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Chapter 1: Introduction

1.1 Motivation

Engineering the interaction between electromagnetic radiation and matter has led to
some of the greatest advances in our society. These include, but are not limited to, high-
speed communication and data transfer, efficient solar energy harvesting, remote optical
sensing, and high-resolution imaging systems. As scientists and engineers push the
frontiers of technology it becomes increasingly important to move beyond the limits of
conventional materials and develop a new generation of materials with advanced optical
properties and functionalities.

The complete, classical description of light-matter interaction is given by

Maxwell’s equations,

V-B =0,
VXE = o8B
-8t
V-D=p, (1.1)
VxH—'+5D
s

where B is the magnetic flux density, D is the electric flux density, E is the electric field, H
is the magnetic field, p is the charge density, and j is the current density. The constitutive

relations for the magnetic and electric flux densities are,



D=¢.¢,F
(1.2)
B = p,puH

where &,1s the permittivity of vacuum, z4,1s the permeability of vacuum, and ¢ and g, are
the relative complex electric permittivity and magnetic permeability, respectively. From
the relations, we see that the material dependent properties & and g, dictate how the
material responds to electromagnetic radiation. In bulk materials, & and g are governed by
the atomic composition and arrangement of a crystal lattice. This means achieving arbitrary
control of bulk optical properties requires atom-scale engineering, a level of precision not
available with current technologies.

Though arbitrary atomic engineering is not currently possible, fabrication advances
in the last several decades have allowed scientists and engineers to create precise features
on the nanoscale. Using nanoscale features, it is possible to fabricate crystals of meta-
atoms, where if the feature sizes are less than the wavelength of light, the crystal can be
treated as an effective medium. An example of a meta-atom crystal is shown in Figure 1.1.
The electric and magnetic properties of each meta-atom unit cell can be controlled through
structuring which allows for the realization of arbitrary optical properties and even those

not available in natural materials.



Metamaterial

L a4
y

Ele_ctric" Electric
Field «<-....X\ [Dipole (g)

A \ ¥ 4
Arbitrary ¥ & 4 L C
“‘meta-atom” e .
w7 W N
= “* Magnetic
------------- Dipole (u)

Figure 1.1. Schematic of metamaterial crystal. The black line represents an
electromagnetic wave propagating through the crystal. The orange crosses represent unit
cells in the metamaterial that can be of any arbitrary shape or material. Two unit cell
examples are included in the right side of the figure. One is a metal bar that generates a
strong electric dipole resonance that can be used to control permittivity (&). The other is a
metal split-ring resonator that generates a strong magnetic dipole resonance and can be
used to control permeability ().

This engineered meta-atom crystal is known as a metamaterial, a term first used by
Walser in 2001.!" In its early stages, the metamaterial field became famous for
demonstrations showing optical cloaking!® ! and negative refractive index.!®™ This
exciting, initial work spurred the field and since then many studies have explored other

[9, 10]

. . . . . . 11,12
metamaterial properties including epsilon-near-zero, engineered phase,!'" ' and

13- 141 A5 the metamaterial field approaches the 20-year mark, its

dynamic tunability.!
longevity will depend on how well scientists and engineers transition these advanced
optical properties to practical devices. The goal of my work is to do just that. In the
following dissertation, I highlight my development of metamaterial designs with enhanced

absorption and thermal emission properties that solve technical engineering challenges in

areas including energy conversion, heat transfer, and visible displays.
3



1.2 Absorption in Bulk Media

To appreciate the enhanced absorption metamaterial designs provide, we first
explore absorption mechanisms in bulk media. The Lorentz oscillator model is used to
describe light absorption in lossy, dielectric materials. In this model, the atoms are treated
as mass spring systems with valence electrons attached to an atomic core by an imaginary
spring (Figure 1.2a). The equation of motion for the electron is written as follows,

m(¥ + yx + w2x) = —q E (1.3)
where m is the mass, ¥ is the acceleration, yis the damping rate, x is the velocity, @, is the
natural frequency, and ¢, is the electron charge. The damping term in the oscillator model
causes energy loss in the material, producing a complex refractive index, n = n,. — in;,
where the imaginary part represents an attenuation of the wave. For a plane wave, this
complex index causes the electric field to decay exponentially over a distance (z) in the
material. The attenuation is graphically represented in Figure 1.2b. Because of the
exponential decay, bulk materials can require large thicknesses to absorb all the incoming

radiation.
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Figure 1.2. Absorption in a bulk, lossy dielectric. a) Lorentz oscillator model where the
atom is modeled as mass-spring system. The damper in the model is responsible for energy
absorption in the material. b) Plot showing absorption in a lossy dielectric. The damping
term in the oscillator model causes the field to exponentially attenuate in the material.
These figures are adapted from Fox!" and Feynman.!'®

Another bulk absorption process includes interband transitions in semiconducting
materials. In this process, electrons from the valence band can be excited to the conduction
band by a photon with energy larger than the band gap. The excited electron will
eventually decay back to the ground state through either radiative or non-radiative
processes. If the electron decays non-radiatively, the photon energy is absorbed in the
material. This interband absorption process will be used in Chapter 3 as a modulation
mechanism.

Both of these bulk absorption mechanisms provide little spectral tunability as the
spectral absorptivity is dictated by atomic structure, which cannot be easily manipulated.
This means any spectral tuning is limited to mainly bulk material selection. The processes
also provide little control of the polarization and spatial distribution of the absorbed

energy. Furthermore, the absorptivity of bulk materials is difficult to tune dynamically.



These limitations can be overcome using engineered metamaterials.

1.3 Absorption in Metamaterials

1.3.1 Thermoplasmonics

One way to achieve metamaterial-enhanced absorption is using resonant plasmonic
structures. A plasmon resonance occurs when an electromagnetic wave interacts with a
metal nanoparticle causing the free electrons in the particle to coherently oscillate.!'”
During the oscillations, resistance in the metal causes joule heating in the particle, which
manifests as absorption. Typically, this absorption is considered a parasitic loss; however,
in the growing research field of thermoplasmonics this loss is engineered to generate
optically-induced nanoscale heat sources. Some potential applications in this area include

(201 and

chemical catalysis,''® heat-assisted magnetic recording,""®! phononic circuitry,
medical therapy.”"

Initial work in the thermoplasmonic field explored the absorption properties of simple
plasmonic geometries. In my first project, I wanted to see if more complex structures could
be used to increase absorption and, consequently, the local heat generation. I found that
nanostructures which create strong rotational magnetic fields produce enhanced absorption
and heat generation, ¢”"" & H3. To find a structure with a large magnetic field hot spot, I
used Babinet’s principle, which states that the complementary structure of a material will

provide a complementary optical response. Therefore, by taking the complimentary

structure of a bowtie antenna, which produces an electric field hot spot (Figure 1.3a), [ was



able to create a diabolo antenna, which provides a magnetic field hot spot (Figure 1.3b).24

Comparing the diabolo antenna to a regular bar antenna, which has less magnetic field
enhancement, I was able to experimentally validate the design rationale by showing that

the diabolo antenna generates higher temperatures than the bar antenna (Figure 1.3c).
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Figure 1.3. Absorption in thermoplasmonic metamaterials. a,b) Complementary antenna
structures: bow-tie (a) and diabolo (b) with plots of the electric and magnetic fields,
respectively. ¢) Temperature measurements of optically excited dipole (square) and diabolo
(triangular) arrays versus heating beam power. AT is temperature rise over the ambient

temperature. Insets show SEM images of the diabolo and dipole antenna. For reference, the
dipole antenna length is roughly 200 nm.

Though this work demonstrated promising results, a major issue that hinders
absorption in these plasmonic structures is scattering or re-radiation of energy back to the
environment. In fact, the diabolo antenna achieved only 24% absorption at the resonant
frequency. Therefore, for the rest of my work I wanted to study metamaterial geometries

that could further improve absorptivity and potentially reach 100% absorption.



1.3.2 Metamaterial Perfect Absorber

When incident light reaches the surface of a material it can either be reflected,
transmitted, or absorbed as shown in Figure 1.4a. Therefore, to create a metamaterial with
100% absorption, the transmission and reflection from the surface should be minimized.
The transmission can be minimized by simply coating a substrate with a metal film.
Minimizing reflection, however, requires impedance matching the material to free-space,
which generally demands more complex structuring of meta-atoms. The equation for

impedance matching is written as,

R |24 2
lz,+ 74
(1.4)
25
Z, = |—=
2 52

where R is reflection, Z; is the impedance of air, and Z; is the impedance of the material. If
both Z; and Z, are equal then R is zero and the materials are said to be impedance matched.
Because the impedance of free space is unity (Z;=1), the matched impedance in the
material occurs at the spectral position where £, and &, are equal.

The permittivity of a metamaterial is easily manipulated using metal nanostructures.
Controlling the permeability, however, is more challenging because materials typically
have a weak magnetic response in the optical regime. To create a metamaterial absorber
with arbitrary control of permittivity and permeability, a metal resonator and dielectric
spacer layer are added to a metal backplane as shown in Figure 1.4b. In this system, the top
resonator acts as an electric dipole (Figure 1.4c) that controls the permittivity of the

material. Meanwhile, a magnetic dipole is generated in the spacer layer (Figure 1.4d) due



to anti-parallel, circulating currents in the resonator and backplane. This gives the material
artificial magnetic properties and control of the permeability. In this metamaterial
architecture, permeability can be tuned by controlling the dielectric spacer thickness while
the permittivity can be tuned by controlling the resonator length. At the spectral position
where the permittivity and permeability match, the reflection is zero and, assuming loss in

the system, the absorption will be 100% as shown in Figure 1.4e.
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Figure 1.4. Designing a metamaterial perfect absorber. a) Schematic showing reflection,
transmission, or absorption of incoming light. b) Metamaterial perfect absorber unit cell.
c,d) Cross-sections taken through the middle of the unit cell showing the simulated electric
field (c) and the magnetic field (d) distributions. Both fields are plotted at the resonant
frequency of the metamaterial. e) Simulated spectral absorptivity of the metamaterial unit
cell.

This metamaterial absorber design was first proposed in 2008 by Landy for a device in

the GHz regime.”*” Since then, the design has been adapted to other frequency ranges
9



including the visible and infrared regime. The metamaterial absorber architecture offers

many benefits over bulk absorbing materials. These benefits are highlighted in Table 1.1.

Table 1.1. Metamaterial Perfect Absorber Benefits

* Complete spectral control of the absorption peak

= Control over the absorbed polarization

* Omnidirectional or angle-selective response

» Localized field enhancements for improved interaction with surrounding
media

= Ability for post-fabrication tuning of the resonance

Since 2008, several studies have explored how to utilize the benefits of the
metamaterial perfect absorber geometry to solve practical engineering challenges. Some
groups have tried to narrow the absorption peak for applications in sensing and absorption
filters.>* ) Other groups have explored designs that broaden the absorption peak to

(2721 Currently, research has shifted to dynamic

develop advance solar absorbing materials.
absorption control where the absorption properties are tuned dynamically.”% ! T believe

this current focus on dynamic tunability is the most promising direction for the field.

1.4 Controlling Thermal Emission with Metamaterials

So far, I have discussed the metamaterial perfect absorber in terms of incoming
photons being absorbed in a material. However, another interesting area of research for this
metamaterial architecture is thermal radiation control where photons are thermally emitted
from the material to free space. A material’s thermal radiation characteristics are

determined by its surface temperature and emissivity. Emissivity is a material property that
10



describes the fraction of emitted energy to that of a theoretical blackbody, which emits the
maximum radiation allowed by quantum mechanics. We can use the metamaterial absorber
architecture to control thermal emission because the absorptivity of a material is equal to
its emissivity according to Kirchhoff’s law. This means a perfect absorber is also a perfect
thermal emitter.

Controlling thermal radiation is important because, of the three modes of heat
transfer (conduction, convection, and radiation), thermal radiation offers the unique
advantages of long-distance energy transfer and energy exchange without the need of an
interacting medium. It also provides a significant source of infrared radiation that can be
used to probe and control many interesting phenomena. Recent studies have explored the

metamaterial absorber geometry as a thermal emitter for applications in energy

{[32-37) 38, 39]

managemen , sensing! , and infrared signature control.”*”) However, there is still

much more work to be done in this area.

1.5 Organization of the Dissertation

This dissertation is organized as follows:

Chapter 2 presents a large-area metamaterial thermal emitter that is fabricated
using facile, lithography-free techniques. The device is composed of conductive oxides,
refractory ceramics, and noble metals, and shows stable, selective emission after exposure
to 1173 K for 22 h in inert and, for the first time, oxidizing atmospheres. The results of this
chapter indicate that the metamaterial can be used to achieve high-performance

thermophotovoltaic devices for applications such as portable power generation.

11



Chapter 3 presents another metamaterial perfect absorber geometry for thermal
emission control; however, this time the emissivity of the material is dynamically
modulated. The modulation is carried out using spatially patterned ultraviolet light that
generates free carriers in a photosensitive ZnO spacer layer, causing a localized increase in
emissivity. This work is the first demonstration of spatiotemporal emissivity modulation,
an important advancement for thermal engineering applications such as smart, adaptive
thermal management and rewritable infrared camouflage/displays. This material also
achieves the largest integrated emissivity change among ultra-thin, low-power emissivity
modulators.

Chapter 4 presents a metamaterial with selective absorption at visible frequencies
for dynamic, reflective color generation. The metamaterial resonance is modulated using
electrochemical actuation of a few-layer graphene spacer layer. The actuation operates at
extremely low powers and can achieve high cycle stability. These attributes are important
for displays in high-performance portable devices. In this chapter, I describe the theory
behind the metamaterial design and present initial experiments demonstrating the color
change. The results of this work could open opportunities for low-power, colored displays
in electronic paper and digital signage.

Chapter 5 summarizes my work and highlights its long term implications. I also

discuss future opportunities and challenges in the field.

12



Chapter 2: Lithography-free Large-area Metamaterials for Stable

Thermophotovoltaic Energy Conversion

2.1 Introduction

In this chapter I explore the use of metamaterials for portable energy conversion
applications. Common portable power devices include a range of battery technologies;
however, batteries suffer from low energy densities which can cause unacceptable system-
level weight additions. Combustible fuels, on the other hand, offer roughly two orders of

magnitude increase in available energy density!*! **

, yet technologies to extract the power
such as thermoelectric and thermionic generators suffer from low conversion efficiencies.
As an alternative, thermophotovoltaic (TPV) generators, which use thermally emitted
photons from a terrestrial source to power a photovoltaic cell, can provide significantly
improved conversion efficiencies as well as high power density, fuel source flexibility, and
robust and quiet operation.*' *! TPV research has increased over the past decade due to

recent advances in the development of nanostructured optical materials with much work

being focused on designing ideal thermal emitters.

The ideal TPV thermal emitter must meet demanding spectral and mechanical
design requirements. Spectrally, the emitter should produce an emissivity (¢) spectrum as
follows: e=1 for E>FE, and ¢=0 for E<E, where E is the energy of the thermally emitted
photon and E| is the bandgap energy of the photovoltaic cell. The step function at the
bandgap ensures that all thermally emitted photons are capable of producing an electron-

hole pair in the photovoltaic cell. This type of TPV emitter spectrum is desired for high

13



power density applications such as portable power generation and combined heat and
power (CHP) as opposed to ultra-high-efficiency applications where the emitter spectrum
should be quasi-monochromatic at the bandgap to reduce thermalization losses in the
photovoltaic cell."** **) In addition to being spectrally selective, the ideal emitter must also
be polarization-independent and omni-directional. Mechanically, the emitter must not
degrade when exposed to high-temperatures (>1100 K) and non-pristine atmospheres. High
operational temperatures are required of TPV emitters so that the blackbody emission peak
spectrally overlaps the bandgap of the photovoltaic cell.

14752

Recent TPV emitters have included 1D-, 2D-, and 3D- photonic crysta and

27.28.36.37] qesigns. Though these designs have generated much improvement

metamaterial'
toward the goal of stable and selective thermal emission, they typically possess
shortcomings that can include material delamination, corrosion/oxidation, surface
diffusion, and non-ideal spectral/angular emission profiles. Additionally, many of these
designs require nanoscale fabrication techniques that are challenging, or expensive, to scale
to practical device sizes. In this chapter, I present the design and experimental
characterization of a metamaterial-based emitter that meets the demanding TPV spectral
and mechanical requirements by using a combination of conductive oxides, refractory
ceramics, and chemically inert metals. I show that the metamaterial can maintain spectral
selectivity after exposure to both high-temperatures (1173 K) and oxidizing environments.

The metamaterial is fabricated using large-scale, facile fabrication techniques which makes

it practical for high-performance TPV portable power generators.
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2.2 Design Methodology

The metamaterial metal-dielectric-metal perfect absorber geometry is used as the
unit cell for the TPV emitter in this study. This geometry minimizes transmission with a
metal backplane and minimizes reflection with resonant impedance matching to produce a

(2261 As mentioned in Chapter 1,

condition of perfect absorption at a particular frequency.
this perfect absorption condition also translates into unity emission according to
Kirchhoff’s law."**! Traditional gold and silver metal-dielectric-metal metamaterials will

[27.5 3], and therefore, special care must be taken in

not survive the harsh TPV environments
the selection of the constituent materials. In our design, we use indium tin oxide (ITO) as
the backplane, gold disks as the top resonators, and aluminum oxide as both a spacer and
encapsulation layer.

Figure 2.1a shows the metamaterial unit cell and Figure 2.1b displays the emissivity
spectrum of the metamaterial as simulated using ITO optical properties taken from
measured data (Table A.1) and gold properties taken from Johnson and Christy.”* The
spacer thickness and resonator diameter were chosen such that the emission peak lies
below 2.5 um (~0.5 eV), which is near the band-gap energy of a GalnAsSb TPV
photovoltaic cell.” An electric field plot (Figure 2.1c) shows electric dipole coupling
between the gold resonator and ITO backplane and a magnetic field plot (Figure 2.1d)
reveals a magnetic dipole in the dielectric spacer layer. Both of these features confirm the
resonant metamaterial perfect absorber response.*”! The power density plot in Figure 2.1e
illustrates that most of the energy is absorbed in the ITO backplane. The optical penetration

and subsequent absorption in the backplane is to be expected due to the low permittivity

value of the ITO near the metamaterial resonant frequency.*”
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Figure 2.1 Metamaterial emitter design. (a) Unit cell where p=250 nm, hITO= 400 nm,
hspacer= 30 nm, hcap= 90 nm, and d= 140 nm. (b) Simulated spectral emissivity of
metamaterial unit cell. (c-e) Cross-sections taken through the middle of the unit cell
showing the (c) electric field, (d) magnetic field, and (e) absorbed power density (PD)
distribution. All fields are plotted at the resonant frequency (2.1 pm) of the metamaterial.

Though ITO is generally thought of as a transparent conductor in electronics and
photovoltaics, it has recently been studied as a high-performance plasmonic material in the
near-infrared (NIR) and much effort has been expended to explore its unique plasmonic
properties." ¥ With proper deposition conditions and tin doping levels, ITO becomes
metallic in the NIR (Figure A.1) and the material has demonstrated enhanced thermal
stability at 1673 K in harsh environments through its use in high-temperature strain
gauges.” °! These optical and mechanical features make ITO a superior choice for high-
temperature, NIR thermal emitters. Gold is used in the design because of its chemical

inertness and an encapsulation layer is added to maintain the shape of the gold at elevated
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temperatures. [62. 63]

2.3 Fabrication of Metamaterial

To fabricate the metamaterial, 400 nm of ITO is first radio-frequency sputtered
onto a cleaned sapphire substrate. The ITO was deposited in a 2 mTorr argon-only
atmosphere and the substrate temperature was maintained at 623 K. Next, the gold
resonators were fabricated using a dewetting process which takes advantage of the high
surface energy and mobility of a gold film at elevated temperatures to create

. 4—
nanoislands.!%* %

I To perform the dewetting process, 30 nm of aluminum oxide (spacer
layer) was electron-beam deposited on top of the ITO followed by a 15 nm gold layer. The
device was then heated to 1020 K for 15 min in an argon atmosphere to create the
nanoisland resonators. The resulting metasurface contains a distribution of particle
diameters with the mean diameter being controlled with the initial gold thickness (see
Figure A.2).1! Finally, 90 nm of aluminum oxide is deposited via atomic layer deposition
(ALD) over the top of the resonators to complete the device fabrication.

This fabrication method consists only of thin-film deposition and post-annealing
which provides a simple means to creating large-area metamaterials. Because the
fabrication scheme does not use lithography, this metamaterial could be easily fabricated
on a number of geometrically relevant TPV substrates including cylinders and
hemispheres. Another advantage to the fabrication method is that the dewetting process
provides a distribution of particle sizes which helps to broaden the resonance of the device

compared to the single size resonator of traditional perfect absorbers.'°” The broader

bandwidth will increase the power density of the device. Also, the dewetting process
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allows the originally high surface energy gold film to naturally find a lower energy state
which will help to maintain the resonator shape as the material is cycled back to higher
temperatures.

Figure 2.2a shows the fabricated, large-area metamaterial (Sample 1). The
uncoated, dewetted particles (Figure 2.2a, inset) have a distribution (Figure A.3a) with a
mean diameter of 130 nm and a particle areal coverage of 20.0%. Both values closely
resemble the dimensions of the unit cell simulation presented in Figure 2.1b that was
conducted with a mean diameter and areal coverage of 140 nm and 24.6%, respectively.
Another metamaterial emitter, Sample 2, was fabricated with an increased initial gold
thickness (17 nm) which produced a metasurface with a mean diameter of 173 nm and
coverage of 19.8% (Figure A.3b). Sample 2 was created to demonstrate the tunability of
the design and to provide an additional sample for thermal stability testing.

Because a working TPV emitter includes an opaque back absorber, silicon carbide
(634-SiC) is applied to the back surface of the sapphire substrate thus eliminating
transmission and resulting in an emissivity that is given by e=a=1-p, where ¢ is emissivity,
a 1s absorptivity, and p is reflectivity. Reflectivity measurements were performed with
unpolarized light using a Varian Cary 5000 spectrophotometer and the measurements were
calibrated with a gold mirror. The resulting emissivity curves of the two fabricated devices
are shown in Figure 2.2b. As expected, the spectral position of the Sample 1 emissivity
peak is similar to the simulated result and the emissivity spectrum has been advantageously
broaden due to the distribution in resonator sizes (Figure A.4). Sample 2 experiences an
expected red-shift in the emissivity profile due to the larger mean diameter of the

metasurface and also shows an improved peak emissivity value when compared to Sample
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1. The ability to tune the emissivity peak allows for spectral alignment with various TPV
photovoltaic bandgap energies, and with optimization of both the mean particle diameter
and spacer layer thickness it is expected that the peak emissivity can reach near unity

values.[6®!
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Figure 2.2. Metamaterial fabrication and characterization. (a) Fabricated metamaterial,
Sample 1, pictured before application of silicon carbide back absorber and aluminum oxide
encapsulation layer. Inset shows a SEM image of the dewetted gold resonators on top of
the aluminum oxide spacer layer. (b) Measured spectral emissivity of Sample 1 and Sample
2 after adding the encapsulation layer. The mean resonator diameters (D,,) for each sample
are 130 nm (Sample 1) and 173 nm (Sample 2).
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2.4 Environmental Stability Testing

Next, the two samples were annealed at 1173 K in two different atmospheres to test
the thermal stability of the design. The annealings were done in a 1 in. diameter evacuated
quartz tube furnace (Lindberg/Blue M™) back filled with an atmospheric oxygen/argon
ratio of either 2.3% (Sample 1) or 0% (Sample 2). Though the expected operational
atmospheres of TPV devices will contain low oxygen concentrations, the introduction of
oxygen to the Sample 1 experimental atmosphere was used to accelerate any possible
oxidation damage. The annealing condition without oxygen (Sample 2) represents a more
realistic operational environment and contains no gettering devices such as forming gas,
tungsten foil, or carbon felt. During the annealing, the pressure was maintained near 5 torr
which provides a balance between material evaporation and convection/conduction losses
in an operational TPV system. The annealing pressure is also similar to what is found in
commercially available tungsten filament light bulbs.!*”!

The samples were annealed at increasing time intervals and the room temperature
emissivity was measured after each annealing process. The spectral emissivities for Sample
1 and Sample 2 are shown in Figure 2.3a and Figure 2.3b, respectively. The results indicate
that oxygen in the atmosphere does play a role in device performance as the emissivity

profile of Sample 1 red-shifts with increased annealing time, eventually stabilizing after 14

hrs, while the spectral emissivity of Sample 2 remains largely unchanged.
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Figure 2.3. Metamaterial thermal stability demonstration. (a,b) Measured room
temperature spectral emissivity of Sample 1(a) and Sample 2 (b) at different time intervals
after annealing at 1173 K in Ar/O, (a) and Ar-only (b) atmospheres. 4, corresponds to the
bandgap energy of a GalnAsSb photovoltaic cell.”™ (c) Maximum convertible power
density (PD) emitted from Sample 1 and Sample 2 as a function of annealing time. This
calculation assumes a photovoltaic bandgap at 2.5 pm and an emitter temperature of 1173
K. (d) SEM images of Sample 1 taken after ALD of the Al,O3 encapsulation layer (left)
and after 22 hr of annealing at 1173 K in A1/O, (right). (¢) Simulated spectral emissivity of
metamaterial unit cell showing the result of a decreasing (or red-shifting) plasma frequency
(wp) in the ITO backplane. (f) Angle-resolved spectral emissivity of Sample 2 after
annealing 22 hr at 1173 K in an Ar-only atmosphere.

An important performance metric for any TPV emitter is convertible emitted power

density, O (W cm™?). Q is calculated for Samples 1 and 2 at each annealing time interval

using Equation (2.1),

Ag

A 2mhc,?
QUAT) = | =)
g A5 |ex (hc")—l
0 p Tkg
where /g 15 2.5 um, A is the emitted wavelength, ¢ is the measured emissivity, 4 is the
21
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Planck constant, ¢, is the speed of light in vacuum, k; is Boltzmann‘s constant, and 7 is
1173 K. This equation assumes a perfect photovoltaic cell as described by Shockley and
Queisser and represents an upper limit to the convertible power emitted by the
metamaterial.'® ® The calculated power densities of both samples at each time interval are
shown in Figure 2.3¢ demonstrating an initial decease in the power density from Sample 1
while Sample 2 remains nearly constant for the annealing times tested.

The fact that Sample 2 maintains its performance throughout the annealing process
indicates that the red-shifting spectral emissivity in Sample 1 does not result from a
catastrophic process. This is confirmed by the SEM images of Sample 1 before and after
annealing (Figure 2.3d) which show no gross degradation. Instead, the red-shifting can be
explained by a decrease in the free carrier concentration (7,.) of the ITO backplane. It has
been shown that annealing ITO in oxygen-containing environments causes two carrier-
reducing effects: the creation of neutralizing tin-oxygen defects and the reduction of
oxygen vacancies in the indium oxide lattice.””™ " After prolonged annealing times the
effects saturate and the number of carriers remains constant.’” A decrease in n. will

2
decrease, or red-shift, the plasma frequency () according to, w,* = %, where e is the
a

electron charge, ¢, is the permittivity of free space, and m’ is the effective mass of the
electron. Using the unit cell simulation from Figure 1, it is demonstrated that as the plasma
frequency of the ITO backplane is red-shifted, the resulting spectral emissivity is also red-
shifted (Figure 2.3e), matching the effect seen in the experimental results. Evidence of the
saturation in carrier-reduction is seen in Figure 2.3¢ as the power density of Sample 1 after
the 14 hr annealing time interval remains constant.

Both samples exhibit a large degree of spectral selectivity despite their exposure to
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high temperatures, harsh environments, and repeated annealing. Though Sample 1
experiences an initial 9% decrease in convertible power density, the response saturates at
longer time scales. The emitter does not suffer from enhanced oxidation and surface
diffusion failures that have been observed in nanostructures composed of refractory
metals'’? and noble metal thin films!”?!, respectively, and to the best of the authors
knowledge is the first experimental demonstration of an oxygen-tolerant nanostructured
emitter. The spacer height and particle distribution of the metamaterial could also be
optimized for the red-shifted ITO plasma frequency to maximize power output under these
conditions. Sample 2, which was annealed in a more realistic environment, shows superior
stability in its performance even without the aid of a reducing atmosphere. Figure 2.3f
displays the angle-resolved room temperature emissivity of Sample 2 after 22 hours of
annealing. The metamaterial retains a high emissivity over all angles near the design
wavelength (2.5 um) and a low emissivity at longer wavelengths which are both highly

sought-after spectral features in TPV emitter design.

2.5 Theoretical TPV System Performance

To investigate how the metamaterial emitter might perform in a TPV system,
Sample 2 was modeled in an idealized TPV configuration (Figure 2.4a). The idealized
configuration provides an upper limit estimate of the system performance as it assumes a
cold-side dielectric filter, a view factor of 1 between the emitter and photovoltaic cell, no
parasitic conduction or convection losses from the emitter, and a perfect photovoltaic
cell.l®! The cold-side dielectric filter, which is commonly used in TPV systems, provides a

sharp cutoff in transmission at the bandgap of the photovoltaic cell so that photons emitted
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with energies below the bandgap are reflected back to the emitter and thus recycled. This
configuration is in contrast to recently proposed TPV systems that obtain sharp low-
frequency cutoff through photonic bandgaps designed into the thermal emitter “**?. For
this study, a simple 5-layer quarter-wave stack of TiO,/MgF, is simulated as the dielectric

filter and its spectral reflectivity is displayed in Figure 2.4a. Details of the filter design are

included in Figure A.5S.
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Figure 2.4. Modeled TPV performance. (a) Schematic of ideal TPV system including the
measured spectral emissivity of Sample 2 after 22 hrs of annealing and the simulated
spectral reflectivity of a quarter-wave TiO,/MgF, cold-side filter. (b) Spectral emissive
power of the metamaterial emitter when operating at 1173 K and in tandem with a cold-
side,[ 5csl]iele:ctric filter. 4, corresponds to the bandgap energy of a GalnAsSb photovoltaic
cell.
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The convertible and non-convertible spectral emissive power P (W cm™ pm™)
incident on the photovoltaic cell were calculated using Equation (2.2) based on the 22-hour
annealed Sample 2 spectral emissivity (&,), the simulated filter spectral transmissivity (ty),

and a temperature of 1173 K:

(A 2mhc,?
ROLIORS o . A=,
PALT) = | ! A [ex?" (/TkgT) - 1] 22
S 2mhc,? '
e Ay (1) — o L As A,
\ A [e"p (Ak_BT) - 1]

The results of the model are displayed in Figure 2.4b. For reference, the blackbody
curve at 1173 K (black) and the maximum convertible blackbody power (green) are
included. The area under the red curve represents the emitted power from the metamaterial
when heated to 1173 K. Due to the particle dispersion in the metamaterial, a portion of the
emitted radiation falls below the bandgap energy (E,) of the photovoltaic cell. With the
cold-side filter, the amount of emitted power reaching the photovoltaic cell below the
bandgap (blue area) is significantly reduced while the amount of convertible above
bandgap power (red area) remains largely unchanged.

The emitter, cold-side filter tandem provides a significant performance advantage
because the metamaterial strongly emits in the convertible spectral region while at the
same time greatly suppressing non-convertible emission where the filter becomes
transmissive (~4.2 pm). Evidence of this performance advantage is found when comparing
the power spectral efficiency (7pe.;) of the system with and without the filter, where 7. is

defined as the ratio of emitted power with photon energy above the bandgap to the total
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emitted power incident on the photovoltaic cell. Without the filter 7., of the system is
45.8% and with the filter #.. increases to 75.3%. These values indicate that this initial
metamaterial emitter design when used in a TPV system could provide significant
performance advantages for portable power systems. It should be noted that these
calculations were performed with idealized parameters and real systems will experience
decreased performance due to losses as demonstrated in system-level studies that have

[48, 49] However, optimization of the metamaterial

achieved less than 5% overall efficiencies.
design and incorporation of a more complex filter should improve the current performance
(nspec= 75.3%, O=1.63 W cm'2), pushing it closer to that of an ideal TPV emitter (#spec—

100%, O=2.16 W cm™). Ultimately, system-level demonstrations are needed to evaluate

the true performance of these metamaterial-based emitters.

2.6 Conclusion

In this chapter I have demonstrated a metamaterial-enhanced thermophotovoltaic
emitter that is capable of maintaining spectral selectivity after repeated long-duration, high-
temperature (1173 K) exposures to oxidizing and inert atmospheres. The metamaterial is
fabricated using facile, lithography-free processes that are scalable to practical emitter
devices. The high-performance and thermal stability demonstrated in this study could allow
TPV technology to become a viable portable power generation technology. This research is
also beneficial to a number of energy conversion and high-temperature applications
including selective IR light sources, high-temperature environmental sensing, and IR

thermal regulation.
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Chapter 3: Spatial and Temporal Modulation of Thermal Emission

3.1 Introduction

As demonstrated in the previous chapter, engineering thermal radiation requires the
ability to precisely control the infrared optical properties of a material, most importantly
the emissivity. While material selection provides some flexibility in dictating the
emissivity, the use of structured materials offers far more freedom in controlling not only
the spectral emissivity, but also the polarization and directional-dependence. In particular,

[23,74,75

metamaterials, which derive their properties from subwavelength structures, I have

been used to engineer emissivity and thermal radiation over a wide parameter space for

[27, 35, 76] [39, 62]

applications including energy harvesting, chemical sensing, and heat

32,47,77

management.| J Recent work has extended emissivity control to spatially

%1 and dynamically reconfigurable materials.”* *!] However, to date,

inhomogeneous
spatiotemporal control over emissivity has not been achieved.

In this chapter, I demonstrate simultaneous spatial and temporal control of
emissivity using a metamaterial thermal emitter that is activated with spatially patterned
ultraviolet (UV) light. The use of an all-optical modulation approach allows us to transfer
the complexity associated with pixel-level control to the illumination source or an
intermediate masking layer. Doing this dramatically reduces the nanophotonic material
fabrication complexity and, when combined with a projection system, can allow emissivity
control over large areas. Modulation is achieved through photocarrier doping of zinc oxide

(ZnO) which increases optical losses in the metamaterial and causes a transition from low

to high emissivity. Importantly, the ZnO layer has a long photocarrier lifetime allowing for
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modulation of the metamaterial with low-power, continuous-wave illumination. The results
from my work show that the metamaterial could be used to provide new capabilities for
thermal engineering, especially in applications such as adaptive thermal management** "]

and rewritable infrared camouflage/displays./** ™!

3.2 Metamaterial Design and Modulation Mechanism

The metamaterial architecture employed here is shown in Figure 3.1a and consists
of gold resonators separated from an indium tin oxide (ITO) backplane by an n-doped ZnO
film (n-ZnO). The metamaterial response can be understood using coupled mode theory,
modeling the material as a one-port resonator (Figure 3.1b, inset). In this case, the

emissivity at the resonant frequency is given by,

I — I\
:1_221_(r 1) 3.1
fwy = 1 =7 T (3.1)

where r is the complex reflection coefficient, 7. is the radiation loss, and 77 is the

absorption loss.[*® %"
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Figure 3.1. Active metamaterial emitter design and modulation mechanism. a)
Metamaterial schematic with gold resonators, n-ZnO spacer layer, and ITO backplane. b)
Simulated spectral emissivity with increasing absorption loss (/) in the metamaterial
cavity. The absorption loss is increased by adding free carriers to the ZnO layer and the
blue, grey, and red curves correspond to carrier concentrations of 3el7, 7el7, and 1.5¢18
cm”, respectively. Inset shows a representation of the two loss mechanisms in the
metamaterial (/; and 7). ¢) Schematic of ZnO nanocrystal under dark conditions with
corresponding energy diagram. d) Schematic of ZnO nanocrystal after illumination from
above bandgap photon with corresponding energy diagram.
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Modulation of the emissivity is achieved by transitioning the metamaterial from an
underdamped resonator (/, > /; and ¢<1) to a critically damped resonator (/, = /; and &=1)
and vice versa. To make 7 greater than /; and create an underdamped metamaterial, the n-
ZnO spacer layer thickness can be increased to detune the coupling between the resonator
and backplane (Appendix B.2). The underdamped condition is illustrated in Figure 3.1b
(blue curve) which shows a peak emissivity less than unity when 7 is dominant. If
absorption (/7;) is added, the emissivity will increase as the system approaches critical
damping (Figure 3.1b). Increasing /; past critical damping causes the system to become
overdamped, resulting in a decrease of emissivity. Further details of the metamaterial
simulations are included in Appendix B.2.

In the metamaterial employed here, modulation of /7 occurs in the ZnO layer due to
photoinjected carriers that cause additional free carrier absorption and increased optical
loss (Figure B.1d) according to the Lorentz-Drude model,

2 2
Wio — Wrg w

2
g'(w)tie"(w)=ey, |1+ — p
(@) (@) wi,—w? —iyo epw(w+il)

(3.2)

2
where cupz = and 7 is the free carrier concentration. When the illumination source is
o

removed, the photocarriers recombine and /; and emissivity return to their original state.

The photoactivated change in carrier concentration is described by,

Bltrec 3.3)

An =
n LD

where £ is quantum efficiency, / is illumination intensity, 7. is effective carrier lifetime,
and L, is diffusion length. In typical optically activated materials where the main goal is

ultrafast modulation, the carrier recombination time of Equation (3.3) should be
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minimized.®® *) However, low 7. requires a high input intensity (/) to change the carrier
concentration which is not desirable for applications involving large-area modulation with
modest illumination intensity. Here, we seek to lower the required modulation intensity,
and therefore an active material with large 7. is desired.

Though single-crystal ZnO possesses picosecond to nanosecond recombination

[90]

times," - polycrystalline ZnO can prolong carrier lifetime into the millisecond and second

91-94 . .o
[ 1 This mechanism is

range due to hole trapping from interfacial oxygen adsorption.
outlined in Figure 3.1c and Figure 3.1d. In dark conditions, oxygen molecules adsorb to
ZnO nanocrystallite boundaries and trap free electrons (Oy(4) + €~ = Oy(4q)) resulting in a
depletion region near the ZnO/air interface (Figure 3.1c). This built-in potential causes

photogenerated electrons and holes to separate resulting in holes rising to the surface and

desorption of the oxygen ions (h™ + 0, (aa) — O2()) While the electrons travel to the bulk

of the nanocrystal (Figure 3.1d). During illumination, the adsorption and desorption
equilibrium state produces a net increase in the ZnO free carrier concentration which
increases metamaterial emissivity. Once the illumination source is removed, oxygen
readsorbs to the interface which traps the free carriers and causes the emissivity to return to

its original dark state.

3.3 Metamaterial Fabrication and Characterization

To fabricate the photoactive metamaterial, 400 nm of ITO was first sputtered onto a
sapphire substrate. ITO was chosen because it provides a reflective backplane in the
infrared, while also providing transparency in the UV-Vis region of the spectrum. This

visible transparency allows for emissivity modulation using back-side illumination, a
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potentially important feature in infrared signature control applications. Next, 950 nm of n-
ZnO was sputtered onto the ITO film at 200 °C to create a nanocrystallite spacer layer.
Finally, gold resonators were patterned on top of the n-ZnO layer using photolithography
and lift-off followed by a 40 nm n-ZnO encapsulation layer that was deposited over the
entire metamaterial. The encapsulation layer was included to improve UV absorption in the
ZnO during top-side illumination and to extend the ZnO/Au interface, which increases
photocarrier lifetime due to Schottky barrier hole trapping.[95]

An SEM image of the fabricated metamaterial is shown in Figure 3.2a. To
characterize the metamaterial emissivity, the reflectivity (R) of the sample was measured in
a Fourier Transform Infrared (FTIR) spectrometer and converted to spectral emissivity,
() =1— R(A) — T(A), where T(4) = 0 due to substrate opacity in the infrared. The
resulting emissivity, displayed in Figure 3.2b (blue curve), shows an underdamped
condition with a peak emissivity less than unity. The metamaterial emissivity was then
measured under constant illumination from a UV LED source (0.4 mWcm™). The result in
Figure 3.2b (red curve) shows an increase in peak emissivity of 4¢<0.16 and a total
integrated emissivity change of Ag;,,~0.12. The integrated emissivity change is an
important figure of merit for radiative heat transfer and infrared signature control
applications because these applications rely on the total emitted flux to control cooling
power and apparent temperature change, respectively. To the best of our knowledge this
represents the largest integrated emissivity change for low-power, ultra-thin emissivity
modulators. Past work has demonstrated much more modest integrated emissivity changes

of Agi,,FO.O2[79] and Aanﬁ0.002[81]. Analysis presented in Appendix B.3 shows how the

integrated emissivities were calculated.
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Figure 3.2. Metamaterial fabrication and characterization. a) SEM image (false color) of
the gold resonators deposited on top of the n-ZnO layer. Scale bar is 10 um. b) Measured
spectral emissivity of the metamaterial before and after UV illumination. ¢,d) Measured
spectral emissivity of ¢) n-type and d) amorphous ZnO films before and after UV
illumination. Insets show unit cell schematics and SEM images (false color) of the
fabricated photonic materials.

To better understand the nature of the emissivity modulation, two reference samples
were fabricated consisting of only ITO and ZnO layers. These samples had no
metamaterial layer and thus function simply as bilayer, anti-reflection absorbers.”® The
first sample was fabricated with the same deposition conditions as the metamaterial film
and possessed a polycrystalline n-ZnO layer as seen in Figure 3.2c, inset. The purpose of

this sample is to elucidate the role of the metamaterial response. For the second sample, the
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ZnO layer was deposited on ITO at room temperature to create an amorphous layer (a-
Zn0)™ as shown in Figure 3.2d, inset. In comparison to n-ZnO, the a-ZnO layer has a
large number of bulk defects that act as recombination sites for photogenerated electron-
hole pairs causing a decrease in the effective free carrier lifetime.””! For the same
illumination intensities, Equation (3.3) predicts the a-ZnO film will have a smaller change
in carrier concentration and consequently a smaller emissivity modulation.

Figure 3.2c and Figure 3.2d show the dark and UV illuminated spectral emissivity
of both samples measured under the same conditions as the metamaterial emitter. The n-
ZnO film possesses a much smaller change in emissivity compared to the metamaterial
demonstrating the importance of the enhanced mode confinement within the n-ZnO layer
(Appendix B.4). However, the n-ZnO film has a much larger change in emissivity
compared to the a-ZnO film, demonstrating that emissivity modulation is indeed a result of
photodoping in the ZnO and that a long free carrier lifetime is critical to low-intensity
modulation. Using the same n-ZnO film, the effect of oxygen adsorption was explored by
passivating the nanocrystal interfaces using a hydrogenation technique (Appendix B.4).®*
%1 This passivation reduced the change in emissivity, supporting the oxygen adsorption

mechanism outlined in Figure 3.1.

3.4 Thermal Camera Measurements

To better understand the temporal and spatial emissivity response, the metamaterial
was imaged using a FLIR A655sc thermal camera in the setup shown in Figure 3.3a. The
thermal camera measures the total thermal radiance (M,,,) of an object and calculates an

apparent temperature (7,;) according to,
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M, = €S (Tob j) + (1 — &)S(Tymp) — S(T.qmera), Where S is the integrated blackbody
flux in the spectral range of the camera.’™ When the emissivity input to the camera is held
constant and the metamaterial thermal radiance (M,,) is altered due to modulated
emissivity, the displayed apparent temperature will fluctuate even though the temperature
of the metamaterial is uniform. Therefore, monitoring the apparent metamaterial
temperature before, during, and after UV illumination provides an indirect method to

observe the dynamic emissivity modulation.
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Figure 3.3. Demonstration of apparent temperature increase and temporal response of
metamaterial. a) Thermal imaging setup including focused UV excitation from an LED
flashlight. b) Optical image of metamaterial demonstrating visible transparency. c)
Thermal image of metamaterial sample after illumination from UV source. d) Thermal
image of a-ZnO film after illumination from UV source. The white dashed box in ¢) and d)
outline the shape of both samples and the scale bar is 4 mm. e) Temporal response of
metamaterial sample displaying the illuminated spot temperature as recorded by the
thermal camera. /=0 is positioned on the x-axis at the moment UV illumination is removed.
Each inset figure shares the same temperature and length scale bar as c¢) and d).
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As an initial test, the metamaterial was placed on a heated copper plate and light
from a UV LED source (10 mWem™) was collimated and focused onto the top side of the
sample. Heating the sample above the ambient temperature increases the contrast between
the emitted flux, €S (To b j), and the reflected flux, (1 — £)S(T,mp), allowing for increased
visibility of the emissivity change. Figure 3.3b shows an optical image of the metamaterial
sample held over “RGB” colored letters to demonstrate optical transparency. After
allowing the metamaterial to reach steady-state, the apparent temperature increase due to
emissivity modulation was captured and displayed in Figure 3.3c. The image shows a
significant change in the apparent temperature (47=4 °C) only where the UV illumination
source is projected on the sample indicating a highly localized increase in emissivity.

To ensure the apparent temperature change was not a result of photoinduced
heating from the absorbed UV light, the a-ZnO film was imaged under the same
experimental conditions as the metamaterial. This test allows for a direct measurement of
the photoheating contribution to the apparent temperature change because the a-ZnO film
absorbs virtually the same amount of UV energy as the metamaterial (Figure B.4a), but has
a negligible emissivity change in the infrared spectrum (Figure 3.2d). Therefore, any
apparent temperature rise measured from the a-ZnO film can be directly correlated to the
photoheating contribution in the metamaterial. Note that though the metamaterial contains
gold which has strong absorption in the UV, the a-ZnO film absorbs just as strongly in this
spectral region (Figure B.4a), and therefore the gold will not induce any additional heating.
Figure 3.3d shows the thermal image for the UV illuminated a-ZnO film. There is no
discernible apparent temperature rise in the film which indicates that the apparent

temperature change measured on the metamaterial is indeed a result of emissivity
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modulation. In addition, calculations using a conservative thermal model show that for the
experimental input intensity, a negligible temperature rise of 0.10 °C is expected

(Appendix B.5).

3.5 Temporal Response

The temporal response of the active metamaterial emitter was explored by
modulating the illumination source. Because the active layer was engineered to increase
free carrier lifetime, it is expected that the recovery time should be relatively long. Figure
3.3¢ shows that the optically addressed area experiences a rapid increase in apparent
temperature followed by a double exponential relaxation with a fast initial decay (0.645s)
and a slower final decay (33.7s). The fast relaxation is attributed to the rapid recombination
of free electrons and trapped holes as a result of the low initial interfacial barrier height.!'®”
After the initial recombination, the re-adsorbed oxygen molecules cause an increase in
barrier height which reduces the recombination rate and slows the decay process. The
initial emissivity is recovered in approximately 100 sec and the decay is visualized in the
Figure 3.3e inset images. A multi-excitation plot is included in Appendix B.6. While the
slower recovery of initial emissivity prevents use in high-speed applications, it is not

detrimental to slower emissivity changes such as those used for infrared camouflage,

identification tags, or thermal management.

3.6 Spatial Response

Due to the fact that emissivity change is confined to the photocarrier diffusion
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length, pixilation of the metamaterial is not necessary and large-area spatial control can be
achieved using a patterned illumination source. We can characterize the spatial resolution
of the metamaterial emissivity modulator by using a projected Ronchi ruling as described
in Appendix B.7. The material supports a 450 pm linewidth at a contrast ratio of 38%. This
level of resolution is enough to distinguish details in projected macroscale images using the
setup shown in Figure 3.4a. For the setup, projection masks were printed on transparencies
and used to spatially redistribute UV light focused onto the metamaterial. Owing to the
transparency of the substrate and ITO layer, the illumination source can be placed at the
backside of the metamaterial which is demonstrated here to show the added utility of the
material. During testing, the temperature of the metamaterial was held at 80 °C and all
measurements were taken at steady-state.

Two different images were projected onto the metamaterial. The first is the
Vanderbilt University anchor logo with the resulting thermal image displayed in Figure
3.4b. The figure shows clear temperature contrast between the illuminated and non-
illuminated areas of the metamaterial which confirms the pixel-less spatial control of the
emissivity modulation. Next, the UV illumination intensity was varied in one dimension
using a grayscale mask. The thermal image in Figure 3.4c shows an apparent temperature
gradient, which occurs because the change in carrier concentration and consequent change
in emissivity is intensity dependent. This demonstrates that the emissivity modulation is
not binary but can be tuned between high and low values to shape arbitrary 2D emissivity
patterns. Though the current spatial resolution is adequate for the previous demonstration,
applications requiring higher resolution could implement a spacer layer made of ZnO

nanoparticles to drastically decrease photocarrier diffusion length by limiting charge
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transport to particle hopping.[wl]
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Figure 3.4. Demonstration of spatial emissivity control using UV projected images. a)
Thermal imaging setup where UV images are projected through the backside of the
metamaterial and thermal images are captured from the front side of the sample. Printed
transparency masks were used to produce the thermal images in (b) and (c). b) Thermal
image of Vanderbilt University anchor logo. ¢) Thermal image of grayscale block. The
scale bar for (b) and (c) is 1 mm.

3.7 Conclusion

In conclusion, the simultaneous spatial and temporal emissivity modulation

demonstrated in this work provides a new capability for thermal engineering devices. Our
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dynamic metamaterial thermal emitter includes no complex electronic circuitry which
allows for simple fabrication and implementation. Because the active layer is engineered to
increase free carrier lifetime, the metamaterial emissivity can be modulated over large
areas with modest continuous-wave illumination sources. The metamaterial has the largest
integrated emissivity change among low-power, ultra-thin devices, and further engineering
of the spacer layer carrier dynamics could easily improve both the dynamic range and

spatial resolution for applications in next-generation advanced thermal materials.
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Chapter 4: Electrochemically Actuated Metasurface for Dynamic Color Generation

4.1 Introduction

In the previous two chapters, I discussed how the metamaterial architecture could
be used as a perfect emitter for thermal emission control. In this chapter, I will shift the
response to the visible spectrum and instead use the metamaterial as an absorber for visible
display applications.

As the power demands of portable electronic devices surge, it becomes increasingly

important to lower display technology power consumption, as this component typically

[102

draws the most power in the system.!'®? The lowest power consuming commercial displays

[103

are the electrophoretic and cholesteric liquid crystal display.!'® These displays operate

using ambient reflection, which eliminates backlight power consumption, and are bi-stable
meaning power is consumed only when the display is updated. Though these reflective
display technologies have shown promise for low-power portable electronics devices, they

have been limited to niche applications largely due to their relatively slow switching

speeds and difficultly in producing colored images.!'*"

An emerging area in reflective display technologies is structured color from
subwavelength metasurfaces.!'” "' These materials offer advantages such as high-
resolution pixels, phase and polarization control, and most importantly the ability to

modulate color post-fabrication. Recently, groups have begun exploring bi-stable and

[11

. . . . 1 .
dynamic color changes in metasurfaces using gasochromic!''"! and reversible

[112-114

electrodeposition ] modulation techniques. However, reversible electrodeposition
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requires relatively high power consumption, gasochromics are impractical for portable
devices, and both methods have slow switching speeds on the order of seconds and in some
cases minutes.

In this chapter we show a metasurface design with bi-stable dynamic reflective
color change spanning the full color gamut. The color is modulated using intercalation-
induced actuation of a few-layer graphene (FLG) spacer layer, which changes the structure
and resonant frequency of the metasurface. The intercalant ion is coated in a solvent shell,
which provides enhanced modulation speed and cycle stability.!''™ Results from this work
could enable the next generation of low-power display technologies for applications

including colored electronic paper and digital signage.

4.2 Metasurface Design and Working Mechanism

A unit cell of the metasurface is shown in Figure 4.1a and consists of an aluminum
resonator separated from a silver backplane by a FLG spacer. We chose aluminum because

(16l and silver

of its ability to produce strong resonances in the blue part of the spectrum
because of its low-loss reflection of visible light. As mentioned in previous chapters, this
metasurface architecture provides perfect absorption at a designed wavelength!®- 3% 117 1181
which gives highly saturated colors in the CMYK subtractive color scheme.!''® The
metasurface response is also polarization independent, providing high reflection efficiency,

and omnidirectional, meaning the hue does not change with viewing angle.!*]
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Figure 4.1. Metasurface design and working mechanism. a) Unit cell of the metasurface
with an unintercalated few-layer graphene spacer. b) Intercalated metasurface unit cell
showing a change in reflected color. ¢) Simulated spectral reflectivity for the unintercalated
and fully intercalated metasurface unit cell. Intercalation of the spacer layer (18 graphene
sheets) causes a blue-shift in the resonant frequency. d) Simulations for a metasurface unit
cell without the aluminum resonator. ¢) Simulations for a metasurface unit cell without the

few-layer graphene spacer.
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The working principle for the dynamic color change is briefly outlined as follows.
Solvated sodium ions are electrochemically inserted between the graphene layers which
causes a nearly 3.5 times z-direction expansion of the graphene stack!''*! as shown in
Figure 4.1b. This vertical actuation changes the coupling between the top resonator and the
backplane causing a blue-shift in the resonant frequency as shown in Figure 4.1c. This
design achieves low-power modulation because an extremely small mass of carbon is used
in the spacer layer and because the solvated ions provide low energy storage capacity.

To determine that the color change is indeed due to metasurface spacer-layer
actuation and not changes in graphene optical properties, two different structures were
simulated. In the first case, the resonator is removed leaving only graphene layers on the
backplane. In the second case, the graphene is removed leaving the resonator hovering over
the backplane. Figure 4.1d shows the graphene-only case which, in the fully intercalated
state, provides improved red and green reflection. This well-known optical phenomenon in

graphene intercalant compounds is attributed to Pauli blocking at visible frequencies.!'"*"

1291 The simulation in Figure 4.1e, which contains no graphene, shows a blue-shift in the
resonant frequency when the resonator is moved away from the backplane. This shift is
similar to the full metasurface response in Figure 4.1c and indicates that the metasurface
resonance shift is largely due to actuation of the spacer layer. It is importation to note,

however, that Pauli blocking in the fully intercalated graphene works together with the

resonance shift to boost yellow saturation.

4.3 Metasurface Fabrication and Characterization
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To fabricate the metasurface, FLG was mechanically exfoliated onto a silver-coated
silicon substrate and aluminum resonators were patterned on top of the graphene using
electron beam lithography and liftoff. Figure 4.2a shows an SEM image of the fabricated
metamaterial with the FLG flake represented by the shaded area in the image. AFM
measurements revealed that the FLG flake was 6 nm thick, which corresponds to 18 layers
of graphene, matching the parameters simulated in Figure 4.1c. This layer number was not
chosen through design optimization, but was instead chosen because 18 layers is the
thinnest FLG flake visible under optical inspection. Admittedly, mechanical exfoliation of
FLG provides little control of the spatial arrangement and layer number in each flake and is
used here only for fabrication simplicity. In practical devices, large-area FLG flakes with

precise layer number could be achieved using multiple CVD graphene transfers.['*'- %]

Reflection

~— ITO Glass

lon Source

= Electrolyte
. —O-ring

. Metamaterial
.
100nm

e

c) 08

Reflection
(&)
S

02f | g . [ &
0 Full Intercqlation No !ntercalation
400 500 600 700

Wavelength (nm)

Figure 4.2. Metasurface fabrication and characterization. a) SEM image of fabricated
metasurface. Inset shows a closer view of the aluminum resonators. b) Schematic of the
electrochemical cell. ¢) Measured spectral reflectivity for the metasurface in the
unintercalated and fully intercalated states.
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After fabrication, the metasurface was placed in an electrochemical cell as shown in
the Figure 4.2b schematic. The cell uses an NaPF; electrolyte, an ITO-coated microscope
slide for transparent electrical conduction, and a greased o-ring seal to protect the cell from
environmental degradation. The reflection spectrum and optical image of the metasurface
in the initial, un-intercalated state were captured and displayed in Figure 4.2c. The
metasurface appears cyan and the spectral dip nearly matches the simulation prediction in
Figure 4.1c. Next, the electrochemical cell is short-circuited allowing sodium ions to fully
intercalate the FLG flake. The reflection spectrum was recorded again showing a
significant blue-shift in the resonance. The corresponding optical image shows a new
metasurface color appearing to be a mixture of yellow and magenta. Because the shape and
spectral position of the resonances very nearly match the simulation, we are confident the
color change is due to electrochemical actuation of the spacer layer. However, further

testing is planned to validate the proposed working mechanism.

4.4 Reversible Color Tuning

To test the reproducibility of the results and reversibility of the color change,
another metasurface was fabricated (Figure 4.3a) and loaded into the electrochemical cell.
For this test, the cell voltage was modulated between 0V and 2V at 130 msec intervals.
Figure 4.3b shows the resulting optical images. The metasurface color oscillates between
cyan and yellow, indicating that the response is in fact reversible. Though a 130 msec

[111,113

response time is already faster than previous studies ], future testing is planned to find

the maximum switching speed. Also, future tests will explore the cycle stability and bi-
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stability of the device.

Figure 4.3. Metasurface reversibility testing. a) SEM image of fabricated metasurface. b)
Optical images showing the metasurface color at different voltages and time intervals.

4.5 Conclusion

In this work we showed initial results for a metasurface capable of high-speed,
reflective color change. We successfully proved that solvent-assisted electrochemical
actuation is a viable option for modulating metasurface resonances. Follow-on testing is
planned to further characterize the material and measure maximum switching speed, cycle
stability, bi-stable hold time, and device power consumption. Though the metasurface was
fabricated using non-scalable fabrication processes, future devices could be made with
scalable techniques including roll-to-roll nanoimprint lithography and CVD graphene.
Beyond reflective visible displays, the electrochemical actuation method presented here
could open new opportunities for active metasurfaces in the near to far infrared regions of

the spectrum.
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Chapter 5: Conclusion

The focus of this research has been to develop practical metamaterial designs with
engineered absorption and emission properties. Because these materials derive their optical
properties from subwavelength features and not atomic composition, the properties can be
precisely tuned for specific applications. In this work, I explored applications including
thermophotovoltaic energy conversion, reconfigurable infrared camouflage, and low-power
visible displays. However, the results from my work could help solve a broader scope of
engineering challenges and help create the next generation of absorbing and emitting
materials. In this chapter, I will summarize my results and provide insights into future

directions for this research.

5.1 Summary

In Chapter 2, the perfect absorber architecture was used to create a thermal emitter
spectrally tuned to emit at the bandgap of a photovoltaic cell. The metamaterial was
fabricated over a large area using facile techniques and stable constituent materials.
Heating the material to 900 °C for 22 hours showed that the device maintains spectral
selectivity in argon-only and argon-oxygen environments. This was the first demonstration
of oxygen stability, which 1s important for thermophotovoltaic emitters as pristine, inert
environments have been difficult to achieve in practical devices.” The scalable
fabrication and stability of this metamaterial design make it a strong candidate for device

implementation. However, before manufacturing this material, further testing is needed to
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find the maximum device lifetime, as the failure mechanism will most likely be from gold
diffusion through the aluminum oxide layers.

In Chapter 3, I demonstrated a metamaterial perfect absorber for thermal emission
control that was spatially and temporally modulated with ultraviolet light. Because I used a
photomodulation technique, I could achieve spatial control of the emissivity without
incorporating electronic pixels. This greatly reduced the complexity of the device for
practical implementation. Another interesting aspect of this metamaterial is the use of
adsorption and desorption effects in the photoactive layer. These effects increased the
photocarrier lifetime, which allowed me to use a low intensity illumination source to
achieve the modulation. Low intensity illumination is important for infrared signature
control and heat transfer applications, as these applications require emissivity modulation
over large areas. Further engineering of the damping loss within the metal components
(resonator and backplane) and the carrier dynamics in the spacer layer could further
improve both the modulation amplitude and spatial resolution of the emissivity change.

In Chapter 4, I demonstrated a metamaterial perfect absorber architecture for
dynamic color generation in the visible spectrum. The large, narrow band absorption
provided by the metamaterial gave highly saturated colors in the CMYK subtractive color
scheme. Dynamic tuning of the resonant absorption frequency was achieved using solvent-
assisted intercalation of a few-layer graphene spacer. The work highlights preliminary
results and follow-on testing is planned to assess the full capability of the device. If the
material performs as expected, it could revolutionize display technologies for applications

including electronic paper and digital signage.
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5.2 Outlook

In my opinion, the metamaterial perfect absorber is one of the most promising
metamaterial candidates for wide-spread adoption and commercialization. Other
metamaterial designs that seek to tailor the reflection and transmission of a material are
constantly battling absorption loss that lowers performance efficiency. The perfect
absorber design, on the other hand, uses the typically parasitic loss in these resonant
structures for a beneficial purpose. This reduces the engineering challenges and material
loss requirements associated with the metamaterial design, which should help lower its
barrier to marketplace entry.

As mentioned in Chapter 1, the metamaterial architecture has many advantages
over conventional absorbers and emitters including spectral, spatial, and polarization
control. However, I believe its ability to tune properties post-fabrication is the most
important benefit of the design. As demonstrated in Chapters 3 and 4, a dynamic response
can provide functionalities not available in natural materials and can help create a new
generation of devices. The field of active metamaterial absorbers and emitters is already an
aggressively studied topic and should remain so in the near future. Beyond dynamic
metamaterials, I believe the field will progress toward solving practical engineering
challenges such as integrating the metamaterial architecture with everyday materials.

One opportunity for metamaterial integration could be textile materials for thermal
comfort control. The ideal radiative properties of textiles for both cold and hot weather are
as follows: In cold weather, the reflectivity should be maximized so that thermal radiation
emitted from the body is reflected back to the skin and the energy loss to the environment

123

is reduced!*). In hot weather, the emissivity or transparency should be maximized to
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increase heat dissipation to the environment!'**!. It should be noted that these target optical
properties are specific to the long-wave infrared part of the spectrum (7-14 um) where the
human body peak emission wavelength occurs. In the visible spectrum, the textile should
be opaque and colored to whatever is fashionable. Though previous studies have developed

[123]

high-reflectivity textiles using silver nanowire coated fabrics' ~* and high-transparency

1291 this area of research is relatively new and

textiles using nanoporous polyethylene!
remains open to metamaterial absorber architectures.

Another interesting opportunity for integration is building envelopes where the
metamaterial can be used to regulate the radiative heat transfer between the building and
environment. This technology, termed passive radiative cooling, requires a material with
high emissivity at wavelengths corresponding to the transparency window of the
atmosphere (7-14pm)."'?* That way, the thermal radiation from the building can be
rejected to space without absorbing any incoming radiation (space is 3K). Because the
cooling requires no power input, this technology has the potential to drastically lower the
carbon footprint of both the residential and commercial building sectors. While work has
begun to develop metamaterial absorbers for this application,** there is still more room for

performance improvement.

One of the main challenges for metamaterial absorber/emitter integration is scalable

[127 [128

manufacturing. Unlike on-chip photonic devices I'or biosensors!'* that have small
device footprints, most of the applications for this type of metamaterial require large areas
(i.e. the surface area of an entire building). Therefore, a major thrust in the field has been to
develop techniques that can simply and cheaply fabricate metamaterials over large areas.

Some of the more promising techniques include template-based approaches such as anodic
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129] [130

aluminum oxide!'*” and nanosphere lithography!'*”, self-assembly approaches such as

(1311 \Where the resonator

dewetting!®" and dip coating,!'**! and nanoimprint lithography
pattern is stamped into a substrate. Whichever fabrication technique proves to be the most
efficient and reliable, it must also be compatible with roll-to-roll manufacturing which I
believe is the key to metamaterial mass production.

Absorption and emission control with the metamaterial perfect absorber geometry
is a stimulating area of research with many future opportunities. Since the metamaterial
architecture was proposed nearly ten years ago, the field has shifted from fundamental
studies to developing materials with enhanced functionality. In the next ten years, I see a

further shift to commercialization, which offers many exciting engineering challenges and

opportunities to come.
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Appendix A
A.1 Methods

A.1.1 Simulations

Finite-Difference-Time-Domain simulations were performed using the commercial
software package, CST Microwave Studio. The parameters of the simulation included a
plane wave excitation source at normal incidence, periodic boundary conditions in the x-
and y- directions, and perfectly matched layers on top and bottom of the unit cell. ITO
ellipsometry data were collected from a 400 nm layer of ITO after annealing the layer at
1173 K for 2 hrs, and the values were fit to a Drude model. The Drude model values (listed
in Table A.1) were then used in the simulation. Aluminum oxide was modeled as a lossless

dielectric with a permittivity of 3.0. The displayed spectral emissivity is calculated as e=1-

p.

A.1.2 Particle Analysis
SEM images of the dewetted gold particles were calibrated in the software

program, ImageJ, and the area (4) of each particle was found (Figure A.6). The diameter

(D) for each particle was approximated using the following equation: D = 2 \E. SEM

images from 10 different areas of the sample were taken in order to get a representative

distribution of the entire metasurface.
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A.1.3 Emissivity Measurements

Room temperature reflection measurements were taken with a Varian Cary 5000
spectrophotometer (0.9-3 um) and a Bruker Tensor 27 FTIR spectrometer (3-10 um). Data
were collected at an 8° incident angle and calibrated with a gold mirror (Thorlabs). Angle-
resolved reflection measurements were performed with a Cary Universal Measurement
Accessory (spectrophotometer) and a Seagull Variable Angle Reflection Accessory

(FTIR).

A.1.4 Annealing Experiments

The samples were loaded into a Lindberg/Blue M tube furnace and allowed
to sit in mTorr-level vacuum for 5 min before the oxygen and argon gases were introduced.
For Sample 1, 2.2 sccm of oxygen and 97 sccm of argon were flowed through the tube. For
Sample 2, only 100 sccm of argon was added to the tube. A flow valve at the exit of the
tube was regulated to maintain the tube pressure near 5 torr. The temperature in the tube
was ramped to 1173 K in 1 hour (15 °C min™) and the annealing timer was started once the
tube reached 1173 K. During the cooling period, the temperature set point on the furnace
was ramped down at -15 °C min™', though the temperature in the tube began to
significantly lag the set point after 1 hour. The furnace lid was then opened to increase the
cooling rate and the sample was allowed to reach ambient temperature (approximately 30

min). After reaching ambient temperature, the tube was vented and the sample removed.
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A.2 Supplementary Tables and Figures

Table A.1. ITO Measured Drude Parameters
=411
w,=2.64¢" rad s
I'=641¢"rad s
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Figure A.1. Spectral reflectivity of 400 nm ITO backplane: (a) simulated and (b)
measured. Reflectivity measurements were taken after annealing the ITO for 2 hrs at 1173

K in an argon atmosphere.
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Figure A.2. Mean dewetted gold particle diameter as a function of the initially deposited
gold film thickness. The dewetting procedure was kept constant for all samples.
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Figure A.3. Particle diameter histogram: (a) Sample 1 and (b) Sample 2. The red-shifted
mean diameter of Sample 2 causes the red-shift in peak emissivity of the metamaterial.
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Figure A.4. Simulated emissivity as a function of particle diameter. Simulation parameters
were taken from Figure 2.1 and a particle spacing of 110 nm was maintained throughout
the diameter sweep. The black line is the experimentally measured emissivity of Sample 1.
The distribution of resonances from the different particle sizes helps create a broad
resonance that is centered near the mean particle diameter resonance (130 nm). Deviation
from the experimental results is likely due to the ITO optical properties used in the
simulation.
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Figure A.5. Cold side filter design. (a) Schematic of simulated filter where /;; ;= 287 nm,
hy= 330 nm, and A7 ,= 575 nm. (b) Simulated filter transmission averaged over both
polarizations and shown as a function of incident angle. All calculations were performed
using the normal incidence spectral transmission. The refractive index of TiO, was set to
2.39 and the refractive index of MgF, was set to 1.37.

Figure A.6. Particle distribution analysis. (a) SEM image of dewetted gold particles. (b)
ImagelJ rendering of the particle areas. Particle areas (4) from 10 SEM images taken at
different locations on the sample were used to approximate the particle diameters (D) using

the following equation: D = 2 \E.
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Appendix B

B.1 Methods

B.1.1 Simulation

All simulations were performed using the commercial FDTD software package CST
Microwave Studio. Each simulation was run with periodic boundary conditions in the x-
and y-directions and perfectly matched layers were used along the propagation directions.
The simulations were constructed using the dimensions and material properties listed in

Appendix B.2.

B.1.2 Fabrication

AIl ITO films were sputtered at 350 °C in a 2 mTorr atmosphere with O, (0.2 sccm)
and Ar (20 sccm). The n-ZnO film was sputtered at 200 °C in a 10 mTorr atmosphere with
0, (0.2 sccm) and Ar (20 sccm). The a-ZnO film was deposited with the same conditions,
except the substrate was not heated. The resonators were created with photolithography

and electron beam deposition of 5 nm titanium and 70 nm gold.

B.1.3 Characterization

The infrared spectral reflectivity of the films was measured in a FTIR spectrometer

using a variable angle attachment set to 10° and a gold mirror as reference. The emissivity

58



modulation was characterized using the same FTIR setup, except UV light was directed
onto the sample. The UV source was an LED flashlight (Intsun SK66) with a center
wavelength of 365 nm. The sample was illuminated for one minute before the infrared
spectrum was taken to ensure steady-state; the sample was illuminated during the
measurement. The UV light was blocked from the detector using a wire grid polarizer with
KRS-5 substrate. The reported UV intensities were found by measuring the illumination
power and dividing by the illumination area on the sample. Therefore, the listed intensities
describe the intensity at the material surface.

For the thermal camera measurements, the camera emissivity and refresh rate were
set to 0.95 and 25 Hz, respectively. The camera has an accuracy of +2 °C. For the front-
side illumination, the camera angle was roughly 20° from normal while the camera angle
for back-side illumination was at normal incidence. The numerical aperture of the focusing
lens was NA=0.13. The focused beam diameter on the sample was approximately 4 mm.
The temperature of the hotplate was measured with a type-K thermocouple that has an
accuracy of £2.2 °C. A ring-shaped thermoelectric heater was used for the back-side
illumination measurements to allow transmission of UV light. Back-side illumination
measurements were also taken with the a-ZnO film to ensure the UV light was not causing

the camera to give a false thermal image (Figure B.8).

B.2 Metamaterial Simulation Parameters and Design Optimization

Figure B.1a shows the metamaterial unit cell including the simulated dimensions.
In Figure B.1b, the n-ZnO spacer height is increased from 550 nm to 1150 nm which

causes a decrease in the peak emissivity at the resonant wavelength. This is a result of
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decreased coupling between the gold resonator and the ITO backplane, which causes an
increase in /; for the metamaterial. To determine the appropriate spacer height, the percent
emissivity modulation at each spacer height was calculated using simulations where the
ZnQO carrier concentration, nz,p, was modulated from nz,0 ;=3¢17 cm™ to nzno,2=Tel7 cm™.
These carrier concentrations, which were estimated from measured dark and UV
illuminated spectral emissivities, change the ZnO optical properties as shown in Figure
B.1c and Figure B.1d. The figure of merit (FOM) for each spacer height is displayed in

Figure B.1e and shows a peak at 950 nm. The FOM was calculated using the following

equations:
Ahfgh=l4ﬂm
2mhc,?
EMM(A’ T, TI’ZT!,O) f— J. E(;’L TI’Z?‘LO) h; dl”l (Bl)
Alow=7.5um A |:exP (AkBOT) B 1]
Ahighz l4pum
2mhc,?
EBB (ﬂ., T) = hC d/l (B2)
Algw=7.5um » [exp (AkBOT) - 1]
(EMM,TLZno.z) (EMM:nZno.l)
Ae T E.. J O\ E..
FOM = — = Epp Epp (B.3)
€o (EMM,HZHOJ)
EBB

where Ajign and A, are the spectral limits of the thermal camera, ¢is the simulated
emissivity, /4 is the Planck constant, ¢, is the speed of light in vacuum, 4, is Boltzmann’s
constant, and 7'is 423 K. Figure B.1f shows the modulated spectral emissivity for a spacer
height of 950 nm. The modulated spectral emissivity shows good agreement with the

measured values in the main text.
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Figure B.1. Simulated metamaterial. a) Unit cell where d=2900 nm, %.,,=40 nm, /;70=400
nm, and p=6000 nm. b) Simulated emissivity with variable n-ZnO spacer height (Agacer)-
c,d) Change in the real(c) and imaginary(d) parts of the ZnO permittivity when the carrier
concentration is increased from 3e17 to 7e17 cm™. ) Percent change of emissivity (FOM)
at various spacer heights when nz,0 is modulated between 3e17 and 7el7 cm>. The

optimized spacer height is 950 nm. d) Simulated emissivity modulation for spacer height of
950 nm.

Table B.1. Simulation Optical Properties

ZnO parameters [1] ITO Parameters® Au Parameters

. =3 Eyro =4 -
Zno AT0 Properties from [2]

Wyg zne = 1.09e1rad s W, o = 1.84elrad s
Wrgzno = 7-23€l rad s’ Ipg = 4.1elrad !
Yzno = lelrad s

Iypo =3elrads’

¥ Properties fit from experimental data

B.3 Integrated Emissivity Calculation

We compared our work to previous low-power, ultra-thin emissivity modulators

61



with calculations of the integrated emissivity change. Integrated emissivity change is
important for radiative heat transfer and infrared signature control applications which rely

on total emitted flux to control cooling power and apparent temperature change,
respectively. The integrated emissivities (&;,,) were found by first using Equation (B.1) and
(B.2) to calculate Ej, and Egg. Then &, was simply calculated from, &;,,; = Eypy/Epg. The
difference between the initial integrated emissivity and modulated integrated emissivity is
A&t

The spectral emissive power for this work and the previous studies are plotted in
Figure B.2. The data for the previous studies were extracted from published work. The
integrated emissivity change for this work is Ag;,~0.12, and the integrated emissivity
changes for ref [3] and ref [4] are Ag;,~0.02 and Ag;,,~0.002, respectively. The lower limit
of integration for ref [4] was extended to 6.5 um to include the emissivity modulation in

this spectral region.
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Figure B.2. Spectral emissive power for low-power, ultra-thin emissivity modulators. a)
Results from this work. b) Data from Ref [3]. ¢) Data from Ref [4].
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B.4 Anti-Reflection Absorber Analysis

Figure B.3a shows the simulated emissivity for the dark and UV-illuminated anti-
reflection films using the same estimated carrier concentrations of Appendix B.2 (3e17 and
7e17 cm™). The simulated peak change in emissivity (4£0.055) is similar to the measured
response in Figure 3.2c¢ of the main text (4£<0.045). The film in the main text is then
annealed in a tube furnace at 350 °C with 100 sccm H; for 1 hr. Annealing with hydrogen
has been shown to passivate ZnO nanocrystallite surfaces and reduce the adsorption of
oxygen.”® * This passivated film should possess a higher initial free carrier concentration
because less electrons are trapped at the nanocrystal interfaces, and the modulation of free
carrier concentration should be reduced because of the decreased hole trapping capability.
Both of these effects are seen in the experimentally measured film (Figure B.3b, red
curves). After hydrogen annealing, the dark emissivity increases due to the increased
carrier concentration and the modulated emissivity (4£<0.015) is reduced to roughly one-
third of the as-deposited film. The film was then annealed in air at 250 °C for 1 hr to
depassivate the film. As seen in Figure B.3b (blue curves), the original dark emissivity and
modulated emissivity are mostly recovered.

Figure B.3c and Figure B.3d show electric field plots for a unit cell of the (¢)
metamaterial and (d) anti-reflection film. Both plots are shown with the same scale which
allows for direct comparison of the electric field concentration. It is evident from the
figures that the metamaterial provides a much larger field concentration in the n-ZnO
spacer layer when compared to the anti-reflection absorber. Because the metamaterial
provides higher electric-field mode confinement within the active layer, similar changes in

carrier concentration will result in larger changes in emissivity as was demonstrated in the
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main text.
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Figure B.3. Anti-reflection absorber simulations and experimental demonstrations. a)
Simulated emissivity with variable n-ZnO carrier concentration. b) Measured emissivity
after annealing in different atmospheres. Solid lines indicate the dark emissivity and
dashed lines represent the measured emissivity during UV illumination. c,d) Plots of the
absolute value of the electric field for the ¢) metamaterial unit cell and d) anti-reflection
absorber unit cell. Cross-sections were taken through the middle of each unit cell at the

resonant frequency (4,.s) of each material. Both c) and d) are plotted with the same electric
field scale.

B.5 Calculation of Photoinduced Heating from Ultraviolet Illumination

Figure B.4a shows the measured absorption spectrum of the metamaterial and a-
ZnO film. At the spectral position of the illumination source, 365 nm, both samples have
virtually the same absorption and therefore any photoheating effects will be experienced

equally for both samples. Results in the main text show that the a-ZnO film experiences no
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apparent temperature rise upon UV illumination, which suggests that photoheating is
negligible. To confirm this result, a thermal model of the sample was constructed in
COMSOL. Because the model is being used to ensure the sample doesn’t heat too much
during the UV illumination, we use conservative boundary conditions to get an upper
bound of the temperature rise. That way, if the calculated temperature rise is negligibly
small, we can safely assume that the actual temperature rise is negligibly small.

Figure B.4b shows a schematic of the thermal model which includes a circular
surface heat flux to represent the UV illumination input and a fully insulated sapphire
substrate at all other boundaries. The insulated substrate provides an extremely
conservative boundary condition since, in the actual sample, heat will be dissipated by
conduction, convection, and radiation through the substrate surfaces. The parameters listed
in Table B.2 were input to the simulation and the transient model was calculated out to
=20 sec to match the experimental condition. The results of the simulation, Figure B.4c,
show a maximum temperature rise of 47=0.10 °C. Because this upper bound of the
temperature rise is negligibly small, we can confidently conclude that photoheating in the

metamaterial is negligible.
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Table B.2. Simulation Parameters

Parameter Value
Thickness (h) 0.5 mm
Sample Length (L) 18 mm
Sample Width (w) 13 mm
Spot Diameter (D) 4 mm

Spot x-loc (x) 4 mm

Spot y-loc (y) 2 mm
Density (o) 3980 kgm

Thermal Conductivity (k) 25 Wm 'K’
Specific Heat (C,) 756 Jkg 'K’

Spot Heating (g”) 100 Wm?
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Figure B.4. UV photoinduced heating. a) Measured UV absorption spectrum of
metamaterial and a-ZnO film. b) Thermal model schematic of metamaterial film with UV
illumination. All boundaries outside of the surface heat flux boundary are assumed to be
insulated. c¢) Results from COMSOL simulation at =20 sec.

66



The COMSOL simulation was verified using an analytical solution for a two-
dimensional axisymmetric cylinder of height 2 where the UV heating occurs at the
centerline (7=0) on the top surface (z=0). The top and bottom surfaces are insulated and the
cylinder is assumed to be radially infinite. The maximum temperature rise occurs at the
centerline of the top surface, 6,,,.(t) = 68(0,0, t), which can be calculated using the
following expression:

con=s05{ o255 o) -oore{ f 2

m=1

%.@

In the foregoing expression, R=D/2, O=q"R/k, F' o=at/R*, h*=h/R, and the thermal
diffusivity is a=k/pC,. The ierfc is the integral error function written as ierfc(x)=-
xerfe(x)+exp(-x*)A/T. At a time of /=20 sec, the analytical solution provides a maximum
temperature rise of 0.045 °C. Modifying the previous COMSOL simulation to match the
boundary conditions of the analytical solution requires L and w to be made at least as large
as the thermal penetration depth, L = v/at, so that the radial boundary has no effect on the
solution and the infinite boundary assumption is valid. When the L and w dimensions are
increased to 50 mm, the temperature rise at the UV spot heating is 0.045 °C as shown in
Figure B.5. Because this solution matches the analytical solution, we can be sure that the
COMSOL model was properly implemented and the results shown in Figure B.4c are

valid.
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COMSOL Solution AT(C)
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Figure B.5. COMSOL simulation result using boundary conditions matching the analytical
model.

B.6 Multi-excitation Plot for Metamaterial Temporal Response

The experiment from Figure 3.3 in the main text was repeated to investigate the
effects of multiple UV excitations. In this experiment, the temperature of the substrate was
150 °C and the UV intensity at the metamaterial surface was 6 mW/cm™. The results from
the study, Figure B.6, show that the emissivity decays to zero each time which indicates

that no fatigue-like behavior is present in the material.
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Figure B.6. Multi-excitation temporal plot of the metamaterial. The arrows indicate when
the UV source was turned off, "UV Off", and when the UV source was turned on, "UV
ON".

B.7 Spatial Contrast Measurement

The spatial resolution of the metamaterial emissivity modulator was characterized
by projecting an image of a Ronchi ruling onto the metamaterial. A Ronchi ruling (Figure
B.7a) possesses equal bar and space patterns and is a standard test target used to measure
optical contrast. The thermal image of the illuminated metamaterial is shown in Figure
B.7a which also includes a magnified region of the sample. Figure B.7b shows an x-
direction slice across the magnified region of the sample with normalized AT plotted as a
function of position. The temperature rise was normalized for easier visualization of the
contrast. The plot resolution in Figure B.7b is degraded due to low pixel resolution of the
camera; however, we can still extract estimated values of the bar spacing and optical

contrast.
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Figure B.7. Spatial contrast measurement of the metamaterial. a) Schematic of the Ronchi
ruling, which was used as a projection mask during the metamaterial illumination, and
thermal image of the metamaterial showing the normalized temperature rise A7. A

magnified image was included for further clarity. b) X-direction slice of the normalized AT
taken across the magnified region of a).

Measuring the peak-to-peak distances in the plot, we find that the period of the
ruling is approximately 900 um. This means that each projected linewidth is approximately
450 pm. Using Equation (B.5) we find largest contrast to be 38%. Because of the poor pixel
resolution of the thermal camera we can’t resolve the full maximum and minimum
temperature change of each line-pair. This means calculating an average contrast of
neighboring line-pairs will provide an artificially low contrast value. Therefore, we report
only the maximum contrast value, 38%, in the main text.

AT, ar — AT
% Contrast = (B max min) %X 100 (B.5)
(‘&Tmax + ATmin)
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B.8 Back-side Illumination with a-ZnO

The a-ZnO anti-reflection film was tested using the same back-side illumination
conditions as the metamaterial in the main text, and the resulting thermal signature is
displayed in Figure B.8. As expected, no discernable temperature change is detected. This
indicates that the thermal images captured in the main text were indeed from an emissivity

change in the metamaterial and not from transmission of the UV source.

AT (°C)

I4

Backside lllumination I 0

Figure B.8. Thermal image of a-ZnO anti-reflection film during back-side illumination
with the grayscale UV mask.
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