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Finishing this thesis was an initial step for me toward that target which
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I have benefited from advice, suggestions, comments and constructive
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yakov who was my previous supervisor when I was a master’s degree stu-
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and in particular, the former Department of Radio Science and Engineer-
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never have seen the light of day. Therefore, I dedicate this thesis to her.

Yek chand be kudaki be ostad shodim
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Payan e sokhan sheno ke ma ra che resid

Az khak dar amadim o bar bad shodim

Omar Khayyam (1048–1131)

Myself when young did eagerly frequent

Doctor and Saint, and heard great Argument

About it and about: but evermore

Came out by the same Door as in I went

Translated by Edward FitzGerald (1809–1883)

Espoo, July 5, 2017,

Mohammad Sajjad Mirmoosa
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1. Introduction

1.1 Light-matter interaction

In 1690, Christiaan Huygens (1629–1695) in his “Treatise on Light” sup-

ported the wave theory of light. This theory contrasted with the light

particle theory advocated by Sir Isaac Newton (1642–1726). After less

than two hundred years, our understanding of light got deepened when

James Clerk Maxwell (1831–1879) published his “Treatise on Electric-

ity and Magnetism” in 1873. Maxwell wrote his well known macroscopic

equations and proved that light is an electromagnetic phenomenon. He

showed that the magnetic and electric fields propagate in space at the

constant speed of light. Then, Sir Joseph John Thomson (1856–1940) dis-

covered the subatomic particle named electron in 1897. From that year

till late 20th century, people made an enormous effort to understand how

electron behaves, and subsequently, how they can manipulate the electri-

cal properties of the materials. As a result, electronics have significantly

influenced our societies. However, at the end of the previous century, the

attention gradually returned to light. An intriguing idea aroused people’s

curiosity: how to manipulate light?

Today, light-matter interaction lies at the heart of a multitude of re-

search institutes in the world. We can imagine the extent to which it

affects our daily life if we become successful to have a complete control

over light. How much would the energy efficiency be improved? How fast

would our computers be? In order to achieve this ultimate goal, there is

a challenge to be solved. We need to understand which materials allow

us to gain such a control over light. To the best of our knowledge, nature

possesses limitations which may restrict us from going beyond and ma-

nipulating light in the way we desire. Therefore, we should engineer our

12



Introduction

own materials by utilizing the materials offered by Earth.

1.2 Metamaterials

Natural materials are composed of atoms. The sizes of the atoms are neg-

ligible compared to all wavelengths of the electromagnetic spectrum until

X-rays. Therefore, in the theory the array of atoms is replaced by a ho-

mogeneous material, and its interaction with light is explained through

macroscopic parameters called effective material parameters. Usually,

natural materials possess two effective material parameters – permittiv-

ity (ε) and permeability (μ). Now, let the atoms be substituted by parti-

cles e.g. metallic or dielectric spheres or cylinders, still optically small but

not as small as atoms. What would happen? We have an artificial effec-

tively homogeneous material called a composite material. Its macroscopic

parameters would be, evidently, different from those of the natural coun-

terpart. If its interaction with light (described via these effective material

parameters) is qualitatively different from the light-matter interaction for

any natural material, such the composite is titled a metamaterial (MM).

Since we have freedom to design the constitutive particles of a MM, the

gaps between them and even may choose the host medium where these

particles are embedded, MMs provides us an ability to control over light

and gain new physical and optical phenomena.

Meta (μετά) is a prefix that means 1. “after, behind”, 2. “changed, al-

tered” and 3. “higher, beyond”. Today, the third meaning has a modern

usage. If meta is affixed to the names of other sciences and disciplines, we

interpret it as transcending (being or going beyond the range or limits of)

that science or discipline. In this point of view, the word metamaterial is

very clear what it desires to illustrate.

Metamaterials have attracted lots of attention during the past decade by

various research groups worldwide. The history of MMs mainly started

with the paper published by Victor Veselago in 1967 [1]. He theoretically

studied a material whose electric permittivity and magnetic permeability

were simultaneously negative. As a result, the corresponding refractive

index was negative. Such electromagnetic material cannot be found in na-

ture (in accordance to the existing knowledge). It took three decades till

David Smith and his colleagues experimentally introduced a special ar-

tificial material (composed of so-called split ring resonators and straight

wires) which manifested a negative index in a narrow frequency range [2]

13
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for waves with a specific polarization. This first realization of Veselago’s

material though suffered of losses and anisotropy is supposed to be a key

moment in the development of MMs. Later, the concept of MMs was gen-

eralized from composites with negative refractive index to all composites

whose electromagnetic properties are not achievable for natural materi-

als.

1.3 Hyperbolic metamaterials

If we consider the field of electromagnetic matematerials like a tree with

different branches, one of the important branches is associated with arti-

ficial uniaxially anisotropic materials having an open dispersion surface

in the reciprocal space, also called the space of wave vectors or k-space.

These materials are termed hyperbolic metamaterials (HMMs). To realize

why they are called such, we should look at the dispersion relation for the

waves propagating in them.

The optical properties of HMMs (similar to any uniaxially anisotropic

material) are described through effective relative permittivity and per-

meability tensors as

ε =

⎛
⎜⎜⎝

ε⊥ 0 0

0 ε⊥ 0

0 0 ε‖

⎞
⎟⎟⎠ , μ =

⎛
⎜⎜⎝

μ⊥ 0 0

0 μ⊥ 0

0 0 μ‖

⎞
⎟⎟⎠ . (1.1)

Let us assume that z axis is the optical axis of the metamaterial in Carte-

sian coordinate system. Then, in Eq. 1.1, (ε⊥,μ⊥) are the components

perpendicular to the optical axis, and (ε‖,μ‖) are the components parallel

to it. Maxwell’s equations, assuming that there are no free charges and

electric currents, can be written as

k×E = ωμ0[μ ·H],

k×H = −ωε0[ε ·E],
(1.2)

in which E and H are the electric and magnetic fields, respectively, ω

is the angular frequency, and k represents the wave vector so that k =

kxax+kyay+kzaz. Also, μ0 and ε0 denote the permeability and permittivity

of the free space, respectively. Subsequently, if we simplify Eq. 1.2, we can

14
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Type (I) Type (II)

Figure 1.1. Isofrequency surfaces of TM waves propagating in a dielectric hyperbolic
metamaterial.

derive the dispersion relation as

q2

ε‖
+

β2

ε⊥
= k20μ⊥,

q2

μ‖
+

β2

μ⊥
= k20ε⊥.

(1.3)

Here, q =
√
k2x + k2y and β = kz represent the transversal and axial com-

ponents of the wave vector, respectively, and k0 = ω
√
μ0ε0 is the wave

number in the vacuum (μ0 = 4π × 10−7 N/A2, ε0 = 1/36π × 10−9 F/m).

Equation 1.3 shows that there are two electromagnetic eigenwaves that

can propagate in HMM media. The upper term in Eq. 1.3 is the disper-

sion relation for a transverse-magnetic wave or TM wave (magnetic field

is normal to the plane of propagation), and the other term in Eq. 1.3 cor-

responds to a transverse-electric wave or TE wave (the electric field is

normal to the plane of propagation).

We know that the dispersion equation determines the dispersion sur-

face of the wave in the medium. The dispersion surface, also called isofre-

quency surface (IFS) shows the wave vectors for all propagation direc-

tions at a given frequency in the reciprocal space. Now, let us take notice

of Eq. 1.3 again. Indeed, the IFS of both TM and TE waves can be hy-

perboloid if ε⊥ε‖ < 0 (for TM waves) or μ⊥μ‖ < 0 (for TE waves) (since

the permittivity and permeability components can possess an imaginary

part, the real parts are important in these expressions). Hyperboloid is

an exotic form of the dispersion surface – the IFS of all isotropic materi-

als is spherical, and all natural anisotropic materials have the ellipsoidal

dispersion surface. The IFS of a HMM is not just slightly distorted com-

pared to a sphere or an ellipsoid, it is qualitatively different because it

is an infinite open surface. In consequence of this exotic IFS shape, we
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(a) Layered metal-dielectric structure

(b) Long parallel wires which are set in a square lattice

Figure 1.2. Two well known realizations of dielectric hyperbolic metamaterials.

call such metamaterials as “hyperbolic metamaterials”. It is worthwhile

to mention that because the sign of the components are opposite to each

other, the HMMs are also called indefinite materials according to Ref. [3].

At optical frequencies, it is really difficult to have magnetic response.

Therefore, researchers have mainly been focusing on TM waves and di-

electric HMMs. Then μ⊥ = μ‖ = 1, and the hyperboloid for the IFS re-

sults from the negative product ε⊥ε‖ < 0. There are two different types

of dielectric HMMs. Type I corresponds to (ε⊥ > 0, ε‖ < 0), and type II

corresponds to (ε⊥ < 0, ε‖ > 0). Figure 1.1 shows the IFSs of the TM

wave in MMs of these two types. As the figure illustrates, the IFS for both

types allows waves with whatever high spatial frequencies to propagate

in the medium. This is the key property of HMMs which brings potential

applications such as subwavelength imaging [4] and subdiffraction mode

confinement [5].

In 1969, Fisher and Gould experimentally showed a hyperbolic disper-

sion surface in magnetized plasma [6]. However, in the optical region, two

known realizations of dielectric HMMs have been suggested. The first one
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is a stacked medium of metal and dielectric nanolayers as shown in Fig-

ure 1.2(a). In this structure, in the long-wavelength limit, the effective

components are given by [7]

ε⊥ =
εmdm + εddd

dm + dd
< 0, ε‖ =

εmεd
εmdd + εddm

(dm + dd) > 0. (1.4)

Here, εm and εd are the permittivities of the metal and the dielectric,

respectively. Also, dm and dd represent the thicknesses of the metal and

the dielectric layers.

1.4 Wire metamaterials

The second important realization of dielectric HMMs is called wire medium

(WM). As shown in Figure 1.2(b), WM is an optically dense array of aligned

metal wires embedded into a dielectric matrix [8]. Indeed, this is a con-

ventional description of this medium. Generally, the wires are not neces-

sarily from metal, they can also be made of semiconductor or polaritonic

materials which also offer a strong optical contrast with the dielectric

background. For us the most interesting case is that when the relative

permittivity of the wires is negative, though we also analyse the case

when this permittivity is positive and high. Deriving the effective permit-

tivity of the WM, on the first step, we obtain the electric polarizabilities of

a single wire. Subsequently, the effective tensor may be deduced by em-

ploying the known mixing rules for 2D composites. This is the most com-

mon method that is often used to homogenize the MMs, though it is not

always applicable to them and sometimes results in erroneous predictions

of the electromagnetic properties of MMs and violation of basic physical

limitations for effective material parameters. Therefore, we analyse this

point of the effective medium model (EMM) employing the full-wave an-

alytical theory of electromagnetic interactions in a 2D lattice of optically

thin parallel cylinders developed in Ref. [9,10].

1.4.1 Electric polarizabilities of a cylindrical wire

Let us consider a cylinder shown in Figure 1.3. It is illuminated by a plane

wave which has TM polarization such that the electric field has two com-

ponents along z and x axes. Such illumination helps us to achieve electric

dipole moments induced in the longitudinal and transversal directions by

a plane wave.
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Figure 1.3. An infinite epsilon-negative cylinder illuminated by a TM polarized plane
wave.

The z component of the incident electric field is expressed as

Ezinc = E0e
−j(kxx+kzz), (1.5)

in which kz and kx are the free-space wave vector components, and E0 is

the magnitude. Because we have cylindrical geometry, it would be easier

to write the field employing cylindrical harmonics. Keeping in mind that

(R, φ, z) are the components of the cylindrical coordinate system, we can

write the field as

Ezinc = E0

∑
m

[
(−j)mJm(h0R)ejmφ

]
e−jkzz. (1.6)

Here, h0 =
√
k20 − k2z , and Jm(x) represents the Bessel function of the

first kind having the order m. The incident wave hits the cylinder, and

subsequently, gives rise to a field inside the cylinder and a scattered field

in the medium. The electric and magnetic fields inside and outside the

cylinder are derived by solving the Helmholtz equations. Therefore,

Ezout =
∑
m

[(
CmH(2)

m (h0R) + E0(−j)mJm(h0R)
)
ejmφ

]
e−jkzz,

Hzout =
∑
m

[
DmH(2)

m (h0R)ejmφ
]
e−jkzz,

(1.7)

and

Ezin =
∑
m

[
AmJm(hR)ejmφ

]
e−jkzz,

Hzin =
∑
m

[
BmJm(hR)ejmφ

]
e−jkzz.

(1.8)

In the above equations, h =
√

k20εr − k2z (εr is the relative permittivity of
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the material from which the cylinder is made), and H
(2)
m (x) represents the

Hankel function of the second kind possessing the order m. These equa-

tions explicitly demonstrate that the waves are hybrid inside and outside

the cylinder. In other words, we can not on this stage present them as

purely TM (Hz = 0) or TE (Ez = 0) polarized waves. Furthermore, in these

equations, the coefficients Am, Bm, Cm and Dm are not known. However,

as it can be anticipated, boundary conditions relate these coefficients to

each other and to E0. According to such conditions, the tangential compo-

nents of the electric and magnetic fields are continuous at the interface be-

tween the cylinder and free space, i.e. Ez,φ(in) = Ez,φ(out) and Hz,φ(in) =

Hz,φ(out). Therefore, we should derive the φ component of the fields in-

side and outside the cylinder. Based on Maxwell’s equations, the transver-

sal components of the electromagnetic fields (ER, Eφ, HR, Hφ) can be ex-

pressed in terms of the longitudinal components (Ez, Hz). Following that,

we have

Eφout =
jωμ0

h0

∑
m

[(
mkz

jωμ0h0R

(
CmH(2)

m (h0R) + E0(−j)mJm(h0R)
)

+DmH ′(2)
m (h0R)

)
ejmφ

]
e−jkzz,

Hφout =
jωε0
h0

∑
m

[(
− CmH ′(2)

m (h0R)− E0(−j)mJ ′
m(h0R)

+
mkz

jωε0h0R
DmH(2)

m (h0R)

)
ejmφ

]
e−jkzz,

(1.9)

and also

Eφin
=

jωμ0

h

∑
m

[(
mkz

jωμ0hR
AmJm(hR) +BmJ ′

m(hR)

)
ejmφ

]
e−jkzz,

Hφin
=

jωε0εr
h

∑
m

[(
−AmJ ′

m(hR) +
mkz

jωε0εrhR
BmJm(hR)

)
ejmφ

]
e−jkzz.

(1.10)

Before obtaining the unknown coefficients, let us first see how the induced

electric dipole moment is dependent on these coefficients. The z compo-

nent of the induced moment (per unit of length) is described by

pz = ε0(εr − 1)

∫
EzindS, (1.11)

where dS = RdRdφ. Substituting Eq. 1.8 into Eq. 1.11, the expression for
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the moment reduces to

pz = ε0(εr − 1)
2πA0

h2
haJ1(ha). (1.12)

This equation shows that only A0 contributes to the moment, and it is

due to the fact that Ezin is a function of exp(jmφ) = cosmφ + j sinmφ.

Therefore, m should be equal to zero in order to have a non-zero value

in Eq. 1.11. As mentioned, A0 can be readily found from imposing the

boundary conditions. In consequence, we obtain

A0 =
j2h

πh0a
[
εrh0J ′

0(ha)H
(2)
0 (h0a)− hJ0(ha)H

′(2)
0 (h0a)

]E0. (1.13)

Now, the longitudinal electric polarizability is derived just by dividing the

moment to the incident field. Herein, we can write

αzz
ee = 4(εr − 1)

J1(ha)

jh0

[
hJ0(ha)H

′(2)
0 (h0a)− εrh0J ′

0(ha)H
(2)
0 (h0a)

] . (1.14)

If we repeat all the steps above (by assuming that the radius of the cylin-

der is very small and its relative permittivity is strongly negative), we

achieve the other component of the electric polarizability (per unit of length)

as

αxx
ee = 2πa2

εr − 1

εr + 1
. (1.15)

This is a well known expression for the transverse polarizability of a cylin-

der. Of course, this expression is not very accurate if we are near the res-

onance where the real part of εr is close to −1 and its imaginary part is

very small.

It is important to notice, that strictly speaking the ratio of the dipole

moment of a particle to the electric field of the plane wave taken at the

wire axis is not the electric polarizability because the dipole moment can

be also induced by the magnetic field of the wave. However, for a wire

only the term m = 0 is kept, that implies no influence of the magnetic

field to the dipole moment. It is easy to check that the introduction of the

second incident plane wave so that the resulting standing wave has a zero

of the magnetic field on the wire axis does not change the result for both

transverse and longitudinal electric polarizabilities. This means that the

model takes into account only the potential part of the incident electric

field polarizing the wire.
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1.4.2 Effective permittivity tensor

To obtain the expression in Eq. 1.14, we do not use any assumption. How-

ever, in the case of thin and εr-negative wires, we can simplify this equa-

tion by using the following approximation for the Hankel function:

H
(2)
0 (x) ≈ J0(x)

[
1− j

2

π
ln(

x

2
)− j

2γ

π

]
, (1.16)

where J0(x) ≈ 1 (J ′
0(x) ≈ −x/2). We would obtain the same result as

derived in Ref. [9]. In work [9], the simplified polarizability has been used

to get the effective permittivity of the wire medium.

According to the known mixing rule (its applicability for WMs is anal-

ysed in [9]), the effective permittivity tensor is given by

ε = I +
1

b2

(
α
−1
ee − C int

)−1

, (1.17)

where C int is called the interaction constant. By this constant we also

take into account the effect of surrounding dipole lines on the reference

dipole line in the lattice. This dyadic was calculated in the exact theory of

the WM Ref. [9,10] as

Cxx
int =

1

2b2
,

Czz
int = h20

(
j

4
+

1

2π
ln(

h0b

4π
) +

γ

2π
+

1

12
+
∑
n

(e2nπ − 1)−1

nπ

)
.

(1.18)

Here, b is the array period of the WM, and γ denotes the Euler constant.

Eventually, by substituting the electric polarizabilities and the interac-

tion constants in Eq. 1.17, we can write the effective perpendicular and

parallel components of the effective permittivity as

εxx = εyy = ε⊥ = 1 +
2fv(εr − 1)

(εr + 1)− fv(εr − 1)
,

εzz = ε‖ = 1 +
1

1

fv(εr − 1)
− k20 − k2z

k2p

,
(1.19)

in which fv is the volume fraction of the wires (fv = πa2/b2), and kp is

titled the plasma wave number (kp =
√

2π/(ln(b/2πa) + 0.5275)/b). In the

equation above, the background medium (host medium) is assumed to be

free space. However, from the fabrication point of view, the wires should

be placed in a medium having relative permittivity different from that

of free space. Let us assume that the relative permittivity of the host
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medium is εh. To revise Eq. 1.19, it is enough to substitute 1 (2) by εh

(2εh) and k0 by kh = k0
√
εh.

In Ref. [11], the authors introduced an effective tensor for a wire medium

whose wires are perfect conductors. If we replace εr by −∞ in Eq. 1.19,

we obtain the same effective tensor. However, the model in [11] is only

applicable at very low frequencies – practically to the WM operating in

the microwave range. Metals are not perfect conductors at higher fre-

quencies. In the infrared range, Eq. 1.19 for a WM of metal nanowires

indicates that the perpendicular component of the effective permittivity is

positive (ε⊥ > 0), whereas the parallel component is negative (ε‖ < 0) [8].

Therefore, the metal WM at infrared corresponds to type I of the dielec-

tric HMMs shown in Figure 1.1. It is worthwhile to note that Eq. 1.19

also demonstrates an inherent feature of a WM. As it can be seen from

this equation, while ε‖ is dependent on the frequency, it is also a function

of the axial component of the wave vector kz. This is called spatial disper-

sion that determines the IFS of the TM wave in a WM [8]. In the following

Chapters, we discuss this effect in detail.

1.5 Objectives and contribution of the thesis

Wire media have provided us with many possibilities from radio frequen-

cies to those of the visible light. Subwavelength imaging [12, 13] and en-

hancement of directionality of microwave antennas [14] are only some ap-

plications utilizing WMs (see e.g. [8]). In this thesis, I have concentrated

on this particular realization of HMMs, and used it for two specific and

important purposes.

1. The first purpose is associated with radiative heat transfer, and it is

the improvement of thermophotovoltaic systems (generally speak-

ing, systems for conversion of radiative heat into electricity). Start-

ing from a requisite step, we checked the validity of the effective-

medium model (EMM) for the WM in the problems of radiative heat

transfer. This was a basic step because it allowed us to use the EMM

in our next studies and deal with required calculations much sim-

pler. Confirming that the model is a reliable tool for studying radia-

tive heat transfer, we continued with the second and third steps. We

showed how WM can give a possibility to improve the efficiency of

theremophotovoltaic systems, and moreover, to introduce new and

feasible systems that can operate at relatively low temperatures,
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whereas high electric output is still achievable in our theory. This

study resulted in three journal articles [I,II,VI]. Chapter 2 of the

thesis is devoted to this problem. I hope that my study paves the

road towards creation of more efficient thermophotovoltaic genera-

tors than those known now.

2. The second purpose is the enhancement of radiation from subwave-

length emitters. Studying the dispersion surfaces for WM composed

of polaritonic nanowires, we revealed so-called topological phase tran-

sitions between closed and open types of dispersion surfaces and

have shown that these transitions strongly affect the emission from

sources embedded into such WM. We have theoretically shown huge

values for the enhancement of emission granted by our polaritonic

WMs. In addition to the dielectric HMMs described by Eq. 1.19, we

also investigated a possibility of topological transition in a WM with

artificial magnetic properties, namely in a WM whose effective per-

meability tensor is uniaxially anisotropic, and studied how the topo-

logical transition effect influences the radiation from both magnetic

(e.g. molecules with magnetic optical states) and electric emitters.

Chapter 3 is allocated to this part of my studies which resulted in

three journal publications [III,IV,V]. I hope that my results would be

useful for infrared optical sensing, for radiative cooling of small ra-

diation sources (such as quantum dots), and, generally, for the whole

area of nanophotonics.
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2. Wire Metamaterials for Radiative
Heat Transfer

2.1 Radiative heat transfer

In 1871, James Clerk Maxwell described heat in the first chapter of his

classic book “Theory of Heat” as: Heat, then, is something which may be

transferred from one body to another, so as to diminish the quantity of heat

in the first and increase that in the second by the same amount... We have

therefore a right to speak on heat as on a measurable quantity, and to treat

it mathematically like other measurable quantities so long as it continues

to exist as heat. We shall find, however, that we have no right to treat

heat as a substance, for it may be transformed into something which is not

heat, and is certainly not a substance at all, namely, mechanical work...We

have, therefore, reason to believe that heat is of the same nature as me-

chanical work, that is, it is one of the forms of Energy...we must first direct

our attention to the process by which heat is transferred from one body to

another. This process is called the Diffusion of Heat...Three processes of

diffusion of heat are commonly recognized – Conduction, Convection, and

Radiation. Conduction is the flow of heat through an unequally heated

body from places of higher to places of lower temperature. Convection is

the motion of the hot body itself carrying its heat with it. If by this motion

it is brought near bodies colder than itself it will warm them faster than if

it had not been moved nearer to them...In Radiation, the hotter body loses

heat, and the colder body receives heat by means of a process occurring in

some intervening medium which does not itself become thereby hot.

Today, we use the term radiative heat transfer (RHT) to refer to the

third process of the diffusion of heat mentioned by Maxwell, and we know

that this type of transmitting the heat is due to electromagnetic waves.

As the Scottish physicist explicitly mentioned in his book, the RHT is a
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measurable quantity. Probably, the most perceptible example of RHT is

our experience in cold winters while the sky is clear. When one is standing

in front of the sun, he/she may realize little changes in the temperature

of his/her body so that it gets warmer.

Till the middle of the twentieth century, the focus on RHT was mainly to

perceive the concepts such as emittance, absorbance and radiation emit-

ted by a body at a certain temperature [15,16]. Thanks to all these works,

we have understood that all the bodies in the universe are absorbing or

emitting electromagnetic waves, and their non-zero temperature deter-

mines the strength and wavelength of the emission or absorption. How-

ever, to the best of our knowledge, before 1971 the scientists mainly con-

sidered the far-field limit (Planckian radiation). By this term, we mean

that the distance between the hot and the cold bodies was assumed to be

optically large.

In 1971, D. Polder (1919–2001) and M. Van Hove calculated the RHT

between two semi-infinite bodies separated with a vacuum gap [17]. This

problem was first formulated by S. M. Rytov (1908–1996), who wrote the

general formula for RHT in his classical book [18]. However, Rytov has

not finalized his derivation. He finished it by a proof that the RHT exceeds

the blackbody limit when the vacuum gap between two media having two

different temperatures squeezes and becomes smaller than the charac-

teristic wavelength. The characteristic wavelength of RHT is that corre-

sponding to the maximum of the thermal radiation spectrum of a hotter

of two media. Rytov proved that RHT in the case of an optically narrow

gap essentially depends on the gap width d that allows the RHT between

two realistic media to noticeably exceed the RHT between two blackbod-

ies. Blackbody is a bounded medium whose surface completely absorbs

the incident propagating waves but does not interact with the incident

evanescent waves.

Therefore, the prevailing of the RHT between two half-spaces over the

blackbody radiation was predicted already in 1953 (in fact in 1951, when

the Russian version of Rytov’s book was published). Polder and Van Hove

completed Rytov’s study: they have shown that for optically narrow gaps

the RHT is proportional to 1/d2 until the distances when the Van-der-

Waals forces appear. They confirmed Rytov’s expectations that the gain

compared to the RHT between two blackbodies originates from the elec-

tromagnetic evanescent waves that are usually confined at the surface

of the emitting body. Here, it is worth noticing that these waves give a
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contribution into RHT because multiple reflections of evanescent waves

between two closely located interfaces result in pairs of mutually coher-

ent evanescent waves. In accordance to Rytov, such pairs transport elec-

tromagnetic energy if the media have at least infinitesimal optical losses.

However, thermal radiation from the hotter medium and its absorption

by the colder one obviously imply some optical losses in both hot and cold

media.

Transmission of the wave through a subwavelength vacuum gap be-

tween two transparent materials (dielectrics), when the evanescent wave

origins from the total internal reflection in the top dielectric was experi-

mentally revealed by Isaac Newton in the end of XVII century and theo-

retically explained by Augustin-Jean Fresnel (1788–1827) 120 years later.

This effect is called frustrated total internal reflection and is very well

known (and widely used) in optics. However, the same effect, in accor-

dance to Rytov (that was confirmed by Polder and Van-Hove), holds also

for evanescent waves in the gap between two metal bodies and between

metal and dielectric bodies. Evanescent waves on the surface of metal

are well known: they are surface plasmon polaritons. Therefore, a more

general term is used for the energy transport by paired evanescent waves.

In nanophotonics this effect is called photon tunnelling. Due to the pho-

ton tunnelling, the RHT may increase remarkably compared to the pre-

dictions of the Planck theory of blackbody radiation. The RHT in this

situation becomes super-Planckian.

From beginning of the XXI century, many researchers specializing in the

radiative heat concentrated their efforts on this effect. Their works cre-

ated a scientific direction called near-field radiative heat transfer (NFRHT).

Key papers in this field, to my opinion, are as follows: [19–31], however,

the total amount of journal papers on NFRHT approaches 200. In my

opinion, there are two logical reasons justifying these huge efforts. The

first reason is a revolution in the field of nanoscience and nanoengineer-

ing. This revolution has given a practical possibility to manage submi-

cron distances between the hot and cold bodies, that was impossible in

the time of Rytov and Polder. The second reason is a possibility to en-

hance the RHT compared to that between two blackbodies by an order of

magnitude and even more (Rytov in his book predicted the multiplication

of the blackbody RHT by several times only). Huge values for the gain in

RHT predicted in aforementioned theoretical works were later confirmed

experimentally and opened the door for developing new applications such
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as thermal transistor [32], fast radiative cooling of nanostructures [33],

thermal rectification [34, 35], heat-assisted magnetic recording [36], and

so forth.

2.2 Thermophotovoltaics

One of the prominent influences of the NFRHT is on the technology of

thermophotovoltaics (TPVs). This technology, initially introduced by Pie-

rre Aigrain in late 1960 [37], is a direct energy conversion based on the

commonly known photovoltaic effect. Accordingly, the radiating photons

emitted from a hot source are absorbed by a cold semiconductor, and con-

verted into a pair electron-hole. The cold semiconductor has a p-n junc-

tion and represents a photovoltaic diode operating in the infrared range.

Therefore, electron-hole pairs form photocurrent like in solar cells.

A typical TPV system is shown in Figure 2.1. These systems are called

far-field TPV systems due to the large distance between the emitter and

the semiconductor. The emitter is supposed to have a high temperature

(about TE = 1500 K–2000 K). This temperature is needed in order to emit

sufficient power density (recall that the Stefan-Boltzmann law states the

dependence T 4
E for thermal radiation).

However, employing evanescent waves it is possible to increase the amo-

unt of power delivered from the emitter into the semiconductor, compared

to that radiated by a blackbody at the temperature TE and absorbed by

another blackbody, in other words, to overcome the Planckian limit for

the RHT. As mentioned before, researchers bring the emitter and the pho-

tovoltaic (PV) cell close to each other and due to the photon tunnelling the

Planckian limit is exceeded in a wide frequency range by several orders of

magnitude. Therefore, even a very small difference of the temperature TE

from the temperature TC of the PV cell results in a noticeable photocur-

rent.

These TPVs are called near-field TPVs and they have attracted signifi-

cant attention in recent years due to a possibility to measure in this way

very tiny temperature gradients. A multitude of near-field TPVs have

been studied [38–49]. It is worth noting that the photon tunnelling can be

made resonant and the RHT frequency selective. For it one employs the

mutual coupling of surface-plasmon/phonon polaritons (SPPs) that stay

at the two interfaces of the vacuum gap – that between the emitter and

free space and that between the PV cell and free space. To enhance the
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Figure 2.1. Schematic of a conventional far-field TPV system.

mutual coupling, for example, a graphene sheet is used on top of the semi-

conductor.

However, near-field TPVs are hardly suitable for the generation of elec-

tricity. Photovoltaic cells operating in the mid IR range cannot work with-

out a cryogenic cooling i.e. would consume more energy than can be pro-

duced. As to PV cells operating in the near IR range, the wavelengths in

this range are rather short, and the width of the vacuum gap required for

super-Planckian RHT is less than 50 nm [50]. To support a so tiny gap

over a practically important area is a challenging issue. First, the gap

between the emitter and the PV cell must be vacuum, otherwise the air

molecules will heat the PV cell to the temperature TE and the RHT will

stop. This is so because the mean free path of the air molecules is equal

to 50–60 nm at the normal atmospheric pressure (and grows when the

pressure decreases). To prevent the thermal conductance killing the key

prerequisite of the RHT – the difference between TE and TC – one must re-

move the air completely from the submicron gap. This implies a vacuum

camera whose thermo-insulating walls are connected to both PV cell and

emitter. This camera determines the so-called TPV cavity. For the pur-

pose of the electric generation the minimal area of the TPV cavity must

be as large as a few cm2 [51]. How to maintain the parallelism of two flat

surfaces as large as a few cm2 with the gap between them as tiny as 10–

50 nm? For the instance such cavity structures are not feasible – known

NFTPV systems dedicated for temperature sensing have the TPV cavity

of the area of a few square microns (and produce photocurrents on the

level of 1 nanoAmpere). However, even if we imagine that large-area TPV
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cavities of the thickness 10–50 nm exist, we cannot prevent their over-

critical distortion at high temperatures. At the temperatures of the order

800–1000 K any refractory material whose surface has the size of the or-

der of 1 cm or more will extend at least by dozens of micrometers. Then

the emitting surface and the PV cell of a NFTPV generator will touch one

another and the generator will be destroyed. This means that prospective

NFTPV generators must work at low temperatures and require the cre-

ation of new synthetic semiconductors which would possess a significant

PV effect at room temperatures [51].

However, in this situation some researchers started to think about a

larger vacuum gap between the hot and cold surfaces that would be modi-

fied somehow in order to provide a super-Planckian RHT. In 2011, I. Nefe-

dov and C. Simovski proposed a super-Planckian TPV system whose gap

can be as substantial as 1 micrometer or even more [52]. Thermophoto-

voltaic systems with such the TPV cavity are conventionally referred to

the so-called micron-gap thermophotovoltaics (MTPV) [53,54]. In contrast

to NFTPV structures having a very small TPV cavity, MTPV systems can

be realized on a macroscopic area, whereas the gaps larger than 500 nm

stand the temperatures even higher than 1000 K. The gap is maintained

by a sparse system of special spacers of porous quartz [53, 54]. Thermal

conductance through these spacers turns out to be much lower than the

RHT due to their sparsity. In our opinion, such systems seem to be more

promising for generating electricity than the NFTPV systems.

Work [52] reported a way to get a super-Planckian RHT not due to

the photon tunnelling through the gap but due to the conversion of the

evanescent waves into propagating ones at the gap sides. In the sug-

gested structure, the vacuum gap is filled by two arrays of nanowires

forming two layers of WM. Nanowires are grown on both hot and cold

sides of the TPV cavity so that the cold nanowires do not touch the hot

ones. Therefore, the needed thermal gradient is preserved. Two WM lay-

ers convert the evanescent waves at the sides of the vacuum gap into the

propagating ones. Due to the interdigital arrangement of the hot and cold

nanowires, the result for the RHT is nearly the same as if the whole gap

was filled with three layers of WM. The effective filling of the vacuum gap

is then complete and the RHT exceeds the blackbody limit. In [52], one

suggested to use carbon nanotubes, operating in the mid IR and granting

wide-band super-Planackian RHT. For the total spectrum, the blackbody

limit in that structure is exceeded by 4 orders of magnitude. However, this
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structure was dedicated for sensing tiny temperature gradients, i.e. sug-

gested as an alternative to the existing NFTPV temperature sensors. For

prospective electric generators utilizing the same approach, the WM im-

plemented of metal nanowires is needed and the operation must be in the

near IR range. This idea was also suggested in the end of [52], however,

not developed in that work.

Here, it is important to note that the electric generation requires fre-

quency selective RHT. For the system with super-Planckian RHT it means

that the frequency spectrum of the transferred radiative heat should ex-

ceed the blackbody radiation spectrum in a narrow frequency band, and

it should be below the blackbody radiation spectrum at other frequencies.

This frequency selectivity is indispensable for TPV electric generators

by two reasons. First, the spectrum of RHT below the band gap frequency

ωg of the PV cell is parasitic. The thermal radiation at frequencies below

ωg if absorbed in the PV cell is fully dissipated – the electron-hole pair

cannot be created by sub-band photons. This dissipation is not important

when TE is very low as in NFTPV sensors. However, in electric generators

with TE ≈ 1000 K absorption of the sub-band thermal radiation would

result in overcritical heating of the PV cell.

Second, the photons with too high energies �ω � �ωg, where � is the

Planck constant, produce electron-hole pairs whose life-time is very short.

Such pairs may avoid recombination because the static electric field in

the photovoltaic diode separates the charges. However, they obviously

lose the excessive energy �(ω − ωg) transiting to lower optical states be-

fore they attain the current-collecting electrodes. This relaxation, as well

as the sub-band absorption, implies harmful heating of the PV diode that

decreases its efficiency to a few percent even if the sub-band thermal radi-

ation is reflected. Therefore, the optimal frequency band of the operation

of a photovoltaic diode impinged by high-intensity thermal radiation is

narrow. It is practically determined by the thickness of the bandgap edge

state – frequencies are in between ωg and ωg + 2kTC/�, where TC is the

temperature of the PV cell. The center of this optimal band is usually

denoted as ω+
g . Designing the TPV electric generator one tries to increase

the RHT spectrum at ω+
g and to maximally decrease it at low and high

frequencies.

The filter shown in Figure 2.1 performs namely this function – it reflects

the thermal radiation at frequencies outside the narrow operation band.

In the simplistic model of a TPV generator the thermal radiation reflected
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Hot medium

PV medium

Figure 2.2. Schematic of a micron gap TPV system using interdigital structure.

from the PV cell is not lost – it is fully spent for maintaining the tempera-

ture TE maximally close to the temperature of the heat source, impinging

the back side of the emitter. However, in fact, the reflected out-of-band

electromagnetic power is partially lost – during the multiple reflections

from the top and bottom sides of the gap these waves travel towards the

thermo-insulating walls located at the lateral sides of the TPV cavity and

are, finally, absorbed in them. Therefore, instead of the optical filter, one

prefers to engineer frequency-selective emitter with a resonant thermal

radiation at ω+
g [55–57].

The authors of [52] continued by introducing a structure for TPV appli-

cations [58]. The structure is illustrated by Figure 2.2. In this work, the

emitter can be hardly shared out from the TPV system. The TPV cavity ef-

fectively contains 5 WM layers which origin from two arrays of nanowires

grown on both cold and hot sides. Again, hot and cold nanowires form an

interdigital structure with a nanometer interval of overlapping as shown

in the figure. All WM layers comprising hot nanowires also contribute to

the frequency-selective RHT which turns out to be strongly super-Plan-

ckian at ω+
g and suppressed at both high and low frequencies [58]. This

is so because the interdigital structure with properly chosen design pa-

rameters causes a noticeable impedance mismatch at all frequencies out-

side the narrow band in which all the layers are matched to the PV cell.

Then the thermal radiation propagates without internal reflections as if

the whole structure were a continuous medium. This results in super-

Planckian RHT whose spectrum at frequency ω+
g exceeds that of the black-

body radiation by 3 orders of magnitude.

In spite of these remarkable predictions, the structure suggested in [58]

does not stand the critics of its practical applicability. First, the interdig-

ital nanostructure is challenging for fabrication. Hot and cold nanowires
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should have no mechanical contacts, otherwise the thermal conductance

will destroy the operation. This condition is very difficult to respect in

practice and such a generator would be very expensive.

Second, the seemingly useful resonant RHT predicted in [58] turns out

to be useless because it is too high. Even within the optimal operation

band the efficiency of the PV cell is not 100%, and a significant part of the

absorbed heat is not converted into electricity and results in heating that

cannot be compensated by a usual cooling frame. Active cooling systems

should be designed, that would consume a part of produced electricity.

Therefore, more feasible structures are needed. One has to optimize

them taking into account their temperature regimes. This was done in

works [II,VI] where new MTPV electric generators were suggested and

theoretically studied. Before describing these new TPV systems, we should

firstly discuss an important problem. All the results in Ref. [58] were

achieved using the theory of the effective medium model (EMM). It is

straightforward to understand, that we need a valid EMM in order to

develop TPV systems enhanced by nanostructured MMs. First, only the

EMM allows us to really optimize the structure because it is an analytical

model. Optimization by applying full-wave simulators takes a long time,

and purely numerical data are difficult for interpretation and can be con-

fusing. Second, to the best of our knowledge, using commercial software,

it is hardly possible to take into account the thermal radiation generated

by nanowires. This effect is never negligible since the nanowires have

approximately the same temperature as that of the hot medium. In prin-

ciple, a full-wave simulation is possible also for an array of nanowires.

For example, in [59] using the Green function of the lattice of carbon nan-

otubes modelled as line sources with known impedance per unit length it

was possible to take into account the contribution of the lattice into RHT.

However, the approach based on the exact Green function of the array is

also time-consuming and requires a modification of the code for each kind

of the WM. By employing the EMM, we drastically simplify our task be-

cause we can easily and fully analytically take into account the radiative

heat produced by nanowires. Therefore, the EMM is a very useful and

favourable tool for us to analyse the TPV systems. However, the applica-

bility of the EMM for WM to the problems of RHT has never been studied

previously. It should have been confirmed by full-wave simulations be-

fore using that EMM for designing practical MTPV generators enhanced

by nanowires. In [I], we analysed the applicability of the EMM in these
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problems.

2.2.1 Validity of the effective medium model

As it is clear from Chapter 1, the wire medium is spatially dispersive at

all frequencies. The axial component of the effective permittivity depends

on the axial component of the wave vector as indicated in Eq. 1.19. If we

replace the effective permittivity components in the dispersion relation of

the TM wave described by Eq. 1.3, we see that there are two solutions for

the axial component of the wave vector kz. One can obtain the following

expression:

k2z =
1

2εh

[
ε⊥(k2h − q2) + εh(k

2
h + k2c − k2p)

±
√[

ε⊥(k2h − q2)− εh(k
2
h + k2c − k2p)

]2
+ 4εhε⊥k2pq2

]
.

(2.1)

Here, we also take into account the background material having the rel-

ative permittivity εh, and therefore, kh = k0
√
εh corresponds to its wave

number. In the above equation, we have kc = kp/
√
fv(1− εr/εh). Indeed,

the parameter kc is important for the shape of the IFS of the TM wave. If

the absolute value of the relative permittivity of the metal is very large

compared to the relative permittivity of the host medium, i.e. |εr|/εh � 1,

then kc turns out to be much smaller than the plasma wave number kp. In

this case, there is a real solution for kz while the other solution of Eq. 2.1

corresponds to an evanescent wave since Re[k2z ] < 0. At infrared frequen-

cies, metals such as silver and gold possess a highly negative relative per-

mittivity (Re[εr] � −1). Therefore, the above claim is true for this range.

Concentrating on the first solution that is real in the lossless case, we see

that kz ≈ k0
√
ε⊥. It is one of the interesting features of the wire medium

whose wires have |εr| � 1. It means that kz does not depend on q, and

therefore, the isofrequency contour (projection of the IFS to the xz-plane)

is almost a flat line. We know that in the reciprocal space, the Poynting

vector is normal to the IFS. Consequently, for WM, the Poynting vector

is parallel to the optical axis meaning that the power density propagates

along the wires. Due to this feature, the wave is a quasi-TEM wave. Now,

if we substitute kz = k0
√
ε⊥ into Eq. 1.19, and keep in mind that ε⊥ ≈ εh

according to Eq. 1.19, we obtain the following expression for the parallel

component of the effective permittivity:

ε‖ = fvεr + (1− fv)εh. (2.2)
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Hot medium
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Figure 2.3. Schematic of the 6-layer structure.

This formula for ε‖ can be also derived by using only the classical quasi-

static homogenization model. Therefore, we may state that the quasi-

TEM approximation of the EMM is equivalent to the EMM achieved by

the known static mixing rule. We emphasize that this is true only at the

frequencies lower than the visible band where the real part of the relative

permittivity is highly negative.

Our target now is to check the applicability of the simplified EMM to the

problem of RHT. The structure under study is shown in Figure 2.3. We as-

sume that the array of nanowires is grown in the second layer which has

the thickness equal to d2. The wires are made of gold. Also, as the figure

indicates, the nanowires have a standing-free part whose length is d3. The

PV cell (named as Cold medium) is the bottom layer of the structure and it

is covered by a thin bonding film (thickness d5) which also plays the filter-

ing role. Between this film and the ends of the free-standing nanowires

we assume a vacuum gap that prevents contact of the hot nanowires to

the bonding film of the PV cell. The hot material is assumed to be a semi-

infinite low-loss transparent material whose relative permittivity is high

(semiconductor). This assumption implies that high spatial frequencies

propagate in the medium since the maximum spatial frequency is a func-

tion of the medium refractive index n1 (qmax = k0n1 ≡ k0
√
ε1). If n1 � 1,

waves with spatial frequencies k0 < q < qmax propagate in medium 1 and

are evanescent in the gap between the film and the nanowires. However,

since the gap is very subwavelength, the heat is transported through it

due to the photon tunnelling. In the calculations of the RHT spectral

function, we substitute the nanostructured layers 2 and 3 by two effective

media with permittivities (ε(2)⊥ , ε
(2)
‖ ) and (ε(3)⊥ , ε

(3)
‖ ), respectively.

As we mentioned before, our goal in this work is only to check the va-

lidity of the EMM. We did not intend an optimized RHT spectrum to be

34



Wire Metamaterials for Radiative Heat Transfer

achieved. Hence, the parameters including the relative permittivities of

the host media, thickness of the layers, the array period and finally the

radius of the gold nanowires were varied arbitrarily. The values of these

parameters can be found in [I]. We numerically calculated the RHT func-

tion using the simplistic EMM (or alternatively we can say the quasi-TEM

approximation of the correct EMM) and compared the result with that

obtained by using a 3D full-wave electromagnetic fields simulator. The

power transmission spectrum M of any multilayer with an arbitrary pe-

riodical internal structure can be expressed through the spatial spectrum

of the power transmittance N :

M(ω) =
1

π2

∫ qmax

0
N(ω, q)qdq, (2.3)

where N(ω , q) is determined by the wave impedances of the constitutive

layers [60]. This parameter for whatever spatial harmonic can be ob-

tained either by an exact electromagnetic simulator, or via the transfer

matrices of all layers which, in their turn, can be calculated analytically

using the EMM. The transfer matrix of a layer can in principle be calcu-

lated accurately via its Green function, as it was done in [52]. However, in

order to avoid home-made codes in this work for calculating the spectral

transmittances we used ANSYS HFSS software [61]. The power transmis-

sion spectrum M completely determines the RHT, because the spectrum

of RHT is obtained through M and Planck oscillator functions of every

hot layer [60]. Therefore, the spectral function M(ω) is called the RHT

function.

In our analytical model each transfer matrix relates the tangential com-

ponents of the electric and magnetic fields at the two sides of a layer,

and the total transfer matrix is the multiplication of all transfer matrices

corresponding to each layer of the structure. Therefore, in our structure

under study, there were 4 transfer matrices. Finally, the transmission and

reflection coefficients were easily calculated as shown in Ref. [60]. Here,

for simplicity of the problem, we only considered the radiative heat trans-

fer from the hot to the cold semi-infinite layer. Since the nanowires are

connected to the hot plane, they have approximately the same tempera-

ture. However, if the EMM is valid for calculation of the RHT from the hot

to the cold plane, it is certainly valid as well for calculation of the RHT

from the effective layers (d2 and d3) to the cold one.

Figure 2.4(a) shows the RHT function versus frequency. It was achieved

using EMM (blue color) and the full-wave simulations (red color). To see
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Figure 2.4. The RHT function for two sets of parameters associated with the structure
shown in Figure 2.3. The blue and red colors correspond to EMM and simu-
lation results, respectively, and the black curve represents the RHT function
in the absence of the nanowires. The sets of the design parameters can be
found in [I].

the effect of the nanowires on the RHT, we have also shown the RHT func-

tion when the nanowires are absent in the structure under study. As it can

be observed from the figure, there is a good agreement between the EMM

and the full-wave simulations. This agreement allows us to continue and

analyse the performance of the proposed TPV systems using the EMM as

a numerical tool, especially important for the optimization. Comparison

between the red/blue and black curves indicates that the nanowires in

fact increase the RHT, although the gain is not significant. The gain in

the RHT function granted by the nanowires is not very high because the

parameters of the structure are not optimal.

The result corresponding to another set of parameters is shown in Fig-

ure 2.4(b). In this case, the RHT function had more enhancement due to

the presence of the nanowires. Also, this RHT function is frequency selec-

tive in contrast to the RHT function shown in Figure 2.4(a). This type of

spectrum is desirable for TPV generator applications as we have discussed

before. Definitely, more selectivity may be possible by further tuning the

parameters. However, in this work, we stress again that the goal is to

check the validity of the EMM. For both sets of the design parameters,

there is a good agreement between the EMM and the simulations.

However, not all possible designs of a MTPV system enhanced by nano-

wires yield to the structure sketched in Figure 2.3. In work [I] we have

considered several design solutions for the micron gap filled with wire

media and for one of them the simplistic EMM did not work – only the

spatially dispersive variant of the EMM with additional boundary con-
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ditions allowed us to obtain adequate results for the RHT. This was the

variant when the vacuum gap between cold and hot nanowires vanishes

(a limit case of the interdigital structure) and the free-standing parts of

the nanowires are much longer than the embedded ones. However, in this

case the replacement of the gold nanowires by tungsten ones (with the

same thickness and length) removed the difference between the simplistic

and the advanced (spatially dispersive) homogenization model of the WM.

Therefore, we have concluded that the EMM is, in principle, applicable to

the problems of RHT in MTPV systems, whereas its simplistic version is

applicable for the case if the nanowires are performed of a lossy metal

with a high absolute value of the relative permittivity, such as tungsten.

In all future studies of MTPV generators, in order to avoid complications

we implied that the nanowires are made of tungsten. Therefore, we fur-

ther used the simplistic EMM hereafter, instead of the non-local version

of EMM corresponding to Eq. 1.19.

2.2.2 Micron-gap thermophotovoltaic system operating at high
temperatures

Our new design of the MTPV is shown in Figure 2.5. The new design does

not have the challenging interdigital structure. Therefore, the probability

of the conductive heat transfer through the occasional contact of the hot

and cold nanowires is prevented. In the new design, we used indium

gallium arsenide (InGaAs) as the PV cell. This semiconductor belongs

to the III-V compound semiconductors, and its bandgap energy Eg varies

from 0.36 eV to 1.42 eV by changing the ratio of InAs (Eg = 0.36 eV) and

GaAs (Eg = 1.42 eV). In this work, we chose a thick layer of In0.68Ga0.32As

whose bandgap energy is equal to Eg = 0.6 eV. Voltage factor, quantum

efficiency and fill factor of this PV cell operating at room temperature can

be found in Ref. [62].

On the other hand, we used silicon carbide (SiC) as the emitter of the

new MTPV design. In the numerical calculations, we assumed that the

emitter was semi-infinite, and its operating temperature was 2000 K that

is a high temperature for the emitter. The complex refractive index of

SiC was taken at this temperature. We substituted tungsten nanowires

instead of the gold ones compared to the previous structure illustrated

by Figure 2.3. Bulk tungsten can withstand temperatures up to 3695

K, and nanowires will stand 2000 K. Tungsten nanowires are connected

to the emitter. The effect of temperature gradients across this complex
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InGaAs [T = 300 K]

SiC [T = 2000 K]

Bonding film
Tungsten

Figure 2.5. Schematic of micron-gap thermophotovoltaic system enhanced by hot
nanowires.

emitter is not significant, due to high thermal conductivity of tungsten.

Therefore, nanowires have the same temperature T = 2000 K along their

length. Both effective WM layers – that where the nanowires are grown

and that of the free-standing parts – generate radiative heat. The radi-

ation from these layers plays an important role in total RHT comparable

with that of the solid part of the emitter and even dominating in the res-

onance band. To take the emission of all hot layers into account we used

the method of calculating the RHT through the impedance matrices of

the layers introduced in Ref. [59]. Since the impedance matrices can be

found strictly – through the Green function of the structured layers – this

method is rigorous. However, we apply it together with the EMM in order

to simplify the optimization. This approach is very suitable for a multi-

layer structure where different layers having different temperatures may

contribute into total RHT. According to the method, the total power flux

into the PV cell from all other layers is expressed as

S =
1

2π

n−1∑
i=1

∫ ∞

0
dω

∫ ∞

0
P i→nqdq, (2.4)

where

P i→n =
2

π

Θ(ω, T (i))R
(i)
eff

|Z(n−1)

in− + Z(n)|2
Re[Z(n)]. (2.5)

In the above equations, q is the spatial frequency and P i→n is the spatial-

frequency spectrum of RHT produced by the ith layer. In other words, it

is the power which is transferred per unit area from the ith layer to the

nth layer per unit interval of frequencies ω and unit interval of spatial

frequencies q. Here, PV cell is the nth layer of the structure (in our de-

sign n = 6). The function Θ(ω, T ) represents Planck’s mean energy of a
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harmonic oscillator and it is given by

Θ(ω, T ) =
�ω

exp(
�ω

KBT
)− 1

, (2.6)

in which KB is the Boltzmann constant. The effective resistance (Reff ) and

the impedances (Z) can be found in Ref. [59].

In numerical calculations, we considered also some restrictions. Firstly,

the tiny gap between the ends of the free-standing nanowires and the

bonding film was at least 10 nm. This is due to the deviation in length of

the nanowires dictated by ultimate fabrication tolerances. Secondly, the

low-loss dielectric materials in the near IR range have the relative per-

mittivity lower than 5. Therefore, in our optimization we assumed that

the relative permittivities of the host medium (where the nanowires are

grown) and the bonding film were restricted by the interval 1–5. Further-

more, the minimal length of the free-standing parts of the nanowires was

at least 500 nm. This minimum length can be provided by the existing

technology of fabrication of MTPV systems (see above). Finally, the vol-

ume fraction of the nanowires should not be high due to the accuracy of

the EMM discussed in the previous Section.

The goal was to achieve a frequency-selective spectrum (in order to in-

crease the efficiency of the MTPV system) and an appropriate gain with

respect to the blackbody limit. In this study, the overall PV efficiency was

expressed as the multiplications of the voltage factor, quantum efficiency,

filling factor and ultimate efficiency. The latter one is very important

for us since it indicates the frequency-selectivity of the RHT spectrum.

The RHT below the bandgap energy of the PV cell should be reduced dra-

matically, as mentioned before. In this scenario, the ultimate efficiency

increases resulting in a better performance of the MTPV system. This

efficiency can be written as [62]

ηUE = �ωg

∫ ω+

ωg

(dS/dω)

�ω
dω

∫ ω+

ω−
(
dS

dω
) dω

. (2.7)

Here, the frequency interval (ω−, ω+) is the radiation band. Therefore, we

optimized our new design from this point of view. The optimized values

for the parameters of the structure can be found in [II].

Figure 2.6(a) illustrates the spectrum of the total RHT, and Figure 2.6(b)
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Figure 2.6. (a) Blue and green curves correspond to RHT in presence and absence of
nanowires, respectively. Black curve shows the blackbody spectrum, and the
magenta curve corresponds to RHT in the case of vacuum gap between the
emitter and the PV cell. Red lines indicate the bandgap frequency of the
semiconductor. (b) Blue, black and magenta curves correspond to the contri-
butions of the emitter, third and second layers, respectively. The sets of the
design parameters can be found in [II].

shows the percentage of relative contributions of emitter and the array of

the nanowires (forming two effective wire media) into spectrum of total

RHT at each frequency. As the figure shows, the RHT in the presence of

the nanowires is higher than the RHT in the absence of the nanowires,

and it is frequency-selective. The RHT has a maximum at almost 200

THz which is above the bandgap frequency of the PV cell. However, the

RHT curve did not fall rapidly below the bandgap frequency. We achieved

the ultimate efficiency equal to ηUE = 50.1%. It is worthwhile to note that

this efficiency was much lower when the nanowires were absent. Conse-

quently, the nanowires caused to increase both the useful RHT (by con-

verting the evanescent waves to propagating ones) and the efficiency of

the MTPV system (by affecting the impedance matching). Figure 2.6(b)

implies that the contribution of the free-standing nanowires into RHT in

comparison to the emitter contribution was not negligible especially at the

resonance frequency of 200 THz.

In [II], we also calculated the electric output per unit area (p.u.a) of the

PV cell. According to these calculations, the output electric power was

approximately Pelec = 3.3 W cm−2. This value is much larger than the

values claimed for conventional TPV systems [62]. Since the total PV effi-

ciency is not high, thus a large portion of the radiative heat flux absorbed

by the PV cell is dissipated as heat. This may result in an increase in

the temperature of the PV cell. However, the temperature of the PV cell
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Figure 2.7. New MTPV system with cold nanowires.

should be kept near the room temperature. This can be done by using a

frame cooling system. Therefore, in the continuation of our analysis of

the proposed MTPV system, we also calculated the dissipated power p.u.a

and compared it to the wasted power which could be evacuated p.u.a by

a water cooling system. We showed that the dissipated power p.u.a was

below the value of the heat power p.u.a evacuated by the cooling system.

Therefore, our proposed TPV system can be a proper option for efficient

heat-to-electric generators.

It is worthwhile to mention that in [II], we also analysed another MTPV

system whose design was similar to MTPV system shown in Figure 2.5.

However, in this second design, there were nanowires on the cold side in

addition to the nanowires on the hot side. These cold nanowires were as-

sumed to be grown in the dielectric material on the PV cell. A tiny vacuum

gap separated the hot side from the cold one. However, the results corre-

sponding to the optimized parameters were slightly different from those

results discussed for the first MTPV system (having only hot nanowires).

2.2.3 Micron-gap thermophotovoltaic system operating at low
temperatures

Today, many devices around us operate at temperatures lower than 2000

K. The temperature 2000 K as in the previous example requires either

special gas burners or application of the TPV generator in combustion

cameras. The area of application of the TPV generator described above is

rather narrow. However, cars are everywhere. The shell of a car exhaust-

ing pipe in the peak regime has the temperature equal to T = 500 ◦C = 773

K. Though existing thermoelectric generators may produce electricity out

of this wasted heat, the output power is not striking. In [VI], our target
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was to design a new MTPV system that while it operates at this relatively

low (for TPV generators) temperature, but it may give a noticeable out-

put power. In order to reach this goal, we revised our previous system

illustrated by Figure 2.5. These modifications are described below.

1. In the new design, the hot nanowires are absent. Instead, we used

cold nanowires grown in a dielectric material on the semiconductor.

The reason to do that is the lifetime of the system. Due to the ther-

mal emission of hot electrons from tungsten nanowires, the corre-

sponding lifetime is not long. In the previous work [II], we neglected

this effect. However, we decided to bring the nanowires to the cold

part of the structure and give a realistic design. This revision in the

structure definitely affects the RHT spectrum because there is no

thermal radiation anymore generated by effective wire media in the

structure (since we assumed the temperature of the effective layer

was the room temperature).

2. We employed heavily doped silicon (HD-Si) instead of SiC in the

new design. The problem with SiC is the fact that it emits in a

broad frequency range. That is why the RHT was not small before

the bandgap frequency of the InGaAs shown in Figure 2.6(a). The

problem can be solved by using a plasmonic material, or generally

speaking, any material which supports surface plasmon/phonon po-

laritons (SPPs). The SPPs are the electromagnetic excitations prop-

agating along the surface of the material [63]. These surface waves

can be thermally excited. Using the Drude model for the relative

permittivity of the material, we see that the density of the surface

modes remarkably enhances at a specific frequency approximately

equal to ωp/
√
2 (ωp represents the plasma angular frequency of the

material). At this frequency, the real part of the relative permittiv-

ity is −1. Here, we used HD-Si that supports a SPP resonance at a

frequency higher than the bandgap frequency of the PV cell.

3. We replaced InGaAs by indium antimonide having the chemical for-

mula as InSb. The reason for changing the PV cell was due to the

low temperature of the emitter. This level of the temperature (500
◦C) requires a low bandgap-energy semiconductor.

The new efficient and promising MTPV design for operating at low tem-

peratures is shown in Figure 2.7. Indeed, in addition to the above changes

that were related to the structure and materials of the corresponding
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Figure 2.8. Equivalent electric circuit of a PV cell serving as an electric generator.

MTPV system, we also changed our method to calculate the output electric

and the efficiency of the system. Here, in [VI], we applied the minority-

carrier transport model (see, for example, [43, 48]). We believe that this

method is much accurate and rigorous to analyse the MTPV system rather

than the Shockley-Quesser method based on the calculation of partial ef-

ficiencies and their multiplication, that we used in our previous work [II].

According to the minority-carrier transport model, the photocurrent p.u.a

generated in the PV cell is calculated by the gradient of the carrier concen-

tration at the edge of the depletion region. The drift current is also taken

into account in this approach. To achieve the efficiency of the system, we

introduced the PV conversion efficiency that is in fact the maximal elec-

tric output power p.u.a (Pelec) divided by the total power flux absorbed by

PV cell (S). Therefore, we have

η =
Max[Pelec]

S
× 100%. (2.8)

The electric output power is equal to Pelec = J ·V in which J is the current

in the load (divided by the PV cell area) and V represents the load voltage

as shown in Figure 2.8. The maximal Pelec corresponds to the optimal

load.

We optimized the structure in order to get high values for both η and

maximal Pelec. The optimized values for the parameters of the struc-

ture have been mentioned in publication [VI]. Figure 2.9(a) shows the

spectrum of the RHT, and Figure 2.9(b) indicates the load voltage-ampere

characteristic (J−V curve). As the figure implies, the RHT is much larger

than the blackbody limit, its spectrum is narrowband, and the significant

part of such spectrum is above the bandgap frequency of the InSb. In this

scenario, we could achieve Pelec = 26 kW m−2 at the optimal load which

corresponds to the conversion efficiency equal to η = 13%. In this work

[VI], we imposed the restriction on the free-standing nanowires length

such that the thickness of the host dielectric should be at least 60% of
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Figure 2.9. (a) The blue and black solid curves correspond to our proposed MTPV system
and the blackbody RHT, respectively. The blue, green and magenta solid
curves are for d = 10, 20 and 30 nm, respectively. d is the thickness of the
tiny gap between the end of cold nanowires and the emitter. (b) The blue and
dashed curves correspond to the current density of the load and the diode,
respectively (d = 10 nm). The sets of the design parameters can be found in
[VI].

the total length of the nanowires (for practical point of view). However,

by softening this restriction and optimizing again the structure, we ob-

tained a remarkable twofold increase in the maximal output power, and

therefore, the conversion efficiency also increased to 18.7%. This value

for electric output power is in fact much larger than what thermoelec-

tric generators may provide in the car with the same temperature for the

emitter.
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3.1 Purcell factor

An atom or, generally speaking, an individual quantum system in its

ground energy state can absorb a photon from impinging light and jump to

a higher energy state, that is called stimulated absorption process. In the

case of so-called two-level systems, the quantum emitter returns shortly

to its ground state by emitting a photon. As a rule the emitted photon has

a lower frequency because some relaxation from the high energy state to

the more stable excited state occurs before the emission. Therefore, this

return occurs in the occasional time moment, and the spin of the emit-

ted photon is stochastic. This emission is not coherent with the incident

light and with the other acts of emission, and is called spontaneous emis-

sion (SE). In fact, this process called fluorescence is only a special case of

SE. Another type of SE is thermal emission which is possible in arrays

of multilevel quantum systems with overlapping energy states. Here, the

potential energy for the excitation of upper levels is taken not from the

incident light, but from the kinetic energy of the thermal movement (hot

phonons, collisions of the molecules, etc).

Also, such type of SE as phosphorescence is possible in arrays of mul-

tilevel quantum emitters, when the light energy is accumulated and ir-

radiated during a long time due to the mutual excitation processes in

the emitters. There are other types of SE, not only in optics, also at mi-

crowaves (see below). For the purposes of optical sensing the fluorescence

is probably the most important type of SE. The fluorescence follows the

exponential decay determined by the mean lifetime of the excited state.

The emission lifetime limits the rate at which the photon can be emitted.

The inverse of the mean lifetime is evidently proportional to the radi-
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ated power because the energy of the emitted photon is fixed in the two

level system. This inverse of the mean lifetime was named the SE rate

and it is an intrinsic feature of an emitter in the given ambient. The im-

portance of the uniform ambient for the SE rate follows from the so-called

Fermi golden rule that implies that the SE rate is inverse proportional

to the square power of the speed of light in the host medium (see, for

example in [64]). Due to the pioneering work of Edward Mills Purcell

(1912–1997), we know that the replacement of the uniform ambient by a

resonator in which the quantum emitter is located grants a significant –

resonant – enhancement to the SE rate. In 1946, Purcell has proved that

by positioning the molecule of water inside a cavity, the nuclear spin of

protons entering the molecule experiences emission much faster than in

the usual ambient [65]. In honour of him, we call the ratio between the

free-space and the modified SE rate the radiative Purcell factor (radiative

PF). The Purcell effect is evidently used in magnetic resonance imaging.

However, the radiative PF is inherent to any kind of SE, where the emitter

surrounding is different from free space. Due to the importance of fluores-

cence for many applications (optical biosensing, single molecule detection,

light-emitting diodes, etc) and the revolution in the nanoscience, the Pur-

cell effect for fluorescence has attracted a lot of attention by researchers

working in the area of nanophotonics.

Presently, three methods to increase the PF in the optical frequency

range (infrared and visible light) are known. The first method is classical

and follows E. Purcell: it is the use of microcavities in which the quantum

emitter is embedded. The second method is the use of metal or dielectric

(or hybrid) nanoparticles with which the quantum emitter is coupled by

near fields (see, for example, [66–70]). The third method is the use of

metamaterials, and particularly HMMs – a quantum emitter embedded in

them experiences strong Purcell effect due to the conversion of evanescent

waves into propagating ones that increases the radiated power at every

emission process.

3.2 Hyperbolic metamaterials for Purcell factor

For dielectric media which have a low refractive index, the light-matter

interaction is weak. As we have already mentioned, the isofrequency sur-

face (IFS) of an isotropic medium is a sphere whose radius is equal to k0n

(n denotes the refractive index). Such IFS constrains the number of elec-
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tromagnetic states. If a subwavelength emitter (radiator) is embedded

into the medium, the high wave vectors (k > k0n) are evanescent and can-

not propagate in the medium. However, as discussed before, this is not

so for HMMs. The IFS of the extraordinary wave (TM wave) for these

metamaterials is open (hyperbolic), and therefore, it allows the waves

with long wave vectors to propagate away from the source resulting in

increased density of electromagnetic states. This significantly affects the

SE rate of a subwavelength emitter [71].

The efforts for enhancing the PF using HMM includes both implementa-

tions of this metamaterial, i.e. metal-dielectric structures and WM. In all

these works, people have tried to calculate the PF and study the issues in-

fluencing this factor such as the polarisation, position, orientation and the

size of the emitter, the size of the unit cell and spatial dispersion [71–84].

3.3 Topological phase transition

If we recall the homogenization model described for a metal-dielectric

structure in the first Chapter, we see that the perpendicular component

of the effective permittivity tensor is strongly a function of the frequency

(due to the dispersive property of the metal). This is important for the

IFS of the TM wave. As the frequency changes, the sign of this principal

component may change while the other component (parallel one) retains

its sign. What is the effect of this change of the sign on the IFS? It is clear

that the hyperboloid surface (open surface) is replaced by an ellipsoid one

(a closed surface), or vice versa at a specific frequency in the reciprocal

space. I prefer to use the terms open or closed instead of hyperboloid

or ellipsoid, since I believe these terms are more suitable specially for the

case of wire media whose IFSs are not exactly hyperboloid or ellipsoid due

to the spatial dispersion effect. In Ref. [75], the authors title “topological

phase transition” (TPT) to this phenomenon due to the similarity between

this transition and the well-known Lifshitz topological transitions in met-

als [85].

Now, a question arises which is in my opinion very interesting. Is it

possible that TPT happens in the reciprocal space? In other words, it is

intriguing to see if both open and closed surfaces corresponding to only

TM mode exist simultaneously at the same frequency in the reciprocal

space such that they are connected to each other as shown in Figure 3.1

(left-hand side). As the figure clearly indicates, there is no cut-off for spa-
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Type (I) Type (II)Type (I)

Figure 3.1. The IFSs of the first and second useful TPTs. The first one comprises both
open and closed surfaces, while the second one occurs as a sharp substitution
of the closed surface by the open one (or vice versa).

tial harmonics in the reciprocal space, and we may obtain an unbounded

spatial spectrum of propagating waves. Now, another question comes up.

What is the implication of such IFS on the PF? The answer is obvious.

Due to the absence of the cut-off, we may expect to achieve a huge Purcell

factor at the corresponding frequency. We investigated the possibility of

such exotic TPT and its impacts on PF in publication [III].

3.3.1 Topological phase transition via unbounded spatial
spectrum

For a WM, as mentioned in the previous Chapter, if we substitute the

mathematical expression for the parallel component of the effective per-

mittivity tensor into the dispersion equation of the TM wave, we conclude

that there are two solutions for this wave. Let us assume that the host

medium where the wires are embedded is air, and the relative permittiv-

ity of the wires is not close to −1. Then, these solutions are

k2z = k20 −
1

2

[
q2 + k2p − k2c ±

√
(q2 + k2p − k2c )

2 + 4k2cq
2

]
. (3.1)

The above equation is in fact a simplification of Eq. 2.1 written in the

previous Chapter. The parameter kc strongly depends on the relative per-

mittivity of the wires (εr). If the absolute value of εr is very large, kc

is much smaller than kp resulting in a real and an imaginary solutions

for kz. The real solution corresponds to an open surface dispersion while

the second one shows an evanescent wave that is absent in the reciprocal

space and it cannot propagate in the medium (see Figure 3.2(a)). How-

ever, this is not the case as |εr| decreases. When |εr| becomes a modest

value, the parameter kc turns out to be comparable to kp. Interestingly,
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(a) First stage–f � fT (b) Second stage–f < fT

(c) Third stage–f = fT (d) Fourth stage–f > fT

Figure 3.2. Different stages of the first useful TPT. fT denotes the transition frequency.

in this scenario, both solutions are real: although one solution still cor-

responds to the open-surface regime, the other one is associated with a

closed-surface regime. To have a better comprehension, see Figure 3.2(b).

As the figure clearly shows, while both surfaces coexist in the reciprocal

space, still there is a cut-off for kz. This cut-off is removed at a certain fre-

quency where the absolute value of the wire permittivity is such that kc

becomes equal to kp. This is shown in Figure 3.2(c). At this frequency, an

unbounded spatial spectrum is achieved. If the |εr| reduces, two solutions

are still real, but the closed surface becomes disconnected from the open

surface since the open surface shifts to higher spatial frequencies along

kz as shown in Figure 3.2(d).

As a conclusion, our desired TPT includes four different stages. Among

them, the third stage is evidently important for the Purcell effect. In

[III], we calculated the PF and confirmed that the huge value for PF was

due to the TPT. The numerical calculations were based on 3D full-wave

simulations using CST Microwave Studio simulator [86]. We chose the

radius and the array period of the wires such that the homogenization

model was accurate. We utilized lithium tantalate (LiTaO3) as the mate-

rial from which the wires were assumed to be made of. According to the

Drude-Lorentz model, the LiTaO3, which is a polaritonic material, pos-

sesses a negative permittivity in a certain interval in the mid-IR range.

To do simulations, we symmetrically positioned a subwavelength electric

dipole as an emitter in the gap between the wires at the center of the wire
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p

pnanowires

Figure 3.3. Orientation and geometry of the emitter in the wire medium sample.

medium sample as shown in Figure 3.3.

Two types of the PF were obtained. The first one demonstrated the to-

tal increase in the radiated power leaving the electric dipole, and it was

termed full PF. The second type of PF, the radiative PF, indicated the in-

crease in the radiated power of that dipole into free space. It is worthwhile

to mention that due to the finite size of the WM sample in the simulations,

we were very careful about the dimensional resonances. We simulated the

sample with many different sizes, and observed that the corresponding

PFs were approximately the same in the selected frequency range. This

means that such resonances did not exist at that frequency interval. Fig-

ure 3.4(a) shows the full PF versus frequency. The PF had its maximum

value at about 38 THz. This was the transition frequency where the ho-

mogenization model predicted the third stage of the TPT for our LiTaO3

WM (since we used the logarithmic scale, the resonance at 38 THz was not

observed sharply). Interestingly, our simulations showed that the electro-

magnetic wave could exit from the WM sample at the transition frequency

and propagate into the free space. In other words, the wave impedance

of the WM sample was matched to the free-space wave impedance at this

specific frequency. This resulted in a remarkable radiative PF at the tran-

sition frequency compared to those at other frequencies. However, in con-

trast to the full PF, we admit that the radiative PF was not very high at

the transition frequency. It can be due to the significant attenuation of

the radiated power in the sample.

Figure 3.3 illustrates that our subwavelength electric dipole is parallel

to the optical axis. The results in Figure 3.4(a) are related to this type

of orientation of the dipole. However, we repeated the same calculations

in the case of a perpendicular dipole (dipole perpendicular to the optical

axis), and compared the corresponding PFs with those achieved for the
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(b) Two different orientations of dipole

Figure 3.4. (a) The full PF for different sizes of the WM sample which is of cubic shape.
The length of the wires changes from 1.8 microns (blue curve) to 3.4 microns
(green curve). (b) Solid and dashed curves correspond to the parallel and
perpendicular dipoles, respectively. The values of the radius and the array
period can be found in [III].

parallel dipole. This comparison is shown in Figure 3.4(b). It implies that

in contrast to the parallel dipole, the perpendicular one did not feel the

TPT. At frequencies lower than the transition frequency, where the IFS of

the TM wave is open, the full PF had a rising and falling approximately

around a constant value. Subsequently, the full PF decreased after the

transition frequency as expected. This was because the IFS tended to

be closed, and consequently, the electromagnetic states reduced. As the

figure indicates, the PF for the parallel dipole was larger than the PF

for the perpendicular dipole at the transition frequency. Our simulations

confirmed that in contrast to the radiative PF for the parallel dipole, the

radiative PF for the perpendicular dipole was not noticeable at the tran-

sition frequency. Therefore, for radiation to free space, the parallel dipole

was much more efficient.

At the end of this section, we emphasize that it was the property of the

spatial dispersion which gave the possibility to vanish any cut-off from the

wave vector components in the reciprocal space. As a result, we achieved

a huge PF at a certain frequency. After finishing work [III], an intriguing

idea came into our mind. In addition to the first TPT in WM, is it possible

to have another TPT similar to what was claimed in Ref. [75]? If yes, at

which frequency does this TPT happen? We know that the implication

of the second TPT should be also a huge PF at the transition frequency.

Now, is it possible to overlap the two TPTs of the wave dispersion? This

can be an ambitious goal since the overlapping of the two resonant bands

can cause a broadband enhancement of radiation. Indeed, this was the

target of our next work [IV].
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3.3.2 Topological phase transition from ellipsoid to hyperboloid

According to the second useful TPT, the closed surface is substituted by an

open surface as shown in Figure 3.1 (right-hand side). If we recall the first

Chapter, we notice that this substitution happens in the reciprocal space

if the perpendicular component of the effective permittivity (ε⊥) changes

its sign, whereas the parallel component (ε‖) is positive and keeps its sign

versus frequency. This sort of TPT was described in Ref. [75]. In WM, the

same scenario can happen.

If we simplify Eq. 1.19, the perpendicular component can be written in

terms of a zero and a pole of the permittivity as

ε⊥
(
εr(ω)

)
= − 1

Z

εr(ω)− Z

εr(ω)− P
. (3.2)

Here, the zero Z and the pole P are given by

Z = −1− fv
1 + fv

, P = −1 + fv
1− fv

. (3.3)

We assume that the host medium is free space. Notice that Z · P = 1.

Equation 3.3 determines that −1 < Z < 0 while P < −1. Both zero and

pole depend on the volume fraction. In our study we respect the require-

ments of the high accuracy of the homogenization model, therefore, the

volume fraction is rather small. In this case, the zero and pole are close

to each other on the frequency axis and approximately equal to −1. It is

worthwhile to note that every function like ε⊥ changes the sign at its zero

and its pole. Therefore, we can claim that two TPTs happen near each

other on the frequency axis. However, these two TPTs are from a similar

type. They both use the frequency dispersion of ε⊥ when its dependence

on the wave vector is negligible. Meanwhile, the first type of TPT exploits

the spatial dispersion of the WM. Since εr(ω) ≈ −1 at the second type

of TPT, we draw an important inference: this TPT occurs at higher fre-

quencies. Recall that the first type of TPT happens at a frequency where

the absolute value of εr is larger than unity i.e. εr has a modest negative

value.

The most important result of these speculations is that polaritonic WM

experience two types of TPT. To confirm these theoretical expectations,

we calculated the PF similar to what we did in work [III] and explained

in the previous part of this Section. We used the same WM sample (made

of LiTaO3 wires), and the same values for the radius of the wires and the
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Figure 3.5. (a) Blue curve corresponds to an initial value for radius of the wires while
the red curve corresponds to an optimal value. (b) Solid and dashed curves
correspond to the parallel and perpendicular dipoles, respectively. The values
of the radius and the array period can be found in [IV].

array period. Recall that the first type of TPT occurred at about 38 THz.

The Drude-Lorentz model describing the dielectric function of LiTaO3 de-

termines that the real part of the relative permittivity of this material

equals −1 between 45 and 46 THz. Figure 3.5(a) shows the full PF with

respect to the frequency for a subwavelength electric dipole source paral-

lel to the optical axis. It is worthwhile to note that we also checked the

absence of the dimensional resonances like before. The blue curve in Fig-

ure 3.5(a) implies two peaks of the full PF at about 38 THz and near to

46 THz. These two frequencies certainly correspond to two types of TPT

discussed above.

The second resonance frequency was located where εr ≈ −1. This loca-

tion should not be sensitive to the volume fraction of the wires (till it is

small enough). However, this is not true for the first resonance frequency.

From the previous part of this Section, we remember that the first type of

TPT occurs when kc = kp resulting in εr = 1−1/fv (air is the host medium).

Therefore, changing the volume fraction changes the value of εr required

to get the first type of TPT. In consequence of that, the first resonance fre-

quency shifts. In [IV], we increased the volume fraction by increasing the

radius of the wires. Therefore, the indispensable value of |εr| decreased,

and hence, there was a blue shift in the first resonance frequency. It is

worthwhile to note that the increase in radius also accompanied by the

rise in the value of the PF at the second resonance frequency. Most im-

portantly, the bands of the two resonances for the PF overlapped. This

overlapping gave rise to a broadband enhancement of the dipole source as

shown in Figure 3.5(a). The red curve corresponds to the optimal value

for the wires radius which provided us with approximately identical PFs

at the resonance frequencies, and a small dip between them.
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In [IV], we also obtained a high PF for perpendicular orientation of the

dipole. The result is shown in Figure 3.5(b). While the radiation of this

dipole does not feel the first type of TPT (as mentioned before), the PF

has a resonance at the TPT of the second type. This resonance is even

stronger than that for the parallel orientation of the source. Therefore, the

second TPT has a noticeable impact on the radiation of the perpendicular

dipole. Notice that at the first transition frequency, the PF for the parallel

dipole was higher. Figure 3.5(b) also indicates an important point: there

is a frequency interval in which the PF is relatively the same for both

orientations. This means that we achieved an isotropic PF (though the

radiation pattern is, of course, not isotropic).

3.3.3 Magnetic hyperbolic metamaterial

As we discussed in the first Chapter, dielectric HMMs are popular. How-

ever, the revolutionary open dispersion surface is only for TM polarized

wave. The IFS for the TE polarized wave is a sphere with the radius

equal to k0
√
ε⊥. In order to have an open surface, the material should

be magnetically uniaxial anisotropic. In this case, the dispersion relation

would be
q2

μ‖
+

β2

μ⊥
= k20ε⊥. (3.4)

Therefore, if (μ‖ < 0, μ⊥ > 0) or (μ‖ > 0, μ⊥ < 0), an open IFS is achieved

(assuming that ε⊥ > 0).

Recently, magnetic hyperbolic materials have been introduced using the

concept of MMs. In Ref. [87], the authors have experimentally shown that

the TE wave had an open dispersion surface at optical frequencies. The

magnetic HMM was realized by a multilayer fishnet MM [87]. In another

work [88], the authors realized a magnetic HMM that operated at mi-

crowave frequencies. They utilized a racemic array of metal helices with

both left-handedness and right-handedness. Concurrently, we introduced

a novel realization of magnetic HMMs in [V]. It is a WM whose wires are

made of high-index epsilon-positive materials. In this work [V], we also

showed that our magnetic WM experienced the TPT between the closed

and open types of dispersion. We emphasize that this particular TPT cor-

responded to the TE polarized wave. Therefore, we investigated the effect

of the TPT on the resonant enhancement of radiation of subwavelength

dipole embedded in the medium.

Firstly, we derived the effective permeability tensor. To do that, we
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Figure 3.6. An infinite high-index epsilon-positive cylinder illuminated by a TE polarized
plane wave.

solved a problem for a dielectric cylinder illuminated by a plane wave as

shown in Figure 3.6, and subsequently, calculated the magnetic polariz-

ability of the cylinder. This was similar to what we proved for the electric

polarizability of the cylinder in the first Chapter. The magnetic polariz-

ability per unit length was shown to be the response to the magnetic field

of the incident wave (without its electric component). It was deduced in

the following form:

αzz
mm =

j2k20(εr − 1)

h0(k20εr − k2z)

haJ0(ha)− 2J1(ha)

h0J1(ha)H
(2)
0 (h0a)− hJ0(ha)H

(2)
1 (h0a)

. (3.5)

As in the case of the electric dipole polarizability per unit length of the

cylinder we did not use any approximation to derive this expression. By

employing the same homogenization formula, taking into account the elec-

tromagnetic interaction of the reference cylinder with the adjacent ones,

the parallel component of the magnetic permeability tensor was obtained.

We did not manage to reasonably simplify this formula like we did for the

effective permittivity in the case of epsilon-negative wires.

Our derivations showed that the parallel component of the effective per-

meability is essentially a function of the axial component of the wave vec-

tor. In other words, the spatial dispersion is as strong as in the case of

epsilon-negative wires. It is worth nothing that the minus sign in denom-

inator of the second factor in Eq. 3.5 is important. In fact, it shows the

fundamental magnetic Mie resonance of the wire. Our plots regarding

the magnetic permeability versus kz demonstrated that at very low fre-

quencies compared to the resonance frequency, μ‖ was uniform and close

to unity. Increasing the frequency resulted in the rise of μ‖ especially at

low values of kz. However, interestingly, after the resonance frequency,
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Figure 3.7. Isofrequency contours of TE wave at different frequencies. Solid blue curve
corresponds to k0a = 0.2058, solid black one–k0a = 0.2135, solid magenta
one–k0a = 0.2173, solid green one–k0a = 0.2194 and dashed black one–k0a =
0.2211. The value for relative permittivity of the wire can be found in [V].

a vertical asymptote appeared at a specific value for kz. This asymptote

caused that the transverse component of the wave vector q experienced a

resonance. The implication of such resonance can be understood from the

isofrequency contour of TE wave. Figure 3.7 shows 5 contours correspond-

ing to 5 different frequencies.

Below the resonance frequency (here, k0a ≈ 0.22), the isofrequency con-

tour was closed. However, after the resonance, the dispersion contour

was transformed from a closed contour into an open one. Therefore, the

medium experienced a TPT at about the resonance frequency. It is worth

noting that at the resonance, the curve was almost a flat line. What does

it mean? We know that the Poynting vector is always normal to the isofre-

quency contour. As a result, the energy should be transferred along the

optical axis of the medium in our case. Indeed, our simulated results con-

firmed this.

To see the effect of TPT, that occurs at the resonance frequency, on the

PF, we located subwavelength dipoles in the center of the magnetic WM

sample, and calculated the radiated power of the source in the presence

and absence of the sample. It is worth noting that the radiated power

of the source is linearly proportional to a particular parameter titled ra-

diation resistance. Therefore, the PF is the ratio between the radiation

resistances of the dipoles in the presence and absence of the magnetic

WM. In [V], in addition to electric dipoles, we also calculated the PF for

parallel and perpendicular magnetic dipole moments. The reason is clear.

In the near field, the magnetic moment stores most of its energy in the

magnetic field, and it mainly generates the TE polarized wave.

Figure 3.8(a) indicates the radiation resistance versus the frequency. As
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Figure 3.8. Black and magenta curves correspond to radiation resistances of electric and
magnetic dipoles in free space, respectively. The solid (dashed) blue and red
curves are for perpendicular (parallel) magnetic and electric dipoles in pres-
ence of the magnetic WM sample, respectively. The value for relative permit-
tivity of the wire can be found in [V].

one can see, the radiation resistance of perpendicular magnetic moment

felt remarkably the TPT around the transition frequency. The correspond-

ing PF is shown in Figure 3.8(b). As it is expected, the highest PF was for

the perpendicular magnetic moment. The parallel one also experienced a

resonance at the transition frequency, although the PF was smaller (this

is related to the interaction of the magnetic moments with the surround-

ing wires). Evidently, the corresponding PFs for the electric dipole mo-

ments were smaller compared to those for magnetic moments. Indeed,

electric dipoles in the near field store the energy in the electric field, and

they are mainly the source of TM polarized waves. It is worthwhile to note

that in addition to polarization, the PF also depends on destructive or con-

structive interactions of the source with the adjacent wires. This is why

the PFs for parallel dipoles were different from the PFs for perpendicular

ones in Figure 3.8(b).
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4. Summary of Publications

[I] Effective-medium model of wire metamaterials in the problems of
radiative heat transfer

We study the applicability of the effective medium model (EMM) to the

problems of radiative heat transfer through metamaterials composed of

parallel metal nanowires. Showing a good agreement between analytical

and full-wave simulation results, we conclude that local EMM is a reliable

and powerful tool for designing micron-gap thermophotovoltaic systems

which use such metamaterials to have a better performance.

[II] Micron-gap thermophotovoltaic systems enhanced by nanowires

We introduce new practical designs for thermophotovoltaic systems whose

gap between emitter and photovoltaic cell has a micron size. In these de-

signs, such gap is filled with regular array of tungsten nanowires. We

show using this specific type of metamaterial allows to achieve a frequency-

selective and super-Planckian radiative heat transfer. As a result, ulti-

mate efficiency increases and high electric output (per unit area) is ob-

tained. Taking into account the radiative heat generated also by hot

nanowires that are connected to the emitter, we provide a systematic anal-

ysis of the operation of the thermophotovoltaic designs.

[III] Unbounded spatial spectrum of propagating waves in a
polaritonic wire medium

In a wire medium composed of polaritonic wires, we uncover a specific

type of topological phase transition for transverse magnetic (TM) polar-

58



Summary of Publications

ized waves. Studying the isofrequency surfaces of the TM mode, we show

that closed and open surfaces coexist in the reciprocal space at a certain

frequency, and importantly they touch one another. As a result, there is

not any cut-off for wave vector components in the reciprocal space. Due

to this important effect, a remarkable radiation enhancement is achieved

at the transition frequency. This resonant gain is for an electric dipole

moment that is oriented parallel to the optical axis and embedded in the

center of the medium. On the contrary, we show if the same dipole is

oriented perpendicularly, it does not feel the transition.

[IV] Double resonant wideband Purcell effect in wire metamaterials

We reveal the second type of topological phase transition in the regu-

lar wire medium whose wires are made of polaritonic materials such as

LiTaO3. The corresponding resonance of the Purcell factor related to this

transition is located at higher frequencies compared to the resonance fre-

quency due to the first type of transition. Shifting the first resonance

toward the second one, and overlapping the resonance bands result in a

broadband resonant Purcell factor. Comparing the Purcell factor for two

orientations of electric dipole moment (parallel and perpendicular to the

optical axis), we also show an isotropic radiation enhancement.

[V] Magnetic hyperbolic metamaterial of high-index nanowires

We introduce a wire medium whose effective permeability tensor is differ-

ent from unity. The medium consists of wires that are made of a material

with high positive dielectric constant. We show that such medium expe-

riences topological phase transition, at a certain frequency, between the

closed and open type of dispersion for transverse electric (TE) polarized

waves. The transition results in a filamentary pattern and remarkable

Purcell factor for a magnetic dipole moment oriented perpendicularly to

the optical axis of the medium.
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[VI] Microgap thermophotovoltaic systems with low emission
temperature and high electric output

We suggest a realizable thermophotovoltaic system whose emitter does

not have a high temperature. However, in spite of this impactful char-

acteristic, we theoretically predict to achieve a high electric output per

unit area. The proposed thermophotovoltaic system utilizes a specific ma-

terial as emitter to support a surface-phonon-polariton resonance. Also,

it uses an array of nanowires which are cold and grown on top of the

infrared photovoltaic cell. Due to the inherent feature of the dispersion

surface of the wire medium at infrared range, the resonant near-filed cou-

pling between the emitter and the wire medium, and additionally the op-

timized layered structure of the whole system, we obtain a very narrow-

band and strongly super-Planckian spectrum of radiative heat transfer.

Using minority-carrier transport model, here, we improve our method to

calculate the thermophotovoltaic system efficiency and its generated elec-

tric output.
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5. Conclusions

This thesis focused on two main subjects regarding ultimately anisotropic

metamaterials called wire media. The first subject was to a group of

different realizations of WM for controlling the radiative heat transfer

and improving the performance of thermophotovoltaic systems. First,

we have shown that the simplified effective medium model was applica-

ble and dependable for calculating the radiative heat transfer through

WM layers at least for nanowires from a lossy metal such as those of

tungsten. This allowed us to move forward and design micron-gap ther-

mophotovoltaic systems utilizing standard WM. We theoretically obtained

frequency-selective super-Planckian spectra of radiative heat transfer whi-

ch provided us with the high ultimate photovoltaic efficiency and high

electric output per unit area. The emitter of the proposed systems was as-

sumed to have as high temperature as 2000 K. However, in the next step,

we have managed to introduce a new design concept which allows us to

combine high electric output with rather low temperatures of the emitter

and, therefore, long lifetime and stability of the generating system. In

contrast to the previous step where the array of the nanowires were hot

and connected to the emitter, we used only cold nanowires grown on top of

the photovoltaic cell. Employing a particular type of emitter which sup-

ported the resonant excitation of a coupled surface phonon polariton at

the interfaces of the emitter and the WM layer with the vacuum the RHT

was achieved with a striking resonance and blue shift of the maximum

with respect to that predicted by Wien’s law. We applied the minority-

carrier transport model to predict the realistic performance of the system,

and showed that a remarkable electric output which corresponded to a

noticeable conversion efficiency was feasible.

The second subject was to investigate wire metamaterials for enhance-

ment of subwavelength emitters. We introduced a WM whose wires were
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made of a polaritonic material (in our examples – lithium tantalate), and

operated at mid-infrared frequencies. We showed that due to the feature

of spatial dispersion, the medium experienced a special type of topologi-

cal phase transition between closed and open dispersion surfaces (isofre-

quency surfaces). These surfaces corresponded to TM waves and at the

transition frequency were connected to each other. Therefore, there was

no cut-off for wave vector components in the reciprocal space. This kind of

transition resulted in an overwhelming radiation enhancement of a sub-

wavelength electric dipole that was parallel to the wires axis, being em-

bedded into the WM. In continuation of this work, we found a second type

of topological transition at higher frequencies. According to this transi-

tion, closed surface was sharply replaced by an open one. Increasing the

wires radius, we could shift the first transition frequency toward the sec-

ond one, while the second transition frequency was fixed on the frequency

axis and did not shift. As a result, we obtained a huge and broadband

enhancement due to the overlapping of these two resonant transitions.

Interestingly, if the dipole was perpendicular to the wires, it could only

feel the second transition. Finally, we have studied a wire medium whose

effective permeability tensor was uniaxially anisotropic. This medium,

made of wires which had a high dielectric constant (lithium tantalate

in the specific part of the mid-infrared range), also experienced topologi-

cal transition. However, importantly, this transition holds for TE waves.

Comparing the Purcell factors for different types and orientations of the

dipole moment, the perpendicular magnetic moment had the highest res-

onant enhancement at the transition frequency.

We believe that our results are inspiring for groups capable to perform

experimental validation of our theories and then may cause a techni-

cal breakthrough in thermophotovoltaics and applications of the infrared

spontaneous emission – in the first turn fluorescence – for optical sensing.

62



References

[1] V. G. Veselago, The electrodynamics of substances with simultane-

ously negative values of ε and μ, Sov. Phys. Usp. 10, 509 (1968).

[2] D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser and

S. Schultz, Composite medium with simultaneously negative perme-

ability and permittivity, Phys. Rev. Lett. 84, 4184 (2000).

[3] D. R. Smith and D. Schurig, Electromagnetic wave propagation

in media with indefinite permittivity and permeability tensors,

Phys. Rev. Lett. 90, 077405 (2003).

[4] Z. Liu, H. Lee, Y. Xiong, C. Sun and X. Zhang, Far-field optical hy-

perlens magnifying sub-diffraction-limited objects, Science 315, 1686

(2007).

[5] A. A. Govyadinov and V. A. Podolskiy, Metamaterial photonic

funnels for subdiffraction light compression and propagation,

Phys. Rev. B 73, 155108 (2006).

[6] R. K. Fisher and R. W. Gould, Resonance cones in the field pattern of

a short antenna in an anisotropic plasma, Phys. Rev. Lett. 22, 1093

(1969).

[7] A. Poddubny, I. Iorsh, P. Belov and Y. Kivshar, Hyperbolic metama-

terials, Nature Photonics 7, 948 (2013).

[8] C. R. Simovski, P. A. Belov, A. V. Atrashchenko and Y. S. Kivshar,

Wire metamaterials: physics and applications, Adv. Mater. 24, 4229

(2012).

[9] M. G. Silveirinha, Nonlocal homogenization model for a periodic ar-

ray of ε-negative rods, Phys. Rev. E 73, 046612 (2006).

63



References

[10] P. Belov, S. Tretyakov and A. Viitanen, Dispersion and reflection

properties of artificial media formed by regular lattices of ideally con-

ducting wires, J. Electromagn. Wavas Appl. 16, 1153 (2002).

[11] P. A. Belov, R. Marques, S. I. Maslovski, I. S. Nefedov, M. Silveirinha,

C. R. Simovski and S. A. Tretyakov, Strong spatial dispersion in wire

media in the very large wavelength limit, Phys. Rev. B 67, 113103

(2003).

[12] P. A. Belov, Y. Zhao, S. Tse, P. Ikonen, M. G. Silveirinha,

C. R. Simovski, S. Tretyakov, Y. Hao and C. Parini, Transmission of

images with subwavelength resolution to distances of several wave-

lengths in the microwave range, Phys. Rev. B 77, 193108 (2008).

[13] B. D. F. Casse, W. T. Lu, Y. J. Huang, E. Gultepe, L. Menon

and S. Sridhar, Super-resolution imaging using a three-dimensional

metamaterials nanolens, Appl. Phys. Lett. 96, 023114 (2010).

[14] P. Burghignoli, G. Lovat, F. Capolino, D. R. Jackson and D. R. Wilton,

Directive leaky-wave radiation from a dipole source in a wire-

medium slab, IEEE Trans. Antennas Propag. 56, 1329 (2008).

[15] G. Kirchhoff, Monatsber. Königl. Preuss. Akad. Wiss. Berlin, 783

(1859).

[16] M. Planck, Ueber das Gesetz der Energieverteilung im Normalspec-

trum, Ann. Physik 309, 553 (1901).

[17] D. Polder and M. Van Hove, Theory of radiative heat transfer be-

tween closely spaced bodies, Phys. Rev. B 4, 3303 (1971).

[18] S. M. Rytov, Theory of Electric Fluctuations and Thermal Radiation,

(Air Force Cambridge Research Center, Bedford, MA, 1953).

[19] J. B. Pendry, Radiative exchange of heat between nanostructures,

J. Phys. Condens. Matter 11, 6621 (1999).

[20] K. Joulain, J. P. Mulet, F. Marquier, R. Carminati and J. J. Gref-

fet, Surface electromagnetic waves thermally excited: Radiative heat

transfer, coherence properties and Casimir forces revisited in the

near field, Surf. Sci. Rep. 57, 59 (2005).

[21] A. I. Volokitin and B. N. J. Persson, Near-field radiative heat transfer

and noncontact friction, Rev. Mod. Phys. 79, 1291 (2007).

64



References

[22] A. Kittel, et. al, Near-field heat transfer in a scanning thermal mi-

croscope, Phys. Rev. Lett. 95, 224301 (2005).

[23] L. Hu, A. Narayanaswamy, X. Chen and G. Chen, Near-field thermal

radiation between two closely spaced glass plates exceeding Planck’s

blackbody radiation law, Appl. Phys. Lett. 92, 133106 (2008).

[24] S. Shen, A. Narayanaswamy and G. Chen, Surface phonon polari-

tons mediated energy transfer between nanoscale gaps, Nano Lett. 9,

2909 (2009).

[25] E. Rousseau, et. al, Radiative heat transfer at the nanoscale,

Nat. Photonics. 3, 514 (2009).

[26] R. S. Ottens, et. al, Near-field radiative heat transfer between macro-

scopic planar surfaces, Phys. Rev. Lett. 107, 014301 (2011).

[27] S. Shen, A. Mavrokefalos, P. Sambegoro and G. Chen, Nanoscale

thermal radiation between two gold surfaces, Appl. Phys. Lett. 100,

233114 (2012).

[28] L. Worbes, D. Hellmann and A. Kittel, Enhanced near-field heat flow

of a monolayer dielectric island, Phys. Rev. Lett. 110, 134302 (2013).

[29] M. Francoeur, Near-field radiative energy transfer: Nanostructures

feel the heat, Nat. Nanotechnol. 10, 206 (2015).

[30] B. Song, et. al, Enhancement of near-field radiative heat transfer

using polar dielectric thin films, Nat. Nanotechnol. 10, 253 (2015).

[31] K. Kim, et. al, Radiative heat transfer in the extreme near field, Na-

ture 528, 387 (2015).

[32] P. Ben-Abdallah and S. A. Biehs, Near-field thermal transistor,

Phys. Rev. Lett. 112, 044301 (2014).

[33] B. Guha, C. Otey, C. B. Poitras, S. Fan and M. Lipson, Near-field

radiative cooling of nanostructures, Nano Lett. 12, 4546 (2012).

[34] C. R. Otey, W. T. Lau and S. Fan, Thermal rectification through vac-

uum, Phys. Rev. Lett. 104, 154301 (2010).

[35] L. Zhu and S. Fan, Persistent directional current at equilibrium in

nonreciprocal many-body near field electromagnetic heat transfer,

Phys. Rev. Lett. 117, 134303 (2016).

65



References

[36] W. A. Challener, et. al., Heat-assisted magnetic recording by a near

field transducer with efficient optical energy transfer, Nature Pho-

ton. 3, 220 (2009).

[37] T. J. Coutts, A review of progress in thermophotovoltaic generation of

electricity, Renewable and Sustainable Energy Reviews 3, 77 (1999).

[38] S. Jin, M. Lim, S. S. Lee and B. J. Lee, Hyperbolic metamaterial-

based near-field thermophotovoltaic system for hundreds of nanome-

ter vacuum gap, Optics Express 24, A635–A649 (2016).

[39] S. Molesky and Z. Jacob, Ideal near-field thermophotovoltaic cells,

Phys. Rev. B 91, 205435 (2015).

[40] M. P. Bernardi, O. Dupré, E. Blandre, P. O. Chapuis, R. Vaillon and

M. Francoeur, Impacts of propagating, frustrated and surface modes

on radiative, electrical and thermal losses in nanoscale-gap ther-

mophotovoltaic power generators, Sci. Rep. 5, 11626 (2015).

[41] J. Y. Chang, Y. Yang and L. Wang, Tungsten nanowire based hyper-

bolic metamaterial emitters for near-field thermophotovoltaic appli-

cations, International Journal of Heat and Mass Transfer 87, 237

(2015).

[42] M. Lim, S. Jin, S. S. Lee and B. J. Lee, Graphene-assisted Si-InSb

thermophotovoltaic system for low temperature applications, Op-

tics Express 23, A240–A253 (2015).

[43] T. J. Bright, L. P. Wang and Z. M. Zhang, Performance of near-

field thermophotovoltaic cells enhanced with a backside reflector,

J. Heat Transfer 136, 062701 (2014).

[44] V. B. Svetovoy and G. Palasantzas, Graphene-on-silicon near-field

thermophotovoltaic cell, Phys. Rev. Appl. 2, 034006 (2014).

[45] R. Messina and P. Ben-Abdallah, Graphene-based photovoltaic cells

for near-field thermal energy conversion, Scientific Reports 3, 1383

(2013).

[46] O. Ilic, M. Jablan, J. D. Joannopoulos, I. Celanovic and M. Soljacic,

Overcoming the black body limit in plasmonic and graphene near-

field thermophotovoltaic systems, Optics Express 20, A366–A384

(2012).

66



References

[47] M. Francoeur, R. Vaillon and M. P. Menguc, Thermal impacts on the

performance of nanoscale-gap thermophotovoltaic power generators,

IEEE. T. Energy Conver. 26, 686–698 (2011).

[48] K. Park, S. Basu, W. P. King and Z. M. Zhang, Performance analysis

of near-field thermophotovoltaic devices considering absorption dis-

tribution, J. Quant. Spectrosc. Radiat. Transfer 109, 305–316 (2008).

[49] M. Laroche, R. Carminati and J.-J. Greffet, Near-field thermo-

photovoltaic energy conversion, J. Appl. Phys. 100, 063704 (2006).

[50] M. Lim, S. S. Lee and B. J. Lee, Near-field thermal radiation be-

tween doped silicon plates at nanoscale gaps, Phys. Rev. B 91, 195136

(2015).

[51] S. Basu, Z. M. Zhang and C. J. Fu, Review of near-field thermal radi-

ation and its application to energy conversion, Int. J. Energ. Res. 33,

1203 (2009).

[52] I. S. Nefedov and C. R. Simovski, Giant radiation heat transfer

through micron gaps, Phys. Rev. B 84, 195459 (2011).

[53] R. S. DiMatteo, et. al., Micron-gap thermophotovoltaics (MTPV), Pre-

sented at Thermophotovoltaic Generation of Electricity: 5th Confer-

ence, Rome, Italy 16–19 September 2002 (Vol. 653). American Insti-

tute of Physics (2003, January 25).

[54] R. S. DiMatteo, et. al., Micron-gap thermophotovoltaics (MTPV), Pre-

sented at Thermophotovoltaic Generation of Electricity: 6th Confer-

ence, Freiburg, Germany 14–16 June 2004 (Vol. 738). American In-

stitute of Physics (2004, November 30).

[55] C. Wu, B. Neuner III, J. John, A. Milder, B. Zollars, S. Savoy

and G. Shvets, Metamaterial-based integrated plasmonic ab-

sorber/emitter for solar thermo-photovoltaic systems, J. Opt. 14,

024005 (2012).

[56] A. Lenert, D. M. Bierman, Y. Nam, W. R. Chan, I. Celanovic, M. Sol-

jacic and E. N. Wang, A nanophotonic solar thermophotovoltaic de-

vice, Nat. Nanotechnol. 9, 126 (2014).

[57] J. DeSutter, M. P. Bernardi and M. Francoeur, Determination of ther-

mal emission spectra maximizing thermophotovoltaic performance

67



References

using a genetic algorithm, Energy Conversion and Management 108,

429 (2016).

[58] C. Simovski, S. Maslovski, I. Nefedov and S. Tretyakov, Optimiza-

tion of radiative heat transfer in hyperbolic metamaterials for ther-

mophotovoltaic applications, Opt. Express 21, 14988 (2013).

[59] S. I. Maslovski, C. R. Simovski and S. A. Tretyakov, Equivalent cir-

cuit model of radiative heat transfer, Phys. Rev. B 87, 155124 (2013).

[60] M. S. Mirmoosa, F. Rüting, I. S. Nefedov and C. R. Simovski,

Effective-medium model of wire metamaterials in the problems of

radiative heat transfer, J. Appl. Phys. 115, 234905 (2014).

[61] http://www.ansys.com/Products/Electronics/ANSYS-HFSS.

[62] T. Bauer, Thermophotovoltaics: Basic Principles and Critical Aspects

of System Design, (Springer-Verlag, Berlin-Heidelberg, 2011).

[63] S. A. Maier, Plasmonics: Fundamentals and Applications, (Springer,

New York, 2007).

[64] P. A. M. Dirac, The quantum theory of the emission and absorption

of radiation, Proceedings of the Royal Society A 114, 243 (1927).

[65] E. M. Purcell, Spontaneous emission probabilities at radio frequen-

cies, Phys. Rev. 69, 681 (1946).

[66] P. Anger, P. Bharadwaj and L. Novotny, Enhancement and quenching

of single-molecule fluorescence, Phys. Rev. Lett. 96, 113002 (2006).

[67] F. Tam, G. P. Goodrich, B. R. Johnson and N. J. Halas, Plasmonic

enhancement of molecular fluorescence, Nano Lett. 7, 496 (2007).

[68] C. Sauvan, J. P. Hugonin, I. S. Maksymov and P. Lalanne, Theory of

the spontaneous optical emission of nanosize photonic and plasmon

resonators, Phys. Rev. Lett. 110, 237401 (2013).

[69] M. Pelton, Modified spontaneous emission in nanophotonic struc-

tures, Nature Photonics 9, 427 (2015).

[70] A. E. Krasnok, et. al., An antenna model for the Purcell effect,

Sci. Rep. 5, 12956 (2015).

[71] Z. Jacob, I. I. Smolyaninov and E. E. Narimanov, Broadband

Purcell effect: Radiative decay engineering with metamaterials,

Appl. Phys. Lett. 100, 181105 (2012).

68



References

[72] O. Kidwai, S. V. Zhukovsky and J. E. Sipe, Dipole radiation near hy-

perbolic metamaterials: Applicability of effective-medium approxi-

mation, Opt. Lett. 36, 2530 (2011).

[73] A. N. Poddubny, P. A. Belov and Y. S. Kivshar, Spontaneous radiation

of a finite-size dipole emitter in hyperbolic media, Phys. Rev. A 84,

023807 (2011).

[74] C. L. Cortes, W. Newman, S. Molesky and Z. Jacob, Quantum

nanophotonics using hyperbolic metamaterials, J. Opt. 14, 063001

(2012).

[75] H. N. S. Krishnamoorthy, Z. Jacob, E. Narimanov, I. Kretzschmar

and V. M. Menon, Topological transitions in metamaterials, Sci-

ence 336, 205 (2012).

[76] O. Kidwai, S. V. Zhukovsky and J. E. Sipe, Effective-medium ap-

proach to planar multilayer hyperbolic metamaterials: Strengths

and limitations, Phys. Rev. A 85, 053842 (2012).

[77] I. Iorsh, A. Poddubny, A. Orlov, P. Belov and Y. S. Kivshar, Spon-

taneous emission enhancement in metal-dielectric metamaterials,

Phys. Lett. A 376, 185 (2012).

[78] A. N. Poddubny, P. A. Belov, P. Ginzburg, A. V. Zayats and

Y. S. Kivshar, Microscopic model of Purcell enhancement in hyper-

bolic metamaterials, Phys. Rev. B 86, 035148 (2012).

[79] W. Yan, M. Wubs and N. A. Mortensen, Hyperbolic metamate-

rials: Nonlocal response regularizes broadband supersingularity,

Phys. Rev. B 86, 205429 (2012).

[80] A. N. Poddubny, P. A. Belov and Y. S. Kivshar, Purcell effect in wire

metamaterials, Phys. Rev. B 87, 035136 (2013).

[81] M. S. Mirmoosa, S. Y. Kosulnikov and C. R. Simovski, Unbounded

spatial spectrum of propagating waves in a polaritonic wire medium,

Phys. Rev. B 92, 075139 (2015).

[82] A. V. Chebykin, A. A. Orlov, A. S. Shalin, A. N. Poddubny and

P. A. Belov, Strong Purcell effect in anisotropic ε-near-zero metama-

terials, Phys. Rev. B 91, 205126 (2015).

69



References

[83] T. Galfsky, H. N. S. Krishnamoorthy, W. Newman, E. E. Narimanov,

Z. Jacob and V. M. Menon, Active hyperbolic metamaterials: En-

hanced spontaneous emission and light extraction, Optica 2, 62

(2015).

[84] M. S. Mirmoosa, S. Y. Kosulnikov and C. R. Simovski, Double res-

onant wideband Purcell effect in wire metamaterials, J. Opt. 18,

095101 (2016).

[85] I. M. Lifshitz, Anomalies of electron characteristics of a metal in the

high pressure region, Sov. Phys. JETP 11, 1130 (1960).

[86] https://www.cst.com/products/cstmws.

[87] S. S. Kruk, Z. J. Wong, E. Pshenay-Severin, K. O’Brien, D. N. Neshev,

Y. S. Kivshar and X. Zhang, Magnetic hyperbolic optical metamate-

rials, Nat. Commun. 7, 11329 (2016).

[88] T. A. Morgado, J. T. Costa and M. G. Silveirinha, Magnetic uniaxial

wire medium, Phys. Rev. B 93, 075102 (2016).

70



Errata

1. In the whole dissertation (including publications), it is suggested to

use “chamber” instead of “camera”.
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