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ABSTRACT

Multi-scale and Complex Metallic Structure Networks for Novel Solar

Energy Harvesting-Conversion Applications

Yi Tian

The global consumption of fossil fuels continues to increase due to the rapid growth

of energy demand, as a consequence of expanding population and human activities.

Fast climate change is another inescapable issue caused by humans that need to be

addressed. The development of solar energy conversion technologies is widely consid-

ered as one of the most promising solutions to sustainably maintain a modern lifestyle

of the society and create a carbon-neutral social development operation mode. The

solar energy is carried and delivered in the form of electromagnetic fields. Therefore,

the efficiency of photon collection is the primary factor to create any solar energy con-

version systems. Through the inspiration from nature, the functionalized disorder,

with a specific design and engineering, can introduce unusual light-matter interaction

behaviors, and thus offer a potential capability to achieve perfect light harvesting.

In my thesis, we develop complex Epsilon-Near-Zero (ENZ) metamaterials that can

be used either as light capturing networks or the photoactive media by turning the

energy damping ratio between radiative and non-radiative channels. We successfully

integrate it into thin-film photovoltaic modules with showing an excellent perfor-

mance enhancement led by broadband light localization effect. Thanks to universal

of such complex ENZ metamaterials, with combining a thin layer of dielectric, we fur-

ther develop efficient hot-carriers driven plasmonic photo-catalysts for artificial green

chemical fuel synthesis. The detailed theoretic analysis is presented in this work.
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Chapter 1

Introduction

1.1 Global Energy Consumption and Demand

The global energy demand and consumption are keeping to rise at a significant rate

due to the growth of the population on the Earth and increasing economic activities

from developing countries. The latest reported data demonstrate a 2.1% enhancement

in global energy consumption in 2017, confirming this continuous growing trend [1].

Energy-related carbon dioxide emission accordingly has raised 1.4% in 2017 [1], which

is the first time to show such a significant jump over the past four years. The main

reason shown in Figure 1.1 is that fossil fuels are still the dominated pillars to supply

human society, accounted for 79.5%. Overuse of fossil fuels produced energy has been

approved to result in climate change and environmental pollution, which could pose

a tremendous risky challenge to the sustainable development of human society. To

improve the overall share of renewable energy in the final energy consumption could

be considered as the most effective way of reducing pollution, mitigating climate

change and enhancing energy security.
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Figure 1.1: Estimated Renewable Share of Total Final Energy Consumption,
2016. Reprinted from ref. [1] copyright by Paris: REN21 Secretariat REN21.

Although the deployment of renewable energy resources, including wind, solar,

biomass, geothermal and ocean power keep increasing at a moderate rate, accounted

for 10.4% of the total final energy consumption, the low fossil fuel prices continued

to pose a challenge to the progress of renewable energy deployment especially in

sectors of transportation, heating, and electricity production. The crucial factor to

enhance the competitiveness of renewable energy is to boost energy efficiency. Energy

efficiency is to the energy input, covering various processes such as primary energy

harvesting and conversion, energy transmission and energy distribution. Tremendous

efforts from different fields are poured into enhancing energy efficiency since there

are technical and economic synergies exist between energy efficiency and renewable

energy deployment progress.
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Figure 1.2: Growth in Global Renewable Energy Compared to Total Final
Energy Consumption, 2005-2015. Reprinted from ref. [1] copyright by Paris:
REN21 Secretariat REN21.
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1.2 Research Motivation

Electromagnetic radiation from the Sun can deliver power at the rate of 175 petawatts

to the Earth, which is far enough to sustain all human activities on the planet. Af-

ter the discovery of photoelectric effect by Heinrich Hertz in 1887 and the critical

explanation of this effect provided by Albert Einstein in 1905, it offers an exciting

opportunity for a human to take advantage of the abundant and clear solar resources

[7][8][9]. Over approximate a hundred years of active efforts from both the academia

and the industry, solar energy has started to make a considerable contribution to

share the energy supply pressure in nowadays society. With the rapid advances of

material science, fabrication techniques and understandings on physical, chemical,

thermal and electrical processes, numerous solar energy harvesting-conversion sys-

tems are keeping to be invented to convert solar radiations into various easy-to-use

energy forms, such as electricity, heat and chemical fuels. However, to make the

energy produced from solar source competitive with fossil fuel generated power, the

cost still needs to be further reduced by the factor of 2-5 [2][10][11][12][13]. In a

conventional semiconductor-based solar-conversion-system, the incoming photons are

typically harvested by a very thick photo-active media, such as silicon wafer that

generally is 180-300 micrometers. Most of the cost is original from the required thick

materials and high energy consumed processing. Therefore there exist great interests

in developing an ultra-thin film based solar-conversion technologies. The light trap-

ping structure or structuring the thin film becomes necessary to overcome the light

absorption limitation of thin film based system.

Plasmonic effect triggered by incorporating metallic nano-geometries into the

semiconductor film recently has attracted many research attention, resulting in elec-

tromagnetic energy can be trapped and concentrated on photoactive media, conse-

quently enhancing the energy harvesting process [14, 15, 16, 17]. Furthermore, both
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the localized surface plasma resonance and surface plasmon polariton excited on the

interface of metallic structure and the active layer can enhance the interaction between

light and photoactive media, leading to an enhancement of photons absorption and

carriers excitation [18, 19, 20, 21]. Most of the researches focus on taking advantage

of highly ordered configurations, such as the arrays of micro-scale or nano-scale wires,

rods, spheres, and pyramids [22, 23, 24, 25, 26, 3]. There are still some restrictions

induced by applying the above solutions. The first limitation is due to the periodicity

of metallic nano-scale wires, rods, spheres, and pyramids. They intrinsically have one

or two spectrum resonance peaks, meaning that the electromagnetic energy only can

be captured from narrow spectrum regions, rather than from boarder solar spectrum

regions.

With the objective of overcoming mentioned limitations generated by ordered

structures, the disorder appears as a potential solution. Disorder, that an opposite

side of order is a natural factor over the fabrication process, in general playing a

negative influences on physical systems or devices [27, 28, 29]. However, with induc-

ing disorder into a system, new physical properties and extraordinary phenomenons

emerge under examination due to the increasing system complexity [30, 31]. Countless

examples in nature demonstrate that how the disorder features are fictionalized over

the evolution process of creatures, such as vivid colors of tropical birds, transparency

of butterflies and adaptive camouflage of octopuses[32, 33, 34]. Recent great efforts

from researchers have been dedicated into the possibility of harnessing the complex-

ity and turn disorder to advantage for applied systems. A example in photonics is

that the event of Anderson localization has been discovered and vastly analyzed by

studying the spectral characters of random photonic crystals [35]. Another important

instance in optical energy resonance system is that the energy trapping efficiency of

a system significantly enhance by inducing random deformation to an optical micro-
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sphere resonator [30]. On the other hand, the cost is also one of the most important

factors we concern in developing technologies. In general, the more precise con-

trol in the fabrication process, more fees are required. A system based on disorder

would be more advantageous than the ordered system because there are less precisely

controlling demanded. As a result, developing and optimizing devices grounded on

controllable disorder geometry, network, or materials have a high potential to offer a

new cost-effective platform or breakthrough to current technologies in fields of optics,

photonics, and energy harvesting-conversion applications.

After electromagnetic fields being trapped by plasmonic structures, there are typ-

ically two channels, that radiative and non-radiative channels, available for resonant

energy dissipating. Through radiative channel, the energy is damped by photons re-

emission, and in the non-radiative process, the electromagnetic energy is transferred

into the creation of hot electron-hole pairs via Landau damping. The mechanism

is often employed to design various light management modules to improve the light

interaction or light absorption in photoactive materials [3]. The non-radiative chan-

nel of plasmon decay in a metallic structure is an unavoidable energy loss, usually

regarded as a detriment. However, with the rapid advance of understanding on the

physical processes of carriers dynamic in the metal, it has been approved that via

this channel the significant number of energetic carriers can be created, and even

can directly drive chemical redox reactions[36, 2, 37]. Intense efforts from researchers

are devoted to study on this complex interaction process and develop efficient solar

energy conversion solutions from this physical mechanism. A representative example

is the work of an autonomous photosynthetic water splitting device by using ordered

gold nano-rods and coupling with corresponding co-catalyst at active positions from

Moskovite group [25]. Afterward, a large number of photocatalytic plasmonic de-

vices based on various conventionally order metallic structures are investigated and
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approved as a promising platform for chemical transformations and solar fuel conver-

sion, but the efficiency of these devices still suffer a slow progress [38, 39, 40, 41, 42].

The dominant reason caused such slow progress in the development of hot-carriers-

driven plasmonic devices is due to the complexity of the hot carrier dynamic within

metallic systems, containing carrier excitation, relaxation and extraction processes.

All these physical processes happen within the ultra-fast timescale, 10 to hundreds

femtoseconds ranges, posting an enormous difficulty to delivery excited carriers to

corresponding catalytically active sites at the outermost surface layer [2, 40]. Thus to

understand the hot carrier dynamics and optimize each stage of this dynamics pro-

cess is the crucial path to improve the efficiency of plasmonic based photosynthesis

devices.
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1.3 Summary of Projects

This dissertation presents my research concentrated on addressing the limitation

caused by conventionally plasmonic geometries, designing complex metallic light en-

ergy harvesting structures and developing novel applications in the carbon-free energy

conversion field. Chapter two provides a comprehensive review on metallic light man-

agement systems, including the processes of interaction between light and structures,

properties of plasmonics, various energy dissipating channels and practical applica-

tions. In chapter three, we introduce and elucidate our first project on novel designing

and implementation of the broadband back reflector for thin film cells by creating dis-

order Epsilon-Near-Zero (ENZ) meta-materials. With the help of this ENZ reflector,

the efficiency of the PV module is significantly enhanced. We conducted completed

theoretical studies and Finite-Element-Time-Domain (FDTD) simulations to confirm

the origin of performance enhancement. A wide range of characterization techniques

was applied in this work, which exhibits an excellent agreement with theory results.

Chapter four shows the comprehensive work on 3D-scale nanostructured plasmonic

photocatalysts for efficient hot carriers induced hydrogen production. We theoreti-

cally and experimentally demonstrate the light-squeezing effect triggered by a complex

network of ENZ regions. The device performance is significantly beneficial from the

counterintuitive physical result with maximizing the hot carriers generation rate and

leading a record hot carriers derived hydrogen evolution efficiency. In the conclusion

section, I conclude by summarizing our main results and findings.
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Chapter 2

Metallic Nanostructures Enabled Solar Radiation

Management

To date, the globally installed capacities of solar based devices are 60 gigawatts in

electricity generation and 300 gigawatts in thermal energy harvesting, which have

already contributed considerably to solving the energy crisis we have to face in next

generation. The application of light management scheme is of critical importance to

enable larger scale application of solar energy based technologies and speed up the

expansion of clean energy portion in final energy consumption. Either the thickness of

the material can be reduced by 10-100 order of magnitudes or the conversion efficiency

can be boost by improving the light absorption within materials. Thanks to rapid

advances in nanotechnology and fabrication techniques, plasmonics, that introduction

of metallic nano-geometries to manipulate light, emerges as a novel and exciting way

to enhance the performance of light-harvesting-conversion devices. More importantly,

specific plasmonic nanostructures have a tunable light response region, providing an

excellent opportunity to expand the working part of the solar spectrum.
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2.1 Properties of Plasmonics

Figure 2.1: Photoexcitation and carrier dynamics of metallic nano-system.
(a) Electromagnetic fields impinging on metallic sphere to excite the localized surface
plasmon and alter the direction of light energy flow. (b) Schematic demonstration of
athermal: over the 1 to 100 fs range right after light impinging on metallic structure,
the localized energy damped via either photons re-emission or creation of energetic
carriers process. (c) Schematic demonstration of redistributing energetic carriers:
over the timescale 100 fs to 1 ps, the energy is reapportion via electron-electron colli-
sions. (d) Thermal dissipation process: heat is equalized between metallic structure
and surrounding environment. Reproduced from ref.[2] copyright by 2015 Nature
Publishing Group

Plasmonic nanostructures own widely tunable and unique optical properties, char-

acterized by surface plasmon resonance. Surface plasmon resonance is a collective

oscillation of valence electrons, created when the frequency of incident photon flux

matches with the intrinsic frequency of surface electrons of certain materials (shown

by Figure 2.1a). Therefore a strong spatially non-homogeneous oscillating electric

fields are constructed in a nano-scale region close to the structure. The incoming

light energy is captured and localized into a sub-wavelength region by metallic nanos-

tructure via surface plasmon resonance. Compared with the incoming photon flux,
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the localized field intensity would be enhanced by the 1000 times in case of an individ-

ual nano-system [43]. Plasmon resonances in metallic nanomaterials can be damped

through radiative scattering channel by re-emitting a resonant photon or nonradiative

absorbing channel by creating energetic electron-hole pairs over 1-100 fs time range,

shown by Figure 2.1 b. The ratio of these two decay mechanisms can be manipulated

for different purposes of applications by engineering the material compositions. In

spite of being very energetic, these carriers still stay within metal since the work

function they need to overcome larger than the energy they gained from the resonant

frequency. Figure 2.1 c shows the redistribution process of energetic carriers within

the metal, by massive electron-electron collision events. Such a dynamic process in

the nano-metallic system has already attracted plenty of research interests, but it

remains unclear due to the complexity of this carrier movement. After extensive

electron-electron scattering processes, the energy of excited electrons reduces and the

interaction with phonons accordingly increase. The energy subsequently dissipates

via lattice vibration and heat the rest part of metal (Figure 2.1 d).

2.2 Applications: The Radiative Channel

Figure 2.2: Three main light management configurations in thin PV mod-
ules. (a) Scattering effect and angular redistribution of the scattered light with metal-
lic nanoparticles atop a cell. (b) Near-field effect of embedded metallic nanoparticles.
(c) Coupling sunlight into SPPs with metallic nanostructures on the rear contact.
Reprinted from ref. [3] Copyright by 2010 Nature Publishing Group
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Both of these two types of energy damping modes after plasmon oscillation excited by

light illumination are practically useful. The non-radiative channel of plasmon energy

resonance has three kinds of ways to damp electromagnetic energy, including scatter-

ing effect, near field localization and surface plasmon polaritons coupling, which offer

the fundamentals to achieve design active light trapping schemes for PV modules.

Figure 2.2 a-c schematically illustrate the three types of metallic nanostructures light

management solutions applied in thin solar cells. The photon fluxes can be scattered

into absorbing media by placing them to improve the light absorption via extending

the optical path. There are plenty of excellent works to demonstrate the effectiveness

of this method. For instance, the Atwater group employed high aspect ratio silver

nanoparticles in GaAs thin film cells with showing a result of 8% enhancement for

the short circuit current density. This enhancement in performance is original from

the significant increase in the absorption contributed from wavelength longer than

600 nm [44]. This coupling efficiency from such strategy is sensitive to properties of

selected particles such as composition, size, shape and arrangement pattern [45, 46].

The second approved approach is to take advantage of the intense light confinement

effect induced by sub-wavelength metallic particles. Directly incorporating metallic

nanoparticles into light-absorbing media could significantly increase the absorption

rate of the active material because of the ultra-high electromagnetic field intensity

localized by smaller nanoparticles compared with that mainly induce light scattering

events. With carefully designing the distance among these nanoparticles, the strength

of photon flux between two particles can be further enhanced. This field-localization

mechanism especially is suitable for materials such as colloidal quantum dots and

colloidal dyes, in which the carrier diffusion lengths are short, and photo-excited car-

riers have to be collected near the junction area. Many experimental achievements

successfully demonstrated the application of this mechanism [47, 48, 49]. The last

frequently used method is to utilize the propagating surface plasmon polariton, that



31

the one of plasmon mode excited at the interface between the metal and dielectric,

and propagating along the interface for a relatively long time. The energy is confined

in the perpendicular direction to the interface. The part of confined power in metal

is more evanescent than that in dielectric materials, encouraging the light absorption

in active media. Although a portion of energy loss occurs in the metallic region,

the benefits to light absorption from energy trapping structures are not thoroughly

compromised, especially for organic solar cells [50]. Metallic gratings typically are

used to generate and support the propagating surface plasma polariton for achieving

light absorption enhancement. In the application context of PV, this idea is generally

implemented by structuring the back contact.

2.3 Applications: The Non-Radiative Channel

Figure 2.3: Plasmon resonance non-radiative decay via excitations: Band di-
agram to illustrate the photon absorption process via (a) s-to-s band indirect transi-
tion, involving the additional momentum supplying, (b) Direct d-to-s band transition.
Reprinted from ref. [4] copyright by 2015 Nature Publishing Group.
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Non-radiative absorption is another vital channel to dissipate electromagnetic en-

ergy captured by metallic nanostructures and stored in the Plasmon modes. This

non-radiative absorption event occurs within an ultra-short time frame because the

lifetime of this plasmon resonance states is just a few tens femtoseconds [51, 52, 28].

As a consequent of this event, two types of electronic excitations can happen (Figure

2.3). The first is known as intraband transition, which the electron in the filled s states

below the Fermi level is excited to the empty s states above Fermi level. Another type

of electronics excitation is the interband transition that carrier excited from filled d

band to unfilled s states with crossing the over the Fermi level. The feature of s-s

intraband transition is the indirect process, requiring extra energy to compensate for

the change of momentum of carriers. Phonons typically play this role. Due to this

specific demand of momentum compensation, the s-s transition rate remains relatively

low [4]. However, d-to-s band transition is a direct excitation process without need

any energy compensation once the initial energy reaches the threshold, accordingly

resulted in a higher excitation rate [4]. Thereby, the interband transition could be

the dominant damping path for energetic carrier generation once it is available. The

Atwater group also elucidates this. Their data shown in Figure 2.4 indicated partition

among four types of absorption pathways which are direct absorption, phonon-assisted

absorption, geometry-assisted absorption, and resistive-assisted absorption. For the

high plasmon energy region, the direct absorption (interband transition) is the dom-

inant pathway to couple energy regardless of the geometry and size of Au structures.

Other absorption processes are sensitive to the geometry and size [5, 53].
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Figure 2.4: Partition of absorption contribution from resistive, geometry,
phonon, direct for various-size Au nanoparticulars and semi-infinite sur-
face. Reprinted from ref. [5] copyright by 2015 Nature Publishing Group.

The application of hot carrier excited from plasmon resonances attracts increasing

research attention and interests, especially in the field of photochemistry. To date,

there are plenty of works to demonstrate that the products and reaction pathway

driven by hot carriers are distinctly different from thermal driven reactions [54, 55, 56].

For instance, a prominent disparity was found from comparing the HD formation rate

in conditions of light on/off at room temperature, which solidly approves that the

reaction rate is increased by plasmon resonance [4]. Another example work is from

device level, achieved by Moskovitz group. An autonomous artificial photosynthesis

device was created for water splitting, which both the hydrogen and oxygen reactions
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derived from hot carrier produced from plasmon resonances [25]. This work indicates

that the hot carriers generated from the non-radiative channel of plasmon resonances

could be solely used to provide chemical fuel by solar light.
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Chapter 3

Improved the Quantum Efficiency of Thin Film PV Modules

at Broadband Light Window by using Epsilon near Zero

Back-electrode

3.1 Introduction for The Colloidal Quantum Dots Solar Cell

Colloidal quantum dots (CQDs) are low-cost, solution-processed semiconductor nanopar-

ticles. This advantage allows the use of CQD inks to be printed or sprayed onto the

flexible substrates on a large scale. According to these advantages, CQDs have gen-

erated great interest for their applications in optoelectronic devices, such as solar

cells[57, 58, 59, 60, 61, 62], photodetectors and lasers[63, 64, 20, 65]. Spectral tun-

ability is another great advantage of CQDs, comparing with other solution-processed

solar technologies. The absorption edge can be readily tuned across the solar spec-

trum by adjusting the sizes of CQDs at the time of synthesis. This property offers

avenues to tandem and multi-junction solar cells, where CQDs can be used as back

cell materials to harvest infrared light transmitted through other photovoltaic (PV)

materials such as silicon and perovskite.

Further advance of such promising technology is limited by a trade-off between ef-

ficient absorption of solar light and carriers extraction efficiency. Currently, transport

lengths of photogenerated carriers are limited to in the range of 400 nano-meters [66],

but greater than 1 micrometer of planar absorbing material is typically demanded to

harvest all solar photons that wavelengths longer than 800 nano-meters. Uncountable
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solutions have been evaluated to solve this type of problem that shortening the extrac-

tion distance by employing heterojunctions [67, 68, 69], and trapping solar radiation

into active films through substrate engineering techniques for enhancing absorption

[70, 66]. Plasmonic nano-structures have been investigated as well [71, 2]. But most

portion of the solar radiation is generally confined inside the metallic region and just

a very tiny portion of localized energy could be coupled into the CQD active layer [72].

The plasmonic-based methods generally improve the light response of the absorp-

tive mediums in a very narrow-band window. A significantly challengeable work is to

design a material that has the ability to achieve near unit light-response with energy

above the 1.1 electron volt that the prerequisite band-gap to approach to the 30%

thermodynamic efficiency limit for single-junction PV devices. If a material armed

with such a broadband response can be created, it could potentially open a path

toward the implementation of a new class of thin film PV system.
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3.2 Strategy Design and Material Fabrication

With the objective of breaking the trade-off between absorption and diffusion length

of active media, we present a novel idea that take advantage of structures that has

permitivity close to zero. The investigation of such material is significantly interesting

because of phenomena emerging while an optical material has zero refractive index.

[73, 74, 75]. Once electromagnetic waves move into an material that has ENZ effect,

the phase velocity of the electromagnetic wave start to divergs and the group velocity

of these wave approach to 0, meaning that the standing waves are formed. An ENZ

nano-material owned a broad-band response could be able to slow down the propa-

gation speed of electromagnetic waves on much smaller dimension than the charge

transportation distance, thereby triggering the generation of a new class of thin light

management systems for more efficient solar radiation capture.

Implementing ENZ materials over optical wavelengths range are extremely chal-

lenging task from the experimental viewpoint. Recently, although significant advances

have been reported, most of them are limited for specific wavelength window and

special illumination conditions [74, 75]. So far, the implementation of ENZ materials

whose spectrum response spans from the visible to the infrared regions has not been

achieved.

This project aims to create a new type of ultra-wide band ENZ-based back elec-

trode by incorporating disorder metallic morphology atop a flat metallic plane. Before

investigations, complex optical systems reported different kinds of counterintuitive

phenomenons, for instance broadband light response, ultra-high light localization,

photon-condensation and super dark black-body systems.
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Figure 3.1: Wideband ENZ disorder structures fabrication. (a) the concepts of
the electrochemically Au nanostructure growth. (b-d) Scanning electron microscopy
results of nanostructured gold substrates prepared at the applied voltage of -0.25
V for an deposition time of 600 seconds in 13mM, 26mM and 40mM gold chloride
electrolyty concentrations.

We employed electrochemical deposition as a fabrication procedure to generate

complex ENZ nano-materials[76, 77, 78]. In Fig. 3.1a, a schematic view of this

process is shown. A three-probes potentiostat is used in a gold chloride (HAuCl4)

electrolyte, with the reduction of gold (Au) atoms on the working electrode, that gold

coated planar glass substrate. The three-electrodes setup used in the experiment has

three electrodes, which are a counter electrode, a reference electrode and a working

electrode respectively. In this case, we chose platinum mesh as the counter electrode,

which does not participate in chemical reaction, but allowing the current to flow be-

tween counter electrode and working electrode. The reference electrode has a stable
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and known potential point, employing as a reference point of potential control and

measurement in an electrochemical process. The working electrode is the place where

the reduction reaction happens. The electrons are supplied to the metal ions in so-

lution from the working electrode, resulting in that the material is deposited on the

working electrode. The relevant reactions in this electrochemical process are shown

as follow.

On the working electrode, the gold chloride is reduced by:

2HAuCl4 + 6e− = 2Au+ 2HCl + 3Cl2

On the counter electrode, the oxidation of water occurs as:

H2O = 2O2 + 4H+ + 4e−

Scanning electron microscopy (SEM) results of samples fabricated with 600 sec-

onds deposition times, usingHAuCl4 electrolyte of different concentrations are demon-

strated in Fig. 3.1 b-d. The prepared ENZ samples were featured by highly disordered

nano-scale shapes, whose sizes changed in various scales with shape varying in the

range of 10-2000 nm. The scale of disorder morphology could be modified via con-

trolling the electrolyte concentration of HAuCl4 (Fig. 3.1 b-d).

To analyze the light interaction of the disorder metallic material shown by Fig.

3.1, we used the transformation method produced in reference [79]. For the purpose

of simplicity and without loss of generality, we carry out a 2D analysis, which has

the benefit of offering a physical description of the optical effects of the experimental

structures. Fig. 3.2 a gives cross section profile of a disorder ENZ samples prepared
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from a condition of a 26 mM HAuCl4 solution and 360 s deposition time. Fig. 3.2

b illustrates a 2-D the metallic cross section along the (x, y) plane. When electro-

magnetic radiation illuminates on the metallic surface, it generates surface plasmon

polariton (SPP) waves [80], travelling on the metallic surface along its interface formed

with air (Fig. 3.2b). As SPP waves propagate on the complex interface of the sam-

ple and space, it is natural to describe such movement in a reference system that is

conformal with the metallic morphology. the gray axes in Fig. 3.2b demonstrates

a case of such conformal grid with defining a new set of coordinates (u, v). In the

transformed space (u, v), the movement of surface plasmons is super simple and de-

scribed by straight motion (Fig. 3.2c). In the transformed coordinates (u, v), with

the adding a new nonhomogeneous medium with dielectric index ε(u, v), the same set

of Maxwell functions which stimulate the dynamics of electromagnetic wave in the

real (x, y) space is used to describe the light dynamics. This type of material take

advantage of the effects of the complex metallic surface of Fig. 3.2b into considera-

tion, whose geometry disappears in the space shown in Fig. 3.2c. The calculation of

the dielectric material ε(u, v) is carried out with the standard arguments from trans-

formation optics [81, 82]. By introducing the transformed medium ε(u, v), the two

structures in Fig. 3.2b, the complex metallic morphology in space (Fig 3.2b) and the

planar metallic plane immersed in the nonhomogeneous material ε(u, v) (Figure 3.2c)

equal to each other. Light experience eactly the same interaction when traveling in

both of them.
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Figure 3.2: Generation of wideband ENZ nanomaterials from disorder nano-
plasmonic geometries: (a) Scanning electron microscopy cross section image of
ENZ substrates prepared from a 26 mM HAuCl4 and 360 s exposure time. (b) 2-
D metallic surface cross section. (c) The excited SPP waves alter to travel within
an non-homogeneous medium characterized by a dielectric permittivity index ε(u, v)
on the plane located at v = 0 under the transformed coordinate (u, v). FDTD
study and experiments for broadband absorption of complexly patterned substrates:
Comparison between FDTD-simulated and experimental absorption for flat sample
case and nonstructural sample case. The FDTD analysis on disorder gold nano-
structure was performed on the geometry described in Fig. 3.2b).

The transformed material in Fig. 3.2c shows extraordinary electromagnetic prop-

erties. A interconnected network of ENZ zones (Fig. 3.3c, blue area) whose dielectric

index maintain very low number of about 10−3 can be formed by only changing ge-

ometric curvature. ENZ zones are created outside of the metallic area, where are

at part of v > 0, and are splitted by nano-scale regions with high dielectric index ε

greater than 10 along the u axis. The index distribution of the transformed dielec-
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tric medium ε[u(x, y), v(x, y)] in the original space (x, y) in Fig. 3.3, clarifying the

location where the ENZ zones are formed in real space. Observing from the picture,

the ENZ zones appear on positive curvature position where is close to each metallic

structural peak, whereas high dielectric index zone are created in the valley positions

where the sign of the metallic surface curvature changes. Because the origin of the

generation of ENZ zone is the geometry, they are dispersionless and inherently not

sensitive to the frequencies of input source. There is no any approximation employed

in this transformation optics method. So the result is exact[81]. But it is of impor-

tance to note that metallic layer in this system is root cause for electromagnetic wave

to become strongly concentrated within the ENZ location. If the metallic material is

replaced by other types of materials that does not support surface polariton waves,

light wave would transmit the materials or be scattered, without affected by any ENZ

property.

Figure 3.3: Overlap of ENZ region and geometric feature in the transformed
space and the real space. The figure demonstrates the dielectric permittivity
ε[u(x, y), v(x, y)] index distribution for the transformed non-homogeneous material in
the real space. The calculation is performed by using the transformation of coor-
dinates u = u(x, y) and v = v(x, y), which characterize this conformal space (u,v)
where the nonhomogeneous ENZ material ε(u, v) is defined.
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3.3 Light Dynamics Study within the Complex ENZ Struc-

tures

In the initial experimental analysis, we investigate the absorption features of ENZ

nano-materials with various scales to broadband light input source. The results in

Fig. 3.4a-c illustrate the absorption of the ENZ samples coating with a 50 nm, 1.3

eV lead-sulfide quantum dots film. Figure 3.6a demonstrates a increased absorption

trend with increasing the exposure time, which is in agreement with our theory that

predicts the formation of a network of ENZ regions with wide-band absorption effects.

Figure 3.4: Absorption study of complexly patterned ENZ nanomaterials.
Absorption spectrum for 50 nm CQD thin films coated on top of nanostructured gold
substrates with different exposure times t and for various HAuCl4 concentrations:
(a) 13 mM; (b) 26 mM; and (c) 40 mM.

To quantitatively demonstrate that the enhanced absorption shown in the mea-

surements is original from by the ENZ nanostructures, finite-difference-time-domain

(FDTD) models are produced by using the profile extracted from SEM images shown

in Fig. 3.3a). In the simulations, we simulated the systematic response of ENZ sam-

ples to various input wavelengths λ between λ = 450 nm and λ = 1100 nm. We

solved a fully dispersive version of the Maxwell equations with home-made parallel

FDTD code NANOCPP[27, 83]. In the simulations, we employed the exact material

dispersion curve imported from published experimental works [70]. In Fig 3.5 (dashed
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lines), the results compare theoretical and experimental planar and disordered cases.

We observed wide-band fashion absorption enhancement over entire solar spectrum

while ENZ networks were created. This comparison illustrates that the cross section

profile used in Figure 3.2 can be regarded as representative case and can therefore be

took into investigating the optical interactions inside the material.

Figure 3.5: Wideband absorption analysis. Comparing study for the FDTD-
generated (grey and green lines) and experimental (blue and orange lines) absorption
of planar and nano-structured cases.

Fig. 3.6a offers details on the response of ENZ materials by showing the spatial

energy distribution, E, averaged during single optical cycle, after the system response

arriving steady state. Fig. 3.6a shows that light is divided into multi-colored reso-

nant modes localized in various spatial locations of the interface formed between air

and metal. This type of complex interactions between light and structures can be

elucidated in the transformed space (u, v), demonstrated in Fig. 3.6b. To generate

a reference system for describing the ENZ response, we combined Fig. 3.6b with

Fig. 3.6c, giving the consistent nonhomogeneous permittivity ε(u, v) of the ENZ

structures. Through comparing panels b and c in Fig. 3.6, one can clearly see that
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multi-colored energy trapping pattern is sustained in each ENZ region. Once light

encounters the region where has the ENZ effect, electromagnetic energy damps within

ENZ regions, finally accumulating in the lowest refractive index point. Every ENZ

region plays a role as an resonance cavity: Over every return trip from two cavity

edges, The speed of SSP waves are gradually reduced, and electromagnetic energy

gradually accumulated in the points of minimum wave phase speed.

Figure 3.6: FDTD study of multi-colored light division in complex ENZ
networks. (a) Electromagnetic energy distribution E, calculated from the average of
one simulation cycle when the system is at steady state after illumination in Fig. 3.2a
by single-colored light for different wavelengths which are 450 nm, 600 nm, and 700
nm). The dark yellow area is the metal structure. (b) Light energy distributing in the
transformed coordinate (u, v). (c) Distribution dielectric permittivity Distribution of
the nonhomogeneous medium exhibiting the equivalent ENZ property of the complex
metal.

To demonstrate this process, we performed another group of FDTD investigation

by analyzing the basic absorption unit composed of the entire system, shown in the

inset of Fig. 3.2c and is made of an ENZ zone created between high epsilon index
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zones atop a gold planar substrate. The dielectric permittivities index of the ENZ

regions and the high epsilon index zones are assigned to 0.01 and 7, respectively.

And they are regarded as dispersionless over the entire light spectrum. Fig. 3.7

gives results from FDTD simulation on the absorption of ENZ structures with divers

effective lengths L. The length of L bases on the metal surface curvature in the original

(x, y) space: The smaller the curvature, the longer effective length L of ENZ region in

the transformed space. FDTD-produced spectrum demonstrates that the absorption

of a fundamental unit of the system is not planar, with a layer that has ENZ effect,

trapping broadband electromagnetic energy differently while changing the effective

length of ENZ zones.

Figure 3.7: Absorption analysis of basic ENZ unit of diverse lengths: oc-
currence of a characteristic length. Absorption of the basic unit shown in Fig.
3.2c and made of a dispersionless ENZ zone sandwiched between two high refractive
constant zones atop a Au plane. The dispersionless dielectric permittivity of ENZ and
high refractive index regions is defined as 0.01 and 7 respectively. Panels a-d indicate
the absorption results of ENZ geometries with various length L, showing radically
different trapping behaviours for different length L.
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3.4 Experimental Characterization on Complex ENZ Struc-

tures

Fig. 3.6 a,b indicate that there are electromagnetic interaction happen among ad-

jacent ENZ regions, enabling the localized light energy extend out from the metal

surface and generate complicated localized electromagnetic energy patterns within

the 10-100 nanometers space region. After coating a layer of absorptive material atop

these ENZ backelectrode, localized electromagnetic energy modes offer a wide-band

energy lake for the absorptive layer that is able to improve significantly its absorp-

tion across a multi-spectral window. Then we studied this process by employing a

combination of photoconductive AFM (PC-AFM), and photo-luminescence excitation

measurements.
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Figure 3.8: Atomic force microscopy photocurrent measurements of nanos-
tructured gold electrodes without absorbing CQD films deposited on top.
Panels a-b report the current-voltage response of a peak position (a) and valley po-
sition (b)of a nanostructured ENZ characterized by t = 180 s and 13 mM solution
concentration of HAuCl4, with 10 nm TiO2 film grown atop structures. Panels (c)-
(d) illustrate the photocurrent measured at the AFM tip for V = 0 and by periodically
turning on and off the laser source light at the wavelength λ = 405 nm.

Fig. 3.8a,b present photocurrent mapping of two different regions of a ENZ sample

with a 50 nm CQD layer by AFM. The photo-current enhancement was collected

right after shining the sample by using a laser with λ = 405 nm. As for study

the spatial location where increase of absorption is generated, we overlap the photo-

current maps on the morphology maps of the structured sample(Fig. 3.8a,b, surface

plot). The deposition of a 10 nm layer of amorphous TiO2 by ALD is employed to

avoid electrical shorts circuit formed by contacting between the AFM probing-tip and
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metallic surfaces. The AFM measurements results illustrates that a significant photo-

current improvement is observed in the peaks of metallic nanostructures forming the

ENZ regions. This is further confirmed by Fig. 3.9, imposing the photocurrent profile

retrieved from the AFM measurement with the index profile of ENZ regions, showing

an excellent agreement for one-by-one correspondence between peaks of the photo-

current (Fig. 3.9a, maximum points in the black solid line) and ENZ zones (Figure

3.9a, minimum points in the dashed blue line).

Fig. 3.8 shows a comparative studies between a peak and a valley of a ENZ

structure without a active CQD layer. This results enabled the ENZ property to be

isolated from the energetic electrons excitation from the nano-tip [84]. By applying 0

V bias to the AFM, we monitored the signal output from the tested sample by peri-

odically turning on and off the laser input. This result reports that the photo-current

enhancement at a peak position and a valley position are practically the same, demon-

strating that hot electrons generation is negligible in this tested structure. Fig 3.9c-f

offer further demonstration that a dramatic current improvement at the peak position

is observed compared to the position of valley. We supplemented AFM results with

transmission electron energy loss spectroscopy (EELS) measurement carried out at

1.1 eV. EELS gives a spatial mapping with nano-meter resolution of the electromag-

netic field distribution on the ENZ samples, approving that electromagnetic energy

is strongly trapped in the region of the geometry peak (Fig. 3.10). The AFM and

EELS measurements confirm that the effective ENZ zones generated in proximity to

the structured peaks are the root reason for energy trapping and enhanced absorption

of the thin absorptive CQD layer.



50

Figure 3.9: Electron energy loss spectroscopy (EELS) of ENZ substrates.
Spatial mapping of the transmission EELS on a complex Au structure measured at
1.1 eV. The ENZ sample morphology is the part of black region.

As for the following measurements, PLE technique is used to clarify absorption

contribution from the various quantity of CQD ink. ENZ sample was excited with

a set of excitation sources with different wavelengths when the relative the photo-

luminescence (PL)intensity of the CQD films were measured. Fig. 3.11a gives com-

parisons among the PLE signal producing from a nanostructured Au substrates with

changing levels of randomness and coated by 50 nm CQD active layer. The PLE sig-

nals are normalized to the PLE signal intensity at λ = 530 nm, where the flat sample

already gives almost unit absorption of incoming photons. Fig. 3.10a demonstrates a

shift of increased relative PLE singal over the infrared spectrum range with increasing

the level of randomness in the structured samples. This result is directly evidence of
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the absorption tendency provided by Fig 3.4, showing increasing infrared absorption

as the disorder ENZ networks are created. Fig. 3.11b made a comparison of the

absorption enhancement of ENZ samples coated with different CQD film thicknesses.

To demonstrate the broad-band fashion enhancement from the ENZ effect, the PLE

intensity values were normalized to that measured at wavelength of 700 nm, where

the nanostructured samples combined with a 50 nm CQD shown the highest improve-

ment of light absorption. For the case of 300 nm CQD film, which harvests almost all

visible light from the wavelengths window that less than 500 nm in a flat case, a flat

PLE response across the visible and infrared spectrum is observed. This confirmed

that we have effectively enhanced the absorption efficiency of the CQD film from the

infrared region to a degree similar to that from the visible range, where absorption

efficiency is almost near unit.
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Figure 3.10: Studying absorption contribution from the active CQD film.
(a) Photoluminescence excitation (PLE) intensity signals as a function of exposure
time of sample fabrication for a 50-nm CQD layer atop gold nanstructured substrates.
(b) Corresponding PLE signals of CQD films (as a function of film thickness) atop a
fixed level nanostructured gold substrate.

3.5 Application in CQDs-PV Modules and Performance Char-

acterization

The nanostructured ENZ networks created in this work does not demand specific solar

cell configuration and can be applied in various device architectures. To practically

demonstrate, we perform a quantitative comparison by fabricating and evluating a

top-illuminating PV device (Fig. 3.12a). The device structure is a colloidal quantum

dots module composed of a bottom electrode characterized by ENZ nanostructures

features fabricated from various exposure times on a glass substrate. On top of the

ENZ material, we grow a 50 nm TiO2 layer, followed by a 300 nm PbS CQDs film,

fabricated by layer-by-layer spin coating method. Then the device was finished by
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sputtering a 200 nm indium tin oxide (ITO) film as the transparent top contact in

a top-illuminated configuration. Fig. 3.12b gives a SEM cross section of a fabri-

cated device. As a reference system, we measured the performances of an identical

device whose bottom electrode was made using a planar film of gold without ENZ

features. We analyze external quantum efficiency (EQE) spectrum under short-circuit

conditions and compared the performance of ENZ nanostructures with the quantum

efficiency of the planar device. Fig 3.12c,d report the comparison results in terms

of EQE enhancement. Due to existence of ENZ effects, the EQE spectra indicated

a great broadband enhancement, which was 170% averaged over the CQDs absorp-

tion spectrum. In the range between 400 and 600 nm, where the solar spectrum

(Fig. 3.12d, solid orange area) has the strongest radiation density, the EQE efficiency

improvement reached 250%. As for the infrared region, the efficiency increase was

relatively higher (up to 350%) for wavelengths that greater than 1000 nm, higher

than the PbS CQDS excitonic peak, which is at 980 nm.
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Figure 3.11: Performance enhancement of an solar harvesting module based
on an ENZ backreflector vs a flat device module with no ENZ structures.
(a) 3-D drawing of an solar harvesting device based on ENZ backreflector. (b) Scan-
ning electron microscopy (SEM) cross section of a completed device with ENZ nanos-
tructures. (c,d) External quantum efficiency spectra of working solor cell devices
measured over visible and near infrared spectrum regions (from 400 to 1200 nm)

3.6 The Universal of ENZ Nanomaterials

The versatility of electroplating offer the ability to scythes ENZ nanomaterials by

using various metals. Fig. 3.13 reports the results collected by using electrodeposition

to silver and palladium metallic substrates. The application of different metallic

materials leads to very distinct surfaces morphology, exhibiting various structure

features and ENZ regions. However, the geometric nature of the ENZ zone is expected
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to give a broadband enhancement in light absorption when a thin active absorptive

film is combine. Fig. 13b,e shows PLE measurements results covering the spectrum

of visible and near-infrared for flat and structured cases respectively. Fig. 13c,f show

the corresponding improvement in PLE signals. The thickness of CQD film in the

sample was 50 nm. Although the different materials are used, we measured a large

and broadband absorption enhancement in the active medium covering the range of

200% to 400% from 500 to 900 nm for all cases. The unique observation of this

effect shows the possibility of generating universal broadband ENZ nanostructures

from cost-effective metallic materials that can open a potential pathway to develop

more efficient and low-cost energy-harvesting solutions for solar harvesting-conversion

applications.
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Figure 3.12: PLE study for CQDs coated on ENZ substrate fabricated from
silver based electrolyte and palladium based electrolyte. (a and d) SEM
pictures results of nanostructured substrates by using (a) silver and (d) palladium
electrolyts. (b,e) PLE measurement signals when the metallic nanostructures was
coated by a layer of 50 nm thick CQD ink. (c,f) Corresponding broadband enhance-
ments for the visible and near-infrared spectrum.
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3.7 Conclusion and Impacts

In this project, we performed a comprehensive study and analysis on a disorder ENZ

nanomaterial, from the beginning of idea design to the end of device implementation.

Besides, we experimentally demonstrated the universal property of the geometric

nature of ENZ nanomaterials, which solely are dependent on the morphology. The

disorder features of ENZ nanomaterials fabricated by electroplating technique have a

high possibility to lead to further cost reduction in the thin film PV field. Moreover,

the excellent board-band light response of ENZ geometric natures could open a path

to develop an ultra-thin solar cell configuration and a fully depleted p-n junction

structure. The main contributions of the author in this work are fabrication and

optimization of the ENZ features of the backreflector, experimentally investigating

the optical response of ENZ backreflector made from various fabrication conditions,

samples characterization by using photoconductive AFM and PLE and CQD solar

solar fabrication.
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Chapter 4

3D Multi-scale Nanostructured Plasmonic Photocatalyst for

Hot-Carriers Based Hydrogen Production

4.1 Plasmonic Photocatalysis

Light illuminate on structured metallic nanomaterials is able to excite surface plas-

mon, which may produce a large amount of energetic carriers via the non-radiative

channel. With a proper engineering of geometry and composition, the plasmonic unit

not only serves as a sub-diffraction light concentrating object, but also as a reactive

component for chemical redox reactions. These excited hot electron-hole pairs ini-

tially are very energetic, but within clean metal (shown by Figure 4.1a), they will

quickly relax back below the Fermi energy on the time scales ranging from 10 fs to

1 ps. Therefore, it is essential to apply effective carrier extraction strategy to make

these carriers usable. The Figure 4.1 b-c demonstrate the hot electrons dynamics

in the metal/adsorbate and metal/semiconductor systems. Under the assistance of

schottky barrier formed with semiconductors, the energetic electrons can be accepted

into the conduction band of semiconductor, thereby gaining longer lifetime to drive

chemical reactions. In the case of metal/adsorbate system, the adsorbed molecules

could provide an electron-trapped orbital, allowing hot carriers extraction event hap-

pen either via direct or indirect pathways [85, 6]. Consequently, the carrier excitation

and transferring dynamics are one of the most important parts to study the plasmonic

photocatalysis system.



59

Figure 4.1: Schematic demonstration of hot carriers excitation, transfer and
back-transfer processes. (a) In pure metal (b) Metal in presence of absorbates.
(c) Metal in contact with semiconductors. Reprinted from ref. [6] copyright by ACS
Publications
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4.2 Idea Development and Sample Fabrication

The fundamental to efficiently use hot electrons is to rapidly extract them out for

overcoming the ultra-fast relaxation dynamics of such energetic carriers , the latter

process stratting to occurre from the sub-ps time scale [86, 87, 87]. Strategies to

enhance the rate of energetic carrier excitation and the efficiency of collection have

been investigated. Based on the latest theoretical and experimental works, the cru-

cial step to maximize hot carrier usage is to tightly localize the electromagnetic fields

into nanometric volumes, which is able to maximize the hot carrier generation [88, 68].

The plasmonic systems that endowed high tunability become to a promising candi-

date to fulfill hot electron production from broadband solar spectrum. Efforts in this

field have thus included the use of periodic geometries such metallic nanoantennas[89],

metallic nanorods[90], and plasmonic nanospheres to achieve broadband features. A

independent material system that is able to tightly confine electromagnetic fields on

the metallic surface and that does so in a multi-spectral fashion over the visible and

infrared spectrum, is demanded to exploit the potential of photo-excited metal-driven

catalysis.

The proposed new strategy aims to fulfill efficient hot carrier mediated photo-

catalysis in a single material, which is to develop a interconnected 3- dimensional

multi-scale epsilon-near-zero structure networks. When the refractive index of a ma-

terial approaches zero, the ENZ optical properties appear [91, 92, 74, 75]. These

optical properties can be employed to manipulate light in very counterintuitive way,

such slowing down the speed of light and trapping it into nano-scale dimensions. The

multi-scale ENZ structures are developed from fractal metallic needles-shape geom-

etry and applied them in the form of Pd/T iO2/Pt heterojunction architecture. we

illustrated that energetic carrier excitation occurs in a wide-band fashion in sub-10
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nm nanometric space and the light squeezing effect of multiscale ENZ network by

using electron energy loss spectroscopy.
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Figure 4.2: Concept and device development Broadband of ENZ plasmonic
photocatalysis. a. The wire-free ENZ Plasmonic photocatalytic device. b. Optical
effect of the disorder multi-scale ENZ geometry networks in transformed the (x′, y′)
space. The multi-scale ENZ areas are demonstrated by the color of blue. c. Enlarged
detail of panel b, demonstrating the SPP waves movement generated by illuminating
broadband solar light on structures. Panel d and e is the exactly the same structures,
generated by using transformation optics method. The broadband light squeezing
effect on the positive curvature points where produces ENZ regions is illustrated by
Panel (d). (f) a realistic sample structures illustrated by SEM, a 2-dimension cross-
sectional profile extracted from f, representing by the yellow color (e). (g) SEM image
of large scale sample morphology and (h) imaged the sample by camera. (i) Schematic
reaction diagram of Broadband hydrogen production ENZ photocatalytic unit.

Figure 4.2a demonstrate the disorder multi-scale ENZ structure concept. This
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design grows a layer of structure that has the ENZ property on the top of a plat

metallic plane, playing the role as an hot-electron reservoir. Fig. 4.2b demonstrates

structure refractive index profile distribution. The system is made of a planar metal

surface coated by a medium with a permittivity index ε(x′, y′), characterized by multi-

scale ENZ zones splitted by high refractive index regions. The permittivity ε(x′, y′)

is dispersionless to frequency. Whinle photons hit on this structure, surface plasmon

polaritons (SPP) travelling mode at various frequencies are generated and propagate

at the interface formed by metal and dielectric. When spp waves encounter an zone

that has the ENZ effect, the the phase speed of wave diverges and electromagnetic

energy is trapped within the ENZ region, producing a strong quasi-static localiza-

tion state [91]. Thanks to the dispersionless nature of the disorder ENZ structure

to electromagnetic waves, SPP waves traveling at various wavelengths begin to be

trapped within the ENZ regions demonstrated by Fig. 4.2c), and these act as broad-

band absorptive medium that is able to squeeze light into concentrated space. This

is crucial point for improving hot carriers generation rate in light energy harvesting

platform. The flux of energetic carriers excited in plasmonic systems illuminated by

an light wave, in practice, is proportional to the field intensity of electromagnetic

energy [87, 88, 5, 84]. The broadband squeezing light effect shown by Fig. 4.2c leads

to a ultra-high field intensity accumulation that is beneficial to the decay of wideband

SPP modes into energetic electrons.

The wide spectral character of the ENZ material is beneficial to light energy ab-

sorption. Conventional structural geometries are not able to achieve the function,

since all of them own one or two peak resonance points over the solar spectrum

at which the dielectric index closes zero. To surmount this issue, we employed the

method published in reference [93]. [94, 82, 94, 81] we developed a novel type of mate-

rial which exactly equal to that in Fig. 4.2b,c and that can be easily created by using

electroplating in large scales. after applying transformation optics, the results give
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that a flat metal plane with an ENZ dielectric medium on top is exactly equivalent to

a complex metallic surface in real space, while negative curvature locations are exact

corresponding to regions where have the high refractive indexes. This equivalence is

a result of Maxwell equations that is demonstrated in ref.[95]. Fig. 4.2d,e gives the

transformed medium of Fig 4.2b,c, respectively. In the transformed medium in Fig

4.2d, the broadband light localization property is shown in every location where has

positive curvature, where SPP waves of different colors are arrested and where the

equivalent ENZ region shows up. Fig. 4.3 demonstrates how ENZ regions map on

the conresponding metallic structure in Fig. 4.2d, offering a visual demonstration for

directly showing the spatial distribution of ENZ areas.
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Figure 4.3: ENZ Refractive index distribution in the real (x, y) space: The
panel maps the spatial dielectric constant ε(x′, y′) distribution in the real space coor-
dinate (x, y). This is accomplished by using the conformal mapping transformation
x′ = x′(x, y) and y′ = y′(x, y). The mapping allows the visualization of the spatial
distribution of ENZ regions, which are located in every point of convex curvature of
the metallic surface.

To experimentally realize the complex geometry profile shown by Fig 4.2e, the

electroplating technique is used [96, 77]. The highly complex structure network are

created in various concentration of gold chloride electrolyte by using a three-electrodes
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configuration potentiostat. The disordered needle-shape geometries are produced by

the reducing Au ions on a planar metallic substrate. a 30 nm palladium is deposited

on the fabricated disorder Au backbone. Scanning electron microscope (SEM) imag-

ing results give the structure details for a disorder three dimensional Au/Pd metallic

structure with multi-scale needle-shape features predicted as ENZ zones by the the-

ory (Fig. 4.2f). Fig. 4.2g gives a enlarged detail imaging results of a certain sample

region, showing a complex, fractal-shape-pattern. Fig 4.2h gives naked eye image

of the completed samples, which is black and has the average absorption beyond 90

percent over the entire spectrum. Fig 4.2f-h shows the favorable effect from the dis-

order character in this structure. The random features of the ENZ zones enable the

opportunity to carried out scalable electroplating production and does not depend

on specified implementation of nanoscale feature units to generate a great amount of

convex curvatures. These work as equivalent ENZ zones to trigger broadband light

localization down to nano-scale space where energetic electrons excitation is maxi-

mized. Fig. 4.4b shows the absorption difference between Au and Au/Pd samples.

Because of the higher absorbing ability of Pd comparing to Au, adding a thin layer of

Pd allows to further improve the average absorption of the sample about 10%-15%,

enabling to absorb more quantity of photons.

As for fulfill efficiently the stronge production of energetic carriers from this ENZ

structure, it is necessary to capture them before their relaxation. Therefor, a Schot-

tky junction is used to assist charge extraction (Fig 4.2i). We take TiO2, that a wide

band-gap semiconductor, to form a Schottky barrier with the metal at outermost

layer of the sample, and have proper energy to induce the proton reduction reaction.

Preserving the ENZ features of the metallic electrode is also very important. Therefor

the low temperature atomic layer deposition method is employed, providing a uni-

form coating and a ability to accurately control the thickness, realizing both forming
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of a schottky junction and a protecting layer for sample in following fabrication pro-

cedures. After growing 8 nm TiO2 , a TiCl4 treatment procedure is applied to the

ENZ catalyst for the purposes of calcination and densification of TiO2. This step has

been used to improve the crystallinity of the semiconductor materials and to get rid

of potential defect states formed in ALD growth process. Finally the sample surface

were decorated by depositing <10 nm Pt nanoparticles, acting as a co-catalyst, which

is for further reducing the reaction barriers of the hydrogen production.
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Figure 4.4: Broadband absorption spectra of the ENZ catalyst: (a) The
flat and black-body absorption curve of the ENZ catalyst fabricated from the same
conditions that produced samples in photocatalyst experiments shows a extremely
good capability to harvesting all coming photons from the solar spectrum. (b) Effect
on Pd on the optical properties of the samples: Absorption difference between a nano-
structured sample of Au with deposited a layer of 30 nm of Pd and a sample made
by nanostructured Au.
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4.3 Experimental Analysis of the Broadband ENZ Effect in

3D Multi-scale Pd Structures
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Figure 4.5: ENZ plasmonict photocatalytic unit developing: (a) A typical
multi-scale ENZ catalytic structure feature, made of a Pd metallic frame conformally
covered by a thin layer of TiO2, then Pt nanoparticles are deposited as cocatalyst.
b-e) Elements mapping is performed by energy dispersive X-ray (EDX) spectroscopy
in TEM.

Fig 4.5 demonstrates scanning transmission electron microscopy (STEM) imaging re-

sults for the completed ENZ plasmonic photocatalyst device unit, including the sin-

gle needle-shape heterojunction of Pd/TiO2/Pt. The method ensures that geometric

characters are well preserved until the eventual photocatalyst configuration is suc-

cessfully formed (Fig. 4.5a). The material composition information of a typical ENZ

photocatalyst device is confirmed by energy dispersive X-ray (EDX) spectroscopy

(Fig 4.5b-e). To provide solid experimental evidence for the broadband light squeez-

ing effect generated by ENZ effect, the combination of STEM and electron energy

loss spectroscopy (EELS) is used. STEM-EELS is an extremely advanced charac-

terization technique to image and map structures, materials with atomic resolution,
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thereby the spatial distribution of electromagnetic energy from diverse frequencies

within the ENZ network can be directly imaged and recorded.

Complex ENZ structures measured in STEM-EELS analysis were prepare via the

same deposition procedures. To obtain a detectable and valid signal from transmission

mode, the metallic structure should be thin enough to allow electron transmission. We

firstly splitted sample from 1800 s sonication in organic solution, and then dropped

the resultant mixture solution on a Si sample supporter. This treatment detach

off disorder metallic structures from the entire ENZ sample with preserving their

signature shape. The focused ion beam scanning electron microscope is took to slice

a single unit of metallic needle shape and attached it on a conductive sample holder

for EELS measurement.
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Figure 4.6: Broadband Experimental Broadband ENZ Effect demonstration
by EELS: EELS plasmon modes mapping from 1.6, 1.9, 2.1, and 2.5 eV
input sources on disorder nanoscale features splitted from complex ENZ
samples. (a-d) The result images for singal excitation source. (e). Superimposing
of signals from a to d. The morphology is illustrated by black region under signals.
Panel (f-g) The superimposing of broadband plasmon modes and ENZ profile.

Fig. 4.6a-e gives EELS spectra results for various excitation frequencies spanning

from 496 nm to 775 nm. The spectral intensity for every pixel is collected by using 0.2

eV energy interval from the peak plasmonic energy, which is shown in each panel of

Fig. 4.6. Plasmonic signals of EELS are gave in each picture with corresponding light

colors and shades, which are linear to the correlated intensity. The morphology of the

sample is demonstrated by the black region under the bright regions in Fig. 4.6a-e,

corresponding to the metallic geometries of the tested sample. The light energy dis-

tribution collected by EELS on the ENZ sample under various excitation frequencies

and shown in Fig. 4.6a-e is then superimposed onto the refractive constant profile of

the ENZ structures in Fig. 4.6f. To carry out this mapping, the refractive constant

profile of ENZ regions is calculated from geometries of the tested metallic morphology.
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The ENZ structure result is shown in Fig. 4.5f as a pseudocolor map with changing

colors from blue to red. The EELS electromagnetic field distribution is then plotted

in the same picture as a pseudocolor map with changing colors from yellow to dark

blue. Fig. 4.5f experimentally shows the broadband light squeezing effect produced

from ENZ structures. The image demonstrates, piratically, broadband light concen-

tration in each ENZ region regardless of light frequency is shown by the EELS results.

According to Fig. 4.6f, we are able to estimate the 60% effective coverage of ENZ

features on our sample surface.

The broadband electromagnetic energy squeezing effect shown in Fig. 4.6 is not

the typical localized plasmonic resonance, which are observed in nanoparticles or

equivalent resonant plasmonic structures that strongly interact with light at specific

wavelength. Fig. 4.6 also demonstrates that every ENZ zone sustains a strong light

energy localization in broadband fashion, which give a features of resonance-free. The

localization of light is the result of the trapping of SPP waves, which are excited at

the surface and then get trapped in the complex ENZ network in the area of low

refractive index, where electromagnetic waves are trapped in broadband quasi-static

localization state with ultra-high electromagnetic intensity. This material appears

completely black, further proved by near unit absorption results shown by Fig. 4.4a.
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4.4 Enhanced Hot Carrier Generation from Complex ENZ

Networks: Theoretical Study

The theoretical investigation of energetic electron excitation and relaxation processes

in metal is a hot field to be debated [87, 88, 5, 84, 53]. To date, the accurate theo-

ries are only available to simple periodic shapes, but not applicable to the complex

geometries shown in Fig 4.2 and 4.7. To offer physical explanation on the good de-

vice performance, we take scaling principle for hot electron excitation published in

ref. [88] that have been confirmed to be consistent with before experimental results.

From Harutyunyan et al., [87] at a given oprical wavelength ω the amount of gener-

ated energetic electrons dN for each unit energy interval dE in a plasmonic medium

based on the light field intensity localized on the metallic surface and is shown by the

subsequent surface integral.

δE =

∫
dω
| < E > |2

ω4
(4.1)

dS is a unit surface element, < En > is the normal component of the electric field to

the interface of metallic/space averaged during single optical cycle after the system

reached steady state, and A is an inessential proportionality index. As for calculat-

ing the relevant electromagnetic quantities to study the ENZ based device perfor-

mance from Equation 4.1, we employed FDTD modeling from homemade source code

NANOCPP, which have already given verified results in previous published works

[30, 31, 97]. To build-up the model of the complex structure arising in the ENZ

samples, we employed the geometry in Fig. 4.2e, whose profile is took out from SEM

images.
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Figure 4.7: Hot electrons generation in complex ENZ structures: FDTD

results. (a) Spatial distribution of δE =
∫
dω |<E>|

2

ω4 , where E is the electric field
averaged ω4 over an optical cycle at steady state. The hot electron generation rate is
proportional to the value of the function δN(En) at the metal interface, where En is
the normal component of the field. (b) Zoomed detail of panel a for a monochromatic
illumination at the wavelength λ = 700 nm, with quiver plot showing the distribu-
tion of the electric field lines in space. (c) Relative enhancement η of hot electrons
generation rate between the complex ENZ material of panel a and a planar metallic
structure.

Fig 4.7a gives the spatial distribution of the quantity δE =
∫
dω |<E>|

2

ω4 , where E

is the electric field. This equation is proportional to the hot carrier production rate

distribution in space, based on Eq. 4.1 is given by δN(En) computed on the interface

between air and metal. In order to compute dN , we shined the structure by plane
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waves at various ω from the up-direction, we retrieve the correlated average electric

field intensity | < E > |2 when the system firstly reaches the steady state and then

integrate over frequency space. In this simulation, we employed a frequency window

between the wavelengths λ = 400 and 1000 nm for illumination, covering the visible

part and near infrared part. To give realistic calculation, we used dispersion curve of

used metals from published experimental work[98].

The function δN demonstrates that single-colored light becomes confined in the

ENZ zones created at positive curvature point on the surface of structure, produc-

ing a collection of strong broadband electromagnetic waves concentration that able

to maximize energetic electron excitation. Within the ENZ zones, a second impor-

tant effect that increases the density of energetic hot electrons is from the motion of

surface plasmon travelling modes, tending to make an electric field perpendicular to

surface of metal. This gives the expected case where electron momentum reconcile

with energetic carrier emission is maximized [88]. Fig. 4.7b provides a enlarged view

of the electric field distribution around the surface of metal. Electric field lines are

drawn with a line integral convolution (LIC) method that demonstrates the vectorial

distribution of the field in space. The LIC plot clearly shows that the field turns to

normal to metal surface in each ENZ zone, where broadband electromagnetic energy

becomes concentrated.

Figs 4.7c presents the enhancement of hot carrier production η(ω) achieved in

the ENZ geometry compared to a planar reference. As for this computation, we

calculate Eq. 4.1 for the disordered structure and for a planar reference as well in the

wavelength window from 400 to 1000 nm. The scaling δN(ω) ∝ 1
ω4 in Equation 4.1

makes contribution from longer wavelength more dominant. The result shown in Fig

4.7c demonstrates that the ENZ based sample improves energetic carrier production
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rate in a broadband form. Via integrating the density of hot carrier over frequency

weighted by the solar spectrum ω we get an averaged improvement factor of 19,

which should be reduced to 13 with considering the effect induced by the layer if

TiO2, providing an 1.2 ev extra energy barrier, which estimated experimentally from

the subsequent text. This result gives the prediction of that the disorder ENZ sample

is able to achieve one order of magnitude enhancement of hot electron excitation

compared to planar case. The results of analysis also give that over the solar spectrum,

the main enhancement is from the light wavelengths > 450 nm.
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4.5 Device Designing, Fabrication and Characterization

Photoelectrochemical characterization
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Figure 4.8: ENZ photocatalytic unit and performance characterization of
H2 generation. (a-c) Photochemical-electro measurement set-up and characteriza-
tion. (a) Set-up configuration demonstration, the ENZ catalyst sample is connected
with the working-electrode and conunter electrode is connected with Pt electrode.
The solar light is used to illuminate the smaple for various applied potential. (b)
Current density-time trace at the 0.1 volt bias condition vs SHE (strandard hydrogen
electrode potential). (c) The external quantum efficiency (PEQE) spectra. (d-f) Pho-
tocatalysis reaction set-up configuration and characterization. (d) Reaction set-up for
the evaluation of the ENZ-based sample as an autonomous photocatalyst. The 80%
to 20% (v/v) mixture of water and methanol is used as the hole scavenger sacrificial
medium. Device works under AM 1.5G simulated solar illumination. (e) Hydrogen
evolution amounts are recorded at various times with/without a 450 nm long-pass
filter, giving a stable 7.5 µmolcm−2 production rate. (f) Comparison of hydrogen
production rates for full solar spectrum illumination with a planar device.

We evaluated the performance of a ENZ-based plasmonic catalyst and linked as the

working electrode in the three-probe electrochemical cell configuration. Pt meshed

plate is used as a counter electrode, while Ag/AgCl immersed in 3 M KCl was used

as a reference electrode(Fig 4.8a). Current-voltage figures show the electrochemical
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reactions on the ENZ electrode as a cathode. We applied -0.1 V to the working elec-

trode versus standard hydrogen electrode (SHE) and collect the current data along

time. The negative photocurrent is expected after solar illuminating on the sample,

if hydrogen H2 is continuously produced one the ENZ-based photocathode. Fig 4.8b

confirmed this dynamics when the ENZ electrode is shined by turning on and off light

input.

As for the initial set of experiments, we evaluate the photoelectrical performance

of the ENZ photocathode under single-colored light input to collect its photoelectrical

external quantum efficiency spectra (PEQE). This figure of merit is here employed to

compute the Schottky barrier value at the Pd/T iO2 interface. The external quantum

efficiency is shown as follows

PEQE = α · ηSPP−H2 (4.2)

where α is the structure absorption, ηSPP−H2 is the overall proton reduction effi-

ciency driven by hot carriers. This process contains the decay of SPPs into energetic

electrons, ballistically ejecting into the conduction band of TiO2 and react with the

protons from the solution at the catalytic site to produce H2. Fig. 4.8c gives experi-

mentally measured PEQE values for the ENZ photocatalyst under the full-spectrum

solar illumination. The carrier injection process is modeled following a Fowler theory.

The trendency matches well the Fowler law, with

PEQE ∝ ~ω − qφb
~ω

(4.3)

and an estimation of Ψ ≈ 1 eV for the schottky barrier.
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After we evaluated the photoelectrochemistry capability of the plasmonic photo-

catalyst based on ENZ features, we assessed the disorder ENZ-formed heterostructure

device as a single system for photocatalytic H2 production. The device is placed in a

well sealed reaction cell filled with electrolyte, and illuminating the system with AM

1.5G simulated solar light (Fig. 4.8d). Photo-generated hot carriers react with water

and drive H2 production, whereas the generated holes transport to exposed Pd surface

to oxidize MeOH acting as the sacrificial solution. To reconcile results of experiments

with results from theoretical predictions, we characterized the H2 production rate by

using a long pass filter at 450 nm (Fig 4.8e). The amount of H2 generated was an-

alyzed by GC at a fixed time interval. The ENZ device finally reach a stable 7.5

µmolh−1cm−2 H2 production rate throughout 24 h time course (Fig 4.8f). The gas

generation rate under full-spectrum illumination climes up to 9.5 µmolh−1cm−2, cor-

responding to an average 0.8% quantum yield over the full solar spectrum region. The

enhanced performance of this plasmonic photocatalyst is approximately one order of

magnitude better than the 0.1% QY published for plasmonic-based photocatalytic

device, in good agreement with our enhancement calculations in the previous text.

The enhancement of hydrogen evalution performance is mainly driven by energy from

frequencies beyond 450 nm, as predicted by our computation. Fig 4.9 gives stability

performance over 50 h of measurements, giving a stable hydrogen generation rate

from the ENZ-based plasmonic photocatalytic water splitting unit.
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Figure 4.9: Time course of the hydrogen evolution reaction on a ENZ pho-
tocatalyst sheet under AM 1.5 illumination: The panel shows excellent opera-
tional stability of ENZ photocatalysts. Over 50 hours testing, the hydrogen produc-
tion rate nearly keeps constant.
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4.6 Conclusion and Impacts

In this project we illustrated a complex ENZ network based Pd/TiO2/Pt plasmonic

catalyst for efcient H2 generation. The reported quantum conversion efciency of

0.8% represents a 3.2-fold enhancement compared to best energetic-carrier based

photo-catalyst for H2 dissociation reported to date. The superior performance of

this strategy stems on the broadband light-squeezing effect achieved by the 3D multi-

scale ENZ metamaterial. By Using electron energy loss spectroscopy, we illustrated

imaged energetic electron generation, showing a broadband localized generation in

nanometric region. This plasmonic photocatalyst gives a remarkable H2 generation

rate of 9.5 µmolh−1cm−2, stable in continuous 50 hours measurement. The primary

impact of this work is the first time in the hot-carrier-driven plasmon chemistry field

to create a single material platform that achieves the multi-spectral features. Sec-

ondly, we experimentally demonstrate the light squeezing effect that is essential factor

to improve the energetic carrier excitation process, and overcome the limitation of

conventional plasmonic geometries. More importantly, we successfully create a new

type of broadband plasmonic photocatalyst based on this mechanism and achieve

record hot-carrier-driven proton reduction rate. All these achievements would offer

great positive impacts on the development of various fields in plasmonic catalysis. The

main contributions of author in this project contain idea generating, structure and

device designing, fabrication and optimization, FDTD simulation, and photocatalysis

device performance evaluation.
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Chapter 5

Concluding Remarks

5.1 Summary and Outlook

In this dissertation, with the inspiration from natural complexity and the objective of

breaking the limitation originated from periodicity, we show how we design a broad-

band disorder back reflector that can localize the energy in truly broadband fashion

and implement it by a low-cost and large-scale fabrication method. We then suc-

cessfully apply it in the thin film photovoltaic module and obtain significant external

quantum efficiency enhancement. More importantly, we employed various charac-

terization techniques to demonstrate the universality of this ENZ nanomaterial as a

efficient broadband light-harvesting module in the context of PV application. When

light interacts with metallic structures, energy loss is typically unavoidable. However,

by engineering the functionalized complexity of our structure, we can maximize such

energy loss via the non-radiative damping channel, resulting in remarkable enhance-

ment of the creation of hot carriers. We based on this effect to design and fabricate

a multi-scale plasmonic photocatalyst for efficient hot-carriers-driven hydrogen evo-

lution.

Plasmonic solar energy harvesting research continues to grow recently, especially

for plasmonic catalysis, mainly covering fields of hot carriers-mediated chemical trans-

formation and electronic excitation determined product-selectivity. The former has

excellent potential to be enabled in large scale fuel production by integrating the
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solar concentrator technology in the future. The later has a very promising value in a

purely temperature-driven chemical reaction, with the possibility to determinate the

specific reaction path, which could be able to maximize the expected product and

minimize the energy consumed by side reactions.
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A Appendix A Transformation Optics

A.0.1 Transformation Optics

The transformed refractive index in the main text is calculated from transforma-

tion optics by exploiting the form invariance of Maxwell equation under conformal

mapping[95]. Transformation optics is a powerful approach to transform spatial ge-

ometries into equivalent materials, and vice versa[99]. Usually conformal mapping is

generated by defining two sets of complex numbers z = x + iy and Z = x’ + iy’

that are associated to each point of the original (x, y) and transformed (x′, y′) space,

respectively. In this operation, the function z = ω(Z) represents the coordinate trans-

formation relating the two spaces. This approach is not suitable for complex and

highly irregular structures, such as the one of Figure 4.2 in chapter 4. These com-

plex nanostructures, in fact, cannot be in general expressed by analytic functions.

In order to design a transformation optics approach for our complex nanostructured

material, we ideated a different formulation of conformal mapping, which can be ap-

plied to arbitrary structures. In the following we describe the principal steps of this

approach. In the structure represented in Figure 4.2 of chapter 4, we define a co-

ordinate transform that maps the space (x, y, z) into (x′, y′, η) in two dimensions as

follows: 
x′ = x′(x, y)

y′ = y′(x, y),

η = z

J = δ(x′,y′,η)
δ(x,y,z)

=


δx′

x
δx′

y
δx′

z

δy′

x
δy′

y
δy′

z

δη′

x
δη′

y
δη′

z

 (A.1)

With J defining the Jacobian of the transformation. We can associate to this

transformation the following metric tensor G = J · J T . In the new reference sys-
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tem (x′, y′, η), the invariance form of Maxwell equations under transformation optics

implies that Maxwell equations are exactly the same and the original dielectric per-

mittivity η(x, y, z) the of the space (x, y, z) (here assumed isotropic for simplicity)

transforms into a new inhomogeneous material:

δ(x, y, η) =
εxyz · G
δJ

(A.2)

The transformation of coordinates has defined a new material, which embeds the

original space into the metric tensor G. From the space of all the possible functions

x′(x, y) and y′(x, y), we look for a transformation of coordinates that is characterized

by a diagonal metric tensor of the type:

G =


detJ 0 0

0 detJ 0

0 0 detJ

 (A.3)

As proved by straightforward direct substitution, the diagonal form A.3 is equiv-

alent to the Cauchy-Riemann conditions:


δx′

x
= δy′

y

δx′

y
= δy′

x

(A.4)

which define a conformal mapping. This is verified by directly substituting Eq. A.4

into the metric tensor G = J ·J T , which transforms into Eq. A3. We find a conformal

mapping by associating Eqs. A.3-A.4 to an energy minimization problem. We define

the ′energy′ as follows:

H =

∫
dV

∑
|Gij|2, i 6= j. (A.5)

where the sum runs all over the off-diagonal elements of the metric tensor, and the
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volume of integration is extended to all the space. The Eq. A.5 measures the degree

of conformality of the coordinate transformation defined by Eq. A.1. The smaller

the Eq. A.5, the higher the degree of conformality of the transformation, and vice

versa. A conformal mapping is found when the Eq. A.5 reaches the minimum value:

δE = 0. By substituting Equation A.1 into the minimization condition δE = 0, we

obtain the following nonlinear equations for x′ and y′:

∇ ·

 δy′2

x
δy′

x
δy′

y

δy′

x
δy′

y
δy′2

y

 · ∇x′ = 0. ∇ ·

 δx′2

x
δx′

x
δx′

y

δx′

x
δx′

y
δy′2

y

 · ∇x′ = 0. (A.6)

These equations are to be solved for both x′ and y′. It can be mathematically shown

that the solution of A.6 can always be found, or equivalently, that the Eq. A.5 is

bounded from below, with a well defined minimum that satisfies Equation A.3. Once

the numerical solution of Equation A.6 is computed and the coordinate mapping func-

tions x′(x, y) and y′(x, y) are found, we can apply transformation optics to compute

the transformed dielectric constant ε(x′, y′, η) in the (x′, y′, η) space:

ε(x′, y′, η) =
εxyz · G
detJ

= εxyz|∇x′ ×∇y′|2, (A.7)

When the initial space (x, y, z) is filled filled with air, εxyz = 1 and Eq. A.7 is

computed directly from the functions x′(x, y) and x′(x, y). Eq. A.7 clearly shows that

points of convex curvature in the original space (x, y) leads to minima of |∇x′×∇y′|2

that tend to form ENZ regions with dielectric permittivity going to zero.

We solved Eqs. A.6 by developing a Finite Element (FE) multi-grid algorithm

based on steepest descent iteration with the parallel software FreeFrem++. To better

illustrate this approach in chapter 4, we here provide an example of application with

a basic structure. This allows to clearly visualize the results of the iterative procedure

and the working principle of this transformation technique (Figure A.1).
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Normal propagation of surface plasmon polaritons in an ENZ material

A surface plasmon polariton (SPP) wave propagating along x at the interface

between a material with dielectric permittivity ε(y > 0) = ε1 and a metal with

ε(y < 0) = ε2(ω) has the tangential component of the electric field Et = E ·~t, being ~t

a unit tangential vector to the metallic surface, expressed as follows:

Et ∝ k2e
iβxk2y′ , (A.8)

with β the SPP propagation constant and k2 the component of the wavevector

perpendicular to the dielectric/metallic interface. Inside an ENZ material where

ε1 → 0, as depicted in Figure 4.2c of the main text, k2 → 0 and the tangential

component of the field becomes zero: Et = 0. The resulting electric field is then fully

normal at the metallic surface.
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Figure A.1: Conformal mapping via nonlinear grid dynamics: example of
application. (a) shows the dynamical solution of Eq. A8 for a representative ini-
tial metallic surface (yellow area). The starting point is a cartesian grid (red axis).
This grid isorthogonal but not conformal to the geometry. Our algorithm provides
a dynamical iteration that yields a conformal structure that satisfies Eq. A.8. The
iteration is visualized in the plot as a succession of grids that approach the final so-
lution (solid black grid). Panel b shows the equivalent dielectric permittivity in the
(x′, y′) space generated via conformal mapping. The two structures of panels a-b,
i.e., the curved metallic surface in air (panel a) and the flat metallic plane immersed
in the inhomogenous dielectric ε(x′, y′) (panel b) are completely equivalent for light
propagation.
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B Appendix B FDTD Simulation

B.0.1 FDTD Simulation

FDTD is an numerical method to solve the Maxwell equations for the electromagnetic

waves. The original idea was developed by Kane Yee in 1962 [100] and the name

was coined by Allen Taflove in 1980. After few decades of development, FDTD

becomes one of the widest used numerical methods in computational electromagnetics,

containing a broad wavelength range from visible light, microwaves to near DC signals

[101]. Besides, the Maxwell solver relied on FDTD can be coupled with other models

such as Bloch equation and Boltzmann transport equation to study more complex

physical systems [27, 102, 103, 104]. Besides, the flexibility of the method benefits its

use in parallel computing [105].

The dynamics of electromagnetic waves follows Maxwell equations:

∇× E = −µδH
δt

(B.1)

∇×H = ε
δE

δt
+ σE (B.2)

with E and H the electric and magnetic field, ε and µ the permittivity and per-

meability and the conductivity. The temporal change of electric field δE/δt depends

δt on the change of magnetic field in space (∇ ×H) and vice versa. For any point

in space, the value of current electric filed depends on both the previous value in

time and the local distribution of magnetic field in space. Using finite difference ap-

proximation, we can discrete Maxwell equations by central difference in both space

and time. Based on Yee lattice, the electric field and magnetic field are separated in
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space. To completely decouple the electric and magnetic fields, a leapfrog scheme is

proposed. The updates of the electric field E staggered half time step with magnetic

field H, so the value is always calculated in the midway of two successive magnetic

field, achieving the separation also in time. Then a two-step algorithm can be ap-

plied to calculate the electric field and magnetic field separately. At the temporal

step t = n, the magnetic field Hn can be calculated from the previous magnetic fields

Hn1 and the electric field around forming a close loop. There are various advantages

of FDTD compared to other methods for the computational electromagnetics. Com-

pared to the FEM in frequency domain, FDTD directly demonstrates the evolution of

the electromagnetic waves in time, offering a clear graph to explore the physics behind

a system. For the simulations with broadband wavelength, the FDTD technique in

time domain can obtain the response in a single run, while the finite element methods

need scan over the frequencies one by one. Using electric and magnetic fields directly,

there is no need for the post process of conversion is required. Meanwhile, the huge

computational resources limits the use of the FDTD method for the sophisticated

models. The equations and more details of the FDTD can be found in the text book

by Taflove and Hagness [104].
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