4eV as above as well as refractive indices of insulating and metallic VO, of 7i;,,3 = ~2.1 +

0.021 and 7, =~6.9 + 9.21, respectively [41]. The calculation shows that during the phase
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transition the effective refractive indices of the VO at 4 = 11.3 um almost cross the point of perfect
absorption. The predicted reflectance minimum ~0.003 at a temperature of 75, ~ 69°C for intrinsic
VO is in agreement with the experimental data, which showed a minimum value of 0.005 at 70°C

(Figure 2-9(b) and (c) and 2-11). The metallic fraction at the point of minimal reflectance is ~ 0.33.

An alternative approximation of the effective optical properties of intrinsic VO in the
vicinity of the phase transition can be obtained using Lichteneckers mixing rule with the exponent

k being 1/3 (consistent with Looyengas mixing rule [91]):

erf =1 — X + f &, (6)

where €; and €, are the dielectric functions of insulating and metallic VO., respectively, f'is the

metallic fraction and & is an exponent that describes the anisotropy of the compound.

Lichteneckers mixing rule is based on the Wiener theory for bounds of the effective
dielectric function of a two-phase composite. According to Lichtenecker the dielectric function for
any composite must satisfy Equation (6) with k varying within the [-1,1] range. The upper bound
for this effective dielectric function is reached in a system consisting of plane-parallel layers
disposed along the field. The lower bound is reached in a similar system, but with the layers
perpendicular to the field [92]. Applied to isotropic composites (k = 0) Lichteneckers Equation

reads:

log (€cr))=(1—f)log (€1)+/log (&). (7)

We fabricated a sample composed of defect-engineered and intrinsic VO regions in a
square checkerboard arrangement (period = 0.5 um) by irradiating a 100 nm VO, film on c-plane

sapphire with 190 keV Cs* through a PMMA mask made using electron-beam lithography (Figure
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2-7(a) and 2-11(a)). The ion fluence was set to Ny =1 x 10'3 cm™2, which corresponds to ngpa =
0.05 (i.e. 5% of all lattice atoms are displaced), and decreases Tc of the irradiated region to ~50 °C
(Figure 2-8(b)). We probed the temperature-dependent effective optical properties of this sample
via mid-IR reflectance measurements using a FTIR spectrometer and a mid-IR microscope (Figure
2-11). The mid-IR was chosen because the carrier concentration change due to the IMT leads to
greater changes of the refractive index compared to the visible and near-infrared. E-beam
lithography (Raith 150TWO and Elionix ELS F-125) was employed to cover at least 100 x 100
um? areas of the VO, thin films with PMMA masks. The mask consisting of parallel ridges with
a width of 0.5 pm and a period of 1 pm was fabricated in the FIXED-BEAM-MOVING-STAGE
mode. This method guarantees continuous ridges without any offset. The checkerboard mask is
composed of squares with a period of 0.5 um. Various area coverages D were realized by keeping
the period constant and changing either the ridge width or the edge length of the squares. After ion
irradiation, the PMMA mask was lifted-off with dimethyl sulfoxide in an ultrasonic bath for 30

min.
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Figure 2-11 Artificially induced persistent phase coexistence. (a) Schematic drawing of the near-
normal incidence reflectance measurement using an infrared microscope and a temperature-
controlled stage. (b) Temperature-dependent reflectance of the checkerboard structure (area
coverage D = 50%, period = 500 nm, film thickness = 100 nm). At a critical temperature, the
reflectance of the sample drops to almost zero for A = 11.3 um due to an ultrathin film interference
interaction between the film and the substrate.35 (c) Measured reflectance of intrinsic,
checkerboard structure (D = 50%), and completely irradiated (D = 100%) films at 1 = 11.3 um.
The subwavelength checkerboard structure possesses effective optical properties that cannot be
trivially deduced by averaging the reflectance of the intrinsic and fully irradiated samples (dashed
line) and appears to have a single broadened phase transition. (d,e) Calculated reflectance for the
sample measured in (b,c) using Fresnel Equations and our effective medium approximation.

At low temperatures, both the irradiated and intrinsic VO; regions are insulating and
essentially transparent. The reflectance spectrum is dominated by the onset of a prominent
Reststrahlen band of the sapphire substrate, leading to high reflectivity above ~11 pm. As the

temperature T is increased, the mid-IR reflectance changes monotonically in the 4—10 um region
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and non-monotonically in the 10—15 um region, reaching a minimum-reflectance point at A =11.3
um and Tmin = 60 °C. Such a reflectance minimum is also found in the vicinity (~3 °C below) of
the phase transition at a metallic fraction of ~33% in intrinsic and fully irradiated samples (Figure
2-11(c)) and is a result of an ‘ultrathin-film interference condition’ found in highly absorbing films
on certain reflective substrates [11]. Note that for sapphire, the wavelength at which this
reflectance minimum appears is fixed to a relatively narrow range within the Reststrahlen band,
where the complex refractive index is similar to that of metals at visible or UV frequencies and
can be tuned slightly by the film thickness. Comparable complex refractive indices can also be
found in a variety of other substrates in the visible and mid-IR, for instance, highly doped

semiconductors and transparent conducting oxides [39].

In particular, the reflectance of the sample at A = 11.3 um as a function of temperature
(Figure 2-11(c)) shows that the subwavelength checkerboard structure possesses effective optical
properties that cannot be trivially deduced by averaging the reflectance of the intrinsic and fully
irradiated samples. While the reflectance minimum of irradiated and intrinsic VO2 regions occurs
independently at ~50 and ~70 °C and has a full width at half-minimum (FWHM) of ~15 and
~12 °C, respectively, the subwavelength checkerboard appears to have a single effective

reflectance minimum at ~60 °C with an FWHM >25 °C.

Due to the subwavelength nature of the checkerboard (‘check’) pattern features, we can
treat the patterned VO: film as an effective medium that has a well-defined temperature- and

wavelength-dependent complex refractive index:

figrr ™ (T) = iine (D (T) (8)
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where 7;,:(T) and #i;,--(T) are the temperature-dependent refractive indices of intrinsic and
irradiated VO- regions, calculated from the refractive indices of insulating and metallic VO,
extracted from the measurements of Quazilbash et al. [41] using the Bruggeman equations. Taking
into account the effective optical constants, we used Fresnel Equations to calculate the reflectance
of the samples (Figure 2-11(d) and (e)), which are in agreement with the measurements. Differing
absolute reflectance values are most likely due to a different optical quality of our initial films
compared to the film measured in reference [15], and an increasing amount of lattice defects with

increasing ion fluence for the irradiated films.

Our results show that the temperature range of phase coexistence can be greatly increased
by patterned ion irradiation because the metallic fraction will remain roughly constant in the
temperature range between the transition temperatures of the irradiated and intrinsic VO, regions
(e.g., between 50 and 70 °C in Figure 2-11(c)). Furthermore, the metallic fraction can be adjusted
by changing D. The optical properties can then be tuned in and out of an artificially designed
effective medium state over a desired range of temperatures. We note that a vertical (rather than
lateral) distribution of phase transition temperatures has been achieved in thin VO films

synthesized from colloidal VOx nanocrystal solutions with various tungsten doping densities [93].

Further functionality can be achieved by realizing VO»-based anisotropic metasurfaces
with tunable dichroism. Anisotropic phase coexistence in thin VO2 films has been observed on
TiO; substrates and occurs naturally due to strain [94] but requires particular substrates and
provides little control over the degree of anisotropy. Similar phase coexistence was also achieved
by selective laser heating of embedded VO» nanoparticles, though this structure is not temperature

tunable [95].
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One requirement for the applicability of defect engineering of VO; and other phase-change
materials for meta-devices is the stability of the defects. Figure 2-12(a) shows the transmittance
(A = 2.5 um) as a function of temperature for a VO, sample irradiated with 75 keV Ar" ions to
N/=0.8 x 10" cm? and subsequently thermally cycled through its IMT. We observed no

transmittance change multiple cycles indicating that all defects are stable up to at least 100°C.

An extensive thermal stability test was performed with the checkerboard sample used and
described in Figure 2-11. The sample was repeatedly cycled through the IMT in the temperature
range from 30°C to 100°C with a heating and cooling rate of ~ 0.5°C/min, respectively. We
measured the temperature-dependent reflectance at 11.3 um (Figure 2-11(c)) before cycling, and
after 200 and 400 cycles (Figure 2-12(b)). Although the absolute reflectance values differ slightly,
predominantly caused by different placement of the sample under the IR microscope, the
minimum-reflectance point at A = 11.3 pm remains constant at 7 ~ 60 °C, indicating good thermal

stability of the checkerboard patterned sample.

We did not perform higher-temperature studies of the samples used for this manuscript to
ensure that they remain in their original condition. However, we explored annealing on additional
irradiated samples. VO thin films with 7¢ ~ 71 °C were irradiated in order to decrease 7¢ to ~56
°C and subsequent annealing studies to higher temperatures were performed in air. Annealing to
150 °C and 200 °C increased 7¢ to ~58 °C and ~62°C, respectively, for the irradiated samples.
This indicates that while some of the defects were annealed out, most remained stable up to 150 -

175 °C.
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Figure 2-12 (a) Temperature-dependent transmittance measured at . = 2.5 um for a 100 nm VO:
film on sapphire entirely irradiated with 75 keV Ar* ions at Ny = 0.8 x 10" cm™. The sample was
cycled through the IMT from -50 to 100°C for 17 times without noticeable transmittances change.
(b) Temperature-dependent reflectance measurement for the checkerboard patterned sample
described in Figures la and 3a. The sample was cycled through the IMT from 30 to 100°C for 400
times. Although the absolute reflectance values slightly differ, the minimum-reflectance point at
A = 11.3 um remains constant at T ~ 60 °C, indicating good thermal stability of the checkerboard
patterned sample in the measured temperature region.

We fabricated a periodic structure consisting of parallel ridges with a width of 0.5 um and
a period of 1 pm by irradiating a suitably masked sample with 190 keV Cs" ions at a fluence of N
=2 x 103cm™, corresponding to ngpa = 0.09 (compare also Figure 2-7(a)). At a temperature where
only the irradiated VO is metallic, the reflectance from the patterned region is polarization-
dependent over most of the A = 2—15 um wavelength region, indicating a large degree of dichroism
(Figure 2-13(a) and (b)). Especially at the wavelength at which minimal reflection occurs (A = 11

um in Figure 2-13(a)), light polarized parallel to the ridges (Ei) is preferentially absorbed.
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Figure 2-13 Switchable polarizer via tunable anisotropy. (a) Measured reflectance of the
anisotropic metasurface shown in Figure 1b, comprised of stripes of irradiated and intrinsic VO:
(film thickness = 100 nm, D = 50%, period = 1000 nm) on a sapphire substrate. The sample
temperature was maintained at 60 °C, between the transition temperatures of the intrinsic and
irradiated VO,, for light polarized parallel (Ej) and perpendicular (E1) to the ridges. Light
polarized parallel to the ridges is preferentially absorbed at A ~ 11 um. (b) Evolution of the
polarization-dependent reflectance at A = 11 um for increasing temperatures between 25 and
90 °C. (c) Calculated map of the reflectance at . = 11 um as a function of the real and imaginary
part of the complex refractive index ii= n + ik of an arbitrary 100 nm film on sapphire. The
lamellar grid pattern is equivalent to a uniaxial crystal with form birefringence and dichroism.
The solid (dashed) line marks the calculated temperature-dependent complex refractive index of
a patterned VO: film for light that is polarized parallel (perpendicular) to the ridges.

Figure 2-13(b) shows the measured polarization-dependent reflectance at A = 11 pm as a
function of increasing temperature. The reflectance is small from 40 to 70 °C for light polarized
parallel to the ridges (E), and a value of Rj ~ 0.01 is reached at T ~ 50 °C. At the same temperature,
the reflectance for the orthogonal polarization is R1 = 0.17. As a consequence, unpolarized light
reflected from the patterned VO; film becomes highly polarized with a degree of linear polarization
(DOLP) of ~90%, defined as the intensity of light reflected with the preferential polarization
minus the intensity of light reflected perpendicular to it divided by the sum of both. The
polarization dependence vanishes above 75 °C, as both regions become metallic. Therefore, our

device can be tuned in and out of the highly polarizing state by tuning the temperature.
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To better understand the temperature- and polarization dependent reflectance, we
calculated the reflectance of a 100 nm thick anisotropically patterned VO> film on sapphire for
normally incident light that is polarized parallel (||) or perpendicular to the ridges (L), respectively.
When the wavelength is large enough, the refractive indices for a periodic structure consisting of

ridges can be expressed as

A" (T) = [(1 = D), (T) + D 7. (T)]*/? »

rgrery = (ot (D (T)]/[D iz (10)

Fiene (T) + (1 = D)Fig(T)]

D is the area coverage (duty cycle) of the irradiated VO and fiin(T) and fii(T) are the temperature-
dependent refractive indices of intrinsic and irradiated VO regions. The calculated complex
refractive index trajectories are plotted in Figure 2-13(c) onto the n-k space map of calculated
reflectance for a 100 nm thin film of the arbitrary refractive index on sapphire at L = 11 um. At the
lowest (<25 °C) and the highest (>70 °C) temperatures, the refractive index values for parallel and
perpendicular polarized light are the same, whereas for all intermediate temperatures they differ
because of the induced anisotropy (Equation 9 and 10). In this temperature region, the complex
refractive index change in the mid-infrared is much greater than 1, whereas typical values
achievable using, for example, the Kerr effect is no greater than ~107* [96]. The predicted DOLP

1s 98% and can be improved to almost 100% by choosing an appropriate film thickness.

Although far-field measurements can probe the effective optical properties, the
subwavelength patterns of irradiated VO, cannot be resolved due to the diffraction limit. To

explore the limits of our approach such as the sharpness of the boundary between irradiated and
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intrinsic areas, we performed near-field imaging (Figure 2-14). Mid-infrared near-field images at
different temperatures clearly show that the effective optical properties originate from the
artificial phase coexistence and are not simply caused by a homogeneous distribution of diffused
irradiation defects or long-range stress. Near-field images were obtained at temperatures from 30
to 80 °C using a scattering scanning near-field infrared microscope (s-SNIM) at a wavelength of
10.9 um and with a spatial resolution of ~10 nm (Figure 2-14(a)). The s-SNIM signal is related
to the local value of the dielectric function of the sample and provides contrast between the
insulating and metallic phase. A scattering scanning near-field infrared microscope (s-SNIM)
with a CO» laser operating A = 10.9 um was used to investigate the local contrast between
electronic phases of the patterned sample with a spatial resolution on the order of 10 nm [97]. We
simultaneously recorded atomic force microscopy (AFM) topography maps (tapping mode) and

the scattering amplitude signal demodulated at the third harmonic of the tapping frequency.
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Figure 2-14 Limits of spatially selective defect engineering probed by infrared nano-imaging. (a)
Near-field scattering amplitude of the switchable polarizer of the type shown in Figures 1b and 4
obtained by scattering-type scanning near-field infrared microscopy (s-SNIM) at 4 = 10.9 um for
increasing sample temperature. The scattering amplitude is related to the local value of the
dielectric function and thus yields a good contrast between the insulating and metallic phases of
VO:. The contrast in the image is highest at intermediate temperatures (~60 °C), at which half of
the stripes have transitioned to the metallic state while the others have not. (b) The topography of
the sample measured by AFM [zoom-in, corresponding to the red dashed area in (a)] overlaid
with the color map of the near-field scattering amplitude that was measured simultaneously at
60 °C. (c) Line scan of the AFM topography (blue) and near-field amplitude (red) taken at the line
indicated in (b).

At low temperatures, both the irradiated and intrinsic VO, regions are in their insulating
states (e.g., Figure 2-14(a), 30 °C). As a consequence of different defect densities, the intrinsic
regions appear slightly darker. With increasing temperature, the irradiated VO» undergoes the IMT

first and thus those regions appear brighter. For increasing temperature above 60 °C, the contrast
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decreases and vanishes completely at >80 °C, which is in agreement with the reflectance
measurements in Figure 2-13(b) and (c). By comparing the near-field images with simultaneously
acquired topography information, we observe that the spatial boundary between metallic
(irradiated) and insulating (intrinsic) VO2 is not sharp but follows the domain boundaries. A
combined AFM and s-SNIM image of a film at 60 °C are shown in Figure 2-14(b) and a
representative line scan through the ridges in Figure 2-14(c). Because strain relaxation in thin films
tends to terminate at grain boundaries, the best spatial resolution that can be achieved with our
approach is reached when the domain size is on the order of the lateral straggle of ions in the film

plane (~15 nm, see Appendix A).

2.3 Summary

A VO»-based two-terminal device was fabricated and characterized by optical microscopy,
electrical measurements, and Raman spectroscopy. By current injection, we are able to tune the
optical properties of VO locally on the micron scale as observed by spatially resolved FTIR
measurements. The results point to interesting directions for further studies in the design of

electrically tunable optical devices utilizing phase change materials.

It has previously been shown that it is possible to electrically trigger the phase transition
of VO2 on the nanosecond timescale. We envision our technique being applied to a wide range of
high-speed tunable structures, e.g. spatial light modulators and beam steering devices. Furthermore,
if spatial control on subwavelength scales can be attained, our technique may enable a new class

of dynamically-tunable metamaterials and metasurfaces.
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Correlated phase-transition materials featuring insulator-to-metal transitions such as
vanadium dioxide have a promising future as tunable components in optics and optoelectronics.
The introduction of defect engineering as a robust method to engineer the phase transition on a
subwavelength scale greatly expands the utility of these materials, enabling new types of optical
meta-devices. We envision defect engineering as a way to bring the critical transition temperature
of other phase transition materials, such as rare earth nickelates, closer to room temperature,
creating an ecosystem of defect-engineered tunable optical (meta)materials for applications such

as optical switching, adaptive optics, and tunable thermal emission.
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Chapter 3
Reflective and transmissive metasurface lenses in MWIR

The interest in the applications of mid-infrared (IR) light has recently increased in many
areas, such as trace-gas detection, biological and medical sensing, and environmental monitoring
[98], [99]. Over the last decade, there has been major progress in the development of new IR
sources and detectors. However, a limiting factor in the development of mid-wave and long-wave
IR optics is the lack of suitable materials that are transparent, low cost, lightweight, and easy to

machine [99]-[101]. Metasurfaces could be used to circumvent the limitations.

3.1 High efficiency and diffraction-limited reflective metasurface lenses

In the reflection mode, designs for focusing in the visible [102] and the near-IR [103],
[104] have been reported. As far as we know, there has been no demonstration of a flat lens in the
reflection mode in the mid-IR and with high efficiency. Such a device would be ideal for compact
catoptric and catadioptric systems such as Cassegrain telescopes, FT-IR microscopy and
spectroscopic designs [105], [106]. In particular, astronomers use reflecting telescopes because the
lenses in large refractors are bulky, heavy and tend to bend and droop over time. Flat lens

technology provides a solution of a lightweight, thin and compact design.

In this section, we report the first high efficiency (80%) mid-IR (A = 4.6 um) reflection-
based flat lens based on reflectarrays [16]. A reflectarray metasurface is a multi-layered structure
consisting of a planar array of antennas separated from a ground metallic plane by a dielectric
spacer of subwavelength thickness [107], [108]. Experiments and simulations show that the
focusing is near diffraction-limited. It is less sensitive to the change of incidence angle compared

to its parabolic mirror counterpart in terms of reflection angle and focal length. The material and
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processing requirements of our lens are minimal, requiring only a flat reflective substrate and one
photolithography step using conventional high-throughput photolithography steppers, which
enables large-scale fabrication. Note that in [109], the mid-IR lens was fabricated using e-beam
lithography, but we have successfully fabricated our device using photolithography while
tolerating larger fabrication errors than e-beam lithography. The experimental results agree well

with the simulation ones considering these fabrication errors.

As a proof of principle, we demonstrated a flat lens with the functionality of a cylindrical
lens (one-dimensional focusing). A schematic of the flat lens is shown in Figure 3-1(a): a
collimated Gaussian beam arrives at the flat lens at an oblique incidence angle 0 and is focused at
a length f in the direction normal to the lens surface. The reason for the oblique incidence is purely
practical: by using the metasurface itself to spatially separate the incident and reflected beams, we
avoid the need for a beam splitter to separate the two beams. This technique simplifies the
experimental setup and eliminates the insertion loss introduced by a beam-splitter [110], [104],

which improves weak signal detection.
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Figure 3-1 (a) Geometry of the flat lens based on reflectarray antennas. W is the width of the lens.
The focus is a narrow line in the y-direction which is characterized by angular and translational
scans indicated by the blue and orange dashed lines, respectively. The drawing is not to scale. (b)
Schematic of the unit cell of the reflectarray lens: a 50 nm-thick gold disc is separated from a 200
nm-thick gold back reflector layer by a 400 nm-thick SiO: spacer. The size of the unit cell is 2.5
umx 2.5 um. (c) Scanning electron microscope image of a small section of the fabricated antenna
arrays. The center-to-center distance of the discs is the same.

In order to achieve the desired focusing for 6 = 0°, the phase profile of the wavefront as a

function of position x along the metasurface lens must satisfy:

P (=25 =4S ). (1)

where Ao is the wavelength. There is no phase modulation along the y-direction, resulting in a focal
line rather than a point. The oblique incident beam arrives with a linear phase gradient of its own,

which we can cancel out using the metasurface by applying an additional phase profile:

2 .
(Dzmear(xa@)z—fX[xxs1n(0)]. (12)

Thus, we engineer the total phase shift pof the lens to be:

P(X) = @ s (X) F P () (13)
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The total phase function was realized by subwavelength antennas of fixed center-to-center
separation. The unit cell of the reflectarray is shown in Figure 3-1(b). We take advantage of the
interaction of the antenna with its mirror image in the ground plane: the near-field coupling
between the antenna and its image results in a reflected field with a broad phase coverage without
polarization conversion [13], [111]. At each center position x, the disc radius was chosen such
that its phase response was closest to the calculated value @(x) (Figure 3-2). We used full
difference time domain (FDTD module, Lumerical Inc.) simulations with periodic boundary
conditions to find a set of phase shift elements with different radii that yielded both a large range
of reflection phase and a relatively uniform reflection amplitude, as shown in Figure 3-2. The unit
cell configuration is shown in Figure 3-1(b) in the main manuscript. The incident polarization is
s-polarized. The phase coverage is from 0 to approximately 1.6z for discs with radii ranging from
0.4 um to 1 um. We note that the phase and reflectance are weakly dependent on the incidence
angle, so we have tested two lens designs based on the phase response at the incidence angles of

0° and 45° and we found that the focusing performance is almost the same.
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Figure 3-2 (a) Phase and (b) amplitude response of antennas with varying disc radius for different
incidence angles from 0° to 45°.

Using this method, we designed a flat lens for the parameters: 6 = 45°, f = 80 mm, and W
= 3.08 mm in both x- and y-directions. The numerical aperture (NA) of our lens is 0.02, which can
be increased by decreasing the focal length or increasing the size of the lens itself [13], [104]. We
fabricated the flat lens on a 6-inch fused silica wafer substrate. The deposition of the gold (Au)
back reflector layer and discs was done by electron-beam evaporation. The silicon dioxide (SiO>)
dielectric spacer layer was deposited using plasma-enhanced chemical vapor deposition. The
antenna patterns were fabricated using a stepper photolithography tool (GCA AS200 i-line
stepper), which allows for large-scale fabrication. Figure 3-1(c) shows a scanning electron
microscope image of a small section of the fabricated lens. Note that the 6-inch wafer substrate
can accommodate over 160 such lenses with different focusing properties, such as focal lengths

and reflection angles.
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We have performed both numerical simulations and experimental measurements to
characterize the performance of the flat lens. Simulation results are shown in Figure 3-3. Since
there is no spatial variation of the antenna array in the y-direction, only one row of disc antennas
was simulated and Bloch boundary conditions were applied in the y-direction. To monitor the
phase profile created by the lens with an oblique incidence, a monitor was placed 2Ao away from
the lens surface to record data for the propagating waves only. Figure 3-3(a) shows the phase
profile (phase of the Ey component for s-polarized incident light) at the monitor with a resolution
of 0.1 um. The fuzziness is mainly due to the incomplete phase coverage and the variation of the
scattering amplitude of antennas (Figure 3-2). The correlation coefficient of the curve fit is R> =
0.99, indicating a very good agreement between the designed phase profile and the ideal phase
profile (black solid line) calculated from the design Equation (11). The transmission data from the
monitor, which can be calculated by the amplitude profile, is 84%, i.e. the amount of power
transmitted through monitors, normalized to the source power. Figure 3-3(b) is the calculated
distribution of the electric field intensity (normalized |E|*) near the focal region in the x-z plane. It
was obtained by propagating the field data obtained from the near-field monitor to the far-field
(see [112]). Figure 3-3(c) shows the reflected beam intensity (normalized |E[* in log scale) from
the flat lens along a semicircle of radius 80 mm, equal to the focal length of the lens. Only a focused
beam at 6 = 0° is observed. We have verified this experimentally. Figure 3-4 shows the
experimental results of an angular scan ranging from -50° to 10° with a step size of 1°. The range
of the angular scan is limited by the experimental setup. In addition to the beam focused by the
flat lens at 6 = 0°, we also observed a reflected beam at 6 = -45°. This is because the effective laser

beam size along the lens surface was bigger than the lens; as a result, the portion of the light not
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incident on the lens was directly reflected by the gold backplane. The intensity of the light at -45°

is approximately 16.2% of the laser output power.
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Figure 3-3 FDTD simulation results of the flat lens. (a) Phase profile created by the lens weighted
by the respective reflectance amplitude for an oblique incidence at @ = 45°. (b) Distribution of the
intensity (normalized |E|?) of the reflected beam in the x-z plane at y = 0. The lens is centered at x

= ( and the size of the lens is from -1.54 mm to 1.54 mm. (c) Far-field angular scan of the reflected
beam with the scan radius equals to the focal length).
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Figure 3-4 Angular scan of the reflected beam intensity (normalized) from -50° to 10° at y = 0.

For the experimental characterization of the lens, we used a continuous-wave Fabry-Pérot
quantum cascade laser (QCL) (AdTech Optics) emitting at A = 4.6 um. The laser was mounted so
that its output beam is s-polarized (electric field along y-direction). We operated the laser near
threshold so that the emitted beam is in a single mode. The full beam waist of the laser was 3 mm.
The focusing beam created by the reflectarray was collected by a thermoelectrically-cooled
mercury-cadmium-telluride detector (VIGO Systems) mounted on motorized rotation and
translation stages. To increase the spatial resolution of the scans the light was first sent through a
30 um pinhole before reaching the detector. The signal-to-noise ratio was increased by modulating
the intensity of the QCL with a small sinusoidal current superimposed on the dc current
(Wavelength Electronics QCL1500) and demodulating the detected signal with a lock-in amplifier

(AMETEK Advanced Measurement Technology).

The reflected focused light from the flat lens was characterized experimentally by angular
and translational scans as shown in Figure 3-5(a) and 3-5(b), respectively. The data were taken at
the center of the focal line, i.e. y = 0. The experimental results are in good agreement with the

simulations. The average standard deviation of repeated measurements is 0.2%. Note that the step
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sizes used in scanning the reflected beam in Figure 3-5(a) was 0.01° (equivalent to 14 um in the
x-direction) and in Figure 3-5(b) was 10 pm, both smaller than the pinhole diameter (30 um), so
the raw data are a convolution of the true signal and the pinhole response function. Hence,
deconvolution was performed to retrieve the original beam profiles. Figure 3-5(a) shows that the
measured reflection angle is 0°, which agreed well with the design Equation. The full width at half
maximum (FWHM) is less than 0.1°. Figure 3-5(b) shows that the full beam waist at 1/e? of the
peak intensity (indicated by the two black arrows) is 164 um in the experiment and 166.5 um in
the simulation. The diffraction-limited full beam waist (2wo) is 156 um, calculated by Fourier
transformation of an ideal continuous focusing phase profile. Our measured focused beam size is
close to the diffraction limit. The difference is likely due to the incomplete phase coverage and the
variation of the reflectance amplitude of the antennas (Figure 3-2). Since our lens focuses light
into a line, we checked the focused beam profile at other y positions and verified that the focus is
near diffraction-limited along the focal line (Figure 3-6). It is worth pointing out that although the
results shown are for s-polarized incident light, we have simulated and measured the lens with p-
polarized incident light and found that 2wo = 167 um. Hence, the focusing performance of our lens

is near polarization-independent (Figure 3-7).
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Figure 3-5 Angular scan (a) and translational scan (b) of the reflected beam intensity (normalized
|E|?) measured at the center of the focal line. The arrows in (b) indicate the full beam waist
measurement in pm.

Since our lens is a cylindrical lens, the focus is a focal line. The data presented in the main
manuscript were taken at y = 0. We expect that the focused beam profile does not change along
the y-direction. We experimentally verified it at two other y positions, which are shown in Figure
3-6(a) and 3-6(b). The full beam waist size is 166 pym and 165 pm at y = -0.75 mm and y = 1.4
mm, respectively. Recall that the full beam waist at y = 0 is 164 um. The difference is small, so
we conclude that there is no aberration along the focal line. However, we note that the focused
beam intensity varies along the focal line as shown in Figure 3-6(c). This is due to the intensity
variation of the Gaussian beam source. The intensity drops to nearly zero beyond the size of the

lens, i.e. -1.54 mm to 1.54 mm.
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Figure 3-6 Normalized focused beam profile at (a) y = -0.75 mm and (b) y = 1.4 mm. (c)
Normalized focused beam intensity as a function of y measured at x = 0. The step size of the
measurement is 100 pm.

This section summarizes the simulation and measurement results when the incident light
is p-polarized (electric field in the plane of incidence) with an incidence angle of 6 = 45°.
Experimentally, this was realized by mounting the QCL vertically. All measurements were
performed on the same lens as in the main manuscript. We found that the focusing performance
including the focal length, the beam waist at the focus, and the focusing efficiency is similar to

that of the s-polarized light.

Figure 3-7 shows the FDTD simulations of the flat lens with p-polarized illumination.
Figure 3-7(a) is the distribution of the electric field intensity (normalized |E[*) around the focal
region in the x-z plane. The focal length is 80 mm. Figure 3-7(b) shows the reflected beam intensity
(normalized [E|* in log scale) along with a semicircle of radius of 80 mm. The focusing efficiency
is 82% (simulation) and 78% (experiment), which is slightly lower than that of the s-polarized

light.

The reflected focused light from the flat lens was characterized experimentally by angular

and translational scans as shown in Figure 3-7(c) and 3-7(d), respectively. The experimental results
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are in good agreement with the simulations. The scanning parameters are the same as that for the
s-polarized light and deconvolution was performed. The reflected light was focused at 0° and the
full beam waist (2wo) at the focus was found to be 167 um, both in the experiment and in the

simulation.
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Figure 3-7 Simulation and experimental results of the flat lens with p-polarized incident light. (a)
Distribution of the intensity (normalized |E|?) of the reflected beam in the x-z plane. The antenna
arrays are centered at x = 0. (b) Far-field projection of the reflected beam intensity (normalized
|E|? in log scale) showing that the majority of the light was focused at 0° (normal to the lens
surface). (c) Angular scan and (d) Translational scan of the reflected beam intensity (normalized
|E|?) at the focus.
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The measured focusing efficiency of the lens was n = 80% which is close to the simulated
value of 83%. Most of the loss comes from the metal. Experimentally, the focused beam power
was measured by placing a laser power meter (Nova, Ophir Photonics) in the focal region with an
iris (~3 mm in diameter) in front to block non-focused light. Note that since the incidence angle
was 45° the effective incident beam size along the lens surface was bigger than the size of the
lens, hence, the portion of the incident power on the lens was 82%, which was used to calculate
the focusing efficiency. In the simulation, ) was calculated by taking the ratio of the optical power
in the focal region in Figure 3-3(c) and the incident power. The discrepancy is likely due to
fabrication errors. The reasons that enabled us to achieve high efficiency are: (1) reflectarray
structures enable us to achieve a large phase coverage of 2m without the need of polarization
conversion; (2) material (gold) used in our structure has a low loss in the mid-IR; (3) fabrication
and experiment techniques: in [104], authors used a similar structure as ours
(metal/dielectric/metal reflectarrays), but the highest efficiency demonstrated was 27% compared
to 78% in simulation. It was mentioned in [104] that the discrepancy was due to the fabrication

€Irors.

Table 1 shows the effects of change of incidence angle of the reflectarray lens. The
wavelength is fixed at 4.6 um. The sign of the angle is defined in Figure 3-1(a). If the incidence
angle increases (or decreases) from the design angle (45°), the reflected light shifts to more
negative (or positive) angles from the normal to the lens surface. The physical origin is that any
deviation from the designed incidence angle introduces an extra phase gradient on the surface of
the lens, which cannot be compensated by the phase profiles of the antennas. Therefore, scattered

waves from each antenna will not arrive at the designed focal line in phase, resulting in a shift in
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the position of the focal line. The focal length and the full beam waist, however, remain relatively

constant as the incidence angle changes within +15° from the design angle.

The beam profiles at the center of the focal line for various incidence angles in Table 1
obtained by FDTD simulations are plotted in Figure 3-8(a). The inset shows the difference between
each curve taking the one at § = 45° as the baseline. The difference between the beam profiles is
less than 8%. We have cross-checked the results with experiment for 6 = 35° and 55°, which are

shown in Figure 3-8(b). The simulations and experiments agree well with each other.

Table 1 Effects of incidence angle on reflectarray lens (NA = 0.02) at Ao = 4.6 um.

Incidence angle Reflection angle Focal length Full beam waist
©) ) (mm) (um)
30 12 76 163
35 7.7 78 165
40 3.7 80 167
45 0 80 166.5
50 -3.4 79 165.5
55 -6.5 79 165.5
60 -9.2 78 164.5
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Figure 3-8 (a) The focused beam profile for various incidence angles obtained by FDTD
simulations. The inset shows the difference between the beam profiles and the one corresponding
to an incidence angle of 0 = 45°. Experimentally measured focused beam profiles for (b) 0 = 35°
and (c) 0 = 55° compared with the simulation results.

Parabolic mirrors are widely used for focusing in the IR spectral range but are known to be
very sensitive to the change of incidence angle [113]. Hence, we studied the effects of the incidence
angle of an off-axis parabolic mirror of the same NA using ray tracing techniques [113]. The result
is shown in Table 2. The change in the reflection angle always equals the change in the incidence
angle, which is expected for a mirror. But both the change in the reflection angle and the change

in the focal length are larger than those of the reflectarrays as shown in Table 1. It is more clearly
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seen in the ray tracing plots of the reflectarray lens (red lines) and the parabolic mirror (blue lines)
in Figure 3-9(a)-(c) where the incidence angle is 35° 45°, and 55°, respectively. When 6 = 45°
(design angle), both the red and blue lines focus at x = 0 and z = f = 80 mm. When the incidence
angle changes, the focus of the blue lines deviates more from the designed focus than that of the
red lines. Hence, our reflectarray lens is not only thinner and lighter but can also be designed to be
less sensitive to the change in the incidence angle than a parabolic mirror in terms of reflection

angle and focal length.

Table 2 Effects of incidence angle on parabolic mirror (NA = 0.02).

Incidence angle Reflection angle Focal length
©) ©) (mm)
30 15 86
35 10 85
40 5 83
45 0 80
50 -5 77
55 -10 73
60 -15 69
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Figure 3-9 Ray tracing plots of reflectarray lens and parabolic mirror of NA = 0.02 for incidence
angles (a) 8 = 35°, (b) 0 = 45°, and (c) 0 = 55°. The vertical black dashed line is at x = 0 and the
horizontal black solid line is at z = 80 mm (focal length).

Studies of the effects of the incidence wavelength using FDTD simulations are summarized
in Table 3. Depending on whether the incident wavelength is shorter or longer than Ao = 4.6 um;
the reflection angle is negative or positive, respectively. The focal length decreases but the full

beam waist remains relatively constant as the incident wavelength increases.

Table 3 Effects of incidence wavelength on reflectarray lens for incidence angle 0 = 45°.

A (um) Reﬂectis)n angle Focal length Full beam waist
©) (mm) (nm)
4 -5.3 91 165
4.6 0 80 166.5
5 3.6 73 167
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3.2 Solid-immersion flat lenses for mid-infrared detectors

The high operating temperature of infrared imagers can be achieved by integrating
detectors with optical concentrators that increase optical collection area while keeping detectors
volume constant. The most common way to realize optical concentrators is by integrating spherical
microlens with detectors but this technology is not well developed in mid- and long-infrared. The
goal of this work is to enable infusion of novel optical components based on nanophotonics and
metasurfaces into the development of IR detectors. Utilization of these recently invented
metasurfaces has potential to significantly advance the state-of-the-art of IR devices. In particular,
they can replace the microlens by offering better collection efficiency (up to 90%) and by
eliminating spherical aberrations. Moreover, the flat lens will not only reduce the weight and
volume of the optics but also simplify the optics cooling, which is required in the IR sensing
applications at low light levels, and minimize the cooling power. The proposed work will result in
a new class of IR detectors integrated with a metasurfaces-based, focusing lens in MWIR for
sensing applications. The integration of flat and ultrathin lenses based on metasurfaces with the
barrier infrared detector (BIRD) [113] has the potential to achieve an order of magnitude increase

in signal-to-noise ratio (SNR) of these integrated devices.

To be integrated with photodetectors in the future, we designed a new type of transmissive
lenses that focus light in the substrate (as compared to in the air in normal cases). The lenses focus
in two dimensions with high focusing efficiency and work for all incident polarization. Another
feature is that the meta-lens optical components and the substrate were made of the same material
GaSb. This makes the fabrication process simpler by only requiring a single step of lithography

and etching. Our demonstration will result in a new class of infrared detectors integrated with a
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metasurfaces-based, focusing lens with potentially improved signal-to-noise ratio for sensing

applications.

We worked on two lens designs. For the monochromatic meta-lens, the incident light (A =
4 um) is normal to the metasurface lens (D = 30 um), which consists of GaSb (n=3.73) posts with
different radii. The circular shape of the post structures ensures that the lens design is independent
of the incident light polarization. The metasurface focuses the light in the GaSb substrate. The unit
cell of the metasurface is shown in the inset of Figure 3-10(a). The height of the posts is h =2 pm.
By varying the diameter of the posts (d = 200 - 1240 nm), a phase coverage of close to 2 and a
high, uniform transmission amplitude response are achieved (see Figure 3-10(a)). These data were
used as a lookup table to digitize the phase profile. The designed focal length is F = 150 pm, which
gives the metasurface lens a NA = n*sin(atan(D/2F)) = 0.37. The phase profile was realized by
subwavelength antennas with fixed edge-to-edge separation [19], by which the placement of
antennas is made denser than that with the conventional fixed center-to-center separation. In our
design, we chose the edge-to-edge spacing to be 400 nm, which was determined to avoid
interaction between neighboring antennas. Note that only posts with a diameter range from 440 to
1170 nm are necessary to achieve the phase coverage required. Figure 3-10(b) and (c) are the
normalized field intensity in the x-z plane and x-y plane, respectively. The focal length is
determined with the highest intensity point at z = 150 um. The focal spot is symmetric in the x-
and y-direction. The full beam waist is determined to be 7.4 um at the focus (the x span when the
intensity drops to 1/e* of the peak value). It is near diffraction-limited, which is 6.8 pm. The

focusing efficiency is calculated to be 75.3%, the total intensity within a 10 pm diameter
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(corresponds to one single pixel size of the IR photodetector) as a ratio of the total incident

intensity. All simulations were performed using the FDTD module from Lumerical, Inc.
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Figure 3-10 FDTD simulation results. (a) Phase and amplitude response of GaSbh posts with
different radii. The inset is the design of the unit cell. (b) Normalized intensity plot in the x- and z-
direction at y = 0. (c) Normalized intensity plot in the x- and y-direction at z = F = 150 um. (d)
Normalized line scan at the focus, i.e. aty = 0 and z = 150 um.

For the broadband meta-lens, the incident wavelength range is from 3 to 5 pm. The post

height is 2 um throughout and the post diameter range is 750 — 980 nm which is photolithography
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compatible. The post height-to-diameter aspect ratio is smaller than 2.7, which makes the etch
process much easier. Figure 3-11(a) is the beam size as a function of incident wavelength at the
camera plane. The new focal length is 158 um. The two black dashed lines indicate the pixel size
of the camera, i.e. 10 um. The beam size is confined within the 10 pum window for the entire
wavelength range. Figure 3-11(b) plots the focused beam profile of selected wavelengths. We can
see that the beam size does not vary much. Figure 3-11(c) shows the focal length as a function of
wavelength. For achromatic focusing, a flat curve is desired. The black dashed line indicates the
designed focal length. The current design is not perfect as there is variation, but the curve is flat
for A = 3.2 — 4.1 um, i.e. the achromatic bandwidth is AL = 0.9 um. The error bar for the focal
length is 2 um, which is the resolution in the z-axis in the simulation. The percentage change in
the focal length is plotted in Figure 3-11(d). The change is smaller than 10% for wavelengths A =

3.1-4.5 um.
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Figure 3-11 FDTD simulations of the broadband meta-lens. (a) Beam profile as a function of
incident wavelength at the camera plane. The two black dashed lines indicate the pixel size of the
detector, i.e. 10 um. (b) Horizontal line cuts of (a) at selected wavelengths. Curves are shifted in
the y-axis for visual clarity. (c) Focal length as a function of wavelength. The black dashed line
indicates the designed focal length, 158 um. (d) Percentage change in focal length as a function
of wavelength.

We fabricated an array of metasurface lenses on a GaSb substrate (thickness = 500 pm).
The substrates were first cleaned with solvents, oxygen plasma ash, and buffered oxide etch. Then
a hard nitride mask SiNx was deposited on the wafer to encapsulate and protect the surface of the

wafers during next fabrication steps. The meta-lenses were defined by e-beam lithography using a

64



ZEP520A resist with a film thickness of around 500 nm. After the ZEP520A development, the
hard mask was etched with CF4/O> using an Inductively-Coupled Plasma (ICP) fluorine system
(Plasma-Therm ICP etching system). Prior to the etching, samples were mounted on substrate
carriers with a thermal conductive-cooled adhesive medium. After the fabrication, the meta-lenses
were measured with a scanning electron microscope, Alpha-Step optical surface profilers to verify

the lens parameters. The result is shown in Figure 3-12.

200 nm EHT=2000kv Delector=SESI WD =152mm Mag= 5300KX
Date :6 Mar 2017

Figure 3-12 Fabricated lens. The SEM image shows one GaSb post.

The measurement setup is shown in Figure 3-13. The blackbody at 1000 °C was used as
the infrared source. In order to investigate the broadband response of the lenses, we performed
measurements with five bandpass filters: BP-3050-200 nm (2950 - 3150 nm), BP-3390-345 nm
(3220 - 3565 nm), BP-3900-200 nm (3800 - 4000 nm), BP-4220-200 nm (4120 - 4320 nm), and
BP-4665-240 nm (4545 - 4785 nm). The meta-lenses were placed after the bandpass filters with
the posts facing the source. The focal spot was observed using a combination of optics including

a microscope objective of 36X (to magnify the focused beam) and an infrared camera (MW FPA
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FLIR SBF184 19.5 um 1024 %1024 pixels). During the measurement, we moved the microscope

objective along the optical axis.

metasurface lens

30 um

4
Y

" blackbody band pass Gasb objective camera
source filter substrate

z

Figure 3-13 Experimental setup. The metasurface lens array is facing the front of the blackbody.
The inset shows a zoomed-in view of one lens. This is a drawing of the actual design of the lens.

Figure 3-14 are measurement results of the monochromatic lens design. Z = 0 um was set
when the camera is focused on the edge of the etched corner. The microscope objective was then
moved away from the lens in 1 um step, i. e. scanning the focal spot along the z-direction. The
normalized electric field intensity in the x-z plane is shown in Figure 3-14(a). The incident
wavelength values are taken as the center wavelength of the bandpass filters. There is one subtle
point worth pointing out is that in this measurement technique, the measured z values need to be

multiplied by the refractive index of GaSb to reflect the real values, which is shown in the figure.
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The explanation is given in the supplementary information. The beam profiles at the focus are
shown in Figure 3-14(b), which are the line cuts at the maximum intensity values. The dots are
measured data and the lines are Gaussian fits. The x values of the peaks shift slightly. The closest
to the designed incident wavelength is the green curve. The measured full beam waist at 1/e? of
the peak intensity is 13.9 um. The difference with the simulated value is possibly due to the slope
of the fabricated posts being not exactly 90° as designed. The effect of the fabrication errors are
studied by simulations and results are given in the supplementary information. The focal length as
a function of the incident wavelength is shown in Figure 3-14(c). The focal length decreases as the
incident wavelength increases as expected for a single wavelength lens design. The focal length is
149.2 um for the green curve which is close to the simulated value. The camera images at the focus

are given in the supplementary information.
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Figure 3-14 Measurement results for the monochromatic lens design. (a) Normalized electric field
intensity in the x-z plane for different incident wavelengths. (b) Focused beam profiles at peak
intensities. (c) Focal length change as a function of incident wavelength.

Figure 3-15 is the measurement results for the broadband design. Improvements from the
monochromatic lens design include: (1) The x positions at the center of the peaks shift less. (2)
The focal length is constant for the first three bandpass filters, i.e. from 2.95 - 4 um. As the
wavelength increases further, the focal length decreases. The measured results are consistent with

the simulated ones in Figure 3-11(c).
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Figure 3-15 Measurement results for the broadband lens design. (a) Normalized electric field
intensity in the x-z plane for different incident wavelengths. (b) Focused beam profiles at peak
intensities. (c) Focal length change as a function of incident wavelength.

The measured intensity enhancement values are given in Table 4. The values were
calculated as the ratio between the intensity at the focus and the incident intensity. Both values
were measured with the camera placed after the bandpass filters. The two designs perform
similarly with around three times intensity enhancement. The highest enhancement is in the

wavelength range 3220 - 3565 nm.
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Table 4 Measured intensity enhancement of the two designs for different incident wavelengths.

Bandpass filters Monochromatic design | Broadband design
BP-3050-200 nm (2950 - 3150 nm) 2.7x 2.7x
BP-3390-345 nm (3220 - 3565 nm) 3.3x 3.2x
BP-3900-200 nm (3800 - 4000 nm) 2.8x 2.8x
BP-4220-200 nm (4120 - 4320 nm) 2.4x 2.8x

3.3 Summary

In the first section, we designed a mid-IR flat lens that consists of a reflectarray of metallic
antennas with subwavelength spacing. The focusing performance of the lens and effects of
incidence angle and wavelength were studied by experiments and simulations. We have achieved
80% focusing efficiency and near diffraction-limited focusing. One possible way to further
improve the efficiency is to consider the optical impedance of the planar device to match with that
of free space. Some of the examples are given in [114], [115]. We found that the effects of
incidence angle on the reflection angle and focal length were small for a deviation of the incidence
angle within +15°, which compare favorably to an off-axis parabolic mirror with the same NA.
Our approach based on illuminating the flat lens at an oblique angle has the advantage of a
simplified experimental setup compared to other reflection-based measurements with normal
incidence. Our lens has a number of attractive features, including high focusing efficiency, the
flexibility of design, polarization-independence, a straightforward fabrication based on single-step
photolithography, and reproducibility on a large scale. Although our flat lens is not aberration-free,
there are strategies to reduce coma [102], [116] and chromatic aberrations [14], [117]-[121] of flat

lenses. We envision that our flat lenses will complement or replace various conventional bulky
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optical components in systems for IR imaging, ranging, and detection, as well as for beam shaping

of IR lasers and beacons.

In the second section, we successfully demonstrated a new type of transmissive meta-lenses
that operate as solid-immersion lenses, i.e. incident light is focused in the substrate. These lenses
were fabricated directly on GaSb substrates using an unbroken CMOS-only process flow. Two
lens designs were studied and both showed intensity enhancement of around three times at the
focus compared to the incident intensity. The focal length of the broadband meta-lens does not
change for 2.95 - 4 um. Current state-of-the-art infrared devices use microlens arrays to improve
external quantum efficiency and signal-to-noise ratio but are limited in terms of choice of materials
and precise control over the lens shape. Our demonstration is the first step in the realization of
infrared detectors monolithically integrated with flat lenses. The integrated device with small (<
30 um) active elements will reduce the detector volume (and therefore the dark current). The size
reduction combined with increasing optical collection efficiency by the meta-lens is predicted to

enhance the signal-to-noise ratio by 5-10 times.
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Chapter 4
Reconfigurable metasurface lenses integrated with MEMS in
MWIR

In this chapter, we introduce the concept of dynamically controlling metasurfaces by
integrating them onto MEMS [122]. MEMS unique advantages are high speed and excellent
optical quality, wavelength and polarization independence, and low optical loss [123]. We present
a prototype consisting of a MEMS-controlled reflective metasurface lens that focuses in the mid-
IR spectrum. The preferred MEMS device is an electrostatically controlled 2D scanner micro-
mirror because it is a key element used in many applications such as LIDAR laser scanners [124],
optical communications [125], [126] and bio-imaging [127]-[130]. Technologies like these will
greatly benefit from a dynamically controlled metasurface-based lens because it will enable the
removal of bulky optical components in the system while allowing unique functions such as the
predetermined shaping of light beams. When electrostatically actuated, the MEMS platform
controls the angle of the lens along two orthogonal axes enabling scanning of the flat lens focal
spot by about +9 degrees in each direction. When the incident light is off the designed angle, the
device can compensate for the off-axis degree and thus correct for any off-axis aberrations such as

coma.

4.1 Lens design and fabrication

We design a plasmonic lens producing a line focus, like a cylindrical lens, when
illuminated with A= 4.6 um light. As the design unit cells, we choose subwavelength sized 50 nm

thick gold resonators in the shape of a disc (Figure 4-1(a)), so that the device is polarization
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independent. The resonators sit on a 400 nm thick silicon dioxide layer deposited on a 200 nm
thick continuous gold film. This structure has been used to improve the focusing efficiency in
reflection [16], [107]. By changing the radius of the disc, the phase of the reflected light changes
(Figure 4-1(b)). To construct a planar lens, we spatially distribute the discs with varying radii to
realize the hyperbolic phase profile. Figure 4-1(c) and (d) show a schematic of the reflective
metasurface lens when a collimated Gaussian beam is incident perpendicularly (c) and at an angle,
0 (d) on the lens and is focused at a distance f along the normal axis to the lens surface. This
configuration proves the flexibility of our design technique: by using the metasurface itself to
spatially separate the incident and reflected beams, we avoid the need for a beam splitter, resulting
already in a reduction in the number of bulk optical components that are conventionally used in

optical systems.

The equation of the phase profile used to design the metasurface lens is given by Equation
(13). The lens functions as a cylindrical lens, i.e. one-dimensional focusing, so the phase profile is
only a function of x [16]. One improvement from previous literature [8] is that the elements are
placed in such a way that their edge-to-edge distance is constant so that the overall packing density
is increased which improves the sampling of the ideal phase profile. The metasurface lens
demonstrated here is designed on a square layout with each side measuring W = 0.8 mm to focus

light incident at an angle of 0 = 45° normal to the lens surface at a distance /=5 mm away.

The metasurface lens is fabricated using standard photolithography techniques on a silicon-
on-insulator (SOI) wafer with a 2 um thick top device layer, a 200 nm buried-oxide layer, and a

600 um thick handle layer. SEM images of the reflective lens are shown in Figure 4-1(e) and (f).
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Figure 4-1 Design and fabrication of the metasurface lens: (a) A unit cell consisting of a 50 nm
thick gold disc on 400 nm thick silicon dioxide substrate with a 200 nm thick gold backplane. (b)
Simulated values of reflectance and phase for varying sizes of gold discs. (c) Schematic
representation of focusing characteristics of the reflective metasurface lens for tilted illumination.
(d,e) Scanning electron microscope images of the fabricated lens. (f) Schematic cross-section of
the different constituting layers of the membrane-supported flat lens.

Here we describe the fabrication steps following the Figure numbers of Figure 4-2: (a) On
the topside of the SOI wafer, a 100 nm thick protective layer of silicon nitride (Si3N4) is deposited
by the plasma-enhanced chemical vapor deposition process. On the backside, a 110 nm thick layer
of silicon dioxide (Si0) is deposited using the same process; this layer would serve as the oxide
mask for etching the handle layer at a later stage of the fabrication. (b) A positive photoresist (SPR
700) is coated on the backside and exposed using a stepper tool (Autostep 200 i-line) to print

circular windows, which would be perfectly aligned with the flat lenses to be fabricated on the
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topside. Using the developed photoresist as an etch-mask, the silicon dioxide layer is plasma-
etched to produce the windows. (c) Next, the topside protective layer of SizNs is cleared in hot
phosphoric acid (85% H3POg at 165 °C for 5 minutes). (d) Now we start fabricating the flat lens
on the topside. We deposit 200 nm thick layer of gold (using electron beam vapor deposition),
followed by 400 nm thick SiO (using PECVD). (¢) We choose a bilayer resist for facilitating clean
lift-off. The topside is coated with the photoresists LOR 3A followed by SPR 700. The resist
bilayer is exposed using the stepper, ensuring each lens structure is accurately aligned with the
previously etched backside windows. (f) Finally, 50 nm gold with an adhesion layer of 5 nm thick
titanium is deposited using e-beam vapor deposition, and lifted-off in remover-PG. This results in

the gold disks constituting each lens.
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Figure 4-2 Fabrication of the planar lens. (a) — (f) Process flow of photolithography as described
in the text.

Following the lens fabrication, the handle layer is removed using a dry-etch process based
on xenon-difluoride, resulting in a reflective flat lens standing on top of a 2.8 um thick membrane
(Figure 4-1(g)). To integrate the flat lens with an external MEMS device, we “tear out” the lens
from the thick SOI wafer. To do this, we start by etching the 600 um thick handle layer in xenon
difluoride (XeF2). Xenon difluoride etch is a highly selective, isotropic, dry-etch process for silicon
[131]. The backside window made with SiO; provides the entry point for the xenon difluoride gas
to react with the bulk of silicon in the handle layer. Due to the excellent selectivity of XeF> to

silicon versus Si0O», the 200 nm thick buried-oxide layer of the SOI wafer also serves as the etch-
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stop layer. The etching process is visually inspected in-situ until all the silicon directly beneath the
lens is etched out, and the lateral extent exceeds the outer dimension of the lens. Figure 4-3 shows
an optical image of the etched portion from the backside as well as from the topside. From the top,
the shadow beneath the square lens structure indicates the area where silicon has been etched out.
After the XeF; etch, we are left with a membrane that is only 2.8 pum in thickness and almost

1.35 mm in diameter.

backside

Figure 4-3 Optical microscope image after etching of the SOI handle layer from the backside and
from the topside. In the topside image, the thinned membrane is a circular shadow surrounding
the square metasurface lens.

For the next stage of fabrication, we use a focused ion beam (FIB) tool integrated with an
Omniprobe micromanipulator needle to integrate the flat lens onto a 2D MEMS scanner. Figure
4-4(a) depicts the steps of the process. We trace the focused ions around the periphery of the lens
to cut out most of the structure, except a small portion. Here we weld the needle-tip of the
micromanipulator by depositing platinum. The remaining structure is subsequently released; the
membrane is free from the surrounding solid substrate and is held only by the micromanipulator

needle. We move the membrane out of the substrate and on to the MEMS platform by controlling
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the micromanipulator arm. After the lens is placed and aligned with the central platform of the
MEMS, it is glued by depositing platinum in small patches. Finally, the needle is cut away by
milling with focused ion beam [132]. This practical technique allows for fusion welding of the flat
lens to the MEMS device without the need for extra materials. Moreover, it enables the integration

of hybrid structures fabricated with processes having different critical dimensions.
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Figure 4-4 Integration of flat lens onto MEMS: (a) Stages of integration of the metasurface-based
flat lens with an external 2D MEMS platform. (b) Optical microscope image of a MEMS scanner
with a flat lens on top. The two rotational axes of the scanner are indicated. The inset shows the
device mounted on a dual in-line package ready for electrostatic actuation. (c) Angular
displacement of the MEMS scanner with and without the metasurface-based lens. The orange
circles represent the angular displacement when the inner axis is actuated, while the blue circles
show the response when the outer axis is activated.

An optical image of the 2D MEMS scanner with the integrated flat lens is shown in Figure
4-4(b). The scanner is gimbaled for achieving biaxial degrees-of-freedom and is actuated by
electrostatic vertical comb-drives. Vertical comb-drives consist of stationary plates interspersed
with rotating ones. When a potential difference is applied between these plates, the moving
elements are pulled downward causing a rotation around a particular axis. Simple single-layer

straight beams are used for torsional flexures on both inner and outer axes to give a two-
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dimensional rotational degree-of-freedom. The micro-mirror is electrostatically rotated about the
inner axis using the vertical comb drives mounted on the gimbal frame [127]. The gimbal frame
rotates about the outer axis using the vertical comb drives mounted on its frame and substrate. For
the devices reported here, the typical maximum angular displacement is close to +9 degrees and
the resonance frequency is of the order of 1 kHz about each torsional axis. The mirror dimensions
are 1 mm x Imm with a thickness of 10 um. Although thicker device layers are desired for better
flatness of mirrors and frame under dynamic deformation, they are also more difficult to fabricate
due to the required high aspect deep reactive ion etching (DRIE) ratio and alignment issues.
Simulations showed that 10 um thick layers provide sufficiently large stable deflection range with
minimal adverse effect on the performance of the device caused by the dynamic deformations of
the rotating MEMS platform. To characterize the mechanical response of the flat lens-on-MEMS
assembly, the device is mounted on a dual in-line package and electrostatically actuated to
independently control either the inner or the outer axes as shown in Figure 4-4(b). Details of the
MEMS platform and voltage connections are given in Figure 4-5. Figure 4-4(c) summarizes the
mechanical response of the MEMS platform when a voltage is applied across each rotational axis.
As the applied voltage is increased, the platform starts rotating until a saturating region is reached
beyond which the comb drives cannot be moved further. We perform this experiment under an
optical profilometer, capturing an image of the MEMS surface for each applied voltage. The
rotation angle in the MEMS mirror is calculated with respect to a rigid part of the peripheral
structure. The measurements are taken for bare MEMS, i.e. before the metasurface lens has been
integrated, and for the same device after been loaded with the metasurface lens. As shown in Figure

4-4(c), even after the addition of the metasurface lens on top of the MEMS, the functional
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dependence of the MEMS mirror remains the same. The increased angular dependence of the
loaded MEMS is a consequence of using vertical comb drives for torsional actuation of the device.
The incorporation of the flat lens onto the micro-mirror reduces the static gap between vertical

combs resulting in a much larger angular deflection when actuated.
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Figure 4-5 (a) Scanning electron micrograph (SEM) of a bare MEMS platform with a square
layout, each side measuring 900 um. (b) SEM of a flat lens integrated with the MEMS platform
shown in (a). (c) Photograph of the DIP where the MEMS-with-lens is attached with silver paste
and wire-bonded appropriately. (d — f) Voltage connections (in red) for actuating outer or inner
axis of the MEMS platform.

4.2 Simulation and experiment

In the FDTD simulation (software package by Lumerical Inc.), only one row of nano-disc
antennas is simulated and Bloch boundary conditions are applied in the y-directions. Figure 4-6(a)

is the calculated distribution of the electric field intensity (|E|?) near the focal region in the x-z

80



plane. The focal length is determined by the z value of the highest intensity point, which is
indicated by the white dashed line at z == 5 mm. The focusing efficiency is estimated to be 83%
which is calculated from the beam intensity at the focal region normalized to the source power.
Figure 4-6(b) shows the beam profile at the focal region across the dashed line in Figure 4-6(a).
The simulated discrete data points (blue circles) are fitted with a Gaussian curve (red line) to
determine the full width half maximum (FWHM) of the focal beam size, which is 22.8 pm, which
is slightly bigger than the diffraction-limited value (21.6 um) due to the phase approximation of

the 0 to 27 coverage.
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Figure 4-6 (a) Simulation: distribution of the intensity (normalized |E|?) of the reflected beam in
the x-z plane at y = 0. The lens is centered at x = 0 and the size of the lens is from -0.4 mm to 0.4
mm. The white dashed line indicates the focal length. (b) Simulation: line scan of the focused beam
profile at y = 0 and z = f = 5 mm along the white dashed line. (c) Experiment: translational scan
of the reflected beam intensity (normalized |E|?) measured at the center of the focal line. (d-f):
Schematic of the three experimental configurations. The angle with respect to the vertical axis is
fixed at 45 ©, while the MEMS platform is actuated to move the lens by 0 1 °, and 2.5 °respectively.
To align with the peak of the reflected signal, the position of the detector needs to be at 0°, 2.7,
and 7.3 °respectively. (g-i) Optical profile of the actuated lens-on-MEMS device. Experimentally
measured translation scan for each of the three configurations. The FWHMSs calculated from the

Gaussian fits are comparable, though the asymmetry of the central peak changes with the tilting
of the platform.
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For the experimental characterization, we use a continuous-wave Fabry-Pérot quantum
cascade laser (QCL) (AdTech Optics) emitting at A = 4.6 um. The laser is mounted so that its
output beam is s-polarized (electric field of the light is first sent through a pinhole before reaching
the detector). Because of the small focused beam size, another dual-lens system is placed before
the detector to expand by a factor of two the size of the focused beam. The signal-to-noise ratio is
increased by modulating the intensity of the QCL with a small sinusoidal current superimposed on
the direct current (Wavelength Electronics QCL1500) and demodulating the detected signal with
a lock-in amplifier (AMETEK Advanced Measurement Technology). Figure 4-7 shows the
schematic of the experimental arrangement. The ~3 mm laser beam is downsized by 2.5 times,
such that the incident beam is only slightly larger than the 800 um square lens. The light is incident
at 45° to the lens surface. The lens reflects the incident beam at 0° and focuses the light at 5 mm
away from its surface. The focused light is magnified 2 times by the lens pair L3 and L4 and the
intensity is detected by a thermo-electrically cooled mid-IR detector through a pinhole. The
detector, L3 and L4 sit on a rotational stage so that the angle can be adjusted. There is also a

translational stage for the detector to scan the reflected beam.
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Figure 4-7 Schematic showing experimental arrangement used for characterization of the optical
response of a flat lens.

The focus is characterized experimentally by translational scans. The data are taken at the
center of the focal line, i.e. y = 0. The average standard deviation of repeated measurements is
0.2%. Note that the detector is scanned across the focus in 2 um steps, which is smaller than the
pinhole diameter (10 pm). So, the raw data is de-convoluted to retrieve the original beam profiles.
Figure 4-6(c) shows the measurement results of the metasurface lens on a solid substrate. The
FWHM is 26.2 pum, which is close to the simulated value. The difference is possibly due to
fabrication errors and the M? factor of the QCL not being 1 (M? = 1.2). The side lobes in Figure

4-6(b) are not observed because of the increased FWHM in Figure 4-6(c).

The optical focusing performance of the metasurface lens integrated with the MEMS is
experimentally characterized using the same set up as described above. The angle of the incident

light is kept fixed at 45-. The profile of the reflected focal line is measured for three positions of
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the MEMS platform: actuating voltages of 0 V, 40 V, and 60 V are applied across the outer axis
such that the lens tilts by Oc, 1°, and 2.5° respectively (Figure 4-6(d) — (f)). The measured FWHM
of the focal lines for the three tilted positions of the lens are shown in Figure 4-6(g) — (i)
respectively. For each position of the lens, the detector is rotated to align with the peak intensity
of the reflected light. To measure the beam profile, a translational scan is performed across the
rotated focal line position with a 30 um pinhole in 5 pm steps. For the designed 0° position of the
MEMS platform, when compared to the lens on the solid substrate (Figure 4-6(c)), we observe an
increase in FWHM. This is attributed to the non-flatness of the lens when released from the solid
substrate. Another factor is that when the device plane is rotated, the incident angle is no longer
the same as the designed angle (45°), hence it introduces phase errors affecting the focusing
performance. However, tilting the integrated lens up to 2.5 preserves the focused beam profile, as
well as the measured FWHM in general. For dynamic coma correction, one would rotate the device
plane according to the change of incident angle so as to keep the incident angle constant. The
simulation is performed assuming a flat substrate. The definitions of various terms are given in
Figure 4-8(a). The results are summarized in Figure 4-8(b) with details given in Figure 4-8(c) —
(f). The measured values are presented in Figure 4-6. The discrepancy between the calculated and

measured reflective angles is likely due to the non-flatness of the lens.
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Figure 4-8 (a) Schematic for defining the effective incident angle and effective reflective angle,
when the lens is tilted. (b) Table comparing calculated (for a flat lens) and measured (for a non-
flat lens) effective reflective angles for three different tilt angles of the MEMS platform. (c)-(f)
FDTD simulation of reflected beam intensity and the line cut at the focal length for tilt angle (c)
and (d) 1° and (e) and (f) 2.5° respectively.
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In order to quantify the effect of the curvature of the MEMS scanner on the flat-lens
performance, we measure the curvature of the micro-mirror using an optical profilometer and
simulate the performance of a cylindrical lens on top of a substrate having the same curvature as
the MEMS scanner (Figure 4-9). The results are shown in Figure 4-10. When supported by the
curved substrate, the focal length of the lens becomes 8.9 mm compared to the designed value 5
mm. The reflected beam path is at 0.5° compared to the designed value 0°. The FWHM becomes
wider, 41.7 um compared to 22.8 um on a solid substrate, in reasonable agreement with the results
reported in Figure 4-6(g) — (i). Hence, our simulation confirms that the curvature of the MEMS
substrate is the main parameter affecting the performance of the lens. This can be understood
intuitively that the MEMS substrate is curved down in the negative z-direction which diverges the
incident light, hence the focal power of the lens is effectively decreased resulting in an increase in
both the focal length and focal spot size. However, we would like to point out that the effect of
non-flatness of the substrate depends heavily on the substrate curvature. For example, if we were
to consider the curvature in Figure 4-8(d), the effect of a sloped surface is like introducing a small
angle deviation to the incident beam, which will be smaller compared to the effect of Figure 4-

8(c). The analysis of the effect of changing the incident angle can be found in [16].
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Figure 4-9 (a) 3D topography of the integrated lens device measured with an optical profilometer.
The green surrounding region indicates the flatness of the MEMS frame. Red indicates higher
regions. (b) 2D top view of the device topography. (c) and (d) shows the height distribution
measured along the dashed lines marked in (b) in the x and y-direction respectively.
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Figure 4-10 (a) Distribution of the intensity (normalized |E|?) of the reflected beam in the x-z plane
aty = 0 with a curved substrate. The white dashed line is perpendicular to the reflected beam path.
(b) Simulation: line scan of the focused beam profile along the white dashed line. (c) Experiment:
translational scan of the reflected beam intensity (normalized |E|?) measured at the center of the
focal line.

Figure 4-11 summarizes the study on the hysteresis of the integrated lens device. Light is
incident at 45° and the detector is fixed at 0° aligned with the peak intensity of the reflected beam
when no voltage is applied. The voltage is increased across the outer axis of the MEMS from 0 V
to 140 V in 10 V steps and then decreased back to 0 V. As expected, for each applied voltage, the
lens position tilts which in turn causes the reflected focal line to rotate away from the detector at
0°. The decreasing intensity of the reflected beam with increasing voltage, as measured by the
detector, is depicted in Figure 4-11(a). As the voltage is decreased back to 0 V, the intensity
increases following the same path, suggesting no or minimal hysteresis of the MEMS-integrated
lens. This shows that such dynamic optical devices can be useful in scanning systems. Figure 4-
11(b) re-plots the same data as shown in Figure 4-11(a), but in terms of the tilt angle of MEMS

deduced from mechanical characteristics presented in Figure 4-6.
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Figure 4-11 (a) Change in focal intensity with electrostatic actuation of the MEMS. The applied
voltage is increased up to the saturation region and then decreased back to zero to study hysteresis

if any. The light is incident at 45 °, while the detector is kept fixed at 0° (b) Data measured in (a)
plotted in terms of the mechanical angle of the integrated device. The inset shows the two
configurations used for collecting the data.

4.3 Summary

We have presented a MEMS-integrated metasurface lens. The device can be electrically
controlled to vary the 2D angular rotation of a flat lens and hence the position of the focal spot by
several degrees. This proof-of-concept integration of metasurface optical devices with 2D MEMS
scanners can be extended to the visible and other parts of the electromagnetic spectrum implying
the potential for application across wider fields, such as MEMS-based microscope systems for
point-of-care in vivo applications, holographic imaging, LIDAR scanners, laser printing and so on.
Dense integration of thousands of individually controlled lens-on-MEMS devices onto a single
silicon chip would lead to the creation of a new type of reconfigurable fast digital spatial light
modulators [107] that would allow an unprecedented degree of control and manipulation of the

optical field.
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Chapter 5
Reconfigurable metasurface devices based on dielectric elastomer
actuators (DEAs) in SWIR

There has been a wide variety of work on tunable optical devices, in particular, tunable-
focus lenses (i.e., varifocal lenses), with important applications in imaging and adaptive vision.
State-of-the-art technologies include the following: Conventional optical zoom, involving
translating rigid elements, is bulky and inertially limited in speed [133], [134]. Liquid crystal
spatial light modulators with transparent electrodes made of indium tin oxide are high speed and
use low operating voltage but are limited in resolution and polarization dependence [135], [136].
Fluid based tunable lenses are high speed and have a wide tuning range, but the control of the exact
surface curvature is difficult, and coma has been observed when placing the lens vertically, due to
gravity [137]-[142]. Tunable acoustic gradient index lenses use acoustic waves to generate an
oscillating refractive index profile, which can be tuned at high speeds (~us) but must operate in a

stroboscopic mode [143], [144].

Mechanically-tunable metasurfaces have been reported recently, in which metasurfaces are
embedded in stretchable substrates, such as a 1.7X zoom lens [145], a reconfigurable hologram
[146], and tunable lens with focusing efficiency above 50% [26]. However, all of these were much
less than a millimeter in size and required external apparatuses to generate mechanical strain,

restricting their applications.

In this chapter, we introduce a new approach, in which metasurfaces can be made
electrically tunable by combining them with a class of electroactive polymers known as dielectric

elastomer actuators (DEA) [19], [147]. Large biaxial and reversible strains at relatively high speed
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can be produced by applying an electric field and the biaxial strain is directly compatible with 2D
metasurfaces. By using different electrode configurations, they can be used to alter the size, shape,
and lateral translations of a metasurface bonded to the elastomer. We show the potential of this
approach in performing simultaneous tuning of focal length, astigmatism correction, and image
shift control. This brings the familiar tuning capabilities of electron microscopes to flat optics. It
also enables long sought-after applications, in which dynamic and high-speed tuning can be
achieved with voltage-resolved precision in an analog or digital manner at the millisecond time

scale.

5.1 Wavefront shaping with stretched metasurfaces

A flat lens can be constructed using the following hyperboloidal phase profile:
$() = tk(Yr>+f> = f), (14)
where k is the wavenumber (k = 2nn /A, where n is the refractive index of the medium in which
the lens is immersed and A is wavelength), r is radial position, f is focal length, and the sign is
positive or negative for diverging or converging lenses, respectively (Figure 5-1(a)). This phase
profile focuses light free of spherical aberrations for normal incidence (infinity-corrected)
illumination. We combine the metasurface lens with a DEA, to make the metasurface tunable,
which was, by itself, a static device.
The DEA, sometimes referred to as “artificial muscles” in soft robotics, is effectively a
compliant parallel plate capacitor [148]. By using a soft elastomer (e.g., polyacrylate and silicone
rubbers), as a dielectric together with transparent, stretchable electrodes, the dielectric is

compressed in the electric field direction (thickness direction) when a voltage is applied. As
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elastomers conserve volume on deformation (i.e., Poisson ratio close to 0.5), the thinning results
in lateral or areal expansion that can be very large, up to 500% [149]. The attainable actuation
strain is a function of the electrostatically-induced Maxwell stress, the constitutive deformation
behavior of the elastomer, and mechanical configuration of the elastomers and electrodes [ 150].
By bonding the metasurface lens to the dielectric elastomer, the in-plane (lateral)
deformation of the metasurface lens is coupled to the voltage-induced stretching of the elastomer,
which is uniform over the electrode area. This uniform stretching effectively scales the lateral
coordinates of the lens by a stretch factor, s (s = 1 + ¢, where ¢, is lateral strain), such that r —

r/s:

Gstretchea(r,s) = tk <1’(T‘/S)2 + fOZ - f0>) (15)

where f;, is the focal length without actuation, provided that metasurface elements retain their
original, individual phase responses, and only their separation is increased (Figure 5-1b). While
this stretched phase profile is not of the same form as Equation (14) (a radially varying stretch
profile, Syq4iq1 (1), would be required), it is closely approximated by the following ideal phase

profile:

bigear(r,5) = k(Y12 + (s2fo) — 5*fo), (16)

in which the focal length of Equation (14) is replaced by stretch-dependent focal length, f(s) =
S2fy . Pigeas produces a focal length change that scales quadratically with stretch while
maintaining the hyperboloidal shape necessary to be free of spherical aberration. The voltage

applied to a DEA alters the focal length in the following way:
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1
L=t (17)

fo 1‘(?)(?)2’

where V is and voltage, and €, Y, and t are the permittivity, Young’s modulus, and dielectric layer
thickness, respectively.

In tunable systems, optical aberrations may be augmented or reduced by tuning. With
metasurface lenses, spherical aberration using normal incidence illumination is corrected by
design. However, when such a metasurface is deformed, the resulting aberration is not obvious.
The wavefront aberration function (WAF = Qgtretched — Pidear) quantifies the deviation of the

resulting phase profile of the stretched metasurface from the ideal phase profile:

WAF = ik< /(T‘/S)Z +f02—f02> $k( r2+(52f0)2_52f0) (18)

(1-s?)r*
8f3s6

= +k + 0(r°).

This equation shows that as the uniform stretch is increased from s =1, the WAF
increases from 0 until reaching a maximum aberration at s = 1.22 (e.g., for a lens @6 mm, f= 50
mm, the maximum aberration is <0.05 rad at the edge). Upon further stretching, a built-in
suppression of spherical aberration comes into effect, in which Equation (18) decays following a
quartic function, (r/s)*. This allows for highly tunable lens devices with excellent immunity to
aberration.

In practice, an infinite number of aberrations exist and can be quantified in terms of Zernike
polynomials. In most cases, the lowest eight terms are sufficient: piston, tip, tilt, defocus, oblique
astigmatism, vertical astigmatism, vertical coma, and horizontal coma. Because Zernike terms are

linear and orthogonal, specific or multiple optical aberrations can be targeted and tuned by
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introducing the appropriate strain field to the phase profile. The application of stress of a particular
configuration induces a strain field, resulting in a displacement field. The displacement field can
be regarded as the sum of deformation (A) and a rigid body displacement (B) components, in
which the transformed coordinates can be expressed in the following way: x' = A(x,n) + B(t),
where 7 is a parameterization (e.g., stress, voltage) and x and x' are the original and transformed
coordinates, respectively. For metasurfaces, this reduces to a 2D problem, in which the phase
profile coordinates transform: ¢ (x,y) = ¢(x’,y"). The rigid body displacement is simply a shift
in the x,y plane of the entire phase profile (Figure 5-1d), while the deformation changes the shape
or size, opening up opportunities for generating new phase profiles through tuning the strain field.

In the case of asymmetric biaxial strain, the lateral coordinates of the phase profile transform as

follows (x,y) = (x/syx, y/Sy):

¢ = tk (J (/507 + (/)% + fo —fo), (19)

where s, # s, (sy = s, is uniform stretching). Here light propagating along two perpendicular
planes experience different focal lengths, which is astigmatism (Figure 5-1(c)).

Using the voltage-induced strain field, it is possible to create the optical analog of image
shift and stigmators found in scanning and transmission electron microscopes, which shape the
electron beam dynamically. In optical systems, astigmatism can be performance-limiting, and
sources of astigmatism often stem from geometric imperfections, such as misaligned, malformed,
or strained lenses. Optical shift and astigmatism tuning is particularly useful in systems with that

components move or deliberately utilize these parameters to extract additional information.
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Metasurface Lens Wavefront

(a) Original

(b) Defocus

(c) Astigmatism

(d) Shift

Figure 5-1 Design of tunable metasurface lens. An illustration of a metasurface (left column) is
constructed by digitizing an analog optical phase profile on a flat surface into discrete cells, each
of which contains a metasurface element that locally imparts the required phase shift to the
incident light in order to reconstruct the desired wavefront (middle column, dotted line is optic
axis). The wavefront generated by the metasurface determines the subsequent beam shaping (right
column). A periodic, radial gradient structure can be seen in the metasurface illustration,
corresponding to 0 to 2r phase modulation, similar to the rings of a Fresnel lens. Rows: (a) A
metasurface with a hyperboloidal phase profile following Equation 1 will focus normal incidence
light to a point at distance corresponding to the focal length. Light rays traveling along the x, z
and y, z planes (red and blue lines, respectively) will both be focused to the same point. (b) When
the metasurface is stretched uniformly and isotropically, the phase profile widens and shallows,
and this is seen in the outgoing wavefront (i.e., isophase surface), resulting in an extended focal
length. Conversely, if the metasurface is compressed, the focal length would reduce. (c) When the
metasurface is asymmetrically stretched (here stretched and compressed in the x and y directions,
respectively), astigmatism is produced, such that light rays traveling along the x, z and y, z planes
experience different focal lengths. (d) When the metasurface is displaced laterally in the x, y plane,
the entire phase profile and hence focus position is correspondingly laterally shifted.



5.2 Device design and characterization

The lens was fabricated using photolithography in a prepared film stack (see Figure 5-2(a)).
By attaching the DEA to the sample surface and dissolving the sacrificial layer in water, the
metasurface was transferred to the DEA. Electrical leads were then attached to apply control
voltages. The final device includes a metasurface lens with a diameter of 6 mm. We designed and
fabricated a polarization-insensitive, converging metasurface lens with a diameter of 20 mm and
a focal length of 50 mm for a wavelength of 1550 nm based on Equation (14). The metasurface
consisted of amorphous (a)-Si circular posts (Figure 5-2(b)). The data file for the photomask
pattern generator was created using an algorithm we recently developed for efficiently generating
large area metasurface designs with an extremely large number of densely-packed polygons [151].
We constructed the DEA using transparent polyacrylate elastomers (VHB 4905, 3M) with
stretchable-transparent electrodes made of single-walled carbon nanotubes (SWCNT) [152]. These
were measured to exhibit large transparency windows in the visible, near-infrared, and mid-

infrared spectra.
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Figure 5-2 Dielectric elastomer actuator platform. (a) Fabrication steps: (i) Schematic of the thin-
film stack prepared for photolithography. (ii) After patterning and etching, the stack is attached
to an elastomer layer and the whole stack is immersed in a water bath. (iii) Schematic of the
release process showing the dissolution of the sacrificial layer (GeQ:) from the outer edge of the
device towards the center, leaving the metasurface structure attached to, and supported by, the
elastomer layer. (iv) A schematic of metasurface and DEA combination in which an applied
voltage supplies the electrode layers (SWCNTs) with electrical charges. Their electrostatic
attraction compresses the elastomer in the thickness direction and causes expansion in the lateral
direction. (b) False-colored scanning electron microscope image of the center of the lens shows
a-Si posts on the GeO: sacrificial layer before attaching to the elastomer layer.
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Figure 5-3 (Continued) (a) Measurement of focal length tuning using center electrode Vs. Blue
dots with error bars (standard deviation): Optical measurement of device focal length as a
function of applied voltage. Solid blue line: fit focal length data to Equation 3, showing good
agreement (R° = 0.9915). Red triangles: Measurement of stretch as a function of the applied
voltage. (b) Measured focusing efficiency with error bars (standard deviation) as the voltage is
varied. (c) The focus profile was scanned using a microscope objective (10x magnification) at two
different voltages: 0 kV (top) and 1 kV (bottom). (Left) Z-scan of the intensity profile showing two
distinct focal lengths. (Center) Image of focal spot intensity profile, i.e. x-y cross sections at the
position of maximum intensity. (Right) Line scans of focal spot intensity image in the x (blue) and
y (red) directions in comparison to the theoretical diffraction-limited spot size (black). Bottom:
Also shown are the images of the focal spots at 0 through 2.5 kV captured directly by the camera
without the microscope objective (scale bar: 500 um). (d) As the applied voltage is tuned using the
x-stigmator electrode configuration, the measured Zernike coefficients of the phase profile are
plotted, showing targeted tuning of vertical astigmatism, while other Zernike coefficients exhibit
little change throughout the tuning range. The defocus value accounts for the original focusing
power of the lens. (e) Measurement of X, Y-shift control as 1.9 kV applied, showing two-axis control
over displacement from the focus position (center red circle) at 0 kV.

Two types of devices were fabricated and measured, a single layer (SL) and double layer
(DL) device. While the SL demonstrated better tunability than the DL, most of the data presented
are of the DL, due to it being higher quality. DEA induced stretch was observed from optical
microscope images of the center of the lens. The Fourier transforms (FT) of the DL images were
used to quantify the stretch (Figure 5-3(a)), in which we measured the radii of the first order
annulus of FT, corresponding to the reciprocal space representation of the radially symmetric post-
to-post separation. With the same applied voltage, the DL was stretched less than SL, on account
of the greater stiffness introduced by the larger intermediate elastomer layer. The maximum
voltage used was 3 kV, which produced s = 1.41 (SL) and 1.15 (DL).

The focal lengths were measured by scanning a camera along the z-axis for different
applied voltages. From f = 50 mm without actuation, the DL focal length was tuned by 15 mm

(30%, Af /f,) as the voltage was increased from 0 to 3 kV (Figure 5-3(a)) and closely followed
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the predicted relation with voltage (Equation (17)). The SL displayed a greater, 107% focal length
modulation upon varying the voltage from 0 to 3 kV (Figure 5-3(a), inset). The focusing efficiency,
defined as the ratio of the focused optical power and the incident power, was measured for the DL
and showed a high average efficiency of 62.5% with minimal variation throughout the tuning range
(Figure 5-3(b)). For comparison, the measured focusing efficiency of the metasurface before
transfer (fabricated on a fused silica wafer) was 91%, and the difference was attributed scattering
and absorption by the DEA as well as imperfections in the transfer process. Images of the focus
were taken to investigate the effect of aberrations upon tuning. Since the sizes of the beam (27
mm) and lens (86 mm) were comparable, the illumination profile impinging on the lens was
Gaussian rather than a plane wave, causing the Airy pattern to not manifest by apodization. In the
absence of any applied voltage, the measured focal spot size (1/e? full beam waist) was 34.4+1.1
um, compared to the theoretical diffraction-limited spot size of 21.4 pm (26 mm, =50 mm,
M?=1.3). At 1.0 kV, the measured focal spot size was 37.7+2.8 um, compared to a diffraction-
limited spot size of 22.7 um (26 mm, =53 mm, M?=1.3). Possible reasons for this difference
include errors introduced during fabrication and the transfer process. In particular, it is likely that
a non-uniform strain field was created as the elastomer membrane was initially pressed onto the
metasurface, resulting in small distortions in the final device. Optical performance can be
improved by optimizing these procedures. The focal spot sizes were within their measurement
errors indicating that the focal spot size, although not diffraction-limited, was maintained on
tuning. Due to setup constraints, images of the focal spots at higher voltages (> 1 kV) were
obtained directly by the camera without magnification (Figure 5-3(a), bottom). It was clearly seen

that the focal spot maintains its shape even at high voltages.
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We measured the x stigmator (Figure 5-3(d)), which squeezed the phase profile into an
elliptical shape by contraction and expansion in the x and y directions, respectively. The image FT
was then used to quantitatively measure the strain field, showing asymmetric yet spatially uniform
biaxial strain: a requirement for good stigmator performance. The resulting astigmatism tuning
was calculated by taking the Zernike transform of stretched phase profile (Figure 5-3(d)).

We measured the x, y-shift and were able to shift the image in the up, down, left and right
directions by applying appropriate control voltages (Figure 5-3(e)). The observed asymmetry of
the control is most likely due to some residual asymmetrical stiffness around the periphery of the
device. This asymmetry occurred during fabrication, as three different structures needed to be
concentrically aligned: the outer frame, electrodes, and metasurface. Precise alignment between
these structures would improve the symmetry of control. Shift-induced distortion of the
metasurface was minimal.

The reliability of the device was tested with a sinusoidal voltage from 2 to 100 Hz at an
amplitude of 2.5 kV to continuously vary the focal length. More than 1000 cycles without failure
were achieved. By applying a voltage square wave, we were able to measure the response time of
our devices to be 33+3 ms. The response time is mainly limited by the viscoelasticity of the
elastomer, the charge transfer and dissipation time of the SWCNT electrodes. It is expected that
both can be improved by using better elastomer materials and reducing the electrical resistance of
the electrodes. Dielectric breakdown of the device was also investigated. The lens can be tuned by
increasing the voltage until breakdown occurs, upon which current begins to flow through the
dielectric, damaging the device. Our devices broke down at around 3.5 kV. Interestingly, the

electrical breakdown was a ‘soft’ breakdown associated with local burning through the elastomer

102



and the same devices were able to resume normal operation after disconnecting the power and
allowing the device to rest for several hours. This self-healing feature is attributed to the burning
and subsequent clearing of SWCNT electrodes around the breakdown location, preventing further
electrical shorting.

The current device can be improved in the following ways: Reducing the thickness of the
elastomer could reduce the voltage requirement [ 153] (possibly to less than 12 V). Miniature high
voltage components are commonly found in devices, such as cell phones, including flash modules,
piezo actuators, and surface acoustic wave transducers. Another consideration is to decrease the
response time to potentially us time scale [139], [154] Also, optical performance may be improved

by optimizing the transfer process as well as using other DEA materials [155].

5.3 Summary

We have demonstrated for the first time an electrically-tunable metasurface lens whose
focal length, astigmatism, and shift can be simultaneously controlled by applied voltage signals to
a mechanically coupled, transparent dielectric elastomer actuator. The focal length scales as the
quadratic function of stretch (o s2), yielding large changes in focal length for small strains. It
brings into focus embedded optical zoom and optical image stabilization for chip-scale image
sensors (e.g. cell phone cameras) as well as optical zoom and adaptive focus with lightweight form
factors for head mounted optics, such as everyday eyeglasses, virtual reality and augmented reality
hardware. In other applications, it allows for optical zoom and focal plane scanning for cameras,
telescopes, and microscopes without the need for motorized parts. Furthermore, its flat

construction and inherently lateral actuation allow for highly stackable systems, such as compound
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optics. While the device presented used rigid metasurface elements, non-rigid metasurface
elements individually tunable with strain can also be designed. The combination of metasurface
optics and DEAs enables a versatile platform for tunable optical devices, including tunable phase,
amplitude, and polarization profiles, through the electrical control of the strain field in the optical

layer, making it possible to bring tunability long familiar in electron optics to flat optics.
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Appendix A
Characterization of VO:-based metasurfaces

Al: X-ray diffraction measurements

The quality of the as-grown VO films on c-Al,O3 was investigated using X-ray diffraction
measurements (Figure Al). Besides reflections from 006 and 00 12 planes of the Al,Os
substrates, only reflections from 0 2 0 and 0 4 0 planes of monoclinic VO» can be seen indicating

either epitaxial or textured growth with the b-axis of the film normal to the substrate surface.

o006 (00012) §
(AI 0) AlLO,

23

L (020), J

intensity (cps)

30 40 50 60 70 80 90 100
260 (°)

Figure Al: X-ray diffraction pattern of a 100 nm as grown VO: thin film on c-axis oriented
Al>Os. Only reflections from the 020 and 040 VO:z and 0006 and 000 12 Al>Os planes are found
indicating excellent oriented growth. Weak additional reflections are caused by the use of a
tantalum strip heater which was placed underneath the sample during measurements.
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A2: Ion distribution and damage simulations

The VO, thin films on c-Al,O3; were irradiated with 75 keV Ar" or 190 keV Cs" ions at
room temperature with ion fluences ranging from N;= 5x10'? to N;=1x10'> cm™. The correspond-
ing depth and damage profiles of implanted ions were calculated with the computer code Stopping
and Range of Ions in Matter (SRIM) and are shown in Figure A2(a) and (b). As input parameters,

we used the given displacement energies of SRIM as 25 eV and 28 eV for V and O, respectively.

For both irradiation conditions, the projected ion range is centered within the 100 nm VO,
film. As the ion beam penetrates the film, it also spreads out laterally in respect to the ion beam
direction (lateral straggle). If a mask covers half of a sample (lateral position > 0 in Figure A2(c)),
the lateral range of ions is defined as the distance under the mask where the concentration of the
implanted species drops to 25% (at the mask edge the concentration is ~ 50% of the uniform value).
The simulated lateral distribution of ions for 75 keV Ar" and 190 keV Cs" irradiation is shown in

Figure A2(c) and is calculated to be ~15 nm and ~12 nm, respectively.

The calculated number of primary displacements per lattice atom (napa) by SRIM, used as
a bottom scale in Figure A2(b), depends on the ion energy as well as on the mass of ion and target
atoms, and is the sum of both V and O Frenkel pairs created in the kinematic collision process for
VO3 at T = 0. Thus, although it does not consider dynamic annealing processes, it allows for a
direct comparison of the number of primary created defects by the different irradiations (here: 75
keV Ar" versus 190 keV Cs"). The value increases linearly with ion fluence for any irradiation

condition, as shown as a top scale of Figure A2(b).
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Figure A2 Simulated depth profiles of (a) 75 keV Ar* and (b) 190 keV Cs* ion implantation
into VO: using SRIM for a fixed ion fluence of Ni= 10'* cm?, respectively. The dotted line
indicates the interface to the sapphire substrate. No interface mixing is expected. (c) Simulated
lateral concentration of Ar™ and Cs" ions at a penetration depth of 50 nm for a sample, which
is half covered with an irradiation mask. The mask covers positive lateral positions, and no ions
can penetrate through the mask.

A3: RBS/Channeling measurements

Rutherford backscattering spectrometry in channeling geometry (RBS/C) was performed
to evaluate the defect concentration in intrinsic and irradiated VOz. A relatively low yield from He
ions backscattered from vanadium atoms in the channeling direction compared to the yield in a
random direction indicates a low defect concentration of the as-grown VO, (Figure A3(a)). With
increasing ion fluence, the backscattering yield increases due to the presence of lattice defects.
From RBS/C measurements, the defect concentration of the VO thin film can be estimated as the
fraction of backscattering yield in the channeling direction compared to the backscattering yield

in a random direction (Figure A3(b)). Progressive amorphization with increasing ion fluence Ni
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due to defect accumulation can be described by a direct-impact model where each ion creates a
small defective region in the lattice with damage cross-section c. The defect concentration can
then be determined as n = (1 — e~?M1). Figure A3(b) shows the defect concentration calculated
in the middle of the VO layer (channel ~425) and the direct impact model fit to this data
(6 ~3 x 10" cm). It can also be seen that for ion fluences above ~ 1 x 10'° cm™, the VO layer

is amorphous (n = 1).

a b
- ! T ! ! " T ! j ! T '2' j 4 T — T —r—TTTrrr —T
1.4 MeV He" RBS/C ion fluence N, (cm™)
2000 - . ‘ ] 1.0 | 75 keV Ar"irradiation A .J
o 75 keV Ar random 1x10" | .
= 13 14 | 100 nm VO, on c-Al,O K
[} r 100 n m VO, on ¢-AlLLO, 3x 1013 2x 1014 1 g 2 273
= : 5x10% ——3x10"{ .9 ’
; 1500 | O gx 107 —5x 10" T 08F e RBS/C ‘,. .
c g = | ---- direct impact e
= c A
@ I @ 06| X i
= e ’
5 1000 c ’
g S ‘
@ O o4t K -
5} O Py
@ 500 D s
o O 02} e g
© ,'.
L : .
0 N L " 0.0 -P\’ﬂ-—.. Lol - Ll
200 300 400 500 0.1 1 10
channel ion fluence (x10™ cm™?)

Figure A3 (a) RBS/C spectra of intrinsic and irradiated VO3 as a function of ion fluence. The
samples were irradiated with 75 keV Ar* ions at room temperature. (b) Damage fraction
calculated from the vanadium part of the RBS/C spectra. The dashed line corresponds to a direct
impact model that fits the data well.

A4: Scattering type scanning near-field infrared microscopy (SNIM)

By comparing the near-field images with high-resolution atomic force microscopy images

that were taken simultaneously, we observed that the spatial boundary between metallic and
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insulating VO follows the grain boundaries. The grains are visible in the AFM images (Figure

A4) , and have a grain size between 20 and 100 nm.

s-SNIM AFM

Figure A4 Comparison of a near-field image obtained by s-SNIM and the corresponding AFM
image that was taken simultaneously. Dark (bright) regions in the s-SNIM image correspond to
insulating (metallic) VO: that causes a small (large) scattering amplitude.
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