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ABSTRACT

Recently, nanostructured metamaterials have attracted lots of attentions due to its
tunable artificial properties. In particular, nanowire/nanohole based metamaterials which
are known of the capability of large area fabrication were intensively studied. Most of the
studies are only based on the electrical responses of the metamaterials; however, magnetic
response, is usually neglected since magnetic material does not exist naturally within the
visible or infrared range. For the past few years, artificial magnetic response from
nanostructure based metamaterials has been proposed. This reveals the possibility of
exciting resonance modes based on magnetic responses in nanowire/nanohole
metamaterials which can potentially provide additional enhancement on radiative transport.
On the other hand, beyond classical far-field radiative heat transfer, near-field radiation
which is known of exceeding the Planck’s blackbody limit has also become a hot topic in

the field.

This PhD dissertation aims to obtain a deep fundamental understanding of
nanowire/nanohole based metamaterials in both far-field and near-field in terms of both
electrical and magnetic responses. The underlying mechanisms that can be excited by
nanowire/nanohole metamaterials such as electrical surface plasmon polariton, magnetic
hyperbolic mode, magnetic polariton, etc., will be theoretically studied in both far-field
and near-field. Furthermore, other than conventional effective medium theory which only
considers the electrical response of metamaterials, the artificial magnetic response of
metamaterials will also be studied through parameter retrieval of far-field optical and
radiative properties for studying near-field radiative transport. Moreover, a custom-made

AFM tip based metrology will be employed to experimentally study near-field radiative

i



transfer between a plate and a sphere separated by nanometer vacuum gaps in vacuum.
This transformative research will break new ground in nanoscale radiative heat transfer for
various applications in energy systems, thermal management, and thermal imaging and

sensing.
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CHAPTER 1 INTRODUCTION

1.1 Potential Impact and Applications of Metamaterials

For the past few decades, materials that naturally exist on earth can no longer catch
up with the rapid improvement of technology and artificial materials that fit the diversified
needs of scientists become a new frontier to explore. Micro and nano structured materials,
also known as metamaterials, jumped into the scope of radiative heat transfer related
applications while tuning the radiative surface properties can easily be achieved by finding
suitable materials and geometric features. This is due to the fact that the radiative behaviors
of the materials can be tailored by tuning the resonance frequency of the dominating
enhancement mechanism caused by the micro/nano structure such as surface
plasmon/phonon polariton [1], interference effect [2], wave guide mode [3], Wood
anomaly [4], hyperbolic mode [5], epsilon-near-zero and epsilon-near-pole [6], and
magnetic polariton [7]. These mechanisms, either affect spectral radiative transport in
broad or narrow frequency bands, can be used to construct components for applications
such as energy harvesting [8], imaging [9], and sensing [10]. Nowadays, metamaterials
based on gratings [11], multilayer [12], and nanowire/nanohole [13, 14] structures are
already widely investigated. Among them, nanowire/nanohole structures are advantageous
over multilayers that suffer from thermal stress issue and submicron periodic grating

metamaterials whose large-area fabrication is prohibited.

1.2 Unique Characteristics of Nanowire/Nanohole Metamaterials
Recently, metamaterials made of vertically aligned nanowire/nanohole arrays have

been extensively studied in aspect of negative refraction, selective absorbers and emitters
1



based on different mechanisms [15, 16]. Excitation of magnetic polariton (MP) is one
fundamental mechanism to obtain exotic radiative properties within metamaterials [17-19].
MP refers to the coupling between incident electromagnetic wave and internal magnetic
resonance inside the structure, and its excitation has been widely investigated for 1D and
2D gratings, disk arrays, cross bars, and ring arrays [17, 20, 21]. However, effective
medium approximation which has widely been employed to investigate nanowire-based
metamaterials only considers the response to the electric field (i.e., the metamaterial is
usually assumed to be non-magnetic). The validity of the effective medium theories would
become questionable, and it needs to be reconsidered if magnetic resonance could be

excited inside nanowire-based metamaterials, which has not been well understood.

1.3 Near-Field Thermal Radiation

Due to the coupling of evanescent waves, near-field radiation can overcome the far-
field Planck blackbody limit and has become a hot topic in the field of energy harvesting
[22, 23] and thermal management [24, 25] when the vacuum gap distance between the
emitter and receiver is less than the characteristic thermal wavelength [23]. In particular,
near-field radiation can be further enhanced by coupling the surface plasmon/phonon
polaritons (SPP/SPhP) of the interfaces on either side of the nanometer vacuum gap [26-
28]. Several studies have been performed in order to enhance the near-field heat flux due
to coupled surface modes in terms of different materials as well as structures [13, 29-31].
Furthermore, since coupled SPP/SPhP mode is usually unexcitable between dissimilar
materials or can only be excited within a narrow band; hyperbolic metamaterial (HMM)
however, is a promising mechanism on enhancing near-field radiation between dissimilar

2



materials which is known by its unlimited length of wavevector (high-k mode) [32, 33] and
broadband enhancement on photonic density of state (PDOS) [34, 35]. Even though these
two mechanisms are widely used and can highly enhance the near-field radiative heat
transfer, these two modes are both excited due to the electrical response of the material
which associates with electrical permittivity while the magnetic response of the material is

again usually neglected [27, 28].

1.4 Primary Objective of This Research
Recently, several researches have shown the possibility of artificial magnetic
response for metamaterials [17, 20, 36, 37], which results in the fact that neglecting the
response to magnetic waves might no longer be a feasible assumption. My PhD research
aims to understand the electrical and artificial magnetic responses of nanowire/nanohole
based metamaterials in both far-field and near-field. Materials such as tungsten, indium tin
oxide (ITO), doped silicon and graphene are used here in order to excide different physical
mechanisms to enhance or manipulate radiative heat transfer. This research aims to answer
several major fundamental questions in the following:
e Could magnetic response be achieved artificially in the optical region with
nanowire metamaterials?
¢ (Could nanowire metamaterials improve the solar thermal energy systems?
e What are the fundamental effects of nanowire/nanohole based metatarsals in near-
field radiative transfer?
e (Could nanowire metamaterials improve near-field TPV systems with higher

performance?



e How to account the artificial magnetic response of metamaterials in
homogenization methods?

e How does the artificial magnetic response impact the near-field radiative transfer?

¢ How to experimentally validate the effects of nanowire metamaterials in both far-
field and near-field thermal energy systems?

For far-field radiation, the spectral absorptance of a tungsten nanowire array is
theoretically analyzed. Although optical behaviors of metal nanowire arrays have already
been widely studied and explained, this is the first time the enhancement mechanism is
explained by magnetic polaritons (MP) which is based on the artificial magnetic response
of metamaterials. Furthermore, an LC circuit model is also presented the first time between
nanowires to predict the occurrence of enhancement peaks on spectral absorptance. In
addition, the tungsten nanowire structures are systematically studied potentially as high-
efficiency solar thermal absorbers for enhancing solar thermal energy harvesting.

For near-field radiation, electrical responses of metamaterials are first analyzed
theoretically by effective medium theory (EMT) for different enhancement mechanisms
that can be excited. In order to overcome the weak coupling between dissimilar materials,
graphene is introduced on the receiver to couple the surface wave of doped silicon nanohole
emitter and thereby increase the radiative heat transfer. Furthermore, hyperbolic mode and
the effect of special dispersion on EMT are also studied between two ITO nanowire arrays.
These studies give a fundamental understanding of some of the most important physical
mechanisms in the near-field. One step further for systematic applications of nanowire
structures, an emitter made of tungsten nanowire array embedded alumina is introduced in

a thermophotovoltaic (TPV) system to improve the performance and efficiency of the cell.
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This is the first time hyperbolic mode been used in TPV systems since broadband
enhancement usually deteriorates the efficiency. By studying the effect of thin film TPV
cells, the problem has been overcome and the possibility of exciting different mechanisms
to improve TPV systems is suggested.

Artificial magnetic response of nanowire based metamaterials are also investigated
in the near-field. This is crucial for near-field radiative heat transfer because magnetic
material property does not naturally exist within the visible or infrared
wavelength/frequency range and therefore artificial magnetic responses cannot be
predicted by field averaging homogenization methods. The effect of artificial magnetic
response is first studied by arbitrary material properties where physical mechanisms that
can possibly be excited are targeted. Then by introducing parameter retrieval, which is
based on the reflection and transmission coefficients of metamaterials simulated by finite-
difference time-domain method, the artificial magnetic response can be considered by the
permeability of metamaterials that contributes to the radiative heat transfer. This method
provides extra tunability on manipulating radiative heat transfer as well as better accuracy
on simulations since both electric and magnetic responses are included.

The last part of my dissertation (recommendations) is focused on a sphere-to-plate
near-field radiative heat transfer experiment. This is one of the state of the art methods to
measure near-field radiative transport at nanometer vacuum gaps. Instead of using a
commercial atomic force microscope (AFM), I designed and built a homemade AFM probe
based metrology for near-field radiation experiments in vacuum. In fact, this metrology is

also a foundation of future research since it can be further modified for applications such



as near-field scanning optical microscope, near-field infrared spectroscopy, near-field
imaging and manufacturing, etc.

The main goal of this dissertation is to wunderstand the behavior of
nanowire/nanohole based metamaterials in both far-field and near-field in terms of
electrical and artificial magnetic responses. For far-field radiative heat transfer, a nanowire
based metamaterial is first analyzed as a selective solar absorber in terms of its artificial
magnetic response and systematic performance in Chapter 2. Next, for near-field radiative
transport, the fundamental studies of nonmagnetic nanowire/nanohole based metamaterials
is discussed in Chapter 3. Chapter 4 takes one step further and focuses on the application
of nanowire metamaterials in near-field energy harvesting systems. As for the effect of
artificial magnetic response of metamaterials, Chapter 5 presents the effects of uniaxial
permeability as well as the retrieval process and the modified near-field theory. Finally, the
conclusion and recommendations will be provided in Chapter 6 which illustrates the

experimental setup and procedure of a sphere-plate based near-field experiment.



CHAPTER 2 MAGNETIC NANOWIRE METAMATERIALS IN FAR-FIELD

ENERGY HARVESTING SYSTEMS

In this section, we will employ the finite-difference time-domain (FDTD) method
to numerically study the optical and radiative properties of vertically aligned tungsten
nanowires sitting on a tungsten thin film, which can potentially serve as an efficient
selective solar thermal absorber. Resonance behaviors within the tungsten nanowire
structures are observed in the short wavelengths, leading to enhanced solar absorption,
while reflective nature of tungsten in the IR leads to a high reflectance in that spectral
region. A comparison will first be made between the radiative properties obtained by the
EMT and the FDTD simulation, in order to check the validity of EMT when MP is excited
inside nanowire-based metamaterials. Furthermore, the electromagnetic field distribution
at the resonance wavelengths will be presented, which clearly shows the exact MP
behaviors of different modes. Moreover, an analytic inductor-capacitor (LC) circuit model
will be introduced based on the electromagnetic field distribution to quantitatively predict
the resonance wavelength of MP, further confirming the excitation of MP from the
comparison with the FDTD simulation. The study on the geometric effects such as unit cell
period, nanowire diameter, and nanowire height will be performed as well in order to fully
understand the MP behavior in nanowire-based metamaterials. In addition, the incidence
angle dependency on the optical properties and the conversion efficiency of the nanowire

based absorber will also be studied.



2.1 Selective Absorption by Nanowire Metamaterials
As illustrated in Fig. 2.1(a), the selective solar absorber is constructed by vertically
aligned tungsten nanowire array deposited on a tungsten thin film. Geometric parameters
P, D, and H represent the array period, nanowire diameter, and height, respectively. The

directions of electric field and magnetic field of a transverse magnetic (TM or p-polarized)

wave at normal incidence are also illustrated in the figure respectively by E and H. Note
that, for normal incidence, the radiative properties of the selective absorber such as spectral
absorptance under different polarized waves will be the same due to the geometric
symmetry on for nanowires. The tungsten thin film substrate will be considered as optically
opaque as its thickness is set to be 500 nm.

Radiative properties of the designed selective solar absorber were obtained by
FDTD method (Lumerical Solutions, Inc.) within the wavelength range between 0.3 pum to
4 um with 200 data points. Here, excellent numerical convergence is ensured by comparing
the results with those obtained from 1851 wavelength points (i.e., a 2-nm interval). The
optical property of tungsten is obtained from Palik’s tabular data and assumed to be
independent of temperature [38]. A plane-wave source with (f polarization angle (TM wave
as illustrated in Fig. 2.1 (a) is placed above the absorber. Bloch boundary conditions which
account for phase shifts between each period are established on both x and y directions for
simulating periodic structures, while perfectly matched layers were set on z direction to
avoid wave reflections from simulation domain boundaries. A minimum mesh size of 4 nm
is used with non-uniform meshing while the numerical error is less than 0.5% compared to
the simulation using a minimum element size of 3 nm. Since the tungsten thin film substrate

is thick enough to be opaque, the spectral absorptance o of the selective absorber can then
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be obtained as o = 1-Rx with Rxobtained from a frequency-domain field and power

monitor located above the plane-wave source.
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Fig. 2.1 (a) Schematic of the tungsten nanowire based selective absorber; and (b) the
spectral absorptance of the selective absorber based on FDTD simulation and EMT with

fixed filling ratio.

An inhomogeneous nanowire array can be approximated as a homogeneous
medium with widely used effective medium theories, which are homogenization
approaches based on field average method [39]. For small filling ratios f= 7zD?*/(4P?) < 0.5
considered in this study, the Maxwell-Garnett EMT method gives the effective dielectric
functions as [40]:

P (e +D+1(gy, —1)
T (e + D)= ey — 1)

@2.1)

&L =1+ [y =) (2.2)
where subscript W, (ll,eff), and (L,eff) denote tungsten, the parallel (in x-y plane)
and vertical (out of plane) components of dielectric functions, respectively. Note that, the

variation of geometric parameters can only take effect by changing the filling ratio of the



nanowire array. That is, the dielectric functions stay the same even with different array
period and nanowire diameter as far as the filling ratio is fixed.

Previously, two methods (i.e., FDTD and EMT) are introduced to acquire the
radiative properties of the designed structure. Now, let us first compare the results obtained
from EMT with the results from FDTD to check its validity as FDTD is a full-wave
simulation which numerically solves the Maxwell equations in every mesh element. The
geometric parameters of the selective solar absorber are set to be D =150 nm, P =300 nm,
and H = 600 nm, which are used as base values to excite resonances within the solar
spectrum. These geometric parameters are chosen considering the possibility of fabrication
as well as the distinguishability of absorption peaks. The presented structure can be
possibly fabricated by directional solidified eutectic NiAlI-W alloy [41] while the tungsten
substrate is sputtered before etching the NiAl host. As shown in Fig. 2.1(b), the spectral
absorptance obtained from FDTD and EMT are different from each other in magnitude,
while the EMT could obtain similar oscillating resonance peaks but cannot accurately
predict the absorptance in comparison with FDTD results with the same geometric
parameters (P =300 nm). Due to the fact that the results of EMT calculation will not change
under fixed filling ratio f, this figure also illustrates the spectral absorptance with fixed f
but different array period and nanowire diameter in order to verify the accuracy of the
results from EMT calculation. Clearly, the simulation result shows that the resonance peaks
blue shift to shorter wavelengths when increasing the array period. On the other hand, EMT
predicts the same spectral absorptance distribution with fixed f. Therefore, the EMT is
proven to be inaccurate for predicting the optical response of considered tungsten nanowire
structures. Furthermore, since EMT is a homogenization process which is not able to
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predict the resonance effects inside the material but only the bulk response, this can also
show that the enhancement peaks are caused by resonance effects between the nanowires
instead of the bulk responses of the structure such as interference effect.

In order to understand the resonance effect indicated by spectral absorption peak,
the electromagnetic field distributions are calculated by FDTD at resonance wavelengths:
(a) 2.67 um, (b) 0.93 um, and (c) 0.52 um are presented in Fig. 2.2. The contour plots show
the magnetic field normalized to the incident field and the arrows represent the electric
field vector. It can clearly be seen in Fig. 2.2 (a) that there is a strong magnetic energy
confinement between the nanowires. Furthermore, the electrical field vectors on both sides
of the energy confinement are pointing at opposite directions (pointing down on right and
up on left) while that inside the substrate points towards the left. This indicates that while
the electric field forms a loop surrounding the confining region (blue circle). The similar
behavior has been observed in grating-based metamaterials, which has been proven to be
the resonance of MP [7]. When the excitation of MP is induced by the incident
electromagnetic fields, an oscillating resonant electrical current caused by the free charges
at the surface is generated inside the nanowire structures. The resonant electrical current
loop oscillates between neighboring nanowires with strongly confined electromagnetic
energy in the air gap, resulting in the enhancement of spectral absorptance/emittance at
resonance wavelengths. Furthermore, higher harmonic modes of MP (i.e., MP2 and MP3)
which contribute to the selective absorptance near visible range can also be obtained by
FDTD simulation at shorter resonance wavelengths as shown in Figs. 2.2(b) and 2.2(c).

For the selective solar absorber, all harmonic MP modes are very important to achieve high
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broadband absorption. Note that the surface plasmon polariton resonance cannot be excited

in the visible range since the real part of tungsten permittivity is positive within the range.

log,o[H/H,2 2
0g| 1400\ @) ‘ ‘ logl(,|H/1ljld,|

Fig. 2.2 The contour plots of electromagnetic field distribution on the x-z plane when MP
resonances are excited at wavelengths of (a) 2.66 um, (b) 0.93 um, and (c) 0.52 pm.

2.2 Inductor-Capacitor Circuit Model and Geometric Effects
for Nanowire Metamaterials

As demonstrated by previous works [36, 42, 43], an analytical inductor-capacitor
(LC) model based on surface charge distribution at MP resonance wavelength has been
successfully used for predicting the resonance condition for grating based metamaterials.
However, one major challenge in developing the LC model is the difficulty to quantify the
inductance and capacitance due to the curved nanowire surface. Here, we propose a
modified LC model by simplifying the nanowires to an effective plate, based on the similar
strongly localized magnetic field distributions. The LC circuit model between two closely
spaced and vertically aligned nanowires is presented by Fig. 2.3(a), where the air gap
between two neighboring nanowires forms a capacitor Cg, Lmnw is the mutual inductance
between nanowires, Ly nw and Lk sus are the kinetic inductance contributed by the drifting
electrons in nanowires and substrate, respectively. Therefore, the total impedance of the

LC circuit can be expressed as:
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Ztotal =1 |:a)(2Lm,NW + 2L1<,NW + Lk,SUB) - (a)Cg) :| (23)

Thus by zeroing the total impedance of the circuit, the MP resonance wavelength of the

fundamental mode can be obtained as:

A=27¢\[Cy(2L, wy + 2Ly sy + Ly sup) (2.4)

Now, the challenging part of constructing the LC circuit model is to quantify the
capacitance and inductances due to the curvy surface of the nanowire. Considering that the
LC circuit model is a simple estimation method, it would not be worthwhile to integrate
the parameters over the circular nanowire surfaces and end up with complicated
expressions, which would defeat the purpose of the LC model. Instead, we chose to
simplify the problem by approximating the nanowires as effective parallel plates with
spacing in between, setting the non-uniform charge distribution factor c; as 0.4, and setting
the effective penetration depth or as 30w based on the electromagnetic field distribution.
In this way, all the formulae of capacitance and inductance for deep gratings, which can be
found in Refs. [36, 43, 44] and will not be repeated here, can be directly adopted for

nanowires as effective parallel plates.
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Fig. 2.3 (a) The LC circuit model based on charge and field distribution and (b) the
electromagnetic field distribution on the x-y plane located at 0.3 um above the bottom of
the nanowires when MP is excited at 2.66 um in wavelength.

Figure 2.3 (b) reveals the electromagnetic field distribution in x-y plane located at
0.3 um above the bottom of the nanowires (i.e., at the middle of the nanowires) when MP1
resonance is excited (2.66 um). Based on the strength of the magnetic field, the effective
penetration depth od.r within the effective plates is thereby taken as three times of that
within the bulk tungsten, which is ow = A/4 7k with x being the wavelength-dependent
extinction coefficient. The capacitance and the inductance are then calculated by the
geometric parameters of the effective plates according to the LC circuit model for deep
gratings [7, 44]. As a result, the resonance wavelength of MP1 on the base geometry
predicted by the LC circuit model is 2.82 um compare to 2.66 um obtained from FDTD
simulation with 6% relative error, confirming that the resonance is actually due to
excitation of magnetic resonance.

The main goal of the study is to achieve selective spectral absorptivity for efficient
solar absorbers. In other words, near-unity absorptance in the solar spectrum and near-zero
spectral emittance/absorptance (spectral absorptance = spectral emittance according to
Kirchhoff’s law) in the infrared regime is required. One of the most beneficial features of
MP resonance is the tunability provided by geometric parameters as illustrated by Fig. 2.4.
As shown by Fig. 2.4(a), the spectral absorptance peaks at MP resonances blue shift to
shorter wavelengths (where most of the solar energy is distributed) when increasing the
array period and fixing the diameter and height. Meanwhile, the amplitude of the

enhancement peaks at shorter wavelengths also increased to near-unity. On the other hand,
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the resonance peak of MP1 is suppressed which is opposite to higher harmonic modes

under larger array period. All these phenomena would benefit the design of selective solar

absorber.
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Fig. 2.4 The spectral absorptance with respect to different nanowire (a) array period, (b)
diameter, and (c) height simulated by FDTD.

Figure 2.4(b) indicates that increasing nanowire diameter or decreasing the air gap
under fixed P and H lead to opposite trend of spectral absorptance tunability as it results in
smaller air gap. Both the red shifting and the increase of magnitude of the resonance peaks
can clearly be observed. However, the higher harmonic terms of MP resonance maintains
red shifting but again a reverse trend of the enhancement strength occurs. This is due to the
fact that with a smaller air gap, energy can be better confined between neighboring
nanowires under higher harmonic terms of MP resonance. Figure 2.4(c) shows the effect
of nanowire height on spectral absorptance with both P and D fixed. The blue shifting of
resonance peaks are clear, but the tunability of H on spectral absorptance enhancement is
not that obvious. Furthermore, the effect of high harmonic resonance terms cannot be seen
as the nanowires are too short. Note that, when it comes to fabrication process, the
uncertainties of fabrication might lead to the shifting of enhancement peaks as shown in

Fig. 2.4. More specifically, an uncertainty at the order of tens of nanometer on either period
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or diameter will lead to slight shift of the resonance peaks which will little affect the
performance of the absorber. On the other hand, the uncertainty on nanowire height will
affect the performance significantly when it is on the order of micrometer.

The resonance wavelengths of MP1 with different geometric parameters obtained
by FDTD simulation are also compared with that predicted by LC circuit model. As shown
by Fig. 2.5(a), the blue shift of resonance wavelength with increasing unit cell period can
clearly be seen while the result of LC circuit model also presents the same trend. As for the
effects of nanowire diameter and height as shown by figs. 2.5(b) and 2.5(c), similar trends
are also observed which can further verify the accuracy and rationality of the LC circuit

model presented in this study.
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Fig. 2.5 The MP1 wavelengths predicted by FDTD and LC circuit model with respect to

different nanowire (a) array period, (b) diameter, and (c) height.

As for the practicability of a selective solar absorber without tracing devices under
sunlight (considered as randomly polarized or unpolarized wave), the dependence of
incidence angle is also important and need to be studied. Figures 2.6(a) and 2.6(b)
illustrates the incident angle dependence of the spectral absorptance at MP2 and MP3
respectively for TE and TM waves. The two wavelengths (0.93 um for MP2 and 0.52 um

for MP3) are selected since these two enhancement peaks are the main resonance that can
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be tuned to the visible regime by geometric parameters. As shown in Fig. 2.6, for both TE
and TM waves, these two resonance peaks show great independency for incidence angles
up to £60°. That is, the spectral absorptance can still reach about 0.8 at £60° for TE waves
and even at £75° for TM waves. Furthermore, both two peaks maintain at above 0.9 within
+30° for TE waves and £45° for TM waves. This can greatly reduce the cost of selective
solar absorbers by providing large clearance on tracking devises or even using them for
non-tracking solar absorbers. Note that, the spectral absorptance of both wavelengths
shows small spikes at large incident angle under TE waves but not TM waves. This is due
to the fact that for TM waves, the direction of magnetic field (i.e., y direction) is
independent of incident angle, which is contrary to the case for TE waves. MP resonance
strength becomes weaker under large incident angle for TM waves since electrical field
that forms the resonance current loop becomes weaker; however, for TE waves the
direction of magnetic field changes and thus instead of forming an electrical current loop

in x-z plane, the loop is formed in x-y plane between the two neighboring nanowires.
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Fig. 2.6 The spectral absorptance at two resonance frequencies (MP2 and MP3) as a

function of incident angle under (a) s-polarized, (b) p-polarized and (c) unpolarized waves.

Figure 2.6(c) reveals the spectral absorptance at MP2 and MP3 for unpolarized
waves which indicates solar incidence. This further proves that the selective solar absorber
has high spectral absorptance with low incident angle dependence at the resonance
wavelengths of interest. Note that, the spectral absorptance is independent of wave
polarization angle at normal incidence due to the geometric symmetry of nanowires as

mentioned previously (i.e., 2-D periodic structure with same parameters).

2.3 Solar Thermal Efficiency Enhanced by Nanowire Metamaterials
After confirming the resonance effect, the conversion efficiency of the nanowire
based selective absorber will then be presented. Here, since the main goal of this study is

to verify the mechanism and show the potential of achieving selective absorptance by
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nanowire structures, the performance analysis performed here will not be optimized with
geometric parameters. That is, the performance analysis will only be carried out by the base

geometry. The conversion efficiency is obtained through [7]:

— atotalCG _gtotalo-(TA4 _Ts'l‘iy)
G (2.5)
4 um
[ &, yLans(A)dA
where Xt =5 (2.6)
[ Lans(Dd2
3 um

[ s, Ly (2. Ty)dA
and Erotal =50 m (2.7)
[ 1y (4, T A

03 um
Here, C is the concentration factor of sun light and the T'a is the absorber temperature. The
constants sky temperature 7sky and incidence heat flux of solar irradiation G (AM1.5 is
assumed) are kept to be 273 K and 1000 W/m?, respectively. Figure 2.10(a) first shows the
conversion efficiencies of four different absorbers with respect to different absorber
temperature under one sun. The ideal absorber assumes unity absorptance and zero
emittance with an optimal cutoff wavelength and the blackbody absorber assumes unity
absorptance/emittance throughout the whole spectrum. The tungsten nanowire absorber is
solid tungsten with the parameters of: P =300 nm, H= 600 nm, and D = 150 nm. As shown
in the figure, ideally the conversion efficiency can reach about 95%, but only the nanowire
based absorber can reach ~80% efficiency at 100°C while the two absorbers made of bare
tungsten (~43.1%) and blackbody (~21.7%) are both far below that. However, as the
absorber temperature rises, the efficiency of nanowire based absorber drops much faster

than that of bare tungsten absorber. This is due to the fact that the nanowire absorber has a
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broader absorption/emission band which extends to the near infrared. Although the
efficiencies of the two absorbers are about the same when the absorber temperature reaches
350°C and the nanowire based absorber performs even worse with further increasing
temperature, this does not mean the absorber is only applicable for low temperature
conditions. In fact, as shown in Fig. 2.10(b) while the absorber temperature is fixed at 400
C, the nanowire based absorber works much efficiently as long as the concentration factor
is above 1.6. Note that, due to the unity absorptance throughout the whole spectrum, the

efficiency of blackbody absorber increases rapidly under high concentration factor.
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Fig. 2.7 The comparison of conversion efficiencies between ideal, nanowire based, bare
tungsten, and blackbody absorbers with different (a) absorber temperature and (b)

concentration factor.
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CHAPTER 3 FUNDEMETAL UNDERSTANDING OF NEAR-FIELD
RADIATIVE TRANSFER WITH NONMAGNETIC NANOWRIE/NANOHOLE
METAMATERIALS

3.1 Theory of Near-Field Radiative Transfer between Nonmagnetic Uniaxial Media
Based on thermal stochastic nature of charges or dipoles in media [45], fluctuational
electrodynamics can be applied to calculate the near-field radiative transport between
objects at different temperatures. Recent work mainly focused on the near-field thermal
radiation between isotropic thin films [46] or between semi-infinite uniaxial media [26].
However, since nanostructured periodic metamaterials usually supports tunable
enhancement mechanisms and usually presents uniaxial properties, the theory of near-field
radiation between two uniaxial thin films is required. Here, we extend theoretical
framework from Francoeur et al. [47] on the near-field heat transfer between isotropic thin
films to that between two uniaxial layers with finite thicknesses, by incorporating
anisotropic wave optics. The net near-field heat flux between two uniaxial media with finite
thicknesses at different temperatures (71 = 2000 K for the emitter and 75 = 300 K for the
receiver in this study) separated by a vacuum gap of d can be expressed as [29, 47, 48]:

1
47

g=["q,d2= q,d0=—[ do[0(0.T))-0(a.T)][ (0.p)pdp (1)

hao
exp(hw/k,T)-1

where @(a),T )= represents the spectral mean energy of a Planck

oscillator at temperature 7. 72 and k, denote the reduced Planck constant and the Boltzmann

constant, respectively. The energy transmission coefficient & @,f)) has different

expressions for propagating waves and evanescent waves as [47]:
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Here, the subscript number j = 0, 1, 2, 3, or 4 is the layer index, which represents the

vacuum substrate, emitter, vacuum gap, TPV receiver, and vacuum substrate, respectively.
a = s or p denotes the polarization states. r;,,=(y;,,—7;,)/(y,,+7,) and
rly=(Ey,0—7)/(gy,,+y,;) are the Fresnel reflection coefficients for s and p

polarizations at the interface of layers j—1 and j, respectively. y; is the z-component

wavevector in an uniaxial layer j and can be expressed differently for s and p polarizations

[13, 26]:

y; =\E@’ =B (3.4)

and = \/81”a) - g (3.5)
JjL
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where s the parallel component of wavevector 4; , and is identical in different layers due
to the continuity boundary condition at the interfaces. When the layer is isotropic, » j” =y js
is held withe; = ¢, .

Note that when the thicknesses of emitter and receiver become infinitely large, the

structure reduces to a three-layer configuration with a half-space emitter (Layer 1), vacuum

(Layer 2), and a half-space receiver (Layer 3). In this case, & @,f) in Egs. (3.2) can be

simplified through replacing the reflection coefficient of a thin film (R) by that at an

interface (., or r;,) and setting 7" = 0 [26]. In addition, the near-field radiative

transfer in a four-layer thermal rectifier made of vacuum, a thin-film emitter, vacuum gap,

and a half-space receiver has been investigated with a similar approach [24].

3.2 Graphene Assisted Surface Wave Coupling

In this section, we theoretically investigate the near-field radiative transfer between
a nanostructured metamaterial emitter made of doped silicon nanohole (D-SiNH) arrays
and a doped silicon plate covered by monolayer graphene, as depicted in Fig. 3.1(a). The
emitter and receiver, which are separated by a vacuum gap with distance d, are respectively
maintained at 77 = 400 K and 7> = 300 K with doping levels Ni and N>. The SiNH emitter
is described as a uniaxial homogeneous medium by effective medium theory (EMT) and
graphene modifies the reflection coefficients at the vacuum-receiver interface as a surface
current. Fluctuational electrodynamics incorporated with uniaxial wave propagation is
employed to calculate the near-field radiative heat flux. The enhancement in spectral near-

field radiative transfer will be illustrated, while the underlying mechanism will be
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elucidated as surface plasmon coupling between dissimilar materials with fluctuational
electrodynamics and dispersion relation. The effects of graphene chemical potential and
emitter doping level on the near-field energy transfer will be studied in detail as well.

The dielectric function of doped silicon used in this section can be obtained by a

Drude model [49]:

CO2

A NT)=¢ ———2 3.6
& (@ N.T) =2, @ +iTw (36)

where ¢, = 11.7 is the high-frequency constant, I" is the temperature-dependent scattering

rate, and @, = \N.e’ /m'g, is the plasma frequency with carrier concentration N, electron

charge e, carrier effective mass m", and the permittivity of free space &,. Here, the effect

of doping level is accounted by carrier concentration which is the product of doping level
and degree of ionization.

The dielectric function of graphene monolayer can be calculated by [50]:
Eg =1+io/ we A (3.7)
where A = 0.5 nm is the thickness of graphene, and the graphene conductivity o = o, + 0o,

consists of interband and intraband (Drude) contributions [51, 52]:

& (hw) . 4ho = G(&)-G(hw/2)

G‘(w’ﬂ)_4h{G( 2 jﬂ T ! (ho) —4£ “ .
i 28k T Y7

and O-D(w”u)_a)ﬂ/z' — ln{2cosh(2kBTﬂ (3.8b)

where 7 is the reduced Planck constant, ks is the Boltzmann constant, T is the

absolute temperature, = 103 s is the relaxation time, u is the chemical potential of
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graphene, and G(&)=sinh(&/k,T)/[ cosh(u/ kyT)+cosh(&/k,T)].

The near-field radiative heat flux between two semi-infinite homogeneous media
(when the equations are reduced to a 3-layer case) at temperatures of 71 and 7> (71 > T>)
can be calculated with fluctuational electrodynamics as illustrated in section 3.1. Since the
contribution from propagating (f < w/c) and s-polarized waves are negligible when surface
plasmon or phonon coupling exists [24, 29, 53], only the exchange function s(w,f) for p-

polarized evanescent (f > w/c) waves is considered here [29]:

Im(7;) Im(l” GRO2 ) ﬂeizhn(%)d
= 5 (3.9)
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where 7, is the modified reflection coefficient for p-polarized waves at the vacuum-

receiver interface by treating the graphene as a surface current, which is given by [50]:
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Fig. 3.1 (a) Schematic of the simulated structure separated by vacuum gap d where both
the doped SiNH emitter and graphene covered D-Si receiver are assumed to be semi-
infinite. (b) The spectral heat flux of four different setups: SiNH emitter (N = 10%° cm™)
with D-Si receiver (N2 = 10'° cm™), SiNH emitter (N, = 10*° cm™) with graphene covered

D-Si receiver (= 0.15 eV, N> = 10'° cm™), SiNH emitter (N1 = 10'° cm™) with graphene
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covered D-Si receiver (z=0.15 eV, N> = 10'° cm™), and two blackbodies as a function of
angular frequency. (c¢) The exchange function between SiNH emitter (N; = 10*° cm™) and
graphene (1= 0.15 eV) covered D-Si receiver (N2 = 10'° cm™) separated by a vacuum gap
of d =20 nm. The ¢/dw curve is shown by the purple dashed line.

In order to illustrate the near-field coupling effect between the D-SiNH emitter and
the graphene-covered receiver, the spectral heat fluxes of three different cases are studied
as shown in Fig. 3.1(b), where the Si plate receiver is lightly doped with N> = 10'°> cm™ and
the vacuum gap d = 20 nm for all three cases. Firstly, a heavily doped SiNH emitter with
Ni=10% cm™ and a bare Si plate receiver are considered, which results in the spectral heat
flux on the order of 10" Wm™rad''s. Note that the maximum spectral radiative flux
between two black bodies at the same temperatures of 400 K and 300 K is on the order of
1072 Wm™rad's as shown in Fig. 3.1(b). However, by simply coating the Si plate receiver

with a monolayer graphene at a chemical potential ¢ = 0.15 eV, the spectral heat flux is

improved significantly with nearly two orders of magnitude enhancement. One major

spectral peak with maximum go = 6.8x1071® Wmrad's at the frequency of w1 =0.9 10

rad/s, while the other minor one with a peak value of go = 9.4 10! Wmrad''s at an=
2.1 10" rad/s. The enhanced spectral enhancement leads to an improvement of 72 times
in the total heat flux over the blackbody limit. In order to examine whether the
extraordinary enhancement in spectral heat flux is solely due to the graphene layer on the
plate receiver or caused by the mutual coupling between the emitter and receiver, the
doping level of the SiNH emitter is then reduced to N; = 105 cm™, while the receiver is
still covered by the graphene sheet. It turns out that, the spectral heat flux between the

lightly doped SiNH emitter and graphene-covered plate receiver is significantly reduced
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and becomes nearly the same as the first case with the heavily doped SiNH emitter and
bare Si plate receiver without graphene. The two spectral peaks disappear as well. The
comparison among all three cases clearly indicates that the extraordinary enhancement in
near-field spectral heat flux is because of the coupling of the D-SiNH emitter and the

graphene-covered receiver across the vacuum gap.
Figure 3.1(c) shows the exchange function s(w,/ ) =&(o,p ) B between the

heavily-doped SiNH emitter (N; = 10%° cm™, = 0.5) and the graphene-covered Si plate
receiver (N, = 10" em?, 1= 0.15 V) at the same vacuum gap of d = 20 nm. Note that the
brighter contour indicates larger values of exchange function or stronger near-field energy
transfer. One bright and broad enhancement band (mode 1) can be clearly seen at the low-
frequency regime, which is responsible for the major ¢, peak around @ = 0.9° 10'* rad/s
observed in Fig. 3.1(b). The excitation of the resonance mode 1 requires large normalized
parallel wavevector f* = fc/ @ from 50 to 400. In the meantime, another relatively weaker
enhancement (mode 2) in the s(KQ/]) contour occurs around ap=2.1" 10'* rad/s at smaller
S* values less than 200, which actually causes the minor spectral enhancement peak
observed at higher frequencies. On the other hand, when the graphene is not present at the
receiver surface or the emitter doping level becomes Ny = 10'3 cm, i.e., the first and third
cases considered in Fig. 3.1(b), both enhancement modes in the exchange function
disappear in either case (though not shown here), suggesting that both enhancements in the
s(w, P) are the results of strong coupling between the emitter and receiver across the
nanometer vacuum gap.

In order to understand the underlying coupling mechanism between the D-SiNH
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emitter and the graphene-covered dielectric receiver, the dispersion relation of coupled
SPPs across the vacuum gap can be analytically obtained by zeroing the denominator of
the exchange function described in Eq. (3.9) as:

1= 71k ,e”™ =0 (3.11)
The coupled SPP dispersion curves are then solved and plotted along with the contour in
Fig. 3.1(c). Excellent agreement is observed between the s(@,5) contour enhancement and
the coupled SPP dispersion, clearly verifying that the enhanced energy transfer between
the D-SiNH and the graphene is due to the coupled SPPs. Furthermore, the purple dashed
line shown along with the dispersion curves indicates the line of ¢/d@. The crossing of the
line and the two exchange function enhancement (or dispersion curves) matches the two
resonance peaks on spectral heat flux shown in Fig. 3.1(b) which again prove the coupling
effect of surface plasmons.Note that the optical properties of the D-SiNH would be
significantly changed by the emitter doping level N and filling ratio f, while those of the

graphene-covered receiver would be largely altered by graphene chemical potential s

Therefore, the Fresnel reflection coefficients 7, and *x, at both vacuum interfaces would

change, leading to the possible shifts of coupled SPP modes and thereby the near-field
radiative transfer.

Let us first investigate the effects of graphene chemical potential z and emitter
doping level N; on the respective single-interface SPP without coupling across vacuum gap.
u affects the SPP resonance mode at the vacuum-receiver interface while Ny impacts SPP
at the emitter-vacuum interface. Note that the emitter filling ratio f = 0.5 and receiver

doping level N, = 10'> cm™ are kept unchanged. The SPP dispersion relation at the single
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graphene-covered vacuum-receiver interface can be calculated by zeroing the Fresnel
reflection coefficient 7%, :
ExVot Vst 0oy, =0 (3.12)
Figure 3.2(a) shows how the single receiver interface SPP dispersion changes as a
function of frequency @ and normalized parallel wavevector f* = 8 ¢/ @ when y varies
from 0 to 0.5 eV. Clearly, a larger graphene chemical potential will result in the SPP peak,
where the two SPP modes merge, to shift towards higher frequencies. Note that higher £
values indicate more channels of radiative energy transfer modes. The maximum /3" max is
78 at w = 0.7x1014 rad/s with = 0 eV, and further increases to 139 at w = 2.28x1014
rad/s with 4 = 0.1 eV. Within the frequency range of interests, the number of radiative

transfer modes becomes less with further increase of 4.
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Fig. 3.2 The single interface SPP between (a) vacuum and graphene covered D-Si receiver
(N2 = 10" cm™) with respect to different graphene chemical potential and (b) vacuum and

SiNH of different doping level Nj.

On the other hand, the SPP dispersion at the single emitter-vacuum interface can be
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obtained by solving 7, = 0 or equivalently

‘91||7o+71p:0 (3.13)

As shown in Fig. 3.2(b), the single SPP at the SiNH interface shows strong
dependence on the emitter doping level N1. Larger N1 values would result in the SPP mode
to shift towards higher frequencies. For a given doping level, the SPP dispersion shows
little selectivity on angular frequencies with small 4 values less than 2, suggesting few
radiative transfer modes. The number of near-field energy transfer channels significantly
increases as seen via the abrupt increase of 4 values when it approaches the asymptotic

frequency, e.g., wasy = 2.1x10' rad/s for Ni = 10?° cm?. In general, the asymptotic

frequency can be obtained under the condition of Re(«aeu) =1, which can be analytically

derived from Eq. (12) with " >1.

Now let us study the effects of Pand N; on the near-field SPP coupling. Figures
3.3(a) and 3.3(b) present the exchange functions between the D-SiNH emitter (N, = 10%°
cm™) and graphene-covered receiver across a 20-nm vacuum gap at different graphene
chemical potentials of P= 0.3 and 0.5 eV, respectively. In comparison with the exchange
function at P= 0.15 eV shown in Fig. 3.1(c), it can be clearly seen that, larger P values
cause the shift of the enhancement mode 1 in s(@,f) towards higher frequencies. Although
[* values becomes smaller, the strength of the exchange function actually increases with
larger p. The u effect on the coupled SPP shifting is consistent with that on the single-
interface SPP shown in Fig. 3.2(a). On the other hand, the enhancement mode 2 barely
changes by the P. The behaviors of both SPP coupling modes 1 and 2 at different P are

further verified by the excellent agreement between the coupled SPP dispersion and the
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enhancement in exchange function. The SPP dispersion curves enhancement mode 2 also
indicates an asymptotic frequency of 2.1x10'* rad/s, which matches well with that of the

SPP at the single emitter-vacuum interface with Ny = 10%° cm™ as indicated in Fig. 3.2(b).
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Fig. 3.3 The exchange function between SiNH emitter (N1 = 10*° ¢m™) and graphene
covered D-Si receiver (V2 = 10'° cm™) with graphene chemical potential (a) 0.3 eV and (b)
0.5 eV; and that between SiNH emitter and graphene (x= 0.15 eV) covered D-Si receiver
(N2 = 10" cm™) with emitter doping level of (c) 10" cm™ and (d) 10'® cm™. The vacuum
gap d is 20 nm.

On the other hand, when reducing the N; values to 10" cm™ and 10'® cm™ as shown

respectively in Figs. 3.3(c) and 3.3(d), the enhancement in exchange function changes

significantly. As learned from the single-interface SPP behavior, the asymptotic frequency
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of the SPP at the emitter interface would shift toward lower frequencies when N decreases,
resulting in the coupled SPPs associated with the enhancement mode 2 to be pushed
towards lower frequencies and couple with the enhancement mode 1 region. As a result,
with N1 = 10" cm™ the four coupled modes which occurs within the same frequency region
strongly interact with each other, leading to a merged and much stronger enhancement in
the exchange function contour. When N, further decreases to 10'® cm™, the enhancement
mode 2 shifts to even lower frequencies than the enhancement mode 1, as seen by the
coupled SPP dispersion curves, resulting in a much broader enhancement in s(@,f). Note
that, the enhancement mode 1 region due to the coupled SPP little shifts with N;. Clearly,
the emitter doping level N; or the surface plasmon at the emitter-vacuum interface
dominates the enhancement mode 2 on s(@,f) contour, while graphene chemical potential
Por the surface plasmon at the vacuum-graphene interface plays a significant role only in
the enhancement mode 1 due to SPP coupling. By manipulating the N; and P values, all
the coupled SPP modes could interact with each other at different strengths, which could
significantly change the exchange function and thereby modulate the near-field radiative
transfer.

In order to quantitatively demonstrate the near-field coupling effect on the energy
transfer, a near-field enhancement factor is defined as Z = q/ g5, where g is the total near-

field radiative flux between the D-SiNH emitter and graphene-covered planar receiver
integrated over frequency range from 1" 10'3 rad/s to 3* 10'* rad/s, and ggp = 992 W/m? is
the radiative flux between two black bodies at temperatures of 400 K and 300 K
respectively. Figure 3.4(a) shows the near-field enhancement factor as a function of

chemical potential Pfrom 0 to 1 eV at different emitter doping levels N, from 10" to 10%!
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cm. The receiver doping level N; is 10" cm™ and the vacuum gap is d = 20 nm. Firstly of
all, when N; = 10%° cm™, the enhancement factor is only about 55 at P= 0 eV, starts to
increase at P= 0.1 eV, reaches about 370 at P= 0.6 eV, and then saturates with larger P
values. The Peffect on the near-field radiative flux enhancement can be clearly understood
by the exchange functions in Figs. 3.3(a) and 3.3(b), where the two enhancement regions
of different SPP modes couple with each other. As a result of stronger coupling, the
exchange function and thereby the radiative flux become larger. Note that, after the two
modes are coupled together, further increment of chemical potential will only result in
saturation of heat flux. The Peffect on the near-field radiative flux is similar with more
doping at Ny = 10?! cm, while only 40 times enhancement is achieved over the blackbody
limit. This is because the asymptotic frequency of the SPP at the emitter interface is at
7 10'* rad/s shown in Fig. 3.2(b), which is much higher than the resonance frequencies of
the major coupled SPP modes (i.e., mode 1) dominated by the receiver interface. Therefore,
the coupling strengths of the two modes at large Pis much weaker compared to that with

Ni=10% c¢m?3.
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Fig. 3.4 The near-field enhancement factor = as a function of graphene chemical potential
with respect to different (a) emitter doping level Ni while the receiver has a doping level
of N2 = 10" cm™ and (b) receiver doping level N> while the emitter has a doping level of

Ni=10% cm™. The gap distance is set to be d = 20 nm.

Interestingly, the Peffect on the enhancement factor is different for Ny T 10" cm-
3. There occurs a maximum enhancement at Ny w 10! cm™ and z=0.15 eV, which is about
460 times higher than the heat flux between two blackbodies, while the enhancement
becomes smaller at either smaller or larger P. This is actually not surprising after the
exchange function in Fig. 3.3(c) is understood, where strongest coupling between the two
modes occurs. Different P values will shift the enhancement mode 1 which is dominated
by the receiver interface to different frequencies that are away from the asymptotic
frequency of the SPP at the emitter interface, leading to weaker SPP coupling and thus
smaller near-field radiative heat flux. On the other hand, when N is further decreased, the
asymptotic frequency would shift towards lower frequencies less than 1 10'3 rad/s
indicated by Fig. 3.2(b). As a consequence, the surface plasmon at the emitter interface
cannot couple efficiently with the other graphene-dominated interface, whose SPP occurs
at higher frequencies. Thus, it is understandable that the enhancement factor for N; = 10'®
and 10" ¢m™ is high only at P= 0 eV, and then monotonically decreases with larger P
values, which actually shifts the enhancement mode 1 towards higher frequencies further
away from the enhancement mode 2 at low frequencies. For lightly doped SiNH emitter
with N1 T 10'® cm?, the surface plasmon at two interfaces cannot couple at all across the
nanometer vacuum gap, resulting in the lowest radiative flux, and the graphene chemical

potential could barely take into any effect.

34



It should be noted that, besides N; and P, the receiver doping level N>, which
changes the reflection coefficient 7%, at the vacuum-graphene-D-Si plate interface, could

potentially affect the near-field energy transfer as well. Figure 3.4(b) presents the near-field
enhancement factor as a function of Pat different N, values with the emitter doping level
Ni is fixed at 10%° cm™ and d = 20 nm. After low doping levels from 10' to 10'® cm™, N,
does have little effect on the normalized radiative heat flux. On the other hand, the
enhancement factor = first does not change with P, then starts to monotonically increase at
P= 0.1 eV, and finally saturates at 400 for P> 0.5 eV. Basically at low doping level N,
which has almost no effect on tuning the surface plasmon at the graphene-covered interface,
graphene chemical potential dominates and the near-field coupling between the two modes
becomes stronger with larger Pas explained previously. N starts to play a role in further
enhancing the radiative flux up to about 500 times over the blackbody limit when it
increases to 10'” cm™, at which the Peffect is similar with that at less doping in the silicon
plate.

However, when N, further increases to 10?° cm™, enhancement factors around 500
is achieved with small Pvalues less than 0.1 eV, and starts to monotonically decrease when
Pbecomes larger. The different trend of the Peffect can be understood by the effect of N>
on tuning the surface plasmon of doped silicon plates. As studied in Ref. [54], higher
doping level increases the charge density of doped silicon and pushes the plasmon
frequency towards higher frequencies into the infrared region under investigation. In other
words, larger doping level N, could shift the coupled SPP mode 1 toward higher
frequencies but have no effect on the emitter-dominated mode 2, as demonstrated by the

dispersion curves in Fig. 3.5(a) in comparison with Fig. 3.1(c). Therefore, even at small P
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like 0.1 eV in this case, both coupled SPP modes could already occurs at nearby frequencies,
and strong coupling and merging could occur. When further increasing the P, the coupled
enhancement mode 1 shifts to higher frequencies, resulting in decreased coupling strength
between the two modes, as demonstrated by Fig. 3.5(b) with P=0.5 eV, and thereby smaller
radiative flux. If the silicon plate receiver is heavily doped with N, = 10?! cm™3, the coupled
mode 1 will occur at higher frequencies than the coupled mode 2 even at ;= 0, in which
case the coupling between the two modes are already weak. Larger Pvalues, which pushes
the mode 1 towards even higher frequencies, will not strengthen but keep weakening the
coupling of two modes, leading to much smaller near-field enhancement factor around 50
times with little 4 effect, as can clearly be seen in Fig. 3.4(b).
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Fig. 3.5 The exchange function between SiNH emitter (N1 = 10*° cm™) and graphene
covered D-Si receiver (V> = 10%° cm™) with graphene chemical potential of (a) 0.1 eV and
(b) 0.5 eV while the gap distance is set to be d = 20 nm. (c) The impact of vacuum gap
distance d and graphene chemical potential z on near-field enhancement factor = under the

emitter doping level N = 10?° cm™ and receiver doping level N> = 10'° cm™.

Finally, the effect of vacuum gap on the near-field energy transfer is investigated.
Figure 3.5(c) shows the near-field enhancement factor = at different vacuum gap distance
d from 10 nm up to 1 um with varying graphene chemical potential Pfrom 0 eV to 1 eV.

The doping levels for the SINH emitter and the silicon plate receiver are N; = 10?° cm™ and
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N, = 10" ecm?3, respectively. Overall, the near-field radiative transfer decreases with larger
vacuum gap, which is understandable as the coupled SPP modes becomes weaker when the
emitter and receiver further apart. When d > 500 nm the near-field enhancement factor
approaches one, in other words, the radiative transfer goes to the far-field limit. As a matter
of fact, the graphene dominated resonant mode 1 disappears when gap distance is larger
than 200 nm, while the SiINH dominated resonant mode 2 vanishes when d > 70 nm, both
of which are confirmed by exchange function plots (not shown here). The near-field
radiative transfer is greatly enhanced at d < 70 nm, where both resonant modes exist and
could further couple with each other. More than two orders of magnitude enhancement over
the blackbody limit can be achieved at vacuum gaps less than 40 nm, in which case larger
graphene chemical potentials greatly promotes the enhanced near-field energy transfer.
Note that, cautions need to be paid at sub-20-nm vacuum gaps as the effective medium
approximation for the SiNH emitter may no longer be valid depending on the comparison
of the pattern size such as period P to the vacuum gap d, as EMT is generally valid for

near-field radiative transfer only when P < zd .

3.3 Hyperbolic Modes between Nanowire Arrays
In this section, we investigate the application of Indium-Tin-Oxide (ITO) nanowires as
hyperbolic metamaterials for near-field thermal radiation. Let us consider near-field radiative
heat transfer between ITO nanowire arrays (ITONWAs) separated by vacuum gap of d as
shown in Fig. 3.6. One of the nanowire arrays or the emitter is at temperature 77 while the
receiver is at temperature 7>. The two arrays are separated by a vacuum gap and are
assumed to be in local thermal equilibrium. The wires are long enough for both the emitter
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and receiver to be considered semi-infinite. As a symmetric case, the filling ratio f is
assumed to be the same for both nanowire arrays. In previous studies, the nanowire arrays
with large filling ratios can be considered as a homogenous medium with anisotropic
optical properties by applying effective medium theory (EMT) [26]. However, since the
spatial dispersion effect should not be excluded for nanowire structures with small filling
ratios [55, 56], the effective medium theory considering spatial dispersion is applied here

to describe the uniaxial optical properties of nanowire arrays [57, 58].

it

Fig. 3.6 Schematic of near-field radiation between ITONW arrays at different temperatures

separated by a vacuum gap d.

The spatial dispersion dependent EMT is used to treat the ITONW as homogenous
layers since it accurately predicts optical properties for highly conductive nanorods with
filling ratios less than 0.5 [57, 58]. As part of the formulation for the ITONWA, air is
considered as the host medium and the ITO nanowires are taken as spatially separated

embedded grains. For ordinary waves in which the electric field is perpendicular to the axis

of nanowires, the effective dielectric function & is given as
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Note that, this equation yields the same equation for ordinary waves given by Maxwell-
Garnett EMT [40] since the effect of spatial dispersion applies only for extraordinary

waves. On the other hand for extraordinary waves where the electric field is parallel to the

axis of the nanowires, the effective dielectric function &g is given by

1
1 (e8]
(8ITO_1)f @,

where Cis the speed of light in vacuum, /£ is the wave vector component normal to the wire

Eper =1+ (3.9)

direction, and @), is 3.367° 10" rad/s which is the plasmon frequency of ITO [59]. Note that, since

the effect of spatial dispersion is considered, the extraordinary dielectric function is not only a

function of angular frequency @ like ordinary dielectric function. It is a function of wave vector
component £ as well. In the above equations, the dielectric function of ITO, &, 1s given

by Drude model

2
@

Epy =& ————2— 3.10
ITO © a)2+1a)r ( )

The values of - and T are 3.8 and 1.68" 10'* rad/s [59], respectively. The metallic
nature of ITO results in a very small penetration depth for thermal radiation and therefore
ITONWSs can be considered as semi-infinite in this study.

Figures 3.7(a) and 3.7(b) are contour plots of &(w, ) for p-polarized waves as a

function of w and g for different filling ratios during near-field radiative heat transfer
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between two nanowire arrays separated by a 20 nm vacuum gap. The temperature of the
emitter is set to 1500K while the receiver is set to 0 K. The enhancement of ITONW can
be identified through looking into the property of ITONW. For /= 0.1, depending on the
normalized B, ITONW behaves as type 1 HMM and effective dielectric at lower and higher
frequency, respectively. Thus, the broad band enhancement in transmission coefficient at
lower frequency is due to HMM behavior and the small enhancement around 1.5x10'% rad/s
is due to ENP (epsilon-near-pole). For = 0.5, the broad band enhancement at lower
frequency is also caused by type 1| HMM, but the region of type 1 HMM shifts to higher
frequency with increasing filling ratio. The strengthened enhancement around 1.5x10'°
rad/s is in fact due to type 2 HMM which only occurs within a narrow band. Interestingly,
the two enhancement bands form a single broadband enhancement region instead of two
separate enhancement modes since the range of type 1 and type 2 HMM are right next to
each other. This can be beneficial for some applications which requires continuous
broadband enhancement in the field of energy conversion. In addition, the spectral location
of ENP overlaps with that of type 2 HMM with /= 0.5, and therefore can’t clearly be
observed here since the enhancement strength of type 2 HMM mode is much stronger than
that of ENP with p-polarized waves. Note that, since HMM behavior occurs under all
filling ratios, the strong near infrared resonance for ITONWAs irrespective of the filling

ratio make them suitable candidates as emitter for near-field thermophotovoltaic devices.
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Fig. 3.7 Contour plots of ¢ for different filling ratios: (a) 0.1, (b) 0.5; and spectral heat
fluxes of (c) s-polarized and (d) p-polarized waves between ITONW arrays at different

symmetric filling ratios separated by 20 nm gap.

The spectral heat fluxes between two ITONWAs of s and p polarized waves are
shown in Figs. 8(c) and 6(d), respectively, for 20 nm vacuum gap. The spectral heat flux
can be calculated by Eq. (3.1) without integrating over w. For convenience, the spectral
heat flux between two semi-infinite bulk ITOs is also plotted in the figures along with
different filling ratios for ITONWSs. As shown in Fig. 3.7(c), there is no enhancement
between semi-infinite bulk ITOs on s-polarized waves at high frequency while the

enhancement of ENP can clearly be seen for ITONWs. The shifting and strengthening of
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ENP enhancement agrees with the material property (not shown here). On the other hand,
for p-polarized waves as presented in Fig. 3.7(d), there is one enhancement peak which
corresponds to the excitation of SPP for semi-infinite ITO [59]. For ITO nanowires, the
peaks in spectral heat flux matches very well with the results from Figs. 3.4(a) and 3.4(b).
In fact, both the shifting of type 1 HMM mode and the broadening and strengthening of
type 2 HMM mode can be observed with increasing filling ratio which the drop of spectral
heat flux between two HMM modes is also flattened. Note that, at this gap distance, the
enhancement due to coupled SPP between two bulk ITOs is still stronger than that due to

type 2 HMM and ENP.

Figure 3.8 plots the total near-field heat transfer as a function of the vacuum gap
separating the ITONW:s for different filling ratios. The expression for the total heat transfer
is given in Eq. (3.1). The heat transfer for NWs is normalized with respect to that between
two bulk ITOs. The main enhancement between two bulk ITOs is due to coupled SPP
whose strength increases as the vacuum gap decreases. Therefore, at very small gap
distance such as 10 nm, the heat flux between two ITONWA s is less than that between two
bulk ITOs. However, with increasing vacuum gap to around 150 nm, the gap distance effect
on HMM modes is less than that on the coupling strength of SPP since HMM modes are
due to the material property. Therefore, the heat flux between ITONW As becomes nearly
11 times higher than that between bulk ITOs at 150 nm vacuum gap. Although further
increment of gap distance will result in less enhancement due to the fast weakening of type
2 enhancement mode (will be shown later by Fig. 7), the normalized heat flux still reaches
about 7 at d =1 um. While Fig. 4 indicated that the near-field heat transfer at 20 nm should

increase as the filling ratio increases, Fig. 5 shows the same behavior only when d is less
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than 150 nm. Beyond 150 nm, the trend changed and the total heat transfer is maximum
for f= 0.3 and minimum for /= 0.1. This is also due to the fast weakening of type 2
enhancement mode which will result in the drop of overall heat flux on /= 0.4 and 0.5
where type 2 HMM enhancement is stronger. Figure 5 therefore shows the effect of vacuum
gap on both HMM behavior (ITONWAs for different filling ratios) and SPP resonance
(bulk ITOs). Interestingly, the total heat transfer at 150 nm between ITONWAs with 0.5
filling ratio is more than one order of magnitude greater than that between semi-infinite
ITO. On the other hand, for doped Si even for /= 0.5, the heat transfer is only 2.5 times
higher than that of bulk media at 150 nm [26]. ITONWSs therefore provide a definite
advantage in terms of enhancement in total heat transfer and cost over as compared to

doped semiconductors such as Si.

q/qbu]k

0 1
10 100 1000

Gap Distance, d (nm)

Fig. 3.8 Total heat flux between the ITONW arrays as a function of vacuum gap for
different filling ratios. The heat flux is normalized with respect to that between two bulk

ITOs.
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CHAPTER 4 SYSTEMATIC ANALYSIS OF NANOWIRE BASED NEAR-FIELD
THERMOPHOTOVOLTAIC SYSTEMS

This chapter studies the effect of a HMM emitter made of a tungsten nanowire array
embedded in alumina (Al203) on the near-field TPV energy conversion. The influence of
the volumetric filling ratio of the HMM emitter on near-field radiative transfer will be
thoroughly investigated on the radiative transport, power generation and the conversion
efficiency. Possible enhancement on the near-field radiation due to the ENP and hyperbolic
modes of the HMM emitter will be explored. Moreover, the effect of a thin-film TPV cell
with finite thicknesses will be studied aiming to further improve the conversion efficiency.
Finally, the thickness effects of both a thin film TPV cell and a HMM emitter with vacuum
substrate on both power output and conversion efficiency will be explored to optimize the

cell performance.

4.1 Nanowire Based Thermophotovoltaic Emitter

Figure 4.1 shows the configuration of the near-field TPV system to be investigated,
which consists of a HMM emitter (Layer 1) made of tungsten nanowire arrays embedded
in the Al>O3 host, and a TPV receiver (Layer 3) made of Ino>GaosSb [60] separated by a
vacuum gap (Layer 2) with distance d. The HMM emitter and the TPV receiver are both
considered to be semi-infinite in this section. The volumetric filling ratio of the nanowire
array is /= zD?/(4a*), where a is the period and D is the nanowire diameter, respectively.
Here, the materials for the HMM emitter are chosen not only because of the high-
temperature stability but also due to the possibility of fabrication for further experimental

demonstration. The Al>O3 nanohole array can be first fabricated in large areas by anodic
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aluminum oxide (AAQO) with pore diameters down to 15 nm [61]. Tungsten nanowires can
be then grown in the nanoholes by different electrodepositing methods depends on the
geometric features [62]. Note that, though AAOs generally have hexagonal unit cells, while

square ones can also be fabricated by pre-imprinting the aluminum [63].

Tungsten

Layer 0
Vacuum

fesfe

Layer 1
Emitter

Layer 2
Vacuum __

I€

Layer 3
Receiver

Layer 4
Vacuum

Fig. 4.1 Schematic of a near-field TPV system consisting of a tungsten nanowire based
HMM emitter and a TPV cell with finite thicknesses in a 5-layer structure: vacuum

substrate, emitter, vacuum gap, receiver, vacuum substrate.

Figure 4.2(a) shows the transmission coefficient & w,f) at s polarization with filling
ratio f= 0.5 when the vacuum gap is fixed at d = 20 nm. By comparison, the transmission
coefficients in the shaded region are enhanced with more channels of heat transfer (i.e.,
fc/ @) within a narrow frequency band, which can be explained by the stronger ENP mode
at the same frequency region (not shown here). Note that, only the parallel component of

dielectric function of the HMM emitter &,.¢ is involved with s-polarized waves. When the

filling ratio increases, higher absorption loss (or emission) takes place at the ENP mode for
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&err » and results in larger radiative transfer or transmission coefficients from the emitter

to the receiver. Figure 4.2(b) presents the transmission coefficient & w,f) at p polarization
with /= 0.5. The shaded region with large transmission coefficient at low frequency
matches well with the type I HMM region of the material property (not shown here).
Therefore, the enhancement in & w,f) at low-frequency region is due to the HMM behavior
of the tungsten nanowire emitter. The enhancement at higher frequencies is due to the

effective dielectric behavior of the nanowire emitter, in which the absorption loss becomes

greater with larger imaginary parts of both & . and & ..
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Fig. 4.2 The & function of a 3-layer near-field TPV device with the nanowire HMM emitter
of 0.5 filling ratios for (a) s polarization and (b) p polarization. The spectral heat fluxes of

the same device for (c) s polarization and (d) p polarization.

According to Eq. (3.1), the enhancement of transmission coefficients will result in
the enhancement of spectral heat flux. Figures 4.2(c) and 4.2(d) show the spectral heat
fluxes between the semi-infinite nanowire HMM emitter and semi-infinite TPV cell for s
and p polarizations, respectively. At s polarization, a steady enhancement on the spectral
heat flux appears with the increment of filling ratio. Furthermore, due to the narrow-band
ENP enhancement on transmission coefficient & @,) demonstrated by Fig. 4.2(a), an
enhancement within the ENP region also takes place with larger filling ratios. Note that,
even though the spectral heat flux for s polarization rises with ffrom 0.1 to 0.5, it does not
necessarily indicate that the spectral heat flux for plain tungsten emitter (i.e., /= 1) will
become larger than that with nanowire emitters, which in fact is lower than that of
nanowires with filling ratio /> 0.3. This can be explained by the effective material property

of nanowire emitters is not similar to plain tungsten for high filling ratios up to /= 0.5.

Plain tungsten has negative real part of dielectric function at angular frequency @ <2x10'"

rad/s, which indicates metallic behavior. On the other hand, tungsten nanowires possess
positive real part of & in the same frequency region, and behave as lossy dielectrics. As

a result, the spectral heat flux from the nanowire emitters is higher than that from plain
tungsten at longer wavelengths, as shown in Fig. 4.2(a). Note that, the spectral peak with

plain tungsten at 1.4 pum is due to its intrinsic bandgap absorption.
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As shown in Fig. 4.2(b) for p polarization, the spectral heat flux distribution with
the HMM emitters exceeds that with plain tungsten at wavelengths 4> 1.6 um or so for all
filling ratios. The enhanced spectral heat flux region matches well with the type I HMM
region. The spectral peak also shifts slightly towards lower wavelengths with larger filling
ratios, which is due to the shifting of HMM mode region for p polarization at different f
values. Therefore, the enhanced spectral flux with HMM emitters at longer wavelengths is
due to the hyperbolic behavior in tungsten nanowires, which do not exist in plain tungsten.
Among different filling ratios, the difference in spectral heat flux is not as apparent as that

for s polarization. Furthermore, the spectral heat flux drops abruptly at the wavelength A4
~ 2 um for all filling ratios, which does not appear for s polarization. The abrupt reduction

in g(A) at p polarization can be explained by the sudden drop of the real part of & ., or

equivalently by the sharp increase of the imaginary part of &, .

Photons with spectral energy above the cell bandgap, i.e., E; = 0.56 eV (or
equivalently 2.2 um in wavelength) for Ino2GaosSb, will be absorbed by the TPV cell to
generate electron-hole pairs. Electrical currents could be produced with external loads after
the photon-generated charges are collected. However, the photons with lower energy
cannot excite electron hole pairs and result in low conversion efficiency. The near-field
radiative transfer and the charge transport inside the TPV cell is a coupled problem, which
has been theoretically modeled for multilayer isotropic media by calculating the charge
density distribution due to the number of photons absorbed at different cell location [22].
In fact, the quantum efficiency in response to the near-field thermal radiation is different

from that to a far-field source because of the inherent difference between near-field and
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far-field thermal radiation spectra. The small penetration depth of evanescent waves,
especially at resonance modes, significantly affects the photon absorption at different
depths away from the cell surface, which would lead to modified quantum efficiency at
different frequencies in the near-field. However, due to the limitation of the present
theoretical model, which cannot predict the spectral energy absorbed at different depths by
treating the TPV cell as a multilayer, the quantum efficiency to the near-field thermal
radiation between the uniaxial HMM emitter and the TPV cell cannot be thus obtained
accurately. Instead of assuming a perfect TPV cell with 100% quantum efficiency, which
will over predict the performance, we use the far-field internal quantum efficiency of
Ino.2Gao 3Sb [60] for evaluating the proposed near-field TPV system with a nanowire-based
HMM emitter, aiming for more practical insights. We also neglected the thermal impact
on the overall TPV performance by simply assuming the nanowire emitter and TPV at
respective thermal equilibrium with uniform temperature distribution. For the sake of
completeness, the methods for calculating the power generation and conversion efficiency
are summarized here.

With the near-field spectral heat flux ga(A) calculated from Eq. (3.1) and the far-

field internal quantum efficiency data 74(4), the short-circuit current can be obtained as
[22]:

Ty =— [ 1,(D)a,(A)Ad 2 (4.1)
hc 70

The dark current can be calculated by [22]:

2 2
J() :e[ ninDh ninDe ] (42)

+
Nz, Nz
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Here, 4 is the Planck constant, #i, is the intrinsic carrier concentration, Np, and N4 are the
carrier concentration of donor and acceptor, respectively. Dy, De, G and Qare the diffusion
coefficient and relaxation time of holes and electrons, respectively. Moreover, the open-
circuit voltage is given by:

V. =(ksT/e)In(J, / J,+1) (4.3)
Therefore, the electrical power output can be expressed as [22]:

By =J,V,.(1=1/y)[1-In(y)/ y] (4.4)
where y=In(J, /J,) 4.5)

Finally, by dividing the electrical power output with the total radiative power input, the
conversion efficiency of the proposed near-field TPV system with a HMM emitter is [22]:
n=~r,/ P (4.6)

Figure 4.3(a) shows the normalized radiative power input and electrical power

output of the TPV cell with HMM emitters at different filling ratios over that with plain
tungsten at the vacuum gap d = 20 nm. Note that, the radiative heat flux and power
generation with a plain tungsten emitter are 2.51 MW/m? and 0.58 MW/m? respectively,
leading to a conversion efficiency of 23.1%. By replacing the plain tungsten emitter with
tungsten nanowire HMMs, the electrical power output increases with larger filling ratios,
and exceeds that with plain tungsten under all filling ratios. The enhancement in power
output could reach about 2.15 times higher with /= 0.5. On the other hand, the total
radiative heat flux from the emitters to the TPV cell is also amplified with nanowire HMMs,
and increases with filling ratio. This is because the HMM emitter enhances the spectral

energy not only above but also below the bandgap at longer wavelengths as the broadband
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enhancement shown in Figs. 4.2(c) and 10(d). As a result, the conversion efficiency with
nanowire HMM emitters is between 16.1% and 17.7% with different filling ratios, which
is about 5.4% to 7% less compared with that (23.1%) from a plain tungsten emitter as

shown in Fig. 4.3(b), though the electrical power output is enhanced more than 2 times.
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Fig. 4.3 (a) The electrical power output and the radiative power input of a 3-layer near-
field TPV system with the nanowire HMM emitter (f = 0.5) normalized to those with plain
tungsten emitter. (b) The conversion efficiency of a 3-layer near-field TPV system with the
nanowire HMM emitter (/= 0.5) and a plain tungsten emitter. The vacuum gap distance is
d=20nm.

The electrical power output and the TPV conversion efficiency are calculated at
different vacuum gap distances for the nanowire HMM emitter with = 0.5, as shown in
Figs. 4.4(a) and 4.4(b), respectively. The power generation decreases monotonically when
the HMM emitter and the TPV cell are further apart, due to the reduction of near-field
radiative heat transfer. However, the conversion efficiency with the HMM emitter drops
first from 19.1% to a minimum of 9.4% when the vacuum gap becomes larger from d =10
nm to 400 nm or so, and then rises up to 15.3% at a 1-um vacuum gap. The plain tungsten
exhibits similar behaviors in both power output and conversion efficiency but with smaller

Pri and a larger efficiency 77 by 4% or so. The different dependence on the vacuum gap
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between the electrical power and conversion efficiency can be understood by the effect of
vacuum gap on the spectral radiative heat flux, as only that above the cell bandgap would
enhance the conversion efficiency. When the gap distance is smaller than 400 nm, small
gap distances contribute more on the enhancement of heat flux above the bandgap rather
than the waste energy. This can be confirmed by Fig. 4.4(a) that the power output increases
rapidly with the reduction of gap distance when d is less than 400 nm. On the other hand,
the heat flux enhancement due to small vacuum gap focused more on longer wavelengths
(i.e., energy below the band gap) with gap distances larger than 400 nm as the electrical
power input remains constant and the conversion efficiency drops. In order to make the
nanowire HMM emitter more useful in enhancing the near-field TPV conversion efficiency
over the plain tungsten, approaches other than reducing gap distance such as considering

the TPV emitter and cell as thin films need to be further explored.
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Fig. 4.4 The vacuum gap effect on: (a) power output; (b) conversion efficiency of a 3-layer
near-field TPV system with the nanowire HMM emitter (f = 0.5) and a plain tungsten

emitter.
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4.2 Effects of Thin-Film Emitter and Thermophotovoltaic Cell

The key to enhance the TPV conversion efficiency is to reduce the spectral radiative
energy below the bandgap that is not useful to generate electron-hole pairs in the cell [64].
Here, the semi-infinite TPV cell is first replaced by a free-standing thin layer with thickness
¢t =10 pm, while the nanowire HMM emitter is kept semi-infinite, forming a 4-layer near-
field TPV system. The filling ratio of the HMM emitter is chosen to be the same as f= 0.5
for comparison with the previous results from the semi-infinite TPV cell.

Figure 4.5(a) shows the spectral radiative heat flux from the 4-layer TPV system
with a cell thickness of # = 10 um. It can clearly be observed that the spectral heat flux at
wavelengths smaller than the cell bandgap is almost the same with that from a semi-infinite
cell with relative difference less than 1%, indicating that the spectral radiative energy above
the cell bandgap is totally absorbed within the 10-pum thick TPV cell. However, the spectral
radiative energy below the bandgap is reduced to almost zero at longer wavelengths, which
is actually due to the total internal reflection occurring at the bottom interface between the
TPV cell and vacuum substrate (i.e., layer 3 and 4) because the electromagnetic waves are
incident from a dense medium (i.e., TPV cell) with a larger refractive index into vacuum.
In fact, only the waves with spectral energy below the bandgap could reach the bottom cell
interface, while the energy associated with the evanescent waves will be reflected back
since the total internal reflection occurs at fic/@ > 1. The significantly reduced long-
wavelength radiative energy absorbed by the TPV cell due to the total internal reflection

could greatly enhance the TPV conversion efficiency.
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Fig. 4.5 (a) The spectral heat flux of a 4-layer near-field TPV system made of a semi-
infinite nanowire HMM emitter with different filling ratios and a free-standing thin TPV
cell with thickness #= 10 um separated by a vacuum gap d =20 nm. Conversion efficiency,
radiative power, the electrical power density of a 5-layer near-field TPV system made of a

thin nanowire HMM emitter and a thin TPV cell, both of which are on vacuum substrates
as a function of (b) the cell thickness t with nanowire height # = 10 um or (c) nanowire
height h with cell thickness # = 10 um. The filling ratio of the nanowire emitter is /= 0.5,

while the vacuum gap is d = 20 nm.

Now, the HMM emitter and the TPV receiver are assumed to have a finite thickness
h and ¢, respectively, and vacuum is assumed to be the substrates (Layer 0 and Layer 4).
As the improved near-field TPV performance was demonstrated with a thin TPV cell of 10

um in thickness, we now aim to gain a quantitative understanding in the cell thickness
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effect on the TPV conversion efficiency and the power generation, which is shown in Fig.
4.5(b). The parameters such as vacuum gap d = 20 nm and emitter filling ratio /= 0.5 are
kept the same. As the TPV cell thickness decreases from 7= 10 um, the power output drops
monotonically. However, the conversion efficiency slightly rises up to a maximum of 31.8%
around 7 = 3 um. Within this thickness range, the TPV cell is still thick enough to absorb
most of the spectral energy above the cell bandgap but absorbs less spectral energy below
the bandgap due to smaller cell thickness (or less material). As a result, the conversion
efficiency is slightly increased. When the TPV cell thickness ¢ is further reduced to 10 nm,
the conversion efficiency drops dramatically down to ~22%, which is apparently because
the cell is not thick enough to absorb all the spectral energy above the bandgap. Therefore,
the thickness effect indicates that, the TPV cell should be chosen to be thicker than 2 pm
to achieve the optimal conversion efficiency.

It should be noted that the present conversion analysis on the cell thickness effect
does not consider the influences from the electrical losses due to charge recombination and
from the thermal losses due to non-uniform temperature distribution inside the TPV cell.
In practice, different cell thickness would affect the charge transport as well as the thermal
transport. In order to rigorously model both electrical and thermal losses, the spectral
energy absorbed at different cell depth has to be calculated [22, 65]. However, because of
the uniaxial nature of the nanowire emitter, the rigorous calculation requires a near-field
radiative transfer model incorporated with multilayer uniaxial wave optics, which is yet to
be developed. Therefore, the present study considers the TPV cell (i.e., Ino2GaosSb) with

quantum efficiency from the far-field response and neglects the thickness effect on the
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electrical and thermal losses, aiming to only focus on near-field radiative transfer with the
nanowire HMM emitter in terms of the near-field TPV performance.

Finally, the thickness effect of the tungsten nanowire emitter on the near-field TPV
performance is considered by treating the nanowire array with a finite height 4 on vacuum
substrate, forming a 5-layer near-field TPV system with a thin TPV cell with thickness ¢ =
10 um. As shown in Fig. 4.5(c), the radiative and electrical power and the resulting
conversion efficiency do not change much when the nanowire emitter thickness % reduces
from 10 um to 1 um, suggesting that 1-um-long nanowires are thick enough to be opaque.
When further reducing the nanowire height down to 200 nm or so, oscillation occurs in
both the radiative and electrical power plots as a function of emitter thickness /4, due to the
wave interference inside the thin-film emitter as the thermal wavelength is comparable with
the nanowire thickness. As a result, the conversion efficiency also oscillates with a 1%
fluctuation but does not change much. However, when the tungsten nanowire height is
further reduced to be 4 <200 nm, the radiative power drops dramatically with a much faster
rate than the electricity power generation. This can be explained by the less emitting
materials as the ENP and the HMM behavior are responsible for the near-field radiative
heat transfer enhancement, both of which are simply associated with the effective material
properties of the tungsten nanowire arrays. Therefore, the TPV conversion efficiency
decreases significantly from 30.5% at 2 =200 nm to 23% with a thin nanowire array of 10

nm in thickness.
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CHAPTER 5 ARTIFICIAL “MAGNETIC” METAMATERIALS FOR NEAR-
FIELD RADIATIVE TRANSFER

This chapter focuses on the theoretical analysis of near-field radiative heat transfer
between two semi-infinite dual uniaxial electromagnetic metamaterials. The near-field
radiative heat transfer is calculated by fluctuational electrodynamics incorporated with
anisotropic wave optics by taking into account the electromagnetic responses to both s and

p polarized waves.

5.1 Derivations for Dual Uniaxial Electromagnetic Metamaterials
5.1.1 Derivation of Fresnel reflection and transmission coefficients between two arbitrary
dual uniaxial electromagnetic media
In order to account the magnetic response of metamaterials, permeability needs to
be considered in the calculation and therefore the reflection coefficient and the wavevector
z-component both need to be modified.For s-polarized waves, the permittivity and
permeability tensors of an arbitrary dual uniaxial electromagnetic medium 7 can be defined

as:

g 00 Hy 00
&=10 ¢ 0 |and =] 0 g, O (5.1)
0 0 g 0 0

Here, § and ~=denote the direction parallel (in x-y plane) and perpendicular (z direction) to
the interface, respectively. The nonzero components of the electric and magnetic fields for

s-polarized waves are [2]:
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(Ele"y"'z+ERefim)e"ﬁ" Jor z<0

E, = | (5.2)
E,e "™ for z>0
——wjiﬂ E " —E.e""* )e’ﬁx for z<0
and Ho=4 " (5.3)
4 E " e for z>0
OHoH

Since both E, and H, should be continuous at the boundary z = 0, Eq. (5.2) and Eq. (5.3)

yield:
(E, +E)e™ =E.e™ (5.4)
and L (B, ~E)e" =g (5.5)
WMy WLy H

Therefore, with the definition of Fresnel reflection and transmission coefficients for s-

polarized waves where r; = E, / E, and 1, = E,. / E, , the expression of the two coefficients

can then be derived from Eq. (5.4) and Eq. (5.5):

o= e T 7

ij s s (56)
ﬂj”yi +ﬂ[|\}/j
2u.,v:
and [ :% (5.7)
ﬂj”yi +/’li7/j

For p-polarized waves, similar to the process of s-polarized, the nonzero

components of the electric and magnetic fields for p-polarized waves are [2]:
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E = (5.8)
—L—H,e" ™ Sfor z>0
WEoE))

(Hleiy‘pz +H,e " )e’ﬁx Sfor z<0
and H =

y

(5.9)
HTeflyfpze’ﬁx Sfor z>0

Since both E and H, should be continuous at the boundary z = 0, Eq. (5.8) and Eq. (5.9)

yield:
———(H,-H,)e" =—~L—H_ " (5.10)
a)eogl.” a)eoem
and (H,+Hy)e" =H,e™ (5.11)

Therefore, with the definition of Fresnel reflection and transmission coefficients for
p-polarized waves where 7’ =H,/H, and ] =H,/H, , the expression of the two

U

coefficients can then be derived from Eq. (5.10) and Eq. (5.11):

P _ 4
b _Eali T &

pp =200 Sl (5.12)
! el +E;
2,77
and t) =——2"— (5.13)
Enli TEY;

The Fresnel reflection and transmission coefficients at the interface between
vacuum and a dual uniaxial electromagnetic medium can now be obtained. Let’s assume

medium 0 is vacuum and medium 2 is a dual uniaxial electromagnetic medium, Eq. (5.6)

and Eq. (5.7) can be simplified by g, = g, =y, =1 and y; =y, for s-polarized waves:
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and ty, = (5.15)

For p-polarized waves where ¢, =&, =¢,=1and y; =y,, Eq. (5.12) and Eq.

(5.13) yield:

p p
o= Eqdo =62 _ Ey)o 72

p p
EqYot &Y,  Eylot )

(5.16)

2‘92”7/0 _ 252”70
Ento +‘907/2p Eno +72p

and o = (5.17)

5.1.2 Derivation of component of the wavevector vertical to the interface in an arbitrary
dual uniaxial electromagnetic medium
The wavevector k can be separated into two components: component parallel to the

interface  and component vertical to the interface y . Therefore, the relationship between

wavevector and the two components of medium i can be expressed as

B2 +r2=lk| =n’0" /. According to Ref. [66]:

2 2
B, Enky n Vi EiiMiy

2 2
no =&ty Ny =& My

=0 (5.17)

By combining the two equations, Eq. (5.17) yields:

2 2

n o
nizlgizgi”ﬂil\ + nl'z?/izgu,uu =& M E (ﬂzz + 7;2) =& M Ey -y (lc—zj (5.18)

0
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Then Eq. (5.18) yields the general equation of the wavevector component vertical to the

interface:

2
@ Eq;
Vi = 4| Eukhy {_ZJ_M/BI'Z (5.19)
= ik

For s-polarized waves, medium i can be considered as isotropic for electric field.

Therefore, the two components of permittivity tensor are the same (¢, = ¢, ) and Eq. (5.19)

yields the vertical component of wavevector for s-polarized waves:

s 602 H;
Vi = \/5f||ﬂf|| C_z__.”ﬂiz (5.20)

0 il
Similarly for p-polarized waves, medium i can be considered as isotropic for

magnetic field with p-polarized waves. Therefore, with x4 = 4, , Eq. (5.19) yields the

vertical component of wavevector for p-polarized waves:

2
o &

%p:J%Mw7~—ii2 (5.21)
c, €&

0 il
5.1.3 Derivation of single interface SPP condition for dual uniaxial electromagnetic
media
For the interface between air and a dual uniaxial electromagnetic metamaterial, the

dispersion curve of single interface m-SPP can be calculated by:

Yo+ =0 (5.22)

s

where 7 =A@’ =B (5.23)
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and v = |eyu @/ =2 g2 (5.24)
1 117~

Hiy

Therefore, Eq. (5.22) yields:

M
N /= B+ \/gllﬂllaf /d ==L B =0 (5.25)

My
By assuming £ 5 aw/c, Eq. C4 yields == 1. Similarly, the dispersion curve of single
interface e-SPP between air and a dual uniaxial electromagnetic metamaterial can be

obtained by:

eotyi =0 (5.26)
By plugging in the equations of y¢ and y1” along with the assumption of f 5 a@/c,

the condition &&== 1 can be derived for e-SPP.

5.2 Homogeneous Anisotropic Metamaterials with Magnetic Responses

This study focuses on the theoretical analysis of near-field radiative heat transfer
between two semi-infinite dual uniaxial electromagnetic metamaterials. In order to reveal
the possible additional modes for enhancing near-field thermal radiation, two
homogeneous media with two different material property sets will be investigated. The
near-field radiative heat transfer is calculated by fluctuational -electrodynamics
incorporated with anisotropic wave optics by taking into account the electromagnetic
responses to both s and p polarized waves. Enhancement modes along with the associated

mechanisms will be understood by the energy transmission coefficients and spectral heat
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fluxes for different material property sets. Furthermore, the effect of vacuum gap distance
on the total heat flux will be discussed at different wave polarizations.

Figure 5.1 depicts near-field radiative heat transfer between two semi-infinite
homogeneous metamaterials separated by a vacuum gap d to be analyzed in this study. The
emitter (Layer 1) is kept at 400 K and the receiver (Layer 2) is at 300 K. The
electromagnetic metamaterials are considered to be identical for simplicity, while both
respond to electrical and magnetic fields with permittivity & and permeability u
respectively expressed by Drude and Lorentz models [67, 68]: The electromagnetic
metamaterials are considered identical for simplicity, while both respond to electrical and

magnetic fields with permittivity & and permeability 4 that are expressed by the Drude

and Lorentz models [67, 68]:

e=l-—-=> (5.27)

Fo?
2 2 .
o’ —wp +ioy,

and u=1- (5.28)

where F = 0.56 is the split ring filling ratio factor, @, = 10'* rad/s is the equivalent
plasma frequency, ao = 0.4ay, is the effective resonance frequency, and 5% = = 0.01 @
are the electrical and magnetic scattering rates, respectively [67]. Figure 2 plots the real
parts of the electrical permittivity £ and magnetic permeability x4 respectively expressed by
Drude and Lorentz models. Clearly, the electromagnetic metamaterial exhibits metallic
behavior, i.e., Re(g) < 0, only at lower frequencies w< ap. On the other hand, it shows

negative magnetic response with Re(z) < 0 within a narrow frequency band of
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@, <@ < @,/N1-F when 7, < ®. Note that, when the uniaxial material properties are

described by effective medium theory, the vacuum gap should be larger than the unit size

of the metamaterial [69].

Layer 1
Emitter

Layer0 |
Vacuum |

Layer 2
Receiver

Fig. 5.1 The schematic of two homogeneous semi-infinite magnetically anisotropic

metamaterials at different temperatures separated by a nanometer vacuum gap d.

In order to study the effect of anisotropic material properties on the near-field
radiative transfer, both media are assumed to be uniaxial with ordinary permittivity and
permeability components following the Drude an Lorentz models, i.e., § =¢ and 4, = 4,
while the extraordinary permittivity and permeability components being either 1 or —1, i.e.,
& =p =lor =1 . These two different property sets of homogenous uniaxial

electromagnetic metamaterials, also listed in Table 5.1, are considered here to study
possible near-field enhancement mechanisms because of the responses to both electrical

and magnetic fields.
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Table. 5.1 Two different property sets of homogeneous uniaxial electromagnetic

metamaterials to be studied for near-field radiative heat transfer.

Property . . . _
Sets eNey e Ve, /JE//V/JE// /JEJ_V,UEJ_

| £ 1 7 1

| £ -1 7 -1

In order to analyze the possible enhancement mechanisms between uniaxial

electromagnetic metamaterials, the transmission coefficients £as a function of both angular

frequency (w) and normalized parallel wavevector component ( fc/ w) are first investigated.

Figures 5.2(a) and 5.2(b) show the transmission coefficients & @,f) of property sets I and

IT under s-polarized waves. Note that, under s polarization, only &, which follows the

Drude behavior, is involved for the electrical response, while both s« and .. have to be

considered for the magnetic response.
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Fig. 5.2 The transmission coefficient of the near-field radiative heat transfer between two
semi-infinite magnetically anisotropic metamaterials for s-polarized waves with material
property sets of: (a) I; (b) Il and for p-polarized waves with material property sets of: (c) I;

(d) II. The vacuum gap distance is d = 20 nm.

In Fig. 5.2(a) for the property set I, near-field energy transmission enhancement is

observed under the shaded region within the frequency range between 4x10'3 rad/s < @<

6x10'* rad/s, which is corresponding to the Re(zs = ) < 0 region (ie.,
@, << w,/N1-F). Apparently, as .= 1 or as long as .. is positive, the near-field

enhancement within this narrow spectral band is due to the type 2 (i.e., 15 <0, p=> 0)

magnetic hyperbolic mode (m-HM). Outside of the shaded m-HM region, both z..° A8 s«
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are positive. Therefore, no other enhancement modes are supported and the energy
transmission is weak as observed.
For the property set II with s..= —1 instead of 1, as shown in Fig. 5.2(b), two broad

enhancement bands are observed at frequencies @ < 4x10'° rad/s and @> 6x10'3 rad/s, in

which Re(x) is positive. Therefore, the broadband near-field enhancements at @ < @, and

@ > @,/N1-F are due to the type 1 m-HM mode as long as z& > 0 and z..< 0). Besides,

within the negative magnetic response region Re(yg) < 0, there exist additional
enhancement modes that strongly depend on both frequency @ and wavevector . By
plotting the analytical dispersion relation of coupled magnetic SPP (m-SPP) between the
uniaxial metamaterials (blue dashed line in the figure), which is obtained through zeroing
the denominator of the transmission coefficient for s-polarized waves, i.e.,
1-r75e?® =0 | the perfect agreement with the enhancement bands from the energy
transmission coefficient contour undoubtedly confirms the physical mechanism as coupled
m-SPP mode. The low and high frequency coupled m-SPP branches merge at the
asymptotic frequency where ss..= 1, which is exactly the resonance frequency of m-SPP
at a single interface between the uniaxial metamaterial and vacuum (See section 5.1.3 for
detailed derivations).

Figures 5.2(c) and 5.2(d) show the transmission coefficients for both material
property sets I and II but under p-polarized waves, where only sVi-Viind s« are involved
for the electrical and magnetic field responses. For the property set [ with .= 1, a broad
enhancement band exists in the energy transmission coefficient contour at low frequencies

o< ap = 1x10' rad/s, where &< 0 and £-> 0, indicating the type 2 electrical hyperbolic
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mode (e-HM). Likewise, there is no near-field enhancement at high frequency range due
to the dielectric behavior of the property set I with both positive Re(&) and 2+ (&£2). Note
that, enhancements due to the frustrated total internal reflection [70] still exist when the

materials express dielectric behavior, but this effect cannot be seen here since it supports
wavevector only at 8 <./&, 4, @/c according to Eq. (5.20).

As shown in Fig. 5.2(d) for the property set Il with g==—1 under p-polarized waves,
there exists broadband enhancement at high frequencies @> @, = 1x10'* rad/s due to type
1 e-HM mode with &> 0 and &< 0, as well as coupled electrical SPP (e-SPP) mode at
low frequency region @ < @p, in comparison to the narrow m-SPP mode excited by s-
polarized waves in Fig. 5.2(b). The dispersion curves of coupled e-SPP modes are also

¢ = 0. Similarly, the two branches of coupled e-SPP modes

shown by solving 1-r7;7}e
merges at the asymptotic frequency for that at a single interface where &sg== 1 (See section
5.1.3 for detailed derivation).

Note that the enhancement bands associated with m-HM at s polarization and e-
HM modes at p polarization are complimentary and cover the entire frequency spectra for
both property sets I and IlyFurthermore, SPP modes would never occur for the property set
I with .= == 1 at either s or p polarizations as positive s=and g=cannot satisfy the m-
SPP or e-SPP excitation conditions. On the other hand, for the property set II with y.= =
= —1, both m-SPP and e-SPP modes can be excited respectively under s and p-polarized
waves. Note that, the conditions provided here are only for coupled SPP modes between

the same materials where the asymptotic frequencies are the same as those at the single

interface SPP modes given by ssz..= 1 for m-SPP and &e-= 1 for e-SPP between dual
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uniaxial metamaterials and vacuum. Both conditions are derived through the assumption
of 5 w/c, which turns out to be respectively regardless of & and s (See section 5.1.3).
The spectral heat fluxes g(w) can be obtained by integrating the transmission
coefficient over f. Figures 5.3(a) and 5.3(b) present the spectral heat fluxes g(w) with
different property sets under s and p polarizations, respectively. The green shaded areas
indicate the regions where Re(us = u) < 0 at s polarization and Re(& = ¢) < 0 at p
polarization. For the property set I, the spectral heat flux is significantly enhanced only
within the shaded regions because of the type 2 m-HM and e-HM modes respectively at
each s and p polarization. As no coupled SPP modes exist, the spectral heat flux abruptly
decreases at frequencies outside of the negative s and & regions. On the other hand, for
the property set II, the spectral heat flux exhibits strong enhancement within the shaded
regions due to coupled m-SPP and e-SPP modes which agrees with the negative s& and &
regions. More importantly, the type 1 m-HM and e-HM modes elsewhere exhibit at least 4
orders of magnitude enhancement under both s and p polarizations in comparison with the
property set I. Note that, the coupled SPP modes result in narrow-band spectral heat flux
peaks within the negative s and & regions, whose magnitude is even about one order
greater than that associated with the broadband type 2 hyperbolic modes with the property

set L.
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Fig. 5.3 Spectral heat flux between two semi-infinite uniaxial electromagnetic
metamaterials with material property sets of [ and II separated by a vacuum gap d =20 nm

for (a) s-polarized waves; (b) p-polarized waves.

Clearly, these two property sets with either positive or negative z=and &=could
lead to significantly different spectral heat flux distributions, which would be favored for
different applications. For example, the broadband flux enhancement associated with type
2 hyperbolic modes provided by the material property set I or with type 1 hyperbolic modes
from the set II, could be useful for augmentation or suppression of radiative heat transfer
within the spectral range of interests. The narrow-band flux enhancement or wavelength-
selective control of near-field radiative transfer due to coupled SPP modes are highly
desired for enhancing thermal energy harvesting and conversion applications like
thermophotovoltaics. Moreover, the flux enhancement over the entire spectrum by taking
advantage of both HM and SPP modes is of great benefit for thermal management and heat
dissipation. Besides, by suitably selecting the materials with either Drude or Lorentz

behaviors respectively for the electrical permittivity & or magnetic permeability g, these
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heat flux enhancement or the HM and SPP modes can be activated selectively for either s
or p polarization, which would facilitate polarization-sensitive applications.

Finally, the effect of vacuum gap distance d on the total heat flux is investigated for
the two property sets of dual uniaxial metamaterials in comparison with those for two
isotropic cases, one of which possesses the electrical permittivity & = g-= ¢ described by
the Drude model in Eq. (5.27) and magnetic permeability s = 1= 1 (i.e., nonmagnetic)
and the other isotropic metamaterial has ;5 = == y given by the Lorentz model in Eq.
(5.28). Figure 5.4(a) shows the total heat fluxes of four different materials for s-polarized
waves as a function of d. As the vacuum gap distances decrease from 10 ym to 10 nm, the
near-field heat fluxes under s polarization for all three metamaterials with magnetic
responses increase monotonically and could exceed the far-field blackbody limit by more
than 3 orders except for non-magnetic isotropic material (& = 1). It is well known that
the near-field heat flux at s-polarized waves between non-magnetic isotropic metals is
small due to weak coupling of evanescent waves [25, 29] and in this case, the flux is about
one order of magnitude smaller than the blackbody limit and little changes with gap
distances. For the isotropic metamaterial (g g ) with magnetic responses, the s-polarized
total heat flux ¢ is much enhanced with 4> dependence due to the excitation of coupled m-
SPP modes whose strengths increases significantly at smaller vacuum gaps, as studied in
Ref. [67]. However, for the dual uniaxial metamaterials with the property set I, the total
heat flux is slightly lower than that for isotropic metamaterials, mainly because only m-
HM within the limited Re(z4 = ) <0 region but no m-SPP modes exist, as shown in Figs.

5.2(a) and 5.3(a). Moreover, as the dual uniaxial metamaterials with the property set 11
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could excite both m-SPP and type 2 m-HM modes within a broad spectral region, the total
heat flux under s polarization can be enhanced to be more than 4 orders greater than the

blackbody limit, which is about 1 order more than that for isotropic metamaterials.
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Fig. 5.4 Normalized total heat fluxes between two semi-infinite uniaxial electromagnetic
metamaterials with different sets of material properties with respect to different vacuum

gap d for (a) s-polarized waves; (b) p-polarized waves; (c) randomly polarized waves.

Figure 5.4(b) presents the gap distance effect on the total heat flux for p-polarized
waves; while the fluxes for all four materials exhibit d> dependence as the vacuum gap
becomes smaller, exceeding the blackbody limit up to 4 orders of magnitudes. The two
isotropic materials (g x= 1) and (& ) have almost the same heat fluxes since for p
polarization, the identical electrical permittivity results in the same coupled-SPP resonant
modes for near-field heat enhancement, regardless of magnetic response. The total heat
flux is further enhanced with dual uniaxial electromagnetic metamaterials. As discussed
previously in Figs. 5.2(c) and 5.2(d) for p polarization, the uniaxial metamaterial with
property set I has broadband type 2 e-HM mode at frequencies @ < @y, while the uniaxial
metamaterial with property set II exhibits broadband type 1 e-HM mode at high frequencies
@> wp and strong coupled e-SPP modes at low frequencies @< wp. As a result, the uniaxial

metamaterial with property set II could achieve the highest total heat flux by 2.5 times
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more than that with the isotropic materials. Figure 5(c) shows the overall total heat flux for
randomly polarized waves by adding those from s and p polarizations. Clearly, the
contribution from s-polarized waves are significant and thus not negligible compared with
that from p-polarized waves for all three metamaterials but not the non-magnetic isotropic
material (g u=1). In fact, the combined total heat flux under randomly polarized waves
for the dual uniaxial metamaterials with the property set I1 is about 4 times higher than that
with the property set I, which is slightly greater than the flux for the isotropic magnetic

metamaterials.

5.3 Inhomogeneous Nanowire Magnetic Metamaterials

This section aims to theoretically analyse the near-field radiative heat transfer
between two semi-infinite dual uniaxial electromagnetic metamaterials made of nanowire
arrays. The inhomogeneous properties of the nanowire based metamaterial are
homogenized by Maxwell-Garnett EMT. Furthermore, the effects of material properties
such as filling ratio, magnetic scattering rate, and electrical scattering rate will all be
demonstrated by the energy transmission coefficients and spectral heat fluxes as well as
the effect of vacuum gap distance.

A configuration of the near-field radiative heat transfer between two semi-infinite
nanowire array based inhomogeneous media separated by a vacuum gap d analyzed in this
study is shown in Fig. 5.5. The nanowires are considered to be dual uniaxial
electromagnetic metamaterials which possess permeability x and permittivity ¢ modeled
by Egs. (5.27) and (5.28) to account the responses to both magnetic and electrical fields.

The emitter (Layer 1) is kept at 400 K and the receiver (Layer 2) is at 300K.
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Fig. 5.5 The schematic of two nanowire based inhomogeneous semi-infinite magnetically

anisotropic metamaterials at different temperatures separated by nanometer vacuum gap d.

Clearly, the effective permittivity and permeability are both highly dependent of
filling ratio f and scattering rates 7 and y.. The effect of these parameters will be
thoroughly investigated in chapter 3. Note that, the Maxwell-Garnett EMT assumes that
the nanowires are not interacting with each other. Therefore, only small filling ratios (f'<
0.5) are investigated in this study [23]. Furthermore, the EMT used here is valid only for
nanowires with high aspect ratios (4/D > 20) [71] and when the feature size of the nanowire
array is much smaller than the vacuum gap and thermal wavelength to ignore the effect of
spatial dispersion (a < nd and a 3 A = hic/ksT) [13]. Thus, the case between two semi-
infinite media is studied with a vacuum gap of 100 nm (a < 314 nm and An = 5.72 um for
T = 400 K) where the period is achievable by feasible fabrication techniques such as
electron beam lithography and anodic aluminum oxide.

Figures 5.6(a) and 5.6(b) respectively show the real parts of effective uniaxial

permeabilities and permittivities under different filling ratios. Overall the material
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properties can both be tuned by different filling ratios; but by comparison, the effect of
filling ratio is more distinct on permittivity than permeability. For permeability as shown
in Fig. 5.6(a), both f=0.1 and 0.3 show positive effective permeability components outside
the two narrow bands of magnetic hyperbolic mode (m-HM) which can be identified with
different signs of s and s However, when it comes to higher filling ratio such as /= 0.5,
there exists a small frequency band of negative magnetic response region between the two
m-HM bands where both Re(zs) and Re(.2) are less than zero. As for permittivity, figure
5.6(b) demonstrates that different filling ratios provide more tunability on the distribution
of effective permittivity components. Similarly, the frequency bands of electrical
hyperbolic mode (e-HM) at both high and low frequencies can again be determined by
opposite signs of Re(«) and 2¢(g2). On the other hand, due to the effects of increasing
filling ratio on the Drude nature of e=and the Lorentz behavior of &, effective metallic
behavior takes place at high filling ratios between the two e-HM bands. Note that,
compared with permeability where poles are presented due to Lorentz mode, the Drude

nature of ¢ is displayed on g= which can potentially provide broadband hyperbolic

enhancement modes for p-polarized waves.
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Fig. 5.6 The effect of filling ratio on material properties of the nanowire based
electromagnetic metamaterial: real part of (a) effective permeability and (b) effective
permittivity.

Figure 5.7 presents the distribution of transmission coefficients in both frequency
and normalized wave vector domains corresponding to different filling ratios and wave
polarizations. As shown in Figs. 5.7(a-c) for s-polarized waves, the enhancement and
shifting of transmission coefficients match the frequency bands of m-HM modes (shaded
regions) identified through Fig. 5.6(a) perfectly. Other than the m-HM modes, the effects
of epsilon-near-pole (ENP) mode (i.e., the dark blue dashed lines) can also be seen in Figs.
5.7(a) and 5.7(b) which corresponds to the frequencies of the pole shapes of & illustrated
in Fig. 5.6(b). This is because for s-polarized waves, the material can be considered as an
electrical isotropic medium with the permittivity of &. Furthermore, as shown by Fig. 5.7(c)
with filling ratio of 0.5, the negative magnetic response region supports a strong resonance
enhancement which indicates more channels for energy transport in the near-field (reaches
larger wavevector f). This resonance mode is identified as magnetic surface plasmon
polariton (m-SPP) mode through comparing with the analytical dispersion relation of
coupled m-SPP (i.e., the light blue dashed line) between uniaxial media. The dispersion

curve is obtained by zeroing the denominator of the transmission coefficient for s-polarized

. s .5 i2y,d
waves, i.e., 1 -7 1,6 =0.

76



&(wp) S(wp)
1.0 1.0
s-polarization 0.9 p-polarization 0.9
f=01 08 f=0.1 08
o7 0.7
o6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
' 0.0 0 0.0
6 8 10 j 2 4 6 8 10
Angular Frequency, @ (x10'°rad/s) Angular Frequency, o (x10'°rad/s)
£
m-HMENP (@) e-HM e-HM s(@f)
s-polarization 0.9 0.9
=03 08 08
0.7 0.7
3 200 o 3 200 ad
3 0.5 = 0.5
Q 150 0.4 Q150 0.4
0.3 0.3
0.1 0.1
T 'Y “ . —— 55
0.1 2 8 10 ;
Angular Frequency, @ (x10'°rad/s) Angular Frequency, o (x10'°rad/s)
, m-SPP &(of) o-HM e-spP e-HM_ 5(9f)
s-polarization 0.9 | p-polarization 0.9
f=05 08 f=05 08
0.7 i 0.7
200 { |08 < 200 06
P 0.5 S 0.5
Q150 04 Q 150 04
100 0.3 100 0.3
0.2 0.2
50 50
0.1 0.1
o 0.0 0 0.0
0.1 2 4 6 8 10 0.1 2 4 6 8 10
Angular Frequency, @ (x10'°rad/s) Angular Frequency, @ (x10'°rad/s)

Fig. 5.7 Transmission coefficient £ of the near-field radiative heat transfer from two semi-
infinite free standing nanowire arrays for s-polarized waves with filling ratio of: (a) 0.1; (b)
0.3; (c) 0.5; and for p-polarized waves with filling ratios of: (d) 0.1; (e) 0.3; (f) 0.5. The
vacuum gap distance is d = 100 nm and both the electrical and magnetic scattering rates
are set to be 0.01 .

Figures 5.7(d-f) show the distribution of transmission coefficient for p-polarized
waves. Likewise, the shifting of the two e-HM enhancement modes agrees with the effect

of filling ratio on effective permittivity components. Moreover, the effective metallic

behavior occurs at the frequency band where the two e-HM modes overlap due to
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increasing filling ratio. The electrical surface plasmon polariton (e-SPP) mode is excited
in this region which is again confirmed by the analytical dispersion curve of e-SPP mode
(1-rr5e? =0). In addition, though not as distinct as HM or SPP modes, mu-near-pole
(MNP) can still be observed here while s« presents a pole shape for p-polarized waves [72].
Similarly, this is contributed by the pole shape of Re(us) that leads to a spike of Im( )
which represents the loss inside the medium. However, MNP mode can only be seen in Fig.
5.7(d) when filling ratio is 0.1 because the frequency of the mode overlaps with the
broadband e-HM mode at high filling ratios as shown in Fig. 5.6(a). Note that, the
enhancement of both ENP and MNP modes can also be seen by transmission coefficient
but are supported by less channels of heat transfer (i.e., #< 10) and therefore cannot clearly
be seen in Figs. 5.7(a), 5.7(b), and 5.7(d) compared with other modes.

The effect of filling ratio on spectral heat fluxes between two inhomogeneous
uniaxial electromagnetic metamaterials is demonstrated by Figs. 5.8(a) and 5.8(b) with
different wave polarizations. As shown in Fig. 5.8(a), the two m-HM enhancement bands
(type I on the left and type II on the right) broaden and shift toward each other with
increasing filling ratio, which eventually results in a sharp m-SPP mode around 4.5° 10'3
rad/s between the two modes at high filling ratios (i.e., f* 0.4) when the two bands overlap
with each other. The m-SPP resonance can clearly be identified by the strong and sharp
enhancement peaks on spectral heat flux with more than one order of magnitude stronger
than the m-HM modes. In addition, other than the enhancements of m-HM and m-SPP
modes, there exists resonance peaks at higher frequency range with smaller filling ratios
(i.e.,fT 0.4) which is due to the enhancement of ENP modes. For comparison, the positions

of the poles presented by & are also plotted in the figure with colored semi-transparent
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horizontal lines which match the enhancement peak perfectly. On the other hand for ENP
modes supported by filling ratio of 0.5; however, cannot be observed in the figure since it
is overlapping with other modes. Similar behavior is also demonstrated by Fig. 5.8(b) with
p-polarized waves while the difference of enhancement strength between e-HM and e-SPP
modes can reach about two orders of magnitude. However, since increasing filling ratio
results in the red shift of MNP frequency while it also expands the broadband e-HM mode

at low frequency towards higher frequency range, the effect of MNP mode can only be

seen at f=0.1.
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Fig. 5.8 Spectral heat flux from two semi-infinite free standing nanowire arrays with
different filling ratios separated by a vacuum gap d = 100 nm: (a) s-polarized waves; (b) p-
polarized waves. Both the electrical and magnetic scattering rates are set to be 0.01 a.

The effects of magnetic and electrical scattering rates (i.e., y» and . respectively)
are also investigated in this study by altering the magnitude from 0.01 @, to 0.5, rad/s. In
order to simplify the effect, the scattering rates of the emitter and receiver are again chosen
to be the same at d = 100 nm. The filling ratios of emitter and receiver are both fixed at 0.5
in order to clearly observe the effects of the two main enhancement modes: HM and SPP

modes. Figure 5.9(a) reveals the effect of magnetic scattering rate on the uniaxial
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permeability which the two pole peaks weaken and broaden by increasing scattering rate.
On the other hand for permittivity as shown in Fig. 5.9(b), resembling phenomena occurs
for & but not for g- The vertical component of permittivity deviates only at lower

frequencies and barely changed at higher frequencies.
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Fig. 5.9 The effect of electrical and magnetic scattering rates on material properties of the
nanowire based electromagnetic metamaterial considering f = 0.5: (a) effective
permeability and (b) effective permittivity.

As shown by Fig. 5.10, different scattering rates result in different enhancements
on transmission coefficients. For s-polarized waves as revealed by Figs. 5.10(a-c) while
electrical scattering rate . is fixed at 0.01 @, the two m-HM modes are both first slightly
enhanced while the frequency bands almost remain the same with increasing magnetic
scattering rate and then vanished since the two components of the permeability no longer
have different signs. Interestingly while the two m-HM modes disappeared, the
enhancement due to ENP mode takes over and dominates when y, reaches 0.5 . As for
the m-SPP mode between the two m-HM modes; however, is significantly weakened based

on the dispersion curve obtained and vanishes along with the two m-HM modes. Similar
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to the effect of ., it is also discovered from Figs. 5.10(d-f) that the e-HM and e-SPP modes
are weakened and eventually vanished with increasing . for p-polarized waves when the
magnetic scattering rate y, is fixed at 0.01 ). However, since the effect of y. on &=is not
as distinct at the point = passes zero, the broadband e-HM mode at low frequency range

remains almost unaffected.
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Fig. 5.10 Transmission coefficient &of the near-field radiative heat transfer from two semi-
infinite free standing nanowire arrays for s-polarized waves with magnetic scattering rate
of: (a) 0.05ap; (b) 0.1ap; (¢) 0.5ap; and for p-polarized waves with electrical scattering
rate of: (d) 0.05ap; (€) 0.1 ap; (f) 0.5@,. The vacuum gap distance is d = 100 nm and the
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filling ratio is /= 0.5.

The spectral heat fluxes associated with different scattering rates and wave
polarizations are plotted in Fig. 5.11 to compare the effect of scattering rates on the
enhancement modes. Figure 5.11(a) demonstrates the effect of magnetic scattering rate y
on spectral heat flux with s-polarized waves which clearly shows that increasing magnetic
scattering rate will first slightly enhance the two m-HM modes but weakens m-SPP mode
and then level off both modes except the small spike due to ENP. On the other hand, the
distribution of spectral heat flux flattens and results in more broad and even distribution
over the spectrum with increasing magnetic scattering rate at frequency range outside the
enhancement modes. This is due to the fact that the imaginary parts of the effective uniaxial
permeabilities at the frequency range are magnified with larger magnetic scattering rate
(not shown here) which represents higher absorption loss when both the real parts of s
and .. are positive. As for electrical scattering rate p presented in Fig. 5.11(b), the
enhancements of e-HM modes at both higher and lower frequencies are not significantly
affected before vanishing. This is due to the fact that the Drude behavior of g=is almost
independent of electrical scattering rate and therefore the effect cannot be seen at frequency
range away from the pole of & where supports only the e-SPP mode. In addition, the
enhancement at frequency band higher than the type II e-HM mode is also due to the high
imaginary parts of & and &= with larger electrical scattering rate while the metamaterial

presents effective dielectric behavior (i.e., both the real part of & and e= are positive).
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Fig. 5.11 Spectral heat flux from two semi-infinite free standing nanowire arrays with
different scattering rates separated by a vacuum gap d = 100 nm: (a) s-polarized waves; (b)

p-polarized waves. The filling ratio is = 0.5.

Note that, for frequency ranges less than 1* 10! and 4 10'3 rad/s respectively for
s and p polarized waves, the spectral heat fluxes remain almost unaffected by scattering
rates. This is because the frequency range is far away enough from the poles of s, 145 and
& where the changes of scattering rates contribute the most. As a result, the effective
uniaxial permittivities and permeabilities are not even influenced and thus the spectral heat
fluxes are independent of y, and y except the deviation of & at frequencies less than
2* 10" rad/s. Note that, since the resonance modes are orders of magnitude stronger than
the effect of high absorption loss, this effect cannot be seen at resonance bands in either
Fig. 5.11(a) or 5.11(b).

Since the effective properties of artificial metamaterials are usually dependent on
geometric parameters, specific properties of the inhomogeneous electromagnetic
metamaterials are selected here to demonstrate the possibility of high and sharp

enhancement peak at certain frequency. Therefore, as SPP modes are mostly strong within
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a narrow band while HM modes usually result in broadband enhancements, filling ratio of
0.5 and scattering rates of 0.01 @), are chosen where the SPP modes are distinct based on
previous sections. The effective resonance frequency ax is set to be 0.545 @), for 1n order
to match the two SP modes at different wave polarizations. More importantly, the effect of
gap distance will also be analyzed based on the parameters chosen here.

Figure 5.12(a) presents the spectral heat fluxes at different vacuum gap distances
with s-polarized waves. Clearly both the two HM modes and the m-SPP mode in between
are highly enhanced (about four orders of magnitude enhancement) when reducing the gap
distance. The enhancement of ENP mode at small vacuum gap; however, is not as much
(enhanced about 10 times). As for the gap distance effect on spectral heat fluxes with p-
polarized waves revealed by Fig. 5.12(b), similar phenomena and enhancement strength
(also about four orders of magnitude) can also be obtained on both e-HM and e-SPP modes.
Note that, since the material property will not change with decreasing gap distance, the
enhancement bands of HM, SPP, and NP modes will not be shifted but the enhancement
strength will be enhanced by more channels of energy transport. Figure 5.12(c) shows the
overall spectral heat flux obtained from the sum of that to two different wave polarizations
based on Eq. (3.1). It can clearly be seen that an enhancement peak over two orders of
magnitude larger than others is achieved by matching the m-SPP and e-SPP modes at same
frequency. Note that even though the contribution of s-polarized spectral heat flux is not
that significant compared with that of p-polarized waves; it can still enhance the amount of

near-field radiative heat transfer by about 1.5 times.
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Fig. 5.12 Spectral heat flux from two semi-infinite free standing nanowire arrays with
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magnetic scattering rates are set to be 0.01 @,: (a) s-polarized waves; (b) p-polarized waves;
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(c) overall summarized from both polarized waves.

Figure 5.13 shows the effect of gap distance on total heat flux under different wave
polarizations. It is clear that the total heat flux contributed by s-polarized waves is about
1/3 of that by p-polarized waves at small vacuum gaps (<300 nm). This means that 25% of
the overall total heat flux comes from the magnetic response of the metamaterial. With
increasing vacuum gap distances, the contribution of s-polarized waves becomes larger and

reaches 33% of the overall total heat flux at 10 um. Although the dominate role of electrical
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response is still intact at all gap distances, this proves the concept that the artificial magnetic
response in inhomogeneous media should not be excluded in calculations. Note that,
compared with the far-field black body limit (blue dotted line), the overall total heat flux
surpasses the limit around 1.44 pm which is much larger compared with that of p-polarized
waves (1.07 um). This is showing that the artificial magnetic response of inhomogeneous
metamaterials is advantageous for near-filed experiments since the near-field effect kicks

in earlier.
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Fig. 5.13 Total heat fluxes of different wave polarizations from two semi-infinite free
standing nanowire arrays with different vacuum gap distances when the filling ratio is f'=

0.5 and both the electrical and magnetic scattering rates are set to be 0.01 .

5.4 Parameter Retrieval of Nanowire Magnetic Metamaterials made of Real
Nonmagnetic Materials
5.4.1 Background theory of parameter retrieval
The retrieval of homogenized parameters depends on the reflection and
transmission coefficients (7 and z, respectively) of a metamaterial slab [73] as shown in Fig.
5.14. These coefficients can be obtained by either experimental measurements or rigorous

simulation methods such as FDTD. The coefficients will then be used to obtain the incident
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angle dependent wave properties [74] through yand & yis the <acomponent of wave vector

inside the sample which can be defined as [74]:

ks[l—(rS/PﬂJrkc(tS/P/AS/P)2

7*d =+cos™ +2mr (5.29)

(15040 | k(=0 40|
where the superscripts s and p respectively represent the polarization of incident wave. The
subscripts ¢ and s denote the medium above the metamaterial (cladding) and the substrate
underneath as shown in Fig. 5.14, respectively. Therefore, k. and ks which are the vertical
wave vector components in the respective media, can be defined for different wave

polarizations [73]:

s 1 g~ & u.00* | *—3* (s-polarized waves
k/p:{ UNEu 1= (s ) 530

Ve e p.0*/c*—f* (p-polarized waves)

(5.31)

1/ e e u*/c?—* (p-polarized waves)

where ¢is the permittivity, uis the permeability, @ is the angular frequency, c is the speed

P — [l/ U E L0 [ c*—[3* (s-polarized waves)

of light in vacuum, and S =./¢ ., sinf, @’ /c’ is the wave vector component on $

direction conserved within the system across all media. The wave polarization dependent
function 4 in Eq. (5.29) is defined as 4 = 1 for s-polarized waves and 4 =./¢ u, /€, u, for
p-polarized waves. The uncertain term m in Eq. (5.29) is an integer which should be chosen
to ensure the continuity of . That is, the continuity will be checked by the m value while
the base value is m = 0. The sign of the first part of yneeds to be changed accordingly for

positive imaginary component of ythroughout the whole spectrum. After yis obtained, the
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generalized impedance & can also be calculated by [74]:

(70 i} —(kPe? ) A7)
(P 1) (e s A7)

EP =y (5.32)

Here, the sign is determined by the real part of £which should always remain positive. z*”

and & can then be obtained by [74]:

ﬂs/p — }/s/p /§S/p (533)
2
2 s/p
and g :M—Z)x% (5.34)
lus

Note that, both 2" and & are still angular dependent wave parameters at this stage, not
fundamental material properties. However, since an uniaxial homogeneous slab is
considered as isotropic at normal incidence without wave polarization dependency (for 2D

symmetrical structures only), the fundamental material properties at $ direction can be

found by Hierr = /US/p (¢, =0) and St =€ P @, =0).
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Fig. 5.14 Schematic of a sample (metamaterial) between two semi-infinite media: cladding

(upper medium) and substrate (lower medium).

Angular independent x . and ¢, . can be calculated by solving the two

following equations at a certain incident angle [74]:

B (7 5)2 @*
+ =— (5.35)
EnettMictr  ESjercMier €
2
2 p ,
. ) o (5.36)

e Mierr Eert M err c?
Note that, even though S and y are still angular dependent, the material properties g,
and &, obtained through Egs. (5.35) and (5.36) are no longer incident angle dependent.

Here, the vertical wave vector component y must be selected according to the wave
polarization where Eq. (5.35) is for TE waves and Eq. (5.36) is for TM waves. From Egs.

(5.35) and (5.36), one can obtain the equations for angular independent x, . and ¢ ;:

1 sin?@,  cos’ &
- - — eff + eff (5 . 37)
EiMer  EesrMicr &t Hert

: 1 __ sin® 6°, . cos’ & (5.38)
CeppMer  EleitMer  E)ete M et
. 9 2 . 9 2
where sin® & = sms | sin?@p, =| S (5.39)
Regye Megy
s 2 o 2
cos’ & = g , cos> @, =| L& (5.40)
Nty @ Mgy @
s Vo s 8 P\ b
(neff) = Eetr Moty > (neff) = Eetr Moty (5.41)
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For calculation purpose, Egs. (5.37) and (5.38) can be rewrite as:

3 sin’ &,
M = - T (5.42)
leff €O Oy
S S
Eotr Moty Hy et
. 2 p
sin” &
_ eff
Elefr = T (5.43)
Hier  COS™ Oy
P, p
Eotr Megr E|left

5.4.1 Parameter retrieval of nanowire based metamaterials
The targeted structure for parameter retrieval is a freestanding Ag nanowire array
as shown Fig. 5.15. The diameter of the nanowires D is chosen to be 200 nm while the

period P is 400 nm and the height A is 1000 nm. The host material selected here is air for

simplicity.
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Fig. 5.15 Schematic of a 5-layer near-field radiative heat transfer model between two

identical freestanding Ag nanowire arrays with different temperatures.

The reflection and transmission coefficients, » and ¢ respectively, are obtained under
90



different incident angles (Ouand 45=for the retrieval of uniaxial material properties as
shown in Fig. 5.16. For normal incidence case as shown in Figs. 5.16(a) and 5.16(b), both
coefficients show several peaks and deeps indicating high possibility of enhancement
mechanism excitation. The continuity and convergence of both coefficients are also
checked here to prevent discontinuity of retrieved properties. Note that, since nanowire
arrays are symmetric in both in-plan directions (i.e., § direction), the coefficients obtained
at normal incidence are not polarization angle dependent. Figures 5.16(c) and 5.16(d)
presents both coefficients at 45_<ncident angle under different wave polarizations for
retrieving both permittivity and permeability on -=direction. Note that, as shown in Fig.
5.16(d), the transmission coefficient of p-polarized waves is not a lot different compared
with the normal incident case shown in Fig. 5.16(b). This is because the geometry is chosen
specifically for exciting MP between nanowires as illustrated in chapter 2. That is, the
incident angle independency of MP results in the similarity of transmission coefficients at

different incident angles.
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Fig. 5.16 (a) reflection and (b) transmission coefficients obtained by FDTD simulations at

normal incident and (c) reflection and (d) transmission coefficients at 45 incident angle.

Figure 5.17 shows the retrieved angular independent uniaxial material properties.
As shown in Fig. 5.17(a), since field averaging by EMT requires non-unity permeability in
the first place to present magnetic effective material permeability, the results from EMT
remains 1 throughout the investigated spectrum as such material does not naturally exist.
The retrieved properties on the other hand however, presents two Lorentz-like mu-near-
pole (MNP) behavior at two different frequencies, 8.30° 10'* and 1.65° 10 rad/s. These
two peaks are in fact correlated to the excitation of MP as it matches the LC circuit model

MP peaks prediction. The model used here is a simplified model from Eq. (2.3) while there
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are no substrate effect between freestanding nanowires. The non-uniform charge
distribution factor ¢ is set to be 0.222 as this is a typical number (usually between 0.2 and
0.3) for models between two parallel plates [42, 75].The predicted MP frequencies are
8.30° 10'* rad/s for MP1 and for 1.66 10" rad/s MP2 which matches the MNP peaks
perfectly. That is, the retrieved material properties presents the effect of MP by MNP effect.
Physically, these two mechanisms are of course not the same, one is artificial resonance
effect and the other is the effect of material property. However, since the goal of parameter
retrieval is to homogenize the material properties of metamaterials while reflecting the
artificial responses, it is actually a reasonable outcome since both mechanisms are narrow

band enhancement and have very weak incident angle dependency.
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Fig. 5.17 Uniaxial (a) permeability and (b) permittivity retrieved by parameter retrieval
compared with EMT and LC circuit model MP peak predictions when the nanowire

diameter is 200 nm.

Similarly for permittivity as shown in Fig. 5.17(b), several peaks occur within the
frequency range. For the $ component, two ENP shapes shows up at the MP frequencies

but with anti-symmetric pole shapes compared with MNP. This is in fact due to the inverse
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proportional relationship between the effective in-plan permittivity and permeability as
presented by Eq. (5.34) since the metamaterial is considered as isotropic with $ properties
for normal incidence. Therefore, whenever the effective permeability component presents
a MNP mode due to the excitation of MP, an anti-ENP mode shows up as a response to the
artificial magnetic response. This also reflects on the imaginary part of permittivity while
anti-ENP modes also have negative spikes at the resonance frequency. On the other hand
for <acomponent, it is not as clear to see similar effect. This is due to the fact that instead
of applying Eq. (5.34) directly, the «=components are obtained through Egs. (5.42) and
(5.43) while the components are no longer directly inverse proportional to each other. As a
result, the anti-ENP modes can still be seen for ~=components but is much weaker. Other
than the anti-ENP modes, there also exists some ENP modes on the «=component. These
are the electrical responses of the metamaterial while the imaginary parts show positive
spikes. Note that even though the imaginary part of the S permittivity component has some
negative spikes due to anti-ENP modes, the metamaterial is still a positive medium since
the imaginary part of effective refractive indexes remains positive that satisfies Kramers-
Kronig relation [74].

As for the comparison of EMT and parameter retrieval in Fig. 5.17(b), since EMT
cannot predict the MP peaks by effective permeability, the corresponding anti-ENP peaks
cannot be seen on the $ component as well. For the «=component, field-averaging EMT
obviously gives out a diluted metallic Drude-like behavior along the metallic nanowire
direction as usual. Parameter retrieval however, almost did not present any metallic
behavior within the range (i.e., real part of permittivity is mostly positive). This can be

explained by decreasing the nanowire diameter to 100 nm as shown in Fig. 5.18 while the
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LC circuit model still predicts the correct trend of the MP resonance frequency. When the
diameter decreases, the EMT predicted permittivity on +=direction becomes more diluted
(but still metallic) while the retrieved property behaves more metallic at higher frequency
range in this case. This is because Maxwell-Garnett EMT assumes the fillers are not
interacting with each other. In other words, when MP is excited within the frequency range
which represents the nanowires are interacting with each other, the prediction of EMT is
not accurate even for the electrical response of metamaterials. Therefore, the retrieved
permittivity on «=direction is more metallic as EMT predicted when the nanowire diameter
is smaller because the effect of MP weakens with larger distance between nanowires. Note
that, even though MP resonance peaks still exist for the 100nm-diameter case, it is much

weaker compared to the 200nm-diameter case.
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Fig. 5.18 Uniaxial (a) permeability and (b) permittivity retrieved by parameter retrieval
compared with EMT and LC circuit model MP peak predictions when the nanowire

diameter is 100 nm.
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5.5 Near-Field Radiative Transfer by Retrieved Properties

Figure 5.19 shows the spectral heat fluxes for different wave polarizations at
different vacuum gap distances with same geometry used in Fig. 5.17 (configuration is
presented by Fig. 5.15). For s-polarized waves as shown in Fig. 5.19(a), the two MNP
modes due to MP excitation causes narrow band and strong spectral enhancements at both
resonance frequencies. In fact, the spectral heat flux is enhanced for more than two orders
of magnitude at both resonance frequencies. Furthermore, the spectral heat flux between
two Ag plates is also plotted at 100 nm vacuum gap for comparison. It is clear that the
spectral heat flux between Ag nanowire arrays is higher at higher frequency range where
MNP modes are excited. As for p-polarized waves presented in Fig. 5.19(b), the anti-ENP
modes actually suppress the spectral heat flux due to the negative imaginary part. Therefore,
two deeps occur at the resonance frequencies at all gap distances. On the other hand, there
also exists a small enhancement band around 1.5° 10'5 rad/s. This is due to the m-HM
mode as can be seen in Fig. 5.17(b) where the § component is positive and the <acomponent
is negative. Note that, the effect of MNP is still gap distance dependent (about two orders
of magnitude difference at the MNP peaks between 0.1um and 1 um gap distances) as it is
for m-HM mode because both the emitter and the receiver share the same material

properties which can further enhance the coupling of modes at the same frequency.
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Fig. 5.19 Spectral heat fluxes for (a) s and (b) p wave polarizations at different vacuum gap

distances by retrieved properties.

In the cases studied previously, the geometry and the host material (air) are chosen
for simplicity so that the MP peaks are distinct for understanding the underlying physics.
Now, what if one requires multiple enhancement peaks within a frequency range? Figure
5.20 shows the retrieved material properties and spectral heat flux between two Al2O3
hosted Ag nanowire arrays. In order to push the higher harmonic terms of MP closer to
each other, the geometry is chosen with only 20 nm distance between nanowires and the
period is 200 nm. The height (sample thickness) of the nanowires is still 1 pm. As shown
in Figs. 5.20(a) and 5.20(b), MP harmonic terms cause four MNP and anti-ENP peaks to
1, 1s and &, respectively. As explained previously for &5 no metallic behavior as EMT
prediction can be seen here due to the massive interactions between nanowires. As for the
corresponding spectral heat flux, several enhancement peaks and deeps show up as
expected in Figs. 5.20(c) and 5.20(d). These spectral heat flux peaks are in general about

one order of magnitude higher than that away from the resonance frequencies. Furthermore,
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the spectral heat flux between metamaterials is stronger than that between two plane Ag

plates and two Al>Os plates throughout the investigated spectrum.
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Fig. 5.20 Uniaxial (a) permeability and (b) permittivity retrieved by parameter retrieval and

the spectral heat fluxes for (c) s and (d) p wave polarizations at different vacuum gap

distances by retrieved properties.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

In summary, this PhD dissertation investigated the radiative heat transfer between
nanowire/nanohole structures in both far-field and near-field in terms of their electrical and
magnetic responses. The underlying mechanisms, physical meanings, theoretical models,
and experimental results are organized in each chapter.

In chapter 2, we have designed and studied nanowire based metamaterials as
broadband selective absorbers for solar energy harvesting systems. With FDTD simulation,
the radiative properties of selective absorber were investigated. In comparison with the
FDTD results, the EMT fails to predict the MP resonance and the absorption peaks
accurately. The selective absorption is realized by the excitation of multiple harmonic MP
modes between nanowires. The underlying physical mechanism has been explained by the
LC circuit and EM field distribution. By tuning the geometric parameters, the MP
resonance could occur at desired wavelengths for different purposes. On the other hand,
the incident angle independency of the selective solar absorber is also demonstrated. In
addition, the performance analysis also shows the conversion efficiency of the nanowire
based absorber exceeds that of bare tungsten and blackbody absorbers under most
conditions and can reach at most 83.58% when the concentration factor reaches 100. The
results would facilitate the design of novel low-cost and high-efficiency materials for
enhancing the solar energy harvesting and conversion.

In chapter 3, two sets of configurations are theoretically studied for the electrical
responses of nanowire/nanohole arrays in the near-field. The near-field radiative flux
between the doped SiNH and graphene-covered silicon plate is first theoretically studied.
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The enhanced energy transfer is analyzed in detail as due to surface plasmon coupling
between the uniaxial metallic metamaterial emitter and graphene-covered receiver. With
the help of fluctuational electrodynamics, it is shown that two coupled surface plasmon
modes, which are respectively dominated by the SINH-vacuum and the vacuum-graphene-
silicon interfaces, will shift and interact with each other under different doping levels (Vi
and N2), and graphene chemical potential & The different coupling strength between the
surface plasmon modes could lead to either enhancement or suppression of near-field
radiative heat transfer between the dissimilar materials considered here. With proper tuning
of Ni, N2, and u values, the near-field heat flux reaches up to 500 times higher than that
between two black bodies at vacuum gap d = 20 nm. The results and understanding gained
here will facilitate the exploration and application of novel metamaterials for energy
conversion and thermal management by means of near-field energy transfer.

Second, we have also calculated the near-field heat transfer between ITO nanowires
at different filling ratios using spatial dispersion dependent effective medium theory
coupled with fluctuation electrodynamics. The different type of HMM mode contributions
at different filling ratios have been clearly illustrated in this study. Interestingly, there exists
a critical vacuum gap (150 nm) below which the heat transfer between nanowires increases
as filling ratio decreases. For distances greater than the critical gap, the trend of total heat
transfer changes due to the drastically drop of type 2 HMM enhancement. The results and
understanding gained here will facilitate the exploration and application of novel
metamaterials for energy conversion, optoelectronics, and thermal management by means
of near-field energy transfer. Results obtained from this study will facilitate the application

of nanowires in optoelectronics and energy conversion systems.
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In chapter 4, the performance of a near-field TPV system with HMM emitter made
of tungsten nanowire embedded in Al,O3 host has been thoroughly investigated. The filling
ratio effect on the material properties of near-field radiative heat transfer was analyzed.
The results show that a semi-infinite HMM emitter with f= 0.5 can achieve 2.15 times
(1.25 MW/m?) of enhancement in electrical power output from semi-infinite TPV cell
made of Ino>GaopsSb comparing to that with plain tungsten emitter. The mechanisms for
radiative heat transfer enhancement have been illustrated as ENP for s polarization and
hyperbolic modes for p polarization. However, it turned out that the conversion efficiency
becomes lower because the spectral radiative energy below the cell bandgap is also
enhanced with the HMM emitter. In order to improve the conversion efficiency, a thin-film
TPV cell with # = 10 um is considered. Total internal reflection occurs at the bottom
interface of TPV cell and thus minimizes the energy absorption below band gap. As a result,
the conversion efficiency has been enhanced from 17.7% to 31.1% with the same amount
of power output, compared with 26.7% with a plain tungsten emitter. Furthermore, with a
TPV cell thickness of =3 pm, the conversion efficiency can be further improved to 31.8%
where less energy below the bandgap is absorbed, while the nanowire emitter is desired to
be opaque. Note that the current theoretical model only considers the near-field radiative
transport between the uniaxial nanowire HMM emitter and the TPV cell. In order to
accurately predict the near-field quantum efficiency and fully understand the thermal
impact on the overall near-field TPV systems enhanced by nanowire HMMs, a rigorous
and complete model for near-field radiative transport with multilayer uniaxial media

coupled with charge transport and thermal transport is yet to be developed. The results
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gained here would facilitate the practical design and demonstration of near-field TPV
devices enhanced by novel metamaterial emitters.

In chapter 5, near-field radiative heat transfer between two homogeneous uniaxial
electromagnetic metamaterials has first been theoretically investigated. Besides magnetic
response, both electrical permittivity and magnetic permeability were considered to be
uniaxial. By studying uniaxial metamaterials with two different material property sets, the
results showed that, besides the e-HM and coupled e-SPP modes for p polarized waves, m-
HM and coupled m-SPP modes also exist for s polarized waves responsible for the near-
field spectral heat flux enhancements. Analytical dispersion relations were used to confirm
both coupled m-SPP and e-SPP modes at different polarizations. Furthermore, the near-
field total heat flux for s polarized waves, which is comparable to that for p polarized waves
and thus cannot be neglected for uniaxial electromagnetic metamaterials, can reach at most
6 times higher than that for isotropic magnetic materials at vacuum gaps less than 1 pm.

The mechanisms of near-field radiative heat transfer between two nanowire based
uniaxial electromagnetic metamaterials have also been theoretically studied in chapter 5
by both effective medium theory and parameter retrieval. First, instead of the non-magnetic
assumption, this study includes the artificial magnetic response associated with s polarized
waves which also contributes in spectral heat flux enhancement by applying arbitrary
permeability and effective medium theory to obtain uniaxial permeability. The results show
that other than the normal e-HM, e-SPP, and MNP modes for p polarized waves, m-HM,
m-SPP, and ENP modes are confirmed to exist for s polarized waves. Furthermore, the
filling ratio and electrical and magnetic scattering rate effects on the near-field radiative

heat transfer were also studied. By tuning these properties, the enhancement bands of
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modes can be shifted, broadened, or strengthened depends on the given condition.
Moreover, the possibility of achieving ultra-high enhancement by tuning material
properties is also investigated as well as the effect of gap distance. As a result, the overall
spectral heat flux can reach about two orders of magnitude compared with others by tuning
material properties and the contribution of s-polarization should not be excluded at all gap
distances since it stands about 25% in total heat flux at all vacuum gap distances.

Next, this study takes the effective medium assumption to a more realistic state.
Instead of assuming arbitrary permeability in the optical frequency range which does not
naturally exist, applying parameter retrieval gives the homogenized uniaxial material
properties base on the actual response of the metamaterial (reflection and transmission
coefficients). The results show that when MP is excited between nanowires, the retrieved
uniaxial permeability imitates the enhancement by MNPs on both directions which make
sense in terms of the incident angle independent and narrow band effect characteristics of
MP. Furthermore, the retrieved properties are then imported into near-field calculations to
show that the enhancement contributed by artificial magnetic responses does take place
and stands an important term in both spectral heat flux and total heat flux. The insights
gained here present the possibility of achieving artificial dual uniaxial metamaterials in
reality for near-field radiative transfer applications which provides extra tunability on
manipulating radiative heat transfer as well as better accuracy on simulations since both

electric and magnetic responses are included.
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6.2 Recommendations

In order to verify the effect of near-field radiative heat transfer predicted by
fluctuational electrodynamics, this section is focused on a sphere-to-plate near-field
radiative heat transfer experiment. This is one of the state of the art methods to measure
near-field radiative transport at nanometer vacuum gaps. A homemade self-designed AFM
staged is used to develop a probe-based metrology for near-field radiation experiments in
vacuum. In fact, this metrology is also a foundation of future research since it can be further
modified for applications such as near-field scanning optical microscope, near-field
infrared spectroscopy, near-field imaging and manufacturing, etc.
6.2.1 Experimental setup and procedure

As depicted in Fig. 6.1, a near-field experiment will be conducted by a self-made
AFM. First, the lock-in amplifier will send out a sine wave to the laser controller to
modulate the laser signal. Signal modulation can greatly enhance the signal to noise ratio
to more accurately measure the temperature by thermoreflectance technique. The
modulated laser (Thorlabs, CPS 532) which is collimated by the laser module will pass
through an iris to reduce the beam size of the laser. A 50:50 beam splitter is placed after
the iris to guide the reflected laser to either a CCD camera (AmScope, MUO035) or a
position sensitive detector (PSD, On-Trak, PSM with OT-301). The CCD camera (for
alignment) and the PSD (for measurement) are both mounted on top of a rail so that the
positions are interchangeable as shown in Fig. 6.1(b). A 20X objective will focus the
collimated beam to a small spot on the backside of the colloidal AFM probe. The PSD will
read the reflected signal (both sum signal and signal difference) and send the signal back
to the lock-in amplifier to filtrate the noise. The output of the lock-in amplifier will be
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directed to the computer for data acquisition and further analysis. The motorized scanning

stage is controlled by the computer to align the sample and the microsphere.
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Stage

Fig. 6.1 (a) Schematic of near-field radiative heat transfer measurement. (b) Setup of the
AFM stage.

Here, other than using the PSD with a bi-material probe to measure the temperature
of the AFM probe through monitoring the probe bending position (signal difference), we
chose to apply the thermoreflectance technique by monitoring the sum signal. This is
because the attachment of microspheres will not be at the same position every time.
Therefore, bi-material probe temperature measurements require temperature calibration
ahead of all experiments. The thermoreflectance coefficient of the probe will first be
obtained through a calibration experiment, which linearizes the relationship between the
change of probe temperature and the reflected signal strength [76, 77]. In this way, the
temperature of the AFM probe that will be assumed the same as the microsphere can be
accurately measured. Meanwhile, the bending of the AFM probe can be used as a reference
to double check the accuracy of temperature measurement. The sample will be placed on

top of a motorized scanning stage to control the position of the sample through a computer.
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Note that the whole setup will be placed in a vacuum chamber to illuminate the effectss of
convection and sample contamination. Figure 6.2 shows the instruments for the AFM setup
including the laser controller, lock-in amplifier, bell jar vacuum chamber, etc. All the
instruments are linked into the vacuum chamber through five KF-40 feedthroughs. A
vacuum pump is connected to the bottom of the vacuum chamber by a KF-50 feedthrough.
The KF-50 feedthrough at the bottom is the largest feedthrough on the vacuum chamber.
It is chosen here so that the pump can work more efficiently when the molecular pump

kicks in.
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) ]
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Fig. 6.2 (a) Instruments used for AFM setup. (b) Vacuum chamber for the AFM stage.

The experiment will be conducted by the following procedure:
1) Assemble a colloidal AFM probe by attach a microsphere (100 um in diameter) to

the front side of a tip-less AFM probe.
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2)

3)

4)

5)

6)

7)

8)

9)

The colloidal probe will be fixed on the probe holder with a heater attached to the
backside of the AFM chip (not the probe) to heat up the microsphere.

Calibration of both temperature measurements (thermoreflectance and bi-material
bending) by sticking an RTD sensor to the front side of the AFM chip.

Align the microsphere with the sample by the CCD camera.

Slide the PSD in to receive the reflected laser beam for near-field experiment.

The scanning stage will bring the sample up to the sphere. After the temperatures of
the sphere and the sample reach steady state due to far-field radiation, the
temperatures will not change with gap distance except when the effect of near-field
radiative heat transfer kicks in [78, 79].

By moving the sample closer to the sphere, the temperature will remain constant until
a certain point when the temperature of the sphere drops which is caused by near-
field radiative heat transfer.

A sudden drop of temperature due to conduction as well as a sudden bending of the
probe will confirm contact of the sample and the sphere.

The gap distance between the sphere and the sample can then be obtained by

backward calculation of the position of scanning stage from the contact point.

6.2.2 Colloidal AFM probe assembly

The colloidal AFM probe was first fabricated through Pyro-duct by a simple

attaching process [80] as shown in Fig. 6.3. A tipless AFM probe (Nanoandmore, PNP-

TR-TL) was controlled by a motion stage to touch a small drop of Pyro-duct, and then pick

up a SiOz microsphere of 100 um in diameter (Corpuscular Inc., 140280-10) by capillary

adhesion. Pyro-duct can cure under room temperature within about 4 hours.
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Fig. 6.3 Fabrication steps of the colloidal AFM probe.
As shown in the Fig. 6.4(a), the tipless AFM probe is first attached to a probe holder.

A small drop of Pyro-duct will then be dripped on the holder and placed under the probe

holder along with a digital USB microscope on top as shown in Figs. 6.4(b) and 6.4(c).

Probe
Holder

Fig. 6.4 An (a) AFM probe holder and (b) Pyro-duct used on the (c) colloidal AFM probe
fabrication stage.

Through focusing the microscope, one can clearly see that the AFM probe is closing

the Pyro-duct and eventually dipped in as shown in Fig. 6.5. The microscope is first focused
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on the AFM probe to make sure the probe is in sight as shown in Fig 6.5(a). Next, the
microscope is focused to the Pyro-duct surface and then start to lower the AFM probe as
shown in Figs. 6.5(b) and 6.5(c). With further lowering the AFM probe, one can determine

whether if the probe is in contact with Pyro-duct by the light reflection near by the probe

due to the change of Pyro-duct surface level as shown in Fig. 6.5(d).

Fig. 6.5 The top views of (a) AFM probe and (b) Pyro-duct; and when the two are (c)
approaching and (d) in contact with each other.

After Pyro-duct is pasted onto the bottom of the AFM probe, the probe will be
moved away and then SiO> microspheres will be placed under the probe. Figure 6.6(a)
shows when the microscope is focused on the microspheres. This step is to find a single

microsphere and align it with the probe position in case of extra spheres in contact of the

109



probe as shown in Fig. 6.6(b). Similar to the previous procedure, the probe will then be
lowered to make contact with the microsphere. The probe and the microsphere is in contact
when the Van der Waals force pull the probe down and light reflection takes place on top
to the probe as shown in Fig. 6.6(c). The probe must be further lowered until the reflection
is gone to make sure a better contact between the probe and the sphere during curing
process as they are under the same height. Note that, the angle of the probe can be checked

by comparing the light reflection on the small probe on the right.

ruds
PYR LA T L

Fig. 6.6 The pictures of (a) multiple microspheres and (b) a single microsphere; and when
the probe is (c) in contact and (d) at the same level with the microsphere.

The microsphere attachment by Pyro-duct works but it turns out the probe and the

microsphere is not strongly attached. With some vibration such as lifting or lowering the
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bell jar, the sphere will break off easily. Therefore, another approach is presented here.
Instead of using Pyro-duct where Pyro-duct particles will precipitate to the bottom and
touching the Pyro-duct surface iss not very affective, we chose to use thermal compound
(Arctic silver, Ceramique 2). Due to the high viscosity of thermal compound which will
easily break the probe, isopropyl alcohol (IPA) was used to mix and to liquefy the
compound so that it can be easier to use. IPA will evaporate within few minutes after
applied to the AFM tip. To overcome the precipitation issue, a needle was used to apply
thermal compound. As shown in Figs. 6.7(a) and 6.7(b), thermal compound was first
applied to the tip of a needle and then use the needle to paste thermal compound to the
AFM probe. The microsphere attachment is same as the Pyro-duct procedure as shown in

Fig. 6.7(c).
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Fig. 6.7 The picutres of (a) needle tip, (b) thermal compound on needle tip, (c) top view of
microsphere attached probe, and (d) bottom view of microsphere attached probe.

6.2.3 Temperature measurement calibration.

As shown in Fig. 6.8(a), a flexible heater (Heat Scientific LLC, HS-PS017012) is
attached to the probe holder so that the AFM chip can be heated by the heater. Even though
the heater is much larger than the AFM chip that results in low heating efficiency, heating
is still efficient since the targeted temperature difference is only about 10 < at this point.
A RTD will be stuck to the bottom of the AFM chip to measure the temperature of the chip
during heating as shown in Figs. 6.8(b) and 6.8(c). The white part on the RTD in Fig. 6.8
(b) is where thermal compound was applied to reduce thermal contact resistance. The
calibration will be conducted through the following procedure:

1) Align the probe and the laser; focus the laser spot to the back side of the probe.

2) Turn on the power supply of the flexible heater and set the current as 0.05A.

3) Wait until the temperature of the probe reaches steady state and record the sum signal
and the signal difference read from the PSD along with the temperature reading of
the probe.

4) Repeat the experiment by different current input with an interval of 0.05A until the
current reaches 0.5A or the probe reaches 40—.

5) Use the obtained temperature and sum signal relationship to obtain the
thermoreflectance coefficient of gold. (Green laser is chosen here to aim for a larger

coefficient which gives better temperature measurement resolution)
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Fig. 6.8 Pictures of (a) heater installed on the AFM stage, (b) RTD sensor with Pyro-duct

on top, and (c) RTD attached to the bottom of the AFM chip.
As shown in Figs. 6.9(a-c), green laser (/in = 128 mA) can be aligned with the probe.

However, the focus of the laser and the optical microscope is not the same. Therefore, when
the optical microscope is focused as shown in Fig. 6.9(a), the laser spot is actually much
bigger than that in Figs. 6.9(b) and 6.9(c) when laser is focused. After a microsphere is
attached to the probe for near-field experiments as shown in Fig. 6.9(d), laser spot is aligned
and focused to the backside of the probe. Note that, the laser current input during the actual
experiment is 140 mA as stronger signal gives better temperature resolution. However,
even though the current input limit is 220 mA for the laser module, 140 mA is still chosen
for higher signal stability. In other words, since water-cooling costs vibration and no
cooling results in high laser temperature that affects the laser power output, 140 mA is the

highest current input that does not require cooling to stabilize power output.
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Fig. 6.9 Top views of (a) AFM probe, (b) focused laser spot, (c) focused laser spot on the

back side of the probe, and (d) laser focused on a microsphere attached probe.

The near-field experiment will be conducted right after the temperature calibration
so that the laser focus and setup are all remained the same. The experiment is not performed
by heating up the AFM probe and thereby the microsphere here; it is designed by cooling
down the glass receiver. This is because heating the probe to a higher temperature usually
requires larger input heat flow because of the thermal conductivity of gold and chromium,
which might overcomes the near-field heat flux and result in nearly no change of probe
temperature. Therefore, as shown in Fig. 6.8(a), a thermoelectric (TE) cooler (Thorlabs,
TEC3-6) is placed under a glass receiver. The copper plate under the hot side of the TE
cooler is for spreading the heat and the glass holder at the bottom is to prevent heating up
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the motorized stage, as it is temperature sensitive. There is no heat sink included here so
that the vibration of water cooler can be avoided. Again, as the temperature difference
between the emitter and receiver is at the range of about 10—, the heat sink is not required.
When the temperature of the cold side reaches around 5—, the hot side reaches about 35—
without a heat sink witch is still acceptable for the setup. An alternative way is to use a
sheet of aluminum foil to link the vacuum chamber (can be used as heat sink) and the hot
side of the TE cooler to dissipate heat. Note that the probe was initially placed within 100
um of the glass receiver since the working distance of the motorized stage is around 110
um. However, due to the parts that are used on the AFM stage being not fully vacuum
compatible, the outgassing of these equipment stops the pumping at 1* 102 torr. In fact,
the pressure goes back to 2.5 torr after it reaches the minimum value. The experiment can
be continued by replacing the non-vacuum compatible parts such as all manual control

stages, etc.
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