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�We can easily forgive a child who is afraid of the dark; the real tragedy of life is

when men are afraid of the light.- Plato�
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Abstract

The need of miniaturization and faster electronic devices resulted in the rise of photon-

ics, with the big promise of light circuits with low heating. Then, new challenges have

arisen, therefore exploring new exotic materials is the key to overcome them. In this

thesis we describe a particular class of materials, named near-zero index materials.

Their peculiar electromagnetic properties, such as enlargement of the wavelength,

show great potential for enhancing transmission of a signal inside photonic waveg-

uides. Besides, their constant phase property �nds great applications in the �eld of

quantum photonics, where information generated by quantum emitters can be pre-

served instead of degraded by the environment, causing decoherence. However their

realization still remains a challenge, as it requires very speci�c geometries to ful�l

some requirements related to the e�ective medium theory.

The �rst part of this PhD project is composed of a theoretical foundation where

we present novel possibilities and challenges of integrating such a materials with quan-

tum emitters. In the next part we investigate potential plasmonic materials that could

exhibit such low-index behaviour and show their experimental characterization and

possible applications. The last part of the project includes design and experimental

veri�cation of a dielectric low-index material in a photonic crystal environment. We

also explore the combination of near-zero index modes with bound states in the con-

tinuum (BIC) as a way to suppress radiative losses on-chip. Finally, we discuss the

prospects of such combination and their great potential for photonic circuitry.
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Resumé

Behovet for mindre og hurtigere elektroniske komponenter igangsatte opblomstrin-

gen af fotonik med det store løfte om lys-kredsløb med lav opvarmning. Det har

medført nye udfordringer, hvor nye eksotiske materialer er nøglen til at overkomme

dem. I denne afhandling beskriver vi en særlig klasse af materialer kaldet nær-nul-

indeksmaterialer. Deres forunderlige elektromagnetiske egenskaber, såsom forstør-

relse af bølgelængden, har stort potentiale til at forstærke transmission af signaler

i fotoniske bølgeledere. Derudover har deres konstante faseegenskaber gode anven-

delsesmuligheder inden for kvantefotonik, hvor information genereret af kvanteemit-

tere kan opretholdes i stedet for at nedbrydes af omgivelserne og dermed forårsage

dekohærens. Realiseringen af dem er forblevet en udfordring, da det kræver meget

speci�kke geometrier at opfylde kravene relateret til den e�ektive medium-teori.

Den første del af ph.d.-projektet består af et teoretisk grundlag, hvor vi præsen-

terer nye muligheder og udfordringer i at integrere sådanne materialer med kvan-

teemittere. I den næste del undersøger vi potentielle plasmoniske materialer, som

kunne udvise lav-indeksopførsel, og viser deres eksperimentelle karakterisering og

mulige anvendelser. Den sidste del af projektet inkluderer design og eksperimentelle

veri�kation af et dielektrisk lav-indeksmateriale i et fotonisk krystalmiljø. Vi udforsker

også kombinationen af nær-nul-indekstilstande med bundne tilstande i kontinuummet

som en måde at undertrykke udstrålingstab i systemer on-chip. Til sidst diskuterer

vi fremtidsudsigterne til sådanne kombinationer og deres store potentiale inde for fo-

toniske kredsløb.
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Chapter 1

Introduction

Electronics occupies a great part in our everyday life, being used in home ap-

pliances, smartphones, TVs, etc. Nonetheless their miniaturization capability and

e�ciency have reached its limit regarding power consumption due to intrinsic mate-

rial losses and ohmic heating. As a result the �eld of photonics has emerged as a

promise to substitute microelectronics using mainly optical components, such as op-

tical �bres, waveguides and light sources, with silicon (Si) as the preferable material

for its abundance, chemical stability and cheap price. For these reasons the photonic

industry requires fabrication techniques that are compatible with Si processing, also

referred as complementary metal�oxide�semiconductor (CMOS) compatible.

Just as new prospects towards light circuits come into play, so does its challenges.

As light interacts with matter, although Ohmic heating is to some extent overcome,

propagation losses and optical e�ects such as, absorption, re�ection, di�raction, emis-

sion and scattering appear. Despite these e�ects may be relevant for some experiments

they may also be undesirable for others, mainly because they act as dissipation chan-

nels of radiation so the information that is supposed to be transmitted gets lost. As

2



Chapter 1. Introduction 3

a consequence research on not only materials intrinsic properties but also their shape

and combination becomes necessary to optimize photonic systems performance.

In this thesis a new class of materials, the so-called near-zero index materials

(NZIM) is investigated due to their great potential to overcome propagation losses

in photonic chips [1]. Such materials exhibit refractive index values close to zero,

and therefore experience exotic phenomena such as boost of the electric �eld and

enlargement of the wavelength, resulting in great transmission properties in very small

distorted channels. Moreover they experience enhancement of nonlinearities [2] and

their constant phase property makes them a promising platform to integrate with

quantum emitters as radiation inside these materials has a very long coherence length,

so information can propagate long distances without being lost to the environment.

Permittivity (ε) is a measure that describes how the charges of a medium respond

to electromagnetic radiation, i. e. how well they get polarized. Mathematically this

quantity is related to the refractive index by n =
√
ε. When this values approaches

zero we have an epsilon-near-zero (ENZ) material [3]. However the permittivity may

also be complex, where its imaginary part is responsible for intrinsic losses to the

system, mostly due to electron scattering. As a consequence the refractive index

will be di�erent from zero even if the real part of the permittivity is zero. These

de�nitions are important because we will use them to make a distinction between

NZIM and ENZ. ENZ materials are easily found in nature, as an example we have

noble metals, such as gold (Au) and silver (Ag), where in the visible range their real

part of permittivity crosses zero at the plasma frequency [4]. However they have high

intrinsic losses, so they cannot be considered NZIM and all optical e�ects related to

a low-index material are completely annihilated. In the �rst part of the PhD project

we theoretically demonstrate how quantum emitters interactions can be mediated by

NZIM waveguides in considerable long distances and how even small values for the

imaginary part of ε for ENZ material suppress these results.

In order to apply NZIM theory to feasible and functional devices, great e�ort has

been made by several groups aiming to �nd alternative NZIM, with solutions ranging
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from the �eld of plasmonics to photonic crystals. Plasmonics is a �eld of research that

investigates collective oscillations of free charges in conductors, the plasmons [5], as

a result of an applied electromagnetic �eld. Noble metals are considered traditional

plasmonic materials, but as mentioned earlier their optical losses in the visible and

infrared range are too high, furthermore they are CMOS incompatible due to their

low melting points and have limited wavelength range of operation. These limitations

triggered the search for novel plasmonic materials. For the visible range transition

nitrides, such as titanium nitride (TiN) and zirconium nitride (ZrN) are quoted as

great substitutes for Au and Ag, due to their close plasmonic properties, besides

they have the great advantage of being CMOS compatible [6]. For the infrared range

preferable materials are transparent conductive oxides such as indium tin oxide (ITO)

and aluminium-doped zinc oxide (AZO). In the second part of the project, we explore

titanium nitride (TiN) as a plasmonic epsilon-near-zero (ENZ) metamaterial for op-

tical wavelengths. We experimentally characterize an 100 nm thin �lm of TiN under

cryogenic temperatures, where we retrieve its optical parameters showing that the

imaginary part of the permittivity decreases due to less electron-phonon scattering.

However, even with lower intrinsic losses at low temperatures we show that they are

still su�cient to suppress ENZ e�ects related to in-plane propagation.

So the third and last part of the project compromises the study of a substitution

for plasmonic materials, where we challenge the possibility of using all-dielectric plat-

forms as NZIM. It is well known that periodic pillars can work as NZIM materials

by exciting the right combination of Mie resonances [7], however although intrinsic

losses are overcome, radiative losses occur, where great part of radiation leaks to the

surroundings. Dielectric membranes better con�ne the electromagnetic modes and

are easier to integrate with photonic devices. Nonetheless as radiation tends to be

concentrated in the dielectric, it is very hard to excite Mie resonances using air holes.

The main limitation of this approach, as shall be discussed in the last chapter, is to

�nd the right geometry that would make it behave as an NZIM. Thus, we propose

and fabricate a new structure of a photonic crystal membrane made of Si, designed
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to exhibit a near-zero mode index. In order to overcome the residual radiative losses

causing coupling to environment we also implement bound states in the continuum

(BIC) in the system [8]. Finally, we experimentally characterize the device, bringing

great promises to transmission properties in photonic circuitries.

1.1 Structure of the thesis

In Chapter 2 we theoretically describe fundamental properties of NZIM starting

from basic principles of electromagnetism followed by coherence properties sustained

inside such media.

Chapter 3 presents our proposal to integrate such materials with quantum emit-

ters by using the supercoupling e�ect, showing great potential as a base material for

quantum networks due to their long coherence length.

In Chapter 4 we experimentally investigate optical properties of TiN under cryo-

genic temperatures and retrieve its permittivity curves, as well as other plasmonic

properties and verify its potential as an ENZ material at visible wavelengths.

Chapter 5 details all-dielectric platforms that are able to stand a near-zero index

mode and theoretically present the fundamental properties of BICs. We show a novel

design of an all-dielectric photonic crystal and experimentally verify its zero-index

behaviour combined with BICs.

Finally in Chapter 6 we summarize the main results of the project and its

prospects.



Chapter 2

Low Index Materials

In this chapter we present a theoretical overview of the most intriguing yet useful

properties of low index materials and their prospect applications.

2.1 Maxwell's equations and low index materials

What we know from common knowledge as light is actually a synchronized motion

of electric (E) and magnetic (B) �elds oscillating with an angular frequency ω and

propagating through space and time t in the form

E(r, t) = E0e
i(k�r−ωt)ê, (2.1a)

B(r, t) =
E0

c
ei(k�r−ωt)(k̂ × ê) (2.1b)

where r is the spatial coordinate vector, E0 is the �eld's amplitude, c is the speed

of light, k is the wave vector and ê is an unitary polarization vector [9]. These

equations describe a plane wave propagating in free space with k = k0 as the free

space wave number. To simplify the notation, the parenthesis with temporal and

spatial dependencies of the �elds will be omitted throughout this chapter. In order

to account for the e�ects of matter, we must use the following constitutive relations

6
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for the electric displacement vector D, magnetic �eld H and current density J ,

D = εE, (2.2a)

H = B/µ, (2.2b)

J = σE, (2.2c)

(2.2d)

where ε and µ are the electric permittivity and magnetic permeability of the medium

and σ, its conductivity. These terms represent the material's response to electromag-

netic radiation and its ability to conduct electrical currents. The dynamics of these

�elds considering the surrounding environment properties is described by Maxwell's

equations

∇D = ρf , (2.3a)

∇B = 0, (2.3b)

∇×E = −∂B
∂t

, (2.3c)

∇×H = J +
∂D

∂t
, (2.3d)

where ρf represents the free charge density. In the absence of free charges and consid-

ering only time harmonic �elds (E ∝ e−iωt) the Maxwell's equations can be combined

into so-called wave equation, which shows full description of a propagating wave re-

lating its spatial to temporal components through

∇2E − εµ

c

∂2E

∂t2
= 0, (2.4)

where we can observe the dependence of the �eld's propagation to the materials

properties. Considering one direction of propagation (identi�ed by the wave vector

kx), the solution to equation 2.4 is still a plane wave but with exponential part related

to the permittivity by

E = E0e
i
√
εrµrk0x = E0e

ikxx, (2.5)

where εr = ε/ε0 and µr = µ/µ0 are the relative permittivity and permeability, re-

spectively, and kx =
√
εrµrk0. By mapping light's behaviour to values of εr we can
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classify materials into two categories, conductors (εr < 0) and dielectrics (εr > 0).

In Fig. 2.1 we show qualitatively the transition region between these two categories,

where in conductors, such as metals and oxides, the radiation experiences an expo-

nential decay resulting in absorption and re�ection, whereas in dielectrics the wave

maintains its oscillatory behaviour. In this thesis we investigate the materials lo-

calized in the region with εr taking values between -1 and 1 and µr being positive.

For the speci�c case of photonic crystals described in Chapter 5, we will also study

the situation where µ is zero. The speed of light inside a medium is de�ned by

the refractive index, which is connected to these parameters by n =
√
εrµr, thus in

the regime where either εr, µr or both are small we denominate such materials as

epsilon-near-zero(ENZ), mu-near-zero(MNZ) and epsilon-mu-near-zero(EMNZ). For

such materials, when the imaginary part of εr and µr is negligible they will also be

referred to as near-zero-index-materials (NZIM).

Figure 2.1: Illustration of the transition between conductors an dielectrics with its

respective propagation properties, where the NZIM region is highlighted by yellow

with ε between -1 and 1.

By looking at the wave equation, when εr and µr become small the temporal

term becomes negligible, reducing Eq. 2.4 to the Laplace's equation ∇2E = 0 which

governs electrostatics, meaning that the �eld has a constant amplitude in space while

dynamically oscillating in time [10]. Another interesting decoupling occurs between
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the electric and magnetic �elds. Suppose we have an incoming wave with constant

electric �eld pointing in z direction Hêz. From Eq. 2.3d the electric �eld inside an

ENZ material takes the form E = (1/− iωεr)∇H × êz. Since the electric �eld must

take a �nite value ∇H × êz must vanish, which results on H being also constant and

not depending on E.

As light travels inside a material its wavelength changes according to λ = nλ0,

where λ0 is the wavelength in vacuum. From this equation we arrive in one of the most

fundamental properties of NZIM, the enlargement of the wavelength. In Fig. 2.2, we

illustrate the evolution of a sinusoidal wave when the medium's refractive index in

lowered down to 0. At exactly 0 we observe the wavelength becomes in�nite, and

the absolute phase, what is considered to be responsible for the temporal evolution

between the wavefronts, becomes constant. This property, as shall be seen in the

section 3, is related to the coherence of an electromagnetic �eld and its ability to

interfere.

Figure 2.2: Illustration of the di�erence between the wavelength of a trivial dielectric

material with εr > 1 and zero-index material, where the wavelength becomes in�nite

when εr = 0.

At �rst, by looking at the wavelength stretching inside NZIM one would assume

that the phase velocity, given by v = λf , would be superluminal and approach in�nity

in the limit where n = 0. Thus allowing instantaneous signal transmission. However,
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the group velocity would be zero making information transfer impossible. In order to

allow communication between NZIM channels we have to account for the dispersion

character of the medium [11]. By de�nition dispersion occurs when the optical prop-

erties of the medium, such as ε and µ, depend on the frequency. Except for vacuum all

media are dispersive. In Fig. 2.3 we exemplify the dependence of the refractive index

of a titanium nitride �lm with the wavelength. The data was retrieved from ellipsom-

etry measurements of a 100 nm thick �lm of TiN [12]. Any optical information must

be encoded in a pulse, which is the superposition of di�erent frequencies. A complete

monochromatic wave is unrealistic because dispersion guarantees that each and every

pulse will be composed of di�erent wavelengths even for very small linewidths, bring-

ing the group velocity to a �nite value. Another important condition of the NZIM

for information transfer is that the imaginary part of the refractive index must have

very small value and dispersion. As the imaginary index is related to absorption, big

�uctuations in a short frequency interval will distort too much the signal resulting in

lost of information. These two conditions are responsible for restricting superluminal

behaviour and make information transfer in NZIM achievable. This a�rmation is

fundamental to explain the occurrence of the supercoupling e�ect, approached with

more details in the next section.
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Figure 2.3: Real (n) and imaginary (k) parts of the refractive index for a 100 nm thin

�lm of titanium nitride as a function of the wavelength, exemplifying the dispersion

properties of such medium.

2.2 The supercoupling e�ect

Waveguides, such as optical �bres, are structures able to con�ne light in a �nite space

and control its propagation direction. The modes supported inside a waveguide are

subordinate to its constituent materials and geometry. A counter-intuitive phenomena

occurs when very distorted waveguides are �lled with ENZ material. Normally light

would be highly re�ected inside crooked channels and abrupt bends. Nonetheless

with ENZ it is able to tunnel through, this is known as the supercoupling e�ect.

Intuitively we could argue that the wavelength within the ENZ medium is extremely

large so no di�raction nor re�ection from abrupt bends are sensed by light [13]. A

more strict explanation lies within matching impedance conditions. Impedance is a

physical constant that relates the electric and magnetic �eld through the equation

Z =
E

H
=

√
µ

ε
(2.6)

and is associated to a resistance to the propagation of waves. When a waveguide has

di�erent cross sections, an incoming wave su�ers great re�ection due to impedance
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mismatch. However, this fact can be circumvented by inserting a narrow ENZ mate-

rial between waveguides, as illustrated in Fig. 2.6, where the wave will match both

channels impedance, tunnelling through. As discussed in Chapter 1, optical e�ects

related to NZIM, such as the supercoupling e�ect, appear when the imaginary part of

permittivity is negligible, so in this chapter we will use the term ENZ and NZIM inter-

changeably. Since when dealing with electrodynamics we mostly use the permittivity

as a fundamental quantity instead of the refractive index, we will predominantly use

the term ENZ in this section.

Figure 2.4: Illustration of the impedance di�erence at the ports a waveguide with

narrow ENZ channel of length d+L1+L2, coded in yellow. The blue colour represents

a hollow waveguide.

In this system, an incoming electric �eld polarized in the y direction (see Fig.

2.6), Ey, propagates through a hollow waveguide and is transmitted through an ENZ

waveguide with variable cross section and length. We use Faraday's law
∮
E·dl = −dB

dt

to calculate the electric �eld at both ends of a narrow channel of length d and width

a [14, 15]. Knowing that Hz is constant inside the ENZ material we arrive at

Ey(L1 + d)a− Ey(L1)a = iωµHzda (2.7a)

Ey(L1 + d)

Hz

− Ey(L1)

Hz

= iωµd (2.7b)

The transversal wave impedance is de�ned as Z = Ey/Hz, and the free-space impedance
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is η0 =
√
µ0/ε0. Combining both equation into Eq. 2.7 and substituting ω with

k0/
√
ε0µ0 we get the impedance di�erence between the ends of the ENZ channel

Zout
η0
− Zin

η0
= iµrk0d, (2.8)

where Zin and Zout are the impedances at the beginning and end of the channel,

respectively. From this equation we have no information regarding how an ENZ

channel may decrease the impedance di�erence and culminate in full transmission.

For that we need to relate the impedance calculated at the end of the channel to

the impedance at the waveguide ends. In the limit where k0L1 � 1 the transversal

impedance of the waveguide before the channel is proportional to the taper ratio

Z ′in ≈
a

l
Zin, (2.9)

and similarly the impedance after the channel is:

Z ′out ≈
a

l
Zout, (2.10)

where l is the width of the waveguide before and after the channel. Substituting Zin

and Zout by Z ′in and Z ′out in equation 2.8 results in

Z ′out − Z ′in ≈
iµrk0η0da

l
(2.11)

Thus, in order for the di�erence of impedances between the input and output waveg-

uides to be small at least one of the dimensions of the channel, either d or a, has to

be reduced. In on-chip photonics, radiation must be able to not only transmit signals

but implement logic operations. If a channel is too short, other devices, such as op-

tical cavities have no space to interact with the system, so longer channels are often

preferred, thus a narrow channel would be the suitable option for the supercoupling

e�ect to happen.

For waveguides of arbitrary cross sections (l1 and l2) a general formula for the

re�ection coe�cient is given by

r =
(l1 − l2) + ikoµrA

(l1 + l2)− ikoµrA
, (2.12)
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where A = (L1 + L2)l + ad is the cross sectional area of the ENZ waveguide. From

this equation we can observe that to minimize re�ection both waveguides should have

the same cross section l at both ends, as well as minimal area, as predicted before.

The complete derivation of this formula can be found in [14].

The supercoupling e�ect is also possible even in channels with several fabrication

imperfections due to its ability to overcome di�raction, which is an optical e�ect

related to the deviation of a wave due to physical barriers that have dimensions close

to the wavelength. As a result of the great enlargement of the wavelength, the wave

will not experience the medium's deformities, therefore exhibiting great transmission

properties inside deformed waveguides [16].

We have performed simulations for the supercoupling e�ect using the commercially

available software COMSOL multiphysics [17], base on the �nite element method. In

Fig.2.5 we depict our simulation results for tapered waveguides �lled with an ENZ

material channel of refractive index n = 0.001. Fig. 2.5a) and Fig. 2.5b) represent

the results for ENZ channels of a = 20 nm and 300 nm, where re�ectance values

of R = 0.04 and R = 0.39 were obtained, respectively. The same simulation was

also performed for a very distorted waveguide in Fig. 2.5c) where almost the same

transmission was observed for the straight channel case of same width.

The re�ectance through a low index channel of variable width (20 nm < a <

300 nm) and �xed length d = 2 µm is shown in the plot of Fig. 2.6, with lowest

value of 4 % corresponding to the narrowest channel. The blue curve represents the

analytical results for the re�ectance taken from the re�ection coe�cient equation 2.12.

A small deviation from complete transmission is predicted because the channel area

would have to approach 0, which would make no sense since a waveguide is used to

transmit the wave, so a small impedance mismatch is expected. A way to get around

this is to also have µr close to zero, where a very small value of permeability would

be able to match the impedance for any channel thickness.
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Figure 2.5: a) Supercoupling e�ect observed in a hollow waveguide with a narrow

region �lled with ENZ material of width 20 nm and 2µm length.For an incident

electric �eld polarized in the y direction 4% of re�ectance was measured, while for a

thicker channel of 300 nm, depicted in b) the re�ectance was 39%. In c) we show that

for the narrowest channel, even big deformities would give a small re�ection.

Figure 2.6: Plot of the re�ectance for an ENZ waveguide with variable cross section

a and �xed length d = 2 µm, where the red circles represent retrieved data from the

simulation and the blue curve is the analytical solution obtained through the re�ection

coe�cient from equation 2.12.
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As good as the supercoupling e�ects sounds for enhancing transmission properties

of waveguides, it also holds big limitations. A realistic ENZ material will always

have a permittivity with an imaginary part which is related to losses in the system

and consequently so will the refractive index. In Fig. 2.7 we measured, for the

same system of Fig. 2.5 a), the re�ectance for di�erent values of the imaginary part

κ of the refractive index, while keeping the real part n = 0 and show how even

small �uctuations as 0.1 in κ will greatly detriment the signal and extinguish the

supercoupling e�ect.

Figure 2.7: Plot of the re�ectance for an ENZ waveguide with variable value of the

imaginary part κ of the refractive index while the real part is kept constant and equal

to 0.

To summarize, the supercoupling e�ect brings great prospects into enhancing sig-

nal's transmission inside waveguides, being a great solution for the propagation losses

encountered in on-chip devices. However, challenges also arise regarding materials

properties as intrinsic losses related to the imaginary part of permittivity will greatly

suppress this e�ect. In the next chapters we try to circumvent these losses by de-

creasing the materials temperature, so electron-phonon scattering is lessened and

implementing all-dielectric platforms.
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2.3 Coherence in Low Index Materials

Another fundamental property of light when propagating inside an ENZ material is

its constant phase. The phase is a property related to variation of a wave cycle. In

a electromagnetic wave the phase is given by the argument of the �eld's function,

(k �r−ωt+φ), where φ is a relative phase term responsible for in�uencing the spatial

distribution of the wave. When electromagnetic radiation interacts with matter, the

medium, due to scattering, re�ections and intrinsic losses provides additional random

phases responsible for modulating the signal. When the phase di�erence between

waves is kept constant we say that the waves are coherent, as sketched in Fig. 2.8.

Figure 2.8: a) Illustration of coherent waves where the relative phase φ is kept constant

through space. b) Incoherent waves with random phase di�erence φ.

We motivate our discussion starting from the well-known analysis of Young's dou-

ble slit experiment, illustrated in Fig. 2.9, where a monochromatic light source reaches

the apparatus and each slit will behave as a source of the incident radiation, as stated

by Huygens-Fresnel principle [18]. At a point r on the observation plane a detector

measures the average light intensity. So if we write the resulting �eld from slits 1 and

2 as

E(r, t) = A1E(r1, t1) + A2E(r2, t2) (2.13)

where A1 and A2 are geometric factors dependent of the slits distance, the intensity

is

I(r) = 〈|E(r, t)|2〉 , (2.14)
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where the bracket symbol denotes time average. For convenience the �elds are treated

as scalars by assuming they have the same polarization. So the total intensity becomes

I(r) = |A1|2 〈|E(r1, t1)|2〉+ |A2|2 〈|E(r2, t2)|2〉+ 2Re(A∗1A2 〈E∗(r1, t1)E(r2, t2)〉).

(2.15)

The �rst two terms from Eq. 2.15 are the intensities from each slit while the last term

is responsible for interference [19]. From this term we introduce the expression for

the �rst-order normalized mutual coherence function

γ12 =
〈E∗(r1, t1)E(r2, t2)〉√
〈|E(r1, t1)|2〉 〈|E(r2, t2)|2〉

. (2.16)

When |γ12| = 1 we say the �elds are completely coherent, 0 < |γ12| < 1 they are

partially coherent and for |γ12| = 0, incoherent. Physically this means that at the

plane of the detector we would observe interference fringes with highest visibility for

the completely coherent case, while no interference fringes would be observed for the

incoherent one.

Figure 2.9: Sketch of Young's double slit experiment where a coherent light source

illuminates two slits and a detector captures the intensity values in di�erent positions

r in the observation plane.

We may now advance to understanding how the characteristics of a source of

radiation is related to the coherence degree. When we superpose a wave at the same
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position x but at di�erent times t and t+ τ , the �elds are

E(x, t) = E0e
i(kx−ωt) (2.17a)

E(x, t+ τ) = E0e
i(kx−ω(t+τ)). (2.17b)

In order to calculate γ12 we have

〈E∗(x, t)E(x, t+ τ)〉 = E2
0e
−iωτ . (2.18)

The equation above is called autocorrelation function, also known as the temporal

coherence function [20]. When we consider �uctuations of an electromagnetic source

in a time scale, there will be certain intervals that might have a well de�ned phase

di�erence until it changes by some random process. These intervals will determine the

coherence time of a light source as they carry information about both intensity and

degree of coherence. For the case of perfectly monochromatic light sources, |γ12| = 1

for any time τ , meaning that the radiation has a in�nite coherence time. From the

coherence time τc we can calculate the distance in which the wave is still coherent

according to lc = cτc. This quantity is known as coherence length [18].

So now let us suppose we place two electromagnetic sources in a lossless ENZ

medium. The enlargement of the wavelength results in the wave number k ≈ 0, which

means that the wave has a constant amplitude inside the whole medium and, therefore,

a constant phase. In this manner the autocorrelation function will be the same as

in equation 2.18, and |γ12| = 1, thus inside the ENZ material radiation is perfectly

coherent [21]. Furthermore, if we look at the interference term in equation 2.15, it

can be shown that for another material such as air, this term will be proportional to

cos(k1 ·r1−k2 ·r2+∆φ), where ∆φ is the relative phase di�erence. It is the oscillatory

character of this function that gives rise to interference fringes. However, if we consider

an ENZ medium, both k1 and k2 are zero, and for synchronized sources with the same

relative phase the argument of this cosine function becomes zero. This means that

for any number of sources placed in the ENZ material the waves will always interfere

constructively as shown in Fig. 2.10, where the �rst and third columns represent

simulation results for an electric dipole embedded in an ENZ medium, delimited by
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the square region. The surrounding material is air. As the relative permittivity

εr increases we are able to observe the decrease in wavelength. Second and fourth

columns show interference e�ects when two electric dipoles are placed inside the ENZ.

It is possible to see in the case of lowest εr how the square is completely �lled with

only one colour, meaning complete constructive interference. As εr increases, peaks

and dips appear, as well as pronounced re�ections at the interface between the two

media, resulting in a messier �eld pro�le.

Figure 2.10: In the �rst and third columns we depict simulation results of a single

electric dipole source embedded in an ENZ material with variable εr, delimited by

the square, and surrounded by air. The second and fourth columns show interference

e�ects between two dipoles within the ENZ medium.

Nonetheless, such uniform ENZ material does not exist without intrinsic losses, as

in the case of metals, for example. In order to consider a realistic approach of ENZ

e�ects we must take into account the imaginary part of permittivity, as it will be

presented in the next section. We show that the only way to completely extinguish
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these losses is to implement all-dielectric platforms.

2.3.1 Volume plasmons and coherence time

Physically when εr = 0 the free electrons behave as a collective excitation, named

volume plasmons, that oscillates in coherent motion with frequency ωp, the plasma

frequency [22]. Here, the ENZ medium is represented by a Fermi gas, which is an

ensemble of non-interacting electrons, with dispersion relation given by

ω2 = ω2
p +

3

5
v2fk

2 (2.19)

where vf is the Fermi velocity and k is the wave number. Realistically any material

will have a complex permittivity around the ENZ crossing point by reason of causality

considerations [23, 24]. Considering a relaxation time τ of the plasmons, the equation

for the dielectric function is

εr = 1−
ω2
p

ω2

1

1− 1/iωτ
(2.20)

For εr = 0 and due to the imaginary part of the permittivity contained in the equation

above, the frequency turns into a complex value ω = ω′ + iω′′, with

ω′ = ωp

(
1− 1

(2ωτ)2

)1/2

(2.21)

and

ω′′ =
−1

2τ
, (2.22)

The value of τ can be estimated by Heisenberg's uncertainty principle

∆E∆τ ≥ ~
2
, (2.23)

where ~ is the reduced Planck's constant and ∆E is the uncertainty on energy. When

an electron su�ers inelastic scattering in a medium the energy lost from this process

can be calculated by the energy-loss function [25]

lossf =
ε′′

|ε′′|2 + |ε′|2
(2.24)

=
ω2
pω/τ

(ω2 − ω2
p)

2 + (ω/τ)2
, (2.25)



Chapter 2. Low Index Materials 22

where the complex permittivity is εr = ε′ + iε′′. This function will have a maximum

around ωp where we can estimate the frequency width, ∆f , by the full width half

maximum, and consequently ∆E.

Using the previous equations for the autocorrelation function and the degree of

temporal coherence in continuous form [20]

G(τ) =

∫
E∗(t)E(t+ τ)dt (2.26)

and

g(τ) =
G(τ)

G(0)
, (2.27)

respectively, where E(T ) is the electric �eld at a time t, we are able to �nd the

coherence time from

τc =

∫
|g(τ)|2dτ. (2.28)

Using the dispersion curve for SiC with εr = 0 + 0.03i we have calculated for at

its ENZ point (10.32 µm), a coherence time of 1.061× 10−12s. Considering that the

mode propagates with a phase velocity equals to ω/k we �nd a coherence length value

of 1.4 mm. From these results we notice how even very small losses are responsible

for decreasing the ENZ system's coherence time, thus limiting its performance for

quantum optics applications. Nevertheless, for nanophotonics applications where light

is con�ned to small scales this value might be enough to cover a region designed to

have coherent operations on-chip.



Chapter 3

ENZ grids for quantum photonics

In this chapter we describe our theoretical investigation of ENZ materials with spe-

ci�c applications for the �eld of nanophotonics, taking into consideration their exotic

transmission properties and their potential application for integration with quantum

emitters, such as quantum dots.

3.1 Quantum emitters and ENZ

Quantum dots (QD) are semiconductor nanostructures that form a potential barrier

mimicking the quantized energy levels of an atom. By exciting these emitters with

external light source they emit photons. Quantum emitters (QE) can be implemented

in several structures, such as nanowires and pillars. An example of well known QEs

are gallium arsenide (GaAs) quantum dots that operate in the near-infrared range

[26, 27]. The interaction between QEs and resonant cavities form a basis for quantum

information processing. Conventional cavities are found in photonic crystals and plas-

monic platforms [28, 29]. NZIM represent an alternative to explore more sophisticated

phenomena. For instance, its ability to tailor emission properties [30, 31] and sup-

port geometry-invariant eigenfrequencies [32] can bring unprecedented results for the

�eld of cavity quantum electrodynamics. In this chapter our main idea is to employ

ENZ materials to coherently transmit radiation from QEs through a long network and

with high e�ciency, by using the supercoupling e�ect [33, 34]. Our design concept is

23
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illustrated in Fig. 3.1.

Figure 3.1: Design concept of a QE (cyan) enclosed by a dielectric cylinder (dark

blue) where its radiation can tunnel through an ENZ waveguide with variable cross

section (red), through the supercoupling e�ect.

We start our analysis by investigating the QE's behaviour inside such a medium.

The direct contact of a source with a dissipative medium generates a singularity in the

power radiated by the emitter, so it is not able to sustain its oscillations. Therefore,

to allow continuous emission from a dipole into the ENZ channel, it has to be placed

�rstly inside a dielectric insertion [35, 36]. This dielectric will then be surrounded by

an ENZ material, as depicted in Fig. 3.2. Due to a high contrast between the refractive

indices, the ENZ material will e�ectively form a cavity where the QE emission can be

enhanced by �tting the size of the cavity to right resonance conditions [37]. Simulation

wise the closest system to a QE is an oscillating dipole, where the description of the

�eld is classical.

An electromagnetic �eld excited by a dipole can be written as a sum of transversal

electric (TE) and transversal magnetic (TM) modes. When the dipole is placed inside

a dielectric sphere (ε1) of radius r0 and immersed within an ENZ material (ε2), the
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Figure 3.2: Sketch of the system being considered for calculation of resonance con-

ditions of an electromagnetic point source (blue) placed at the centre of a dielectric

insertion (ε1) surrounded by an ENZ material (ε2).

internal �elds are

Eint =
∑
{q}

[ialTMnm N l
nm − alTEnm M l

nm] (3.1a)

Hint =
1

η

∑
{q}

[alTMnm M l
nm + ialTEnm N l

nm], (3.1b)

where {q} = {n,m, l} are indexes for the spherical harmonics. M l
nm and N l

nm are

the vectors

M l
nm =

1

k
∇× (B̂n(kr))T lnm(r̂)r̂ (3.2a)

N l
nm =

1

k
∇×M l

nm, (3.2b)

and

T lnm(r̂) = Pm
n (cos(θ))[δlecos(mφ) + δlosin(mφ)]r̂, (3.3)

where Pm
n are the Legendre polynomials and B̂n(kr) = (1 + clnm)Ĵn(kr) + iŶn(kr) is a

spherical Bessel function related by the cylindrical Bessel function of �rst kind Jn of

order n in the Schekuno� form with Ĵn(x) =
√
πx/2Jn+1/2(x). Ŷn are the spherical

Bessel functions of second kind and clnm a coe�cient. The indices e and o represent

even or odd modes for the Tesseral harmonics T lnm [38]. The main idea behind these
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calculus is to �nd the coe�cients for both TE and TM cases, that would maximize

the �elds inside the sphere. This step is done by applying the boundary condition

n̂×E = 0 which assures that the tangential �elds will be continuous on the surface

of the cavity, leading to the following sets of equations

Ŷ ′n(k2r)Ĵ ′n(k2r0)− Ĵ ′n(k2r)Ŷ ′n(k2r0)

Ŷ ′n(k2r)Ĵn(k2r0)− Ĵ ′n(k2r)Ŷn(k2r0)
=
η1
η2

Ĵ ′n(k1r0)

Ĵn(k1r0)
(3.4a)

Ŷn(k2r)Ĵn(k2r0)− Ĵn(k2r)Ŷn(k2r0)

Ŷn(k2r)Ĵ ′n(k2r0)− Ĵn(k2r)Ŷ ′n(k2r0)
=
η1
η2

Ĵn(k1r0)

Ĵ ′n(k1r0)
, (3.4b)

where equations 3.4a and 3.4b represent the characteristic equation for TM and TE

modes, respectively. k1 and k2 correspond to the wave numbers for media 1 and 2.

In the limit where (ε2 → 0) and the ENZ volume is much bigger than the cavity, the

above equations can be simpli�ed as

−n =
ε2
ε1

(k1r0)
Ĵ ′n(k1r0)

Ĵn(k1r0)
(TM) (3.5a)

−1

n
=

1

k1r0

Ĵn(k1r0)

Ĵ ′n(k1r0)
(TE). (3.5b)

These calculations are based on multipole expansions where a dipole source cor-

responds to the �rst order (n = 1). For the TM case the �eld reaches the resonance

condition, therefore its highest value, when Ĵ1(k1r0) = 0, while for TE modes the

condition is Ĵ ′1(k1r0) = 0. Therefore by knowing the characteristic equations for both

modes we are able to determine the size of the dielectric sphere so the system is in

resonance. In our case, the simulations of the supercoupling e�ect were performed

considering the emission spectrum of a typical GaAs quantum dot [39], where the

wavelength of our ENZ material should lie around 780 nm. In order to reach a mag-

netic dipolar resonance (TMmode) the radius of the air sphere ε1 = 1 was r = 110 nm.

The ENZ material was chosen to have a small permittivity for both real and imaginary

parts (ε = 10−3 + i10−3). The width, length and height of the channel are �exible

parameters, and we �x them to 10 nm, 1 µm and 2 µm, respectively. Surrounding the

waveguide a 100 nm thick layer of gold was used to prevent radiation leakage to the
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environment[14]. The system was modelled by the commercially available software

COMSOL [17]. In Fig. 3.3 we present the results for full 3D simulations, where the

electric �eld produced by a QE simulated as a point source placed at the centre of

the left cavity is transmitted through a distorted ENZ waveguide. At the other side

an empty cavity is placed in order to monitor the transmitted �eld. The normalized

electric �eld pro�le is collected through the red straight line in Fig. 3.3c), display-

ing a decrease of 14% from one cavity to another, as shown in Fig. 3.3d). We must

point out that this result is subjected to several parameters, such as the thickness and

length of the channel, as well as the value of permittivity as we saw in the Chapter 2.

Since ENZ channels can transmit an electromagnetic �eld with an uniform phase,

the geometry of the system has no strong in�uence on the phase distribution. We

could have had more bends and an arbitrary displacement of the second cavity from

the centre of the ENZ medium, but still achieve the same result due to the geometry

invariance property of the ENZ material [32]. Such �exibility enables more extended

frames of nanophotonic devices design.

Normally dipole-dipole interactions between emitters are restricted to sub-wavelength

distances. The supercoupling e�ect comes as a way to overcome such limitation. The

radiation transmitted with high e�ciency through the deeply sub-wavelength ENZ

waveguide by a QE with dipole moment d, makes it possible to excite another emit-

ter with the same emission frequency in the other cavity. Considering the QEs as

two-level systems, we can describe their dynamics inside the ENZ channel by the

Green's function approach combined with the formalism of master equations [40].

From that we can compute the decay rate induced by mutual interactions between

the two emitters (d1,d2) due to coupling,

Γ21 =
2k20
~ε0

d2 · Im(G(r2, r1, ω)) · d1, (3.6)

where (G(r2, r1, ω)) is the Green's electric �eld tensor [41], calculated from the

electric �eld retrieved by numerical simulations. A frequency shift due to dipole-
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Figure 3.3: An electric dipole (blue arrow) is placed inside spherical an air cavity,

of radius 110 nm, embedded in the ENZ material, of 2µm height. The colour scheme

represents the normalized electric �eld pro�le. For better visualization the gold layer

is not displayed.The lowest insets show the top view with a cut line linking the two

cavities(red) and the Electric �eld pro�le along the red line.

dipole interactions (Lamb shift) was also calculated according to [42, 43]

∆ω21 =
−k20
~ε0

d2 ·Re(G(r2, r1, ω)) · d1. (3.7)

The dipoles were placed in cavities with a 2 µm distance from each other. Both

functions are evidence of a cooperative behaviour and their plot is depicted in Fig.
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3.4, where the decay rate and Lamb shift related to coupling are normalized by the

free space decay rate. At the plasma frequency we observe that the cooperative decay

rate reaches a maximum, so the dipoles are e�ectively coupled.

Figure 3.4: Decay rate (blue) and Lamb shift (red) of two dipoles, embedded in

an ENZ waveguide, normalized by the free space decay rate, as a function of the

frequency normalized by the plasma frequency.

3.2 ENZ grids

The results obtained for the simple ENZ waveguide motivated us to expand the system

to multiple grids connecting various cavities, forming what we call an ENZ network.

Our system consists of 25 identical cavities occupying circa 15 x 15 µm2 in area. In our

simulations one emitter (blue arrow in Fig. Fig. 3.5) is placed at the middle cavity.

Computation-wise we reduced the system to two-dimensional (2D), so the radius of

the cavity had to be optimized for the new geometry, having a value of 310 nm.

The �eld intensity distribution is shown in Fig. 3.5a) where we observe almost equal

distribution of the �eld in all cavities, even the ones not directly connected to the

central. The pro�le of the electric �eld as a function of the horizontal position along
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the red line is presented in Fig. 3.5b). For the same system we show in Fig. 3.6 how

the phase is preserved within the whole network.

Figure 3.5: a) Normalized electric �eld intensity, emitted by a point source placed

inside the middle cavity. b) Electric �eld pro�le as a function of the horizontal cut

line (red).

In this context we analysed bigger networks containing much more nodes in order

to see their limitations. As long as we maintain the same dimensions of all blocks

as in the case in Fig. 3.5 e�ectively supporting the ENZ regime, we �nd, for this
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Figure 3.6: Phase distribution of the TM mode in a ENZ network consisting of 25

dielectric cavities.

particular network geometry, the following relation between the magnetic �eld of the

central cavity and the number of cavities

|H|
|Hp3x3|

= 4.63e−0.59n + 0.20, (3.8)

where |H|
|Hp3x3| is the normalized magnetic �eld with respect to the central cavity with

lowest unitary cell, given by 3 x 3 cavities, and n is the total number of cavities in

one direction of the network. In Fig. 3.7 we plot the data for Hz and the blue curve

corresponds to the �tting for the above equation.
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Figure 3.7: Plot of the normalized magnetic �eld, at the central cavity, as a function

of the number of cavities in one direction of the network. The blue curve represents

the �tting.

Figure 3.8: Magnetic �eld intensity in a 5x5 ENZ network, where the quantum

emitter is placed at the central cavity

In order to analyse the �eld's decay with distance we chose to look at the peak
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of the magnetic �eld, due to its monopole distribution inside the cavity (Fig. 3.8).

We have collected the values of normalized magnetic �elds in the central cavity for

networks consisting of 25, 49, 91, 121, 169 and 225 cavities. The decay of the magnetic

�eld as a function of distance x from the source for di�erent cavity numbers is plotted

in Fig. 3.9, following equation

|Hnxn| =
4.633

n
+

(
−4.608

n
+ 1.19

)
e−(1.533/n+0.2409)x − 0.1934, (3.9)

where |Hnxn| is the normalized magnetic �eld with respect to the point source located

at the central cavity. This result helps to estimate the drop of intensity with the size

of an ENZ network without spending computational time on extended simulations.

Figure 3.9: Normalized magnetic �eld for networks of di�erent sizes as a function of

the position of each cavity, where the curves represent the �tting.

For the sake of comparison we simulate the same system geometry, but instead of

ENZ we use a material of ε = 1, such as air, inside the channels. The magnetic �eld

pro�le for both materials in a network of n = 15 is shown in Fig. 3.10a) where the

red curve is �tted by equation (3.9) for the ENZ case. It is possible to observe that

the electric �eld decays much slower in ENZ than in a network solely �lled by air.

See comparison in Fig. 3.10b). At the furthest cavity relative to the centre there is
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still a considerable signal, whereas the �eld in the air-�lled network is four orders of

magnitude less. The intensity and phase distribution for such ENZ dense network is

depicted in Fig. 3.11.

Figure 3.10: a) Comparison between the magnetic �eld pro�les for an ENZ network

(blue) and air network (black), both with the same number of cavities showing the

�tting curve of the maximum values for the magnetic �eld (red). b) Normalized

electric �eld pro�le of the same system .
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Figure 3.11: a) Normalized electric �eld emitted by a dipole localized at the centre of

the network (blue arrow) where b) is the corresponding phase distribution.

Therefore, distant cavities exhibit considerable �eld's intensity produced by a sin-
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gle QE, leading to the possibility of excitation of several distant particles connected

through a dense ENZ grid. We illustrate this concept by embedding gold cylinders of

radius 70 nm in each cavity (Fig. 3.12) of a 3 x 3 network. The particles are placed

where the electric �eld is the highest and a QE is positioned in the central cavity.

After some time all gold cylinders exhibit an intensity distribution characteristic of a

dipole resonance, oscillating in phase, con�rming our hypothesis.

Figure 3.12: Electric �eld distribution of an ENZ network showing excitation of gold

nano-discs of radius 70 nm inside each cavity, where the �eld pattern corresponds to

a dipolar excitation from radiation emitted by a QE (blue arrow).

A big limitation of not only ENZ networks but ENZ materials in general is that it

demands extremely low losses. As we saw in Chapter 2, intrinsic losses are responsible

for signi�cant deterioration of the signal and have the greatest in�uence on coherence

properties of ENZ [24, 37]. Because of the interaction with the environment, transport

of information across networks [44] su�ers from decoherence. Hence, the major current

challenge of quantum networks is to attain coherent transfer from spatially-separated

QEs [45]. As we saw previously, ENZ materials with low losses present a nearly
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constant phase di�erence between the wavefronts of the signals [21], bringing great

prospects for the design of quantum networks.

In order to evaluate a reasonable size of an ENZ network we must take the co-

herence length of the signal into consideration. From the last section in Chapter

2, we presented the coherence length for SiC, which achieves the ENZ regime with

εr = 0 + 0.1i at the wavelength of 10.3 µm. We found the coherence length to be

1.4 mm. Titanium nitride (TiN) has been intensively investigated as an alternative

to SiC for visible frequencies, with εr = 0 + 4i at the wavelength of 667 nm. In this

case the coherence time calculated was 2.08× 10−15s, providing the coherence length

of 434 nm. While this result seems rather short, when compared with noble metals,

which is typically in order of 1−10 nm [46], it shows a considerable improvement of at

least 40 times. In Fig. 3.13 we artistically illustrate the possibility of an ENZ network

where the blue circle represents the radius of coherence. For a QE localized at the

centre, coherence properties can only be preserved within the circle. Although the

signal can propagate further this limit, information would be lost due to decoherence.

By using a radius corresponding to the coherence length of 1.4 mm from SiC we were

able to estimate for the same geometry used in the previous simulations, a maximum

number of nodes that would �t inside the low loss grid. For the ENZ square with

2.089 µm of length representing the unitary cell, we found a value of approximately

1.41× 106 nodes. State-of-art single crossings have dimensions of around 30 µm [47],

meaning we are able to decrease this value by 15 times, representing a breakthrough

in terms of scalability.

In conclusion, we have introduced the novel concept of ENZ networks where we ex-

plore the supercoupling e�ect to e�ciently transmit electromagnetic signal from QEs

through long distances on-chip. We have also analysed the challenges faced by such

network, where its performance is limited by the imaginary part of the permittivity

of the ENZ material, which gives rise to losses and consequently decoherence. In the

next chapters we explore the possibilities in terms of the materials options that could

be employed as a base for the ENZ network.
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Figure 3.13: Dense ENZ network where the electromagnetic �eld is artistically de-

picted by the red colour. The blue circle delimits the coherence length for the radia-

tion released by an emitter placed at the centre. The coherence property can only be

preserved within the circle, although the signal can propagate further.
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TiN as a plasmonic ENZ material

In this chapter we experimentally characterize a thin �lm of titanium nitride as the

plasmonic material that exhibits low permittivity in the visible range and investigate

its applications and challenges.

4.1 The Drude-Lorentz model

Any material is optically characterized by its permittivity and permeability values. As

we focus our attention mostly to properties of electric �eld we prioritize the description

of the permittivity.

All materials are constituted of protons and electrons and what di�erentiate metals

from dielectrics is the high mobility of free carriers while dielectrics have electrons

attached close to their nucleus. The mobility of electrons with e�ective mass m can

be described by the Drude model, where a gas of free electrons move in harmonic

oscillation when subjected to external electric �eld [5]. Assuming a time harmonic

�eld of the form E(t) = E0e
−iωt such a motion is described by

mẍ +mγẋ = −eE (4.1)

where e is the electron charge and γ the damping frequency resulted from multiple

39
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collisions. A particular solution for the spatial vector x takes the form

x(t) =
e

m(ω2 + iγω)
E(t) (4.2)

The electric displacement mentioned previously in the constitutive relations D = εE

can be rewritten as a function of the macroscopic polarization P as D = ε0E + P ,

accounting for both free and bound charges. P describes the induction of a local

electric dipole in the medium and is related to the number of electrons N and its

charge e by P = −Nex . Substituting equation 4.2 in P we get for the electric

displacement the following expression

D = ε0

(
1−

ω2
p

ω2 + iγω

)
E, (4.3)

where ωp =
√

Ne2

ε0m
is the plasma frequency. Comparing this result to D = ε0εrE we

arrive on the desired equation for the relative permittivity of the Drude model

εr(ω) = 1−
ω2
p

ω2 + iγω
. (4.4)

Plasmons are the fundamental oscillation of the electron cloud and when εr takes

negative values we say the material is plasmonic and therefore has metallic charac-

teristics. This description assumes an ideal free electron metal where εr converges to

1 in the limit of high frequencies. In the case of real metals a residual polarization is

present due to the positive background ions, so a high frequency dielectric constant

ε∞ is added to equation 4.4. However at higher frequencies photons are also able

to induce interband transitions resulting in an additional term to the Drude model,

the Lorentz oscillator term [48], which will in�uence the permittivity dispersion and

damping of the material. A full description of the permittivity considering both e�ects

takes now the form

εr(ω) = ε∞ −
ω2
p

ω2 + iγω
+
∑
j

Aj
ω2
j − ω2 − iΓω

, (4.5)

where the parameters A, ωj and Γ stand for the oscillator strength, transition fre-

quency and (Lorentz) damping, respectively.
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In the next sections we present the experimental characterization of titanium ni-

tride �lms, as the chosen plasmonic ENZ material to be analysed and show how we

were able to retrieve its permittivity curve through re�ectance measurements under

low temperatures.

4.2 Titanium nitride

Noble metals such as gold or silver have great plasmonic properties and can con-

centrate light in very small scales, however they have high intrinsic losses and do

not exhibit low refractive index in the visible range [49]. In search for homogeneous

low-index metamaterials we decided to investigate the optical properties of titanium

nitride (TiN).

Transition nitrides have gained attention due to their optical similarities to noble

metals while having the real part of permittivity around zero in the visible range

[50]. One material that has particularly gained attention is TiN owing to its close

plasmonic properties to gold. However with the advantage of a higher melting point

resulting in compatibility with silicon processing techniques (CMOS), which is an

important characteristic due to Si being the most used material in nanotechnology

[51, 52]. TiN has been used by industries for applications such as high resistance

coatings [53], aesthetics in architecture and medical engineering [12]. More recently

it has been pointed as an alternative ENZ material for the visible range [4]. Previous

studies have reported that the permittivity of TiN greatly depends on the fabrication

method and thickness of the sample, having most experiments been conducted at

room temperature or above [54, 55]. Our main objective in this chapter is to analyse

the plasmonic properties of TiN at the ENZ regime at low temperatures and see what

happens to the imaginary part of the dielectric constant, which is related to losses.

A 100 nm thick TiN �lm was deposited by atomic layer deposition technique (Pico-

sun R-200 Advanced Plasma ALD) allowing precise thickness control. The precursors

used for TiN deposition were titanium tetrachloride, TiCl4 (from Sigma-Aldrich), and
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ammonia NH3. The deposition temperature was chosen to be 500 oC. The growth

rate of TiN (0.025 nm per cycle) was determined by a standard ellipsometry char-

acterization of thicknesses and optical constants (VASE, J.A. Woollam Co.). More

information about the fabrication methods can be found at Shkondin et al [12] .The

permittivity curve retrieved from ellipsometry measurements is shown in Fig. 4.2,

where we observe that the crossing point occurs at 675 nm. However from the last

section we know that the imaginary part of the permittivity is related to intrinsic

losses mainly due to electron scattering from the material. By looking at the imagi-

nary part of the permittivity curve we notice a value of approximately 4 at the ENZ

wavelength. This value is high enough to extinguish most near zero e�ects of the

system. Previous simulations show that in order to plasmonic low index materials

operate in a satisfactory way the imaginary part of permittivity should have a value

smaller than 0.1.

Figure 4.1: Real εre and imaginary εim parts of the relative permittivity curve for a

100 nm thick �lm of TiN at room temperature .

As a result we decided to investigate what would happen to the losses of such

TiN �lm when subjected to cryogenic temperatures. It is well known that losses of a

system signi�cantly decrease with decreasing temperature mainly due to suppression
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of phononic oscillations and less resistance of the free carriers [4].
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4.3 Cryogenic characterization of TIN and retrieval

method

4.3.1 Transfer matrix method

The retrieval of the relative permittivity curve for our fabricated TiN �lm is based on

the transfer matrix method [56, 57], described below. The total electric and magnetic

�eld for an electromagnetic wave propagating in the z direction is described by

E(z) = E+
0 e

ikz + E−0 e
−ikz (4.6a)

H(z) =
1

Z
(E+

0 e
ikz − E−0 e−ikz) (4.6b)

where + and − denote the forward and backward wave respectively and Z is the

impedance, as previously presented in Chapter 2. To simplify the notation we will

use the convention E± = E±0 e
±ikz.

Considering the system illustrated in Fig. 4.2 where a normally incident incoming

wave propagates through two di�erent media 1 and 2. As both magnetic and electric

�elds are parallel to the interface, the boundary conditions require their continuity

according to

E1 = E2 (4.7a)

H1 = H2 (4.7b)

so the total �elds considering each medium 1 and 2 at interface are

E+
1 + E−1 = E+

2 + E−2 (4.8a)

1

Z1

(E+
1 − E−1 ) =

1

Z2

(E+
2 − E−2 ), (4.8b)

which can be written in the matrix formE+
1

E−1

 =
1

t

1 r

r 1


E+

2

E−2

 , (4.9)
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where t and r are the transmission and re�ection coe�cients given by

t =
2Z2

Z2 + Z1

(4.10a)

r =
Z2 − Z1

Z2 + Z1

. (4.10b)

Inside a slab of thickness l, i.e. between positions z1 and z2 shown in Fig. 4.2 we can

relate the �eld on both sides of the interface by

E+
2 = E+

0 e
ikz2 (4.11a)

E+
1 = E+

0 e
ikz1 = E+

0 e
ik(z2−l) = e−iklE+

2 (4.11b)

E−1 = eiklE−2 (4.11c)

So the propagation inside the slab takes the following matrix formE+
1

E−1

 =

e−ikl 0

0 eikl


E+

2

E−2

 (4.12)

The complete mathematical description of a �eld that propagates through a slab of

Figure 4.2: A normally incident incoming wave propagates through two di�erent

media with refractive indices n1 and n2.

thickness l, as illustrated in Fig.4.3, is given by the combination of the propagation

matrix and the re�ection and transmission coe�cients in each interface as
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E+
1

E−1

 =
1

t

1 r

r 1


e−ikl 0

0 eikl

 1

t2

 1 r2

r2 1


E+

3

E−3

 = T

E+
3

E−3

 , (4.13)

where t2 and r2 are given by

t2 =
2Z1

Z2 + Z1

(4.14a)

r2 =
Z1 − Z2

Z2 + Z1

(4.14b)

and T is known as the transfer matrix, where the transmittance T and re�ectance R

are given by

T =

∣∣∣∣ 1

T 11

∣∣∣∣2 (4.15a)

R =

∣∣∣∣T 21

T 11

∣∣∣∣2 (4.15b)

Therefore, by measuring the re�ection spectrum of a sample one can trace back the

terms of the transfer matrix and connect them to the refractive index, and conse-

quently the permittivity values with the Drude-Lorentz model parameters.

Figure 4.3: Transfer matrix approach considering a normally incident incoming �eld

transmitted and re�ected by three media with refractive indexes n1, n2 and n3.
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4.3.2 Experimental realization

Apart from the 100 nm TiN sample described in the previous section other two samples

were fabricated. For the second sample, deposition of 100 nm aluminium thin �lm

was performed using a conventional electron beam evaporation method (Wordentec

QCL 800) at a deposition rate �xed to 5.0 Å/s. Lastly, the third sample constitutes

of just 500 µm double side polished Si wafer. Each material measured in the cryostat

would represent a layer for the transfer matrix method approach, where we consider

a three-layer system made of TiN, Si and Al, as shown in Fig. 4.4. Each re�ection

data was normalized with respect to the re�ection spectra from the Al �lm, assuming

that the Al �lm behaves as a reference mirror.

Figure 4.4: Equivalent system to be considered for the implementation of the transfer

matrix method where a continuum light source is focused on a three layer system

made of TiN, Si and Air.

In order to reach low temperatures all the samples were placed inside a He cryostat.

The experimental set up for cryogenic characterization of a 100 nm thick �lm of TiN is

illustrated in Fig. 4.5. A continuum light source (SuperK from NKT Photonics A/S),

with emission wavelength between 350-2400 nm, is directed towards the cryostat and

reaches an optical lens, focusing the light spot on one sample each time, under normal

incidence. The samples are placed on a moving 3 dimensional piezoelectric translation
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stages for �ne positioning and focusing. The re�ected light is redirected towards a

mirror and collected by the spectrometer. The re�ected signal was analysed within

the range of 600-950 nm.

Figure 4.5: Experimental setup for the characterization of the TiN sample where light

from the continuum source is directed towards the cryostat through a beam splitter

(BS). The light is then focused by an optical lens (L) on one sample (S) each time.

Re�ected signal is redirected by another mirror (M) to the detector (D) and analysed.

We performed re�ection measurements of all three samples for 14 di�erent tem-

peratures (200 K, 150 K, 100 K, 75 K, 50 K, 37 K, 25 K, 18 K, 12 K, 6 K, 4.5 K, 3 K

and 1.5 K), in addition to the room temperature measurements at 293 K. Figure 4.6

shows the re�ection spectra for the fabricated silicon, titanium nitride and aluminium

samples, for di�erent temperatures, down to 1.5 K. Although it is hard to distinguish

several temperature data due to the small variation, it is possible to observe that they

do not all overlap between the wavelengths of 700 and 800 nm.

Each re�ection data previously presented was normalized with respect to the re-

�ection spectra from the Al �lm, assuming that the Al �lm behaves as a reference
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Figure 4.6: Re�ection plots for silicon, titanium nitride and aluminium samples, as a

function of the wavelength, for several di�erent temperatures encoded by colour.

mirror. In order to exemplify this step we plot in Fig. 4.7a) and c) the re�ection data

for Si, TiN and Al, acquired at 200 K, as a function of the wavelength. Figure b) and

d) represent the normalized plots of Si and TiN.

From the normalized re�ection spectra we are able to characterize the optical

properties of the TiN �lm by retrieving the parameters of the Drude-Lorentz (DL)

model using the transfer matrix method approach described previously. A �tting

procedure was done using the free software RefFit [58], aiming to get the parameters

from the DL model.

The DL model has several free variables such as ωp, ε∞,Γ, and the Lorentz terms.

So in order to make the �tting procedure more reliable we have limited the range of

variation of these parameters so we would not have an ill-conditioned system where

there are multiple solutions to the �t. We have selected as the initial values the DL
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Figure 4.7: a) and c) represent the re�ection data for TiN and Si compared with Al,

respectively. b) and d) are the normalized plots.

parameters acquired from ellipsometry data at room temperature, presented in Table

1 and Table 2, and small deviations in the DL terms were applied to have a better

�t for each temperature. Since the Drude term is responsible for describing the free

electrons, it has been shown that temperature would a�ect primarily this term [4].

Therefore we have decided to vary mostly the Drude term to reach a better �tting,

specially the plasma frequency ωp and the Drude damping, γ.

Table 4.1: Drude terms for the permittivity of a 100 nm thick TiN �lm measured at

room temperature

ε∞ ωp (THz) Γ (THz)

4.564 6413.6 488.04
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Table 4.2: Parameters of the Lorentzian terms for the permittivity of a 100 nm thick

TiN �lm measured at room temperature

n Sn ωn (THz) γn (THz)

1 1.5462 5568.2 2149

2 4.9985 8382 3806.1

3 28.4927 1282.3 1193.4

The results for the �tting procedure for some temperatures (1.5 K, 4.5 K, 150

K and 200 K) are plotted in Fig. 4.8, where the red points represent the averaged

data within the wavelength range of the detector (600-950 nm) and the blue lines, the

�tted curves. The blue curve is extrapolated to shorter wavelengths in order to include

the e�ects from the Lorentzian term, which represents interband transitions. From

the normalized re�ectance analysis we obtained the curves for complex permittivity

(ε = ε1 + iε2) and refractive index (N = n+ iκ), shown in Fig. 4.9 as functions of the

wavelength. For better visualization some of the intermediate values of temperature

were omitted.

It is possible to observe from the plots that the imaginary part of permittivity

ε2 decreases. Such behaviour with temperature was also veri�ed by Jayanti et. al.

in 2015 with silver �lms [59], and it is mainly explained in terms of the reduction

of electron-phonon scattering. In our results for TiN at 1.5 K the value of ε2 at its

ENZ point decreased by a factor of 4 as compared to room temperature, which is a

big improvement in terms of intrinsic losses. In Fig. 4.10, we compare both real and

imaginary parts of the relative permittivity, as well as their corresponding refractive

indices, for �lms of Ag and TiN at room temperature and TiN measured at the lowest

temperature (1.5 K). As the refractive index is related to propagation properties,

from Fig. 4.10b) we notice an improvement on TiN's attenuation factor κ, which is

responsible for an exponential decrease of the amplitude of radiation, even less than

Ag. This means that electromagnetic �elds would be able to propagate further in TiN
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than in Ag.

Figure 4.8: Normalized re�ection plots for the 100 nm titanium nitride, as a function

of the wavelength, for a) 1.5 K,b) 4.5 K, c) 150 K and d) 200 K. The red dots represent

the measured data within the wavelength range of the detector (600-950 nm) and the

blue line is the �tted curve.
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Figure 4.9: Real (a,c) and imaginary (b,d) parts of the permittivity (εr = ε1+iε2) and

refractive index (n+iκ), respectively, for a 100 nm TiN �lm at di�erent temperatures.

Figure 4.10: a) Comparison between the real (ε1) and imaginary (ε2) parts of the

relative permittivity of Ag at 293 K, TiN at 1.5 K and TiN at 293 K, as a function

of the wavelength. b) Real (n) and imaginary (κ) parts of the refractive index under

the same conditions.

At the ENZ wavelength (ε1 = 0) we can observe a small gradual increase in the

plasma oscillations wavelength λp as temperature decreases down to T ∼4 K. This is



Chapter 4. TiN as a plasmonic ENZ material 54

associated to counteracting e�ects of the electron density and e�ective mass reduction

as discussed previously in Ref.[55]. This tendency is depicted in Fig. 4.11, where we

plot ε2 and λp as functions of the cryostat temperature. Above 100 K bigger error bars

are expected due to noise and more di�culties in temperature stabilization control.

Therefore we can conclude that the ENZ wavelength of our TiN samples is hardly

a�ected by the temperature change except for T .4 K where ε2 drops down abruptly

because of λp increasing rapidly (with ωp quickly decreasing accordingly). We also

noticed that ε2 has a linear behaviour at the ENZ wavelength down to approximately

4 K. At the lowest temperature ε2 shows a bigger deviation from the linear regime,

which could be explained in terms of nonlocal e�ects responsible for the big shift in the

plasma frequency [60, 61]. Hence, by excluding the point at 1.5 K we have performed

a linear regression for ε2(T ), shown by the red line, according to the function f(T ) =

AT +B giving A = 0.0056 and B = 1.37 with �t goodness of R2 = 0.98.

Figure 4.11: Plots of the imaginary part of the complex permittivity at the ENZ

point (blue circles) and the plasma wavelength (diamonds) as functions of the sample

temperature. The red line represents the linear �t performed on the imaginary part of

the permittivity with the lowest temperature data point (red square at 1.5 K) being

excluded.
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From the permittivity curves we can estimate the plasmonic performance of the

TiN �lm at low temperatures, where its real part gives the local �eld distribution,

whilst the imaginary part is responsible for energy losses [4]. The �rst type of plas-

monic e�ects we study is the so-called localized surface plasmon resonances (LSPR),

which are static excitations of electrons coupled to the external electromagnetic �eld

resulting in the enhancement of the local �eld, illustrated in Fig. 4.12a). The ra-

tio between the enhanced and incoming �eld corresponds to the quality factor of the

LSPR and is dependent on the geometrical shape as well as the material composition.

For a small sphere, for example, the QLSPR is calculated by the ratio −ε1(ω)/ε2(ω)

[4]. By using the permittivity curves for TiN obtained previously we were able to

calculate the QLSPR as a function of temperature, where such dependence is depicted

in Fig. 4.13. From the Q-factor plot we observe a big improvement as temperature

decreases, however when compared to Ag we conclude TiN is an inferior plasmonic

material for localized resonances.

Figure 4.12: a) Localized surface plasmons resonance on a metallic sphere in�uence

by external electric �eld. b) Sketch of surface plasmons polaritons at the interface

between a metal and dielectric.

Surface plasmons polaritons (SPPs) are another kind of plasmonic excitation re-
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Figure 4.13: QLSPR for a small TiN sphere as a function of wavelength and temper-

ature (encoded by colours).The QLSPR of Ag was divided by 25 in order to maintain

the visibility of the other curves.

lated to the coupling between electron oscillations to electromagnetic propagation

along a metal-dielectric interface, as shown in Fig. 4.12b). The SPP dispersion rela-

tion is given by

β =
ω

c

√
εεD
ε+ εD

, (4.16)

where β is the SPP momentum, ε and εD are the dielectric constant of the metal and

dielectric, respectively, which here we assume to be air (εD = 1) for simplicity. The

propagation of SPPs is limited by the attenuation length de�ned as LSPP = (2Imβ)−1.

The plots for the quality factor of SPPs, QSPP = ε1(ω)2/ε2(ω), and propagation

length, LSPP , are shown in Fig. 4.14, where we also compare it is plasmonic behaviour

with Ag.

To conclude we have experimentally retrieved the dielectric constant of a 100 nm

thick �lm of TiN for a broad range of wavelengths under cryogenic temperatures. The

results show a decrease of 4 times in the imaginary part of the relative permittivity, at
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Figure 4.14: (a) QSPP and (b)LSPP for a TiN �lm as functions of wavelength with

decreasing temperatures.The QSPP and LSPP of Ag were divided by 25 and 200,

respectively, in order to keep the visibility of the other curves.

the ENZ wavelength, indicating great reduction of losses. The reason why plasmonic

materials at ENZ point are still very explored is due to their advantage of having high

�eld enhancement in very small structures, which is great for miniaturize devices.

Furthermore they are also geometrically homogeneous,i.e. they don't need special

shapes so fabrication wise they are easier to integrate with other systems. However,

when we compare TiNs quality factor to noble metals such as Ag, we observe a worse

plasmonic performance. Although the losses around the crossing wavelength lessened,

they are still above 0.1, indicating that ENZ e�ects would be greatly suppressed.

One solution would be to implement multilayer structures of metals and dielectrics,

nonetheless patterning such materials for photonic applications is still challenging

[62]. These results motivated us to investigate all-dielectric platforms as a substitute

material, where the intrinsic losses will be extremely low.
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All dielectric NZIM platforms

Since intrinsic losses of the constituent material drastically deteriorate NZIM e�ects,

in this chapter we turn our attention to dielectric platforms and how they can behave

as low index materials, followed by the experimental characterization of a proposed

photonic crystal system.

5.1 Photonic crystals

Photonic crystals are a prevailing topic of nano-photonics and have remarkable wave

manipulation properties [63, 64]. By de�nition they are periodic structures that have

discrete translational symmetry with lattice size close to the free space wavelength

of interest. Photonic crystals structures can be arti�cially created or easily found in

nature, for instance in wings of insects, where periodically arranged protein �laments

are separated by thin layers of air [65]. For a lattice constant a, we describe the

permittivity of a material as being periodic if ε1(r) = ε1(r ± a). Considering a 1D

photonic crystal with only one periodic direction x, as illustrated in Fig. 5.1, we

can classify the modes in the structure by their wave vector kx. The highlighted

rectangle corresponds to the unit cell. From the periodicity condition we have for the

exponential part of the �elds eikxx = eiKx, where K = kx + m(2π/a) and m is an

integer. As a consequence the electromagnetic modes supported by the system are

also modulated by a periodic function, which is known as Bloch's theorem [66]. This

58
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repetition greatly simpli�es the analysis of photonic crystals since modes with wave

vectors kx and K will be identical, meaning that the solution for the unit cell can be

extended to the entire system. In the reciprocal space the range −π/a < kx < π/a is

called the Brillouin zone [64].

Figure 5.1: 1D photonic crystal con�guration of trenches with lattice constant a and

relative permittivity ε1. The red rectangle represents the unit cell of the system.

For a two dimensional photonic crystal consisting of dielectric pillars for example,

the smallest region that doesn't depend on symmetry considerations is called irre-

ducible Brillouin zone, and is shown by the yellow triangle in Fig. 5.2, where Γ, X

and M are conventional denominations of its edges. Because the rest of the Brillouin

zone is a copy of the irreducible one, so are the mode solutions supported by the

system, thus it is enough to �nd the eigenfrequencies within this region. The set

of allowed modes to propagate in a photonic crystal environment is described in a

band diagram, where the solutions depend on the polarization. In this chapter we

will follow the convention where TE modes are represented by in-plane electric �elds

and TM modes (parallel to the pillars axis in Fig. 5.2), out-of-plane. As an example

we plot in Fig. 5.3 the eigenfrequencies for TM modes in a square lattice of dielectric

pillars with ε1 = 12.2, a = 140 nm and radius r = 0.4a. The blue region represents

the photonic band gaps, where no mode is allowed to propagate. These parameters

were arbitrarily chosen for illustrative purposes and the eigenfrequency values for the

band structure were retrieved by the software MIT Photonic Bands [67]. In the next

section we show that by looking at some speci�c geometries of photonic crystals, their
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band diagrams reach certain conditions for the system to behave as a NZIM.

Figure 5.2: Reciprocal space of a 2D photonic crystal consisted of dielectric pillars

where the irreducible Brillouin zone is the yellow triangle with edges conventionally

denominated by Γ, X and M . The blue square delimits the Brillouin zone.

Figure 5.3: Band diagram for TM polarization of a square lattice of dielectric pillars

surrounded by air, with ε1 = 12.2, a = 140 nm and radius r = 0.4a, calculated by

MIT Photonic Bands software. The blue region represents the photonic band gaps .



Chapter 5. All dielectric NZIM platforms 61

5.2 Dirac's triple point and near-zero-index materi-

als

As a result of intrinsic losses inherent to conductors, wave manipulation within ho-

mogeneous ENZ materials turns into a great challenge and the use of all-dielectric

platforms become highly desirable. A solution to use dielectrics and achieve near-

zero-index behaviour is by relying on photonic crystals with degeneracies close to the

Γ point [68].

From previous chapters we recall that the permittivity is a measure of how the

charges of a material will become polarized in the presence of an electric �eld, where

each atom would behave as a tiny dipole. Considering the case of discrete objects

such as, nano-spheres or pillars, these dipoles not only get polarized but collectively

yield scattered radiation, behaving as nano-scale resonators. The re-emitted �elds by

the dipoles interfere to form speci�c radiation patterns, also known as Mie resonances

[69, 70], which depend both on size and shape of the structure. The full description

of nano-particle excitations dependent on frequency is given by Mie scattering theory

[71]. By adjusting structural parameters of a photonic crystal's unit cell it is possible

to tune resonances for the desired frequencies with mode pro�les such as of a dipole,

a monopole and other higher order modes.

When the energy of such electromagnetic modes is linearly proportional to the

wave vector at the Brillouin zone boundaries we can observe in the band structure

a cone-like shape, usually referred as Dirac cones, and the intersection between two

cones is called Dirac point [72]. A well known system that supports such behaviour

is the electric band structure of graphene, as illustrated in Fig. 5.4. Dirac like cone

dispersions are also found in photonic crystals and other periodic systems [73, 74].

When a homogeneous material has both εr(ω0) = 0 and µr(ω0) = 0, the dispersion

near ω0 becomes linear and is associated with Dirac cones just like in graphene, with

the exception of the Dirac point being at Γ instead of at the Brillouin boundaries

[75]. For periodic structures, such as photonic crystals, the Dirac point must have an
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additional mode [7]. In this particular case a triple degenerate state is formed and the

system may e�ectively behave as a NZIM. However, some considerations regarding

the nature of excited modes must be taken into account. In order for a system of

pillars to exhibit near-zero index properties the three Mie resonances supported by

the system must correspond to two dipoles and one monopole, while in the case of

membranes a quadrupole, a dipole and a monopole or hexapole must coexist [76].

Figure 5.4: Band structure of graphene indicating both the Dirac cone and Dirac

point.

Considering the simple case of a square lattice of cylinders made of silicon (εr =

12.5) and embedded in air, for a radius of r = 0.2a, where a is the lattice constant, we

obtain the band diagram for TM polarization (electric �eld along rod axis) depicted

in Fig. 5.5a), where the red circle indicates the triple degeneracy point at Γ, where

the modes converge. The electromagnetic modes corresponding to the three Mie

resonances close to the Dirac point are shown in Fig. 5.5b), where we observe the

presence of two dipoles and one monopole [77]. The additional �at band corresponds

to a dipole mode.
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Figure 5.5: a) Band structure for TM polarization of a square lattice of Si (εr = 12.5)

pillars with r = 0.2a.The red circle indicates the triple degeneracy at Γ. b) Mode

pro�les close to Γ point along the Γ−X direction, corresponding to one monopole and

two dipoles. The simulations were performed using the free software MIT Photonic

Bands.

In the case of pillars, when such modes intercept e�ective medium theory can be

applied to the material and at the triple point's frequency the e�ective constitutive

parameters will be εr(ω0) = 0 and µr(ω0) = 0, so the medium will have an e�ective

zero-index [7]. However, by looking at the dipole modes excited in this system along

the Γ−X direction, we notice that they have in-plane magnetic �eld components in

the same direction of k. This means that longitudinal modes are also excited within

the system. These modes are able to disturb the phase of radiation inside the zero-
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index medium losing its uniformity property. Hence, one solution is to excite only

the monopole resonance, shifting the frequency close to the triple point. So instead

of a zero-index material we would have an NZIM, which is enough to manifest low

index phenomena. We validate this statement by trying to obtain the supercoupling

e�ect with uniform phase in a full photonic crystal platform, as depicted in Fig.

5.6. The radiation from a electric dipole placed inside one of the rods in the left

cavity fully propagates through the other side of the waveguide with uniform phase

distribution. Inside the narrow channel we notice a higher electric �eld, as predicted

for the supercoupling e�ect due to energy conservation. The system is surrounded

by another photonic crystal designed to work as a mirror with r = 121 nm and

a = 367 nm, where the wavelength of the dipole was situated in the mirror band gap,

as shown by the red region in Fig. 5.7. Such system can be employed for several

applications such as photonic circuitry and optical sensors [78].
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Figure 5.6: a) Supercoupling e�ect for a photonic crystal platform made of Si rods

(εr = 12.5) where the frequency of operation is close to the triple point. The electric

�eld is emitted by a QE placed in the middle of the left cavity (green arrow). The

structure is surrounded by another photonic crystal of r = 121 nm and a = 367 nm,

where the frequency of operation lies in the middle of the band gap, making this part

of the system to work as a mirror. b) Phase distribution of the same system.
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Figure 5.7: Band structure of the photonic crystal with r = 0.24a, designed to operate

as a mirror for the supercoupling e�ect. The red region corresponds to the band gap

where we situate the dipole's frequency.
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5.3 Losses and Bound States in the Continuum

Although intrinsic losses are overcome by employing dielectric photonic crystals, light

still experiences radiative losses to free space, i.e. the modes excited in the system

easily couple to the surrounding environment causing leakage of radiation [8]. In or-

der to circumvent these types of losses we have explored the possibility of combining

a near-zero index photonic crystal with a class of special resonances named bound

states in the continuum (BICs) [79, 80]. These states were originally proposed mathe-

matically in 1929 [81] with solutions of the Schrödinger equation describing a particle

trapped in a modulated potential well (Fig. 5.8), where destructive interference from

the oscillating potential would suppress radiative leakage. Nonetheless fabrication

limitations at that time put this theory on hold. Later in 2008, the theory of BICs

were resurrected and experimentally veri�ed in photonic systems [82].

Figure 5.8: Illustration of a uniform potential well with discrete levels of energy (left)

and a BIC in a modulated potential well with resonance in the continuum (right) .

BICs can be classi�ed into two types, symmetry-protected and accidental or

trapped BICs [83]. Symmetry-protected BICs occur at the Γ point and are a re-

sult of mismatch between the symmetry of modes in free space and the modes inside

the system, whereas trapped BICs are a combined e�ect of Mie resonances in the sys-

tem that collectively result in destructive interference, preventing leakage of radiation

to the environment [84, 85]. These bound states are nonradiative, thus have an in�-

nite Q-factor [86]. By computing the photonic crystal with an eigenfrequency solver

[17], we may determine the corresponding eigenvalues Ω = ω′ + iω′′ of the structure.
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Therefore, the Q-factor of the system, given by

Q =
ω′

2ω′′
, (5.1)

can be calculated and its divergence implies the existence of a BIC. In Fig. 5.9a)

we simulate the electric �eld pro�le in the vertical direction (Ey) of BIC states for

a system of periodic (a = 1000 nm) Si trenches of 1000 nm high and 150 nm wide.

Out of the BIC wavelength, randomly chosen at 1442 nm, we observe leakage to the

surroundings while at the BIC wavelength (1492 nm) the mode is well con�ned. By

varying one parameter of the structure, such as the lattice constant, we may observe

the divergence tendency of the Q-factor, representing the condition to �nd the BIC,

as shown in Fig. 5.9b). In a photonic crystal composed by pillars or membranes, the

trapped BICs can be observed by adjusting their height, so destructive interference

takes place, nonetheless these states are very sensitive to symmetry breaking so other

substrates in contact with the structure will negatively in�uence the system [8]. Tak-

ing this into consideration we have decided to work with dielectric membranes instead

of pillars.

Figure 5.9: a)Electric �eld pro�le of periodic Si trenches (a = 1000 nm) of 1000 nm

high and 150 nm wide embedded in silica background. Out of the BIC wavelength

(left) we observe leakage of radiation to the surroundings while at 1492 nm the BIC is

achieved (right).b) Q-factor measured by varying the lattice constant a of the system,

where its divergence indicates the BIC condition.

Our main goal is to combine the outstanding optical e�ects of NZIM, such as
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intense electric �elds and constant phase, with BICs in order to defeat radiative losses

[76]. What makes such combination challenging is the fact that it is very di�cult to

�nd a design for the unit cell of a membrane, for the reason that the electric �eld

is mainly concentrated in the dielectric. Thus, Mie resonances close to air holes are

hard to achieve, making the Dirac's triple point a challenge [87, 88]. Several groups

have attempted to create di�erent structures based on optimization techniques, such

as machine learning, however such designs contain very narrow features with various

corners and unfeasible shapes [89]. One example of a dielectric membrane, proposed

by M. Minkov et. al. is illustrated in Fig. 5.10, where the hole is designed as a �ower

shape [76] in a photonic crystal platform with hexagonal lattice.

Figure 5.10: Si photonic crystal membrane with a �ower shape hole proposed by M.

Minkov et. al. in a hexagonal lattice.

Aiming for feasible devices we have proposed a system of hybrid circular holes

in a Si membrane, as shown in Fig. 5.11a), where both NZIM and BIC conditions

for the wavelength of interest can be reached not only by varying the thickness of

the membrane sample, but as well by changing its period and radius, which gives

great adaptability fabrication wise. For our geometry with air holes of radius 208 nm

and 96 nm and a = 379 nm, we show in Fig. 5.11b) the 2D plot of the band

diagram in kx direction, where we intentionally separate the triple point owning to the

considerations made previously regarding phase uniformity [90, 91]. In this manner,

we have a double degenerate mode corresponding to a dipole and a monopole, and

the other isolated mode at lower frequency consisting of a quadrupole. A triple

degeneracy of such modes would produce a ZIM, nonetheless the imposed separation
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between the eigenfrequencies results in a NZIM. The full band diagram with other

modes in Γ-X direction is presented in the Appendix A. We theoretically veri�ed the

occurrence of a band structure with Dirac cones, depicted in Fig. 5.11c), matching

near-zero index behaviour, where the electromagnetic modes close to Γ are shown in

Fig. 5.12 representing the quadrupole, monopole and dipole modes. From e�ective

medium theory we were able to estimate the e�ective refractive index neff of the

structure using k = neffω/c, achieving a value of neff = 0.002. We also demonstrate

the existence of a trapped BIC by studying the divergence tendency of the Q-factor

(Fig. 5.13), calculate through equation 5.1. The simulations were performed using

the commercially available software COMSOL multiphysics. More details regarding

simulation's geometry and boundaries can be found in the Appendix B.

Figure 5.11: a) Unit cell of the proposed Si membrane design, with air holes of radius

208 nm and 96 nm and a = 379 nm. b) Band diagram in kx direction close to Γ

showing a semi-Dirac cone. c) Full 3D band structure of the system where colours

indicate the isofrequencies.
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Figure 5.12: Modes excited in the proposed Si membrane corresponding to a)

quadrupole, b) monopole and c) dipole.

Figure 5.13: Q-factor for the proposed Si membrane with hybrid air holes calculated

along kx through the equation Q = ω′/2ω′′.
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5.4 Experimental characterization of a low index ma-

terial with a BIC

A sample of a 208 nm thick Si membrane on silica substrate was fabricated in a clean

room environment (DTU Nanolab) using e-beam lithography to expose a resist mask

composed by circular patterns, and advanced silicon etching technique was employed

to make the air holes. The fabrication details are out of the scope of this thesis since

the samples were supplied to us by Dr. R. Malureanu for the optical characterization.

An image of the �nished device taken by a scanning electron microscope (SEM) is

shown in Fig. 5.14.

Figure 5.14: SEM picture of a sample made of a 208 nm thick Si membrane on silica

substrate. The air holes' radius are around 208 nm and 96 nm.

The setup for the optical characterization of the samples is depicted in Fig. 5.15a),

where the experiment was performed at Harvard University. The analysis consisted of

two parts, visualization of isofrequency contours at the Fourier plane and transmission

measurements for Q-factor retrieval. In both cases a tunable laser source (Santec

TSL-550) with wavelength ranging from 1500 nm to 1630 nm was used. A simpli�ed

scheme of the setup is shown in Fig. 5.15b), where radiation passes through a linear
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polariser and is focused on the sample by an objective. At �rst, we aimed to measure

the isofrequency contours, where the technique used relies on resonance enhanced

photon-scattering [92, 93]. Natural fabrication disorders are able to scatter light not

only at the resonance of interest but also at other resonances with di�erent wave

vectors. All these resonances will radiate photons in the far �eld, which will then be

projected into the Fourier plane by a 4f system, allowing us to see the isofrequency

contour for various wave vectors. Since we are interested in the scattered �eld, which

is unpolarized, the re�ected signal was blocked by another polariser (P2). In our setup

two 4f telescopes (lenses L2-L5) are used in order to magnify the image on the CCD

camera. In particular lens L4 can be used to switch from momentum space to real

space. This is convenient because we can recognize the sample's image on the camera

and align it with the laser beam. By changing the wavelength we were able to see the

isofrequency contour evolution and detect the wavelengths that would correspond to

the degenerate points and quasi-BIC resonances.
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Figure 5.15: a) Scheme of the measured setup at Harvard University. b) Simpli�ed

representation of the measurement system where light from a tunable laser source

is focused on the sample by an objective. L1 is used to displace the beam to better

visualize some isofrequency contours. Lenses L2-L5 compose two 4f system to magnify

and project the image into the Fourier plane. Polariser P1 excites the right resonance

in the sample, while P2 blocks the re�ected signal so only scattered �eld reaches the

CCD camera. For transmission measurements a photodetector (PD) is placed behind

the sample.

From the measured sample we have obtained the isofrequency contour depicted in

Fig. 5.16, for the wavelengths of 1527.5 nm, 1536 nm and 1551 nm. At these wave-
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lengths we notice peculiar shapes for the scattered �eld. The Dirac point corresponds

to the wavelength of 1536 nm, where we observe a crossing of three lines. In Fig. 5.17

we con�rm this result by comparing Fig. 5.16b) to theoretical simulations, at the

same wavelength, of the k-space. From their matching we are able to claim to have

reached the near-zero index regime.

Figure 5.16: Isofrequency contour captured on the CCD camera for three di�erent

wavelengths 1527.5 nm, 1536 nm and 1551 nm, where a) and c) represent separable

BIC states while b) is the Dirac's triple point.

Figure 5.17: Isofrequency contour measured at the CCD camera (left) and obtained

by numerical simulations (right), corresponding to the wavelength of 1536 nm.

The other two images represent the evidence of a special class of BICs, named sep-

arable BICs [94]. When a system exhibits a BIC state, more precisely a quasi-BIC due
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to fabrication imperfections, the electromagnetic �eld is con�ned in one dimension,

but it does not mean waves cannot propagate in the other directions. For instance,

in the case of a dielectric membrane, a quasi-BIC along the z (vertical) direction will

con�ne the �eld within the membrane but it is still allowed to propagate along x and

y. Separable BICs, however, include another constraint in one of the other dimen-

sions, increasing the directivity of the �eld, which is now able to propagate only in

one direction. Such states can be reached by exploring asymmetric systems. In our

proposed structure, the Si membrane photonic crystal is a hybrid between an hexag-

onal lattice composed of small holes and square lattice of bigger holes. Consequently,

the lattice constant a will have two distinct values (ax 6= ay), resulting in an asym-

metric band structure where the separable BICs were designed to only exist along

kx, that is exactly why we are able to see only one vertical line in the isofrequency

picture instead of a cross. We have con�rmed their existence through transmission

and Q-factor measurements. The setup used for the last part of the experiment is

the same depicted in Fig. 5.15, but instead of the CCD camera, a photodetector

(Thorlabs DET10C2), placed behind the sample, was used to measure the intensity

of light transmitted through the device. In order to scan the Q-factor for di�erent

wave vectors we have also varied the angle of the sample with respect to normal in-

cidence. The detected intensities were normalized to the ones measured without the

structure. The transmission spectrum for normal incidence is shown in Fig. 5.18,

where it is possible to notice two thin dips highlighted in red.

Close to a BIC wavelength narrow resonances (Fano resonances) appear due to

interference between the continuum resonant state and the discrete zero-index res-

onance [95]. Therefore, for each dip a Fano resonance line-shape was �tted to the

experimental data for the calculation of the Q-factor according to Q = f/∆f (See

Appendix C) [96, 97]. We have also measured the transmission for di�erent angles and

were able to retrieve the angular dependence of the Q-factor, as depicted in Fig. 5.19,

for the two cases. We were able to observe the characteristic curve of a quasi-BIC,

where the Q-factor is expected to decrease according to 1/(akb), with a and b being
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Figure 5.18: Normalized transmission spectrum measured by the photodetector at

normal incidence. The highlighted regions in red represent the �rst and second sepa-

rable BICs, while the green line marks the Dirac's triple point wavelength (1536 nm).

constants. The �rst dip from Fig. 5.18 at 1527.5 nm, corresponds to a quasi-BIC

created close to the Dirac point wavelength measured (1536 nm) and its Q-factor

value diverges around 3 degrees. This means that the quasi-BIC will also behave as

an NZIM. The second dip at 1551 nm is related to the lower frequency band that

was also able to have a high Q-factor, but it is further away from the Dirac point

wavelength, therefore a low index behaviour is not probable.

To conclude, we have experimentally veri�ed the possibility to create an NZIM

that will also sustain a quasi-BIC in order to prevent radiative losses. Although higher

Q-factor values have been reported in literature for symmetric systems, we empha-

sise these results were obtained with glass as a substrate, which already deteriorates

con�nement. This means that by using BICs we are able to achieve high con�nement

even in an asymmetric system, which greatly simpli�es fabrication procedures. Ad-

ditionally we were limited by the resolution of our setup, preventing us to measure

smaller angles. However, from the tendency of the Q-factor curves, they indicate that

even higher Q-factor values might be present.
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Figure 5.19: Q-factor plots as a function of the angles of the sample, where a) is

the ENZ quasi-BIC around 1527.5 nm and b) is another quasi-BIC related to lower

frequency bands and further away from the triple point wavelength.
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Conclusions

In this work we proposed a novel con�guration of near-zero index materials to facili-

tate interaction between distant quantum emitters by using the supercoupling e�ect,

as well as being a channel to coherently transport information. We extended our

system to multiple waveguides in what we called an ENZ network, where we show the

possibility of radiation to interact with several cavities in a dense system. However

the performance of ENZ materials is limited by their intrinsic losses related to the

imaginary part of the permittivity, which refrain them from being de�ned as near-zero

index materials. Therefore, we have explored two options to overcome these types of

losses; cryogenic temperatures and all-dielectric platforms.

At �rst we experimentally retrieved the permittivity curve, by using the transfer

matrix method approach, of an 100 nm thin �lm of TiN submitted to cryogenic

temperatures, down to 1.5K. From the results we have indeed observed a 4 times

decrease in the imaginary part of εr around the ENZ wavelength, nonetheless its

value is still too high to allow manifestation of any near-zero index e�ects. We have

concluded that at least for the visible range plasmonic materials still maintain a big

amount of intrinsic losses and impose big challenges for ENZ platforms in terms of

signal propagation on-chip. Since the desired results were out of reach with TiN

we have decided to explore all-dielectric platforms, such as photonic crystals, where

intrinsic losses are overcome.
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Under the right circumstances, Mie resonances excited in a photonic crystal may

have a degenerate point with three modes. This intercept is named Dirac's triple

point and at its frequency, the modes supported by the whole medium will behave

as e�ectively having near-zero index. In the case of dielectric pillars, reaching Mie

resonances is straightforward but the these modes couple easily to the surroundings

and big radiative losses appear, specially towards the substrate. Consequently, in

order to have a better mode con�nement and easier integration with other photonic

devices, such as cavities and waveguides, we decided to design our structures on Si

membranes on a silica substrate. At this point the main challenge was to �nd the

right geometry of the system that would give the same tendency in the band diagram

for the pillars' case behaving as NZIMs. As it is well known, the electric �eld is mainly

concentrated in the dielectric and a simple air hole shape would not give the right

resonances. Instead of looking for single homogeneous shapes we challenged hybrid

structures of circles of di�erent radius forming a �ower shape, giving the desired

resonances. However, membranes still exhibit radiative losses, so the last step of the

project was to combine the e�ective near-zero-index modes with bound states in the

continuum, for the reason that radiation can be properly con�ned. By adjusting the

thickness, period and radius of our structures we were able to theoretically achieve a

low index material simultaneously with a BIC.

Such hypothesis were validated by experimental characterization of the samples

in scattering and transmission experiments. From the scattered �elds we were able

to retrieve the isofrequency contour in the momentum space and con�rm the near-

zero index character of the material, while the transmission measurements showed

high Q-factors corresponding to quasi-BIC resonances close to the NZIM wavelength.

Therefore, these results corroborate the existence of quasi-BICs in dielectric NZIM

and represent a new step towards near-zero index platforms, where such structures

pave the way to reproducibility of zero-index e�ects that were suppressed by losses.

Furthermore they serve as a building block for on-chip photonic circuitry with low

intrinsic and radiative losses, with several applications in the �elds of biosensing and
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photonic engineering.



Appendix A

For the silicon membrane with air holes of radius 208 nm and 96 nm and a =

379 nm, we show in Fig. A.1 the full 2D plot of the band structure in the Γ-X

direction.

Figure A.1: Band structure in the Γ-X direction for the proposed system of a Si

membrane with hybrid air holes.
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Appendix B

The simulations of band diagrams and Q-factor of BICs were performed by the

�nite element based software COMSOL multiphysics. In Fig. B.1 we show the geom-

etry and mesh used for simulating the Si membrane band structure. At the top and

bottom of the structures perfectly matched layers (PML) were used in order to prevent

re�ections back to the system. The sides are composed of Floquet periodic bound-

ary conditions (PBC) to create the periodicity of the photonic crystal and describe

the Bloch wave vectors. The eigenvalue solver for frequency domain was used and a

convergence test was performed, showing stability for a mesh of maximum 80 nm.
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Figure B.1: a) Geometry of the system analysed composed of a Si membrane on a

silica substrate. b) Side view of the meshed structure. c) Top view highlighting the

periodic boundary conditions.



Appendix C

Aiming to properly calculate the Q-factor for the data collected trough transmission

measurements, we have performed a �t using a Fano resonance line-shape of the form

a0 + a1cos(θ)
2 + a22/(a

2
2 + x2), where a0, a1 and a2 are �tting coe�cients and θ is the

phase di�erence between the two resonances involved in the system [96]. The �tting

procedure around the BIC wavelength is shown in Fig. C.1, where we can observe a

�ne dip in transmission.

Figure C.1: Normalized transmitted intensity data measured for a 208 nm thick Si

photonic crystal membrane. The points were limited to the BIC wavelength range,

given by a thin dip. The blue curve indicates the �tting to a Fano line-shape .
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Abstract: It is well known that noble metals are not compatible with silicon fabrication
processing due to their low melting point, and that their plasmonic behaviour suffers from
the material losses at visible wavelengths. As an alternative, titanium nitride has been highly
investigated in order to overcome these challenges. High temperature characterization of TiN
films has been performed, showing its CMOS compatibility; however, information on intrinsic
losses at lower temperatures is still lacking. Here we experimentally investigate the optical
properties of a 100 nm TiN film under low temperatures down to 1.5 K. From the reflection
measurements we retrieve the dielectric constant and analyze plasmonic applications possibilities.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The dielectric response function of a material is related to many optical phenomena and can give
insights into more fundamental properties such as free carrier mobility and plasmon resonances.
These properties are essential to explore the field of plasmonics [1] which deals with the
coupling between the photon radiation and free electrons in metals, giving rise to electromagnetic
oscillations on metallic components to result in the strong photon energy confinement on the
subwavelength scale [2]. Noble metals such as gold or silver, have exceptional plasmonic
properties at visible frequencies, being great materials to manipulate and confine light on the
nanometer scale [3]. However, they exhibit high losses at optical frequencies which arise
from interactions corresponding to electron-electron, electron-phonon and interband transitions,
limiting their plasmonic performances [4]. Another challenge is that they have relatively low
melting points — an obstacle that makes them incompatible with semiconductor fabrication
processes necessary to develop on-chip CMOS (complementary metal-oxide semiconductor)
device applications [5].
Transition metal nitrides have emerged as a new class of materials with the great promise

of substituting metals while sharing close optical properties with them [6]. One material that
has been under study in recent years is titanium nitride (TiN). Due to its similarity with gold,
including the plasmonic response in the visible and near infrared range, it has the advantage of
having the high melting point and therefore being chemically stable and so CMOS compatible
over a broad temperature range. Various applications for TiN have been pointed out such as
biosensing [7], photothermal applications [8], high resistance coatings [9] and metamaterials
fabrication [10]. More recently, TiN has been studied as an alternative epsilon-near-zero (ENZ)
material in the visible range — material that has the permittivity and refractive index close to
zero, leading to interesting effects such as the nonlinearity enhancement [11] and tunneling in
waveguides to improve optical transmission properties [12,13].
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It has been shown previously that the permittivity of TiN films of variable thickness is greatly
dependent on temperature and fabrication methods [14,15], however, only the range above 20 ◦C
was analyzed in the temperature-dependent studies. Moreover, aside from the dc conductivity
measurements for superconductor applications [16–18], no studies of the dielectric response
function and its plasmonic implications at low temperatures were reported so far to the best of
our knowledge.

In this work, we describe the fabrication and characterization of a 100 nm film of TiN subjected
to low temperatures down to 1.5 K. From the reflection data analysis we were able to retrieve the
real and imaginary parts of the dynamical dielectric permittivity function and consequently the
refractive index in the visible range. At the ENZ wavelength, around 700 nm, our results show
a 4 times decrease in the imaginary part of the permittivity indicating greatly reduced losses.
We also evaluate the quality factors for localized surface plasmons (LSPR) and surface plasmon
polaritons (SPP) as well as the SPP propagation length (LSPP), in order to elucidate the potential
of TiN as a new plasmonic material for the development of on-chip device applications.

2. Experimental realization

Three different samples were fabricated and assembled in a class 100 clean room facility (DTU
Nanolab). For the substrates, n-doped Si (100) wafers were selected and cleaned in O2/N2 plasma.
First, the deposition of a 100 nm TiN layer has been performed by atomic layer deposition
technique (Picosun R-200 Advanced Plasma ALD) that allows precise thickness control at
sub-nanometer level. The precursors used for TiN deposition were titanium tetrachloride,
TiCl4 (from Sigma-Aldrich), and ammonia NH3. The deposition temperature was chosen
to be 500 oC. The growth rate of TiN (0.025 nm per cycle) was determined by a standard
ellipsometry characterization of thicknesses and optical constants (VASE, J.A. Woollam Co.).
More information about the fabrication methods can be found at Shkondin et al [7]. For the second
sample, deposition of 100 nm aluminum thin film has been performed using a conventional
electron beam evaporation method (Wordentec QCL 800) at a deposition rate fixed to 5.0 Å/s.
Lastly, the third sample constitutes of just the 500 µm double side polished Si wafer. The prepared
samples were cleaved in small pieces by an automatic dicing saw (Disco DAD 321) and cleaned
by mixture of acetone and isopropanol in a ultrasonic bath, followed by rinsing in a deionized
water.

The characterization of the TiN film was conducted by spectroscopic ellipsometry, at room
temperature. By employing this technique we were able to evaluate the dielectric function of TiN
and retrieve the parameters of the Drude-Lorentz (DL) model [19] of the form

ε(ω) = ε∞ −
ω2

p

ω2 + iΓω
+

∑
n

Snω
2
n

ω2
n − ω2 − iγnω

. (1)

Here, in the Drude term, ε∞ is the high-frequency dielectric constant, ωp is the frequency
of the plasma oscillations and Γ is its (Drude) damping parameter. In the Lorentz term, the
parameters S, ωn and γ stand for the oscillator strength, transition frequency and (Lorentz)
damping, respectively.
In order to reach low temperatures all the samples were placed inside a closed-cycle low-

vibration He cryostat. The experimental set up is depicted in Fig. 1. A continuum light source
(SuperK from NKT Photonics A/S), with emission wavelength between 350-2400 nm, is directed
towards the cryostat and reaches an optical lens, focusing the light spot on one sample each
time, under normal incidence. The samples are placed on a moving 3 dimensional piezoelectric
translation stages for fine positioning and focusing. The reflected light is redirected towards a
mirror and collected by the spectrometer. The reflected signal was analyzed within the range of
600-950 nm.
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Fig. 1. Experimental setup. Light from the continuum source is directed towards the
cryostat through a beam splitter (BS). The light is then focused by an optical lens (L) on one
sample (S) each time. Reflected signal is redirected by another mirror (M) to the detector
(D) and analyzed. The ice flake symbolizes the low temperature reached inside the cryostat.

We performed reflection measurements of all three samples for 14 different temperatures
(200 K, 150 K, 100 K, 75 K, 50 K, 37 K, 25 K, 18 K, 12 K, 6 K, 4.5 K, 3 K and 1.5 K), in addition
to the room temperature measurements at 293 K. The reflectance data acquired from the TiN was
normalized by the data from the Al mirror and averaged. Afterwards, a fitting procedure was
done using the free software RefFit [20], aiming to get the parameters from the DL model [21].
The reference values at room temperature were used and small deviations in the DL terms were
applied to have a better fit for each temperature. These reference values at room temperature are
necessary, because the system can have good fitting possibilities for different parameters. So the
reference imposes a restriction to the choices of the DL terms, making the fitting procedure more
reliable. The DL parameters acquired from ellipsometry data at room temperature are presented
in Table 1 and Table 2. Since the Drude term is responsible to describe the free electrons, it has
been shown that temperature would affect primarily this term [4]. Therefore we have decided to
vary mostly the Drude term to reach a better fitting, specially the plasma frequency ωp and the
Drude damping, γ.

Table 1. Parameters of the Drude terms for the permittivity of a 100 nm thick TiN film
measured at room temperature

ε∞ ωp (THz) Γ (THz)

4.564 6413.6 488.04

Fig. 1. Experimental setup. Light from the continuum source is directed towards the
cryostat through a beam splitter (BS). The light is then focused by an optical lens (L) on one
sample (S) each time. Reflected signal is redirected by another mirror (M) to the detector
(D) and analyzed. The ice flake symbolizes the low temperature reached inside the cryostat.

We performed reflection measurements of all three samples for 14 different temperatures (200
K, 150 K, 100 K, 75 K, 50 K, 37 K, 25 K, 18 K, 12 K, 6 K, 4.5 K, 3 K and 1.5 K), in addition to
the room temperature measurements at 293 K. The reflectance data acquired from the TiN was
normalized by the data from the Al mirror and averaged. Afterwards, a fitting procedure was
done using the free software RefFit [20], aiming to get the parameters from the DL model [21].
The reference values at room temperature were used and small deviations in the DL terms were
applied to have a better fit for each temperature. These reference values at room temperature are
necessary, because the system can have good fitting possibilities for different parameters. So the
reference imposes a restriction to the choices of the DL terms, making the fitting procedure more
reliable. The DL parameters acquired from ellipsometry data at room temperature are presented
in Table 1 and Table 2. Since the Drude term is responsible to describe the free electrons, it has
been shown that temperature would affect primarily this term [4]. Therefore we have decided to
vary mostly the Drude term to reach a better fitting, specially the plasma frequency ωp and the
Drude damping, γ.

Table 1. Parameters of the Drude terms for the permittivity of a 100 nm thick TiN film measured at
room temperature

ε∞ ωp (THz) Γ (THz)

4.564 6413.6 488.04

The approach to retrieve the permittivity values of the material is based on the transfer matrix
method [22], where each material measured in the cryostat would represent a layer, considering
the Al sample as a reference mirror. The model consists of a three-layer system made of TiN,
Si and Al, in this order. From the normalized reflectance analysis we obtained the curves for
complex permittivity (ε = ε1+ iε2) and refractive index (N = n+ iκ), shown in Fig. 2 as functions
of the wavelength. For better visualization some of the intermediate values of temperature were
omitted.
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Table 2. Parameters of the Lorentzian terms for the permittivity of a 100 nm thick TiN film
measured at room temperature

n Sn ωn (THz) γn (THz)

1 1.5462 5568.2 2149

2 4.9985 8382 3806.1

3 28.4927 1282.3 1193.4

Fig. 2. Real (a,c) and imaginary (b,d) parts of the permittivity (ε = ε1 + iε2) and refractive
index (N = n + iκ), respectively, for a 100 nm TiN film for different temperatures, as a
function of the wavelength. The color coding is depicted in the legends.

Table 2. Parameters of the Lorentzian terms for the permittivity of a 100 nm thick TiN film
measured at room temperature

n Sn ωn (THz) γn (THz)

1 1.5462 5568.2 2149

2 4.9985 8382 3806.1

3 28.4927 1282.3 1193.4

The approach to retrieve the permittivity values of the material is based on the transfer matrix
method [22],where each material measured in the cryostat would represent a layer, considering the
Al sample as a reference mirror. The model consists of a three-layer system made of TiN, Si and
Al, in this order. From the normalized reflectance analysis we obtained the curves for complex
permittivity (ε = ε1 + iε2) and refractive index (N = n + iκ), shown in Fig. 2 as functions of
the wavelength. For better visualization some of the intermediate values of temperature were
omitted.

Fig. 2. Real (a,c) and imaginary (b,d) parts of the permittivity (ε = ε1 + iε2) and refractive
index (N = n + iκ), respectively, for a 100 nm TiN film for different temperatures, as a
function of the wavelength. The color coding is depicted in the legends.
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3. Results and discussion

From the experimental results and the reconstruction of the dielectric response function and
refractive index, it is possible to observe a decrease in the imaginary part ε2 of the permittivity
as the temperature decreases. Such a behavior was also verified by Jayanti el at. [23] with
temperature dependent measurements performed on Ag films. It was explained in terms of the
reduction of the electron-phonon scattering rate with decreasing temperature. In our case for
temperature 1.5 K at the ENZ wavelength where ε1 is close to zero, Fig. 3(a) shows the decrease
of ε2 by a factor of 4 (from 4 down to 1) as compared to the room temperature value, indicating a
significant loss reduction at low temperature.

Fig. 3. (a) Comparison between the real (ε1) and imaginary (ε2) parts of the dielectric
function for Ag at 293 K, TiN at 1.5 K and TiN at 293 K, as a function of the wavelength.
(b) Real (n) and imaginary (κ) parts of the refractive index at the same conditions.

3. Results and discussion

From the experimental results and the reconstruction of the dielectric response function and
refractive index, it is possible to observe a decrease in the imaginary part ε2 of the permittivity
as the temperature decreases. Such a behavior was also verified by Jayanti el at. [23] with
temperature dependent measurements performed on Ag films. It was explained in terms of the
reduction of the electron-phonon scattering rate with decreasing temperature. In our case for
temperature 1.5 K at the ENZ wavelength where ε1 is close to zero, Fig. 3(a) shows the decrease
of ε2 by a factor of 4 (from 4 down to 1) as compared to the room temperature value, indicating a
significant loss reduction at low temperature.

Whereas the complex permittivity is related to scattering and absorption, the refractive index
can be associated with the propagation properties such as transmission and reflection. By
comparing the results of the refractive index measurements for TiN to those for Ag as depicted in
Fig. 3(b), we observe a great improvement in the TiN attenuation factor κ, which is responsible
for the exponential decrease of the amplitude of propagating electromagnetic waves, to exhibit
much better optical transmission properties for TiN.
Figure 4 shows the imaginary part ε2 of the complex permittivity at the ENZ wavelength

(ε1 = 0) and the plasma oscillations wavelength λp as functions of the cryostat temperature.
Above 100 K bigger error bars are expected due to noise and more difficulties in temperature
stabilization control. From the plot one can see a tiny gradual decrease in the plasma wavelength
as temperature goes up all the way from T ∼4 K. This can be ascribed to the counteracting effects
of the electron density and effective mass reduction as discussed previously in Ref. [15]. One can
therefore conclude that the ENZ wavelength of our TiN samples, which is very close to λp for
not too short wavelengths according Eq. (1), is hardly affected by the temperature change except
for T . 4 K where ε2 drops down abruptly because of λp going rapidly up (with ωp quickly
decreasing accordingly). We also see that ε2 at the ENZ wavelength follows a linear tendency
down to approximately 4 K. The linear regression fitting procedure using for ε2(T) the model
function f (T) = AT + B (excluding the lowest temperature point) gives A = 0.0056 and B = 1.37
with the fit goodness R2 = 0.98 shown by the red line in the figure.

To understand the peculiar temperature dependence below 4 K in Fig. 4 we use the confinement
induced nonlocal dielectric response model developed recently for plasmonic films of finite
variable thickness [24, 25]. The model is based on the fact that for visible to near-infrared

Fig. 3. (a) Comparison between the real (ε1) and imaginary (ε2) parts of the dielectric
function for Ag at 293 K, TiN at 1.5 K and TiN at 293 K, as a function of the wavelength.
(b) Real (n) and imaginary (κ) parts of the refractive index at the same conditions.

Whereas the complex permittivity is related to scattering and absorption, the refractive index
can be associated with the propagation properties such as transmission and reflection. By
comparing the results of the refractive index measurements for TiN to those for Ag as depicted in
Fig. 3(b), we observe a great improvement in the TiN attenuation factor κ, which is responsible
for the exponential decrease of the amplitude of propagating electromagnetic waves, to exhibit
much better optical transmission properties for TiN.
Figure 4 shows the imaginary part ε2 of the complex permittivity at the ENZ wavelength

(ε1 = 0) and the plasma oscillations wavelength λp as functions of the cryostat temperature.
Above 100 K bigger error bars are expected due to noise and more difficulties in temperature
stabilization control. From the plot one can see a tiny gradual decrease in the plasma wavelength
as temperature goes up all the way from T∼4 K. This can be ascribed to the counteracting effects
of the electron density and effective mass reduction as discussed previously in Ref. [15]. One
can therefore conclude that the ENZ wavelength of our TiN samples, which is very close to λp
for not too short wavelengths according Eq. (1), is hardly affected by the temperature change
except for T.4 K where ε2 drops down abruptly because of λp going rapidly up (with ωp quickly
decreasing accordingly). We also see that ε2 at the ENZ wavelength follows a linear tendency
down to approximately 4 K. The linear regression fitting procedure using for ε2(T) the model
function f (T) = AT + B (excluding the lowest temperature point) gives A = 0.0056 and B = 1.37
with the fit goodness R2 = 0.98 shown by the red line in the figure.

To understand the peculiar temperature dependence below 4 K in Fig. 4 we use the confinement
induced nonlocal dielectric response model developed recently for plasmonic films of finite
variable thickness [24,25]. The model is based on the fact that for visible to near-infrared
frequencies (well below the interband transition frequencies) the thin film response of Eq. (1)
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Fig. 4. Plots of the imaginary part of the complex permittivity at the ENZ point (blue
circles) and the plasma wavelength (diamonds) as functions of the sample temperature. The
red line represents the linear fit performed on the imaginary part of the permittivity with the
lowest temperature data point (red square at 1.5 K) being excluded.

frequencies (well below the interband transition frequencies) the thin film response of Eq. (1) can
be represented as a nonlocal Drude dielectric response function ε(k, ω) defined as

ε(k, ω)
εb

= 1 −
ω2

p(k)
ω2 + iΓω

= 1 −
ω2

p(k)
ω2 + Γ2

(
1 − i

Γ

ω

)
. (2)

Here, εb is the real constant to account for the effect of the background dielectric screening in
the film material [26] (contributed by the Lorentz term and ε∞),

ωp(k) =
ω3D

p√
1 + (εsb + εsp)/εbkd

, (3)

is the in-plane plasma oscillation frequency of the electron gas with the 2D plasmon momentum
k (= |k|) in the film of thickness d sandwiched between the substrate and superstrate with
the dielectric constants εsb and εsp, respectively, and ω3D

p =
√

4πe2N3D/εbm∗ is the plasma
frequency of the bulk (3D) plasmonic material with N3D and m∗ being the volumetric electron
density and electron effective mass, respectively. The plasma frequency in Eq. (3) is spatially
dispersive, to result in the nonlocal dielectric response in Eq. (2), because of the pair Coulomb
interaction potential modification due to the vertical confinement of the charges in the finite-
thickness plasmonic films [24].
The standard procedure of the thermal averaging of Eq. (3) reads
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where the numerator sums up all boson plasma frequency modes with different k and the
denominator provides the total number of such modes available in the 2D k-space (bounded

Fig. 4. Plots of the imaginary part of the complex permittivity at the ENZ point (blue
circles) and the plasma wavelength (diamonds) as functions of the sample temperature. The
red line represents the linear fit performed on the imaginary part of the permittivity with the
lowest temperature data point (red square at 1.5 K) being excluded.

can be represented as a nonlocal Drude dielectric response function ε(k,ω) defined as
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Here, εb is the real constant to account for the effect of the background dielectric screening in the
film material [26] (contributed by the Lorentz term and ε∞),

ωp(k) =
ω3D

p√
1 + (εsb + εsp)/εbkd

, (3)

is the in-plane plasma oscillation frequency of the electron gas with the 2D plasmon momentum
k (= |k|) in the film of thickness d sandwiched between the substrate and superstrate with the
dielectric constants εsb and εsp, respectively, and ω3D

p =
√
4πe2N3D/εbm∗ is the plasma frequency

of the bulk (3D) plasmonic material with N3D and m∗ being the volumetric electron density and
electron effective mass, respectively. The plasma frequency in Eq. (3) is spatially dispersive, to
result in the nonlocal dielectric response in Eq. (2), because of the pair Coulomb interaction
potential modification due to the vertical confinement of the charges in the finite-thickness
plasmonic films [24].
The standard procedure of the thermal averaging of Eq. (3) reads

ωp(T) =
∫ kc

0 dkkωp(k)/
{
exp

[
~ωp(k)/kBT
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where the numerator sums up all boson plasma frequency modes with different k and the
denominator provides the total number of such modes available in the 2D k-space (bounded
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above by kc the plasmon cutoff parameter). Substituting Eq. (3) in Eq. (4) one obtains
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Here, α = ~ω3D
p /kBT and a = εbkcd/(εsb + εsp) control the plasma frequency T-dependence

through the film thickness parameter d at all other things being equal. Both for a→∞ (very thick
films) and for a→0 (ultrathin films) Eq. (5) is seen to be essentially T-independent. In the latter
case, the plasma frequency goes down as

√
d — the effect previously discussed theoretically

[24,25] and observed experimentally for ultrathin TiN films at ambient temperature [27,28].
Away from these two extremes there is a T-dependence stemming from α

√
t/(t + 1/a), with the

denominator being always greater than the numerator as
√

t/(t + 1/a)<1 to result in a sudden
drop of ωp with lowering the temperature. Figure 5(a) shows the general behavior of the plasma
frequency as a function of (dimensionless) temperature and film thickness as given by Eq. (5).

Fig. 5. (a) Plasma frequency general behavior as a function of dimensionless temperature
and film thickness as computed from Eq. (5). (b) Analysis of the plasma frequency
temperature dependence using the confinement induced nonlocal dielectric response model
of the finite-thickness plasmonic film [24]. See text for details.
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The experimental data in Fig. 4 can now be understood in terms of Eqs. (2) and (5). The results of
our plasma frequency analysis are presented in Fig. 5(b). The dots there show the ratioωp(T)/ω3D

p

obtained from the data set in Fig. 4(a) with ω3D
p approximated by 2πc/λp(200 K)=1.867 eV.

The lines are computed from Eq. (5) with a = 1000, 2500 and 5000. The green line with
a=εbkcd/(εsb + εsp)=2500 is seen to follow the data points quite well at all T , reproducing also

Fig. 5. (a) Plasma frequency general behavior as a function of dimensionless temperature
and film thickness as computed from Eq. (5). (b) Analysis of the plasma frequency
temperature dependence using the confinement induced nonlocal dielectric response model
of the finite-thickness plasmonic film [24]. See text for details.

The experimental data in Fig. 4 can nowbe understood in terms of Eqs. (2) and (5). The results of
our plasma frequency analysis are presented in Fig. 5(b). The dots there show the ratioωp(T)/ω3D

p
obtained from the data set in Fig. 4(a) with ω3D

p approximated by 2πc/λp(200 K)= 1.867 eV.
The lines are computed from Eq. (5) with a = 1000, 2500 and 5000. The green line with
a=εbkcd/(εsb + εsp)=2500 is seen to follow the data points quite well at all T , reproducing also
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the drop at T<4 K. For our films of d=100 nm we then have kc≈2.5(εsb + εsp)/εb Å−1. Using
kc=0.64 Å−1 reported recently from the comparison of the Drude model with the first-principle
calculations of the low-energy plasmon excitation mode in bulk TiN [29], one now obtains
εb/(εsb + εsp)≈3.9 to result in εb≈7.8 and εb≈50 for the 100 nm thick TiN film free-standing in
air and for that deposited on Si substrate (εsb=11.7), respectively. Different εb values obtained
reflect the differences in the Coulomb screening for the finite-thickness films immersed in different
surroundings [24]. Note that for ultrathin disks of gold εb=9.5 was earlier reported within the
framework of a similar Drude model with no confinement induced nonlocality included though
[26].

The dielectric function in Eq. (2) allows one to understand the temperature dependence of ε2 in
Fig. 4(b) as well. From Eq. (2) one has ε2= Im ε ∼ ω2

p Γ with ωp being independent of T all the
way down to 4 K (neglecting a small effect above-mentioned of the counteracting contributions of
the electron density and electron effective mass). Therefore, the linear temperature dependence
of ε2 can only be coming from the Drude damping parameter Γ which is nothing but the inelastic
electron scattering rate. For temperatures below 293 K this is known to be mainly contributed by
the electron-acoustic-phonon scattering (optical phonons typically have a higher excitation energy
threshold [30]) with the scattering rate proportional to kBT stemming from the long-wavelength
acoustic phonon occupation number [31]. Needless to say that the sudden drop of ε2 below 4
K comes from the drop of ωp(T) as discussed above. Another tempting, seemingly plausible
explanation could be using the known fact of the superconducting phase transition in thin TiN
films at T<1 K [17,18] as a factor to drastically affect the low-T electron plasma oscillation
frequency. However, the superconducting coherence length of Cooper pairs does not typically
exceed a few nanometers, which is a too tiny scale to be able to affect the long-wavelength
plasmon dispersion and the plasmon coherence length on the order of a micrometer (let alone the
fact of Tc being much less than 4 K at which we start seeing the effect here).

4. Plasmonics

In this section we analyze the plasmonic properties of the measured TiN film at low temperatures.
The performance of plasmonicmaterials depends both on the real part of their complex permittivity
function which determines the local field distribution, and on the imaginary part which quantifies
the energy losses [4]. The overall performance of the plasmonic film can be characterized by
the quality factor Q of the coupled light-matter excitations such as localized surface plasmon
resonances (LSPR) and surface plasmons polaritons (SPPs) [32].

LSPRs are the static excitations of the conduction electrons coupled to the external electro-
magnetic field. They result in the local electromagnetic field enhancement. The Q factor for the
LSPR is described by the ratio of the enhanced local field to the incident field, and depends on
the material composition and the geometrical shape of the metallic structure. For a sphere of not
too small diameter, for example, the QLSPR can be represented by the ratio −ε1(ω)/ε2(ω) under
the assumption of being mostly contributed by the material composition [4]. For TiN material
we then obtain the QLSPR wavelength and temperature dependence as shown in Fig. 6, where we
can see a big improvement as temperature goes down when compared to the room temperature,
however we still notice its inferiority to noble metals such as Ag.
Another fundamental excitation in plasmonics is the SPP — the transverse wave formed by

the collective electron oscillations coupled to the electromagnetic wave propagating along the
metal-dielectric interface. The SPP dispersion relation is given by

β =
ω

c

√
εεD

ε + εD
, (6)

where β is the SPP momentum, c is the speed of light, ε is the complex dynamical dielectric
permittivity of the metal and εD is the permittivity constant of the dielectric material which we
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Fig. 6. Quality factor of localized surface plasmons QLSPR for a TiN sphere of not too small
diameter as a function of wavelength and temperature (encoded by colors).The QLSPR of
Ag was divided by 25 in order to maintain the visibility of the other curves.

Fig. 7. (a) QSPP and (b)LSPP for TiN as functions of wavelength at different tempera-
tures.The QSPP and LSPP of Ag were divided by 25 and 200, respectively, in order to keep
the visibility of the other curves.

here assume to be air (εD = 1) for simplicity. The propagation of SPPs is controlled by the energy
attenuation length defined as LSPP = (2Imβ)−1. The SPP can only be excited provided that the
condition |ε(ω)| ≥ 1 is fulfilled. For that reason, we calculate the QSPP for TiN by analogy with
QLSPR for wavelengths above 750 nm. The plots of QSPP and LSPP are shown in Fig. 7.

5. Conclusion

We have experimentally retrieved the complex valued dynamical dielectric permittivity function
of a 100 nm TiN film for a broad range of wavelengths and low temperatures down to 1.5 K.
Our study shows the 4 times decrease in the imaginary part of the dielectric function around the
ENZ wavelength at low temperatures, indicating greatly reduced losses. This results in much
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QLSPR for wavelengths above 750 nm. The plots of QSPP and LSPP are shown in Fig. 7.
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5. Conclusion

We have experimentally retrieved the complex valued dynamical dielectric permittivity function
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Fig. 7. (a) QSPP and (b) LSPP for TiN as functions of wavelength at different temperatures.
The QSPP and LSPP of Ag were divided by 25 and 200, respectively, in order to keep the
visibility of the other curves.

5. Conclusion

We have experimentally retrieved the complex valued dynamical dielectric permittivity function
of a 100 nm TiN film for a broad range of wavelengths and low temperatures down to 1.5 K.
Our study shows the 4 times decrease in the imaginary part of the dielectric function around the
ENZ wavelength at low temperatures, indicating greatly reduced losses. This results in much
better electromagnetic propagation properties for TiN at low temperatures as compared to room
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temperature, placing it next to noble metals such as Au and Ag. From the measured temperature
dependence of the permittivity imaginary part at the ENZ wavelength we were able to identify
and explain theoretically a highly nonlinear regime of the loss reduction below 4 K. We have
also performed the analysis of the basic plasmonic properties such as the LSPR and SPP quality
factors for the TiN material at different temperatures.
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epsilon-Near-Zero Grids for on-chip 
Quantum Networks
Larissa Vertchenko, Nika Akopian   & Andrei V. Lavrinenko  

Realization of an on-chip quantum network is a major goal in the field of integrated quantum photonics. 
A typical network scalable on-chip demands optical integration of single photon sources, optical 
circuitry and detectors for routing and processing of quantum information. Current solutions either 
notoriously experience considerable decoherence or suffer from extended footprint dimensions 
limiting their on-chip scaling. Here we propose and numerically demonstrate a robust on-chip network 
based on an epsilon-near-zero (eNZ) material, whose dielectric function has the real part close to zero. 
We show that eNZ materials strongly protect quantum information against decoherence and losses 
during its propagation in the dense network. As an example, we model a feasible implementation of 
an eNZ network and demonstrate that information can be reliably sent across a titanium nitride grid 
with a coherence length of 434 nm, operating at room temperature, which is more than 40 times larger 
than state-of-the-art plasmonic analogs. our results facilitate practical realization of large multi-node 
quantum photonic networks and circuits on-a-chip.

As described by H.J. Kimble1, a Quantum Network (QN) is composed of three main elements: the nodes where 
the quantum information is generated, the channels which transport quantum states across the system and 
distribute entanglement between nodes and last, the light-matter interface for entanglement generation. The 
ultimate goal of on-chip photonic quantum technology will be met with the building of a network, where for 
instance, entanglement can be coherently distributed2. Current on-chip solutions involve the dielectric circuitry 
where dense integration is challenging. The alternative plasmonic networks can be arranged with a high density 
but they suffer from short coherence lengths on the scale of 1–10 nm3.

Here, we exploit the epsilon-near-zero (ENZ) materials to overcome both limitations. Propagation of electro-
magnetic waves in ENZ materials exhibiting a close-to-zero relative permittivity has been an intense subject of 
research through recent years4. One of their interesting feature is that waves are able to propagate in a subwave-
length waveguide with acute bends almost without reflection losses. Such phenomenon is known as the supercou-
pling effect or tunneling5,6. As the wavelength in an ENZ material is extremely long, the phase of the eigenmode is 
almost constant, allowing, for example, wavefront shaping7 for imaging applications. Another interesting feature 
of the ENZ materials is pronounced enhancement of nonlinearities8,9. It was reported that ENZ can also facilitate 
control over emission and interaction of quantum emitters (QE)10 embedded in an ENZ cavity, and that emitted 
photons could hold substantial entanglement over large distances.

Recently a quantum photonic platform capable of generation of multidimensional (16 × 16) entanglement has 
been experimentally demonstrated on a silicon chip11. However, the key elements of this circuit have footprints 
in sizes of few micrometers, or even dozens. So making a denser grid is a real challenge for conventional photonic 
materials like silicon. It is well known that subwavelength sizes, abrupt changes of waveguide cross section, and 
presence of acute bends provoke back scattering and radiation of the mode, degrading its quality and affecting 
coherency. To push for the much smaller footprints of the circuit elements we propose to configure a QN with an 
ENZ material. Such an ENZ-based QN harvests on the supercoupling effect for synchronous excitation of multi-
ple distributed QEs (see Supplementary Section ‘Supercoupling theory’). In the ideal case when the ENZ is loss-
less (the imaginary part of the relative permittivity is equal to zero) the mode at the output port is exactly the same 
as the input port having the footprint reduced in hundreds times in comparison with the Si-based elements11.

Currently quantum dots (QDs) are considered as single photon emitters, which can be used as a source of 
coherently created photon pairs12. Quantum dots can be naturally implemented in different epitaxially grown 
structures like nanowires and micropillars, which provide highly efficient channels of light outcoupling. These 
single photons can transport quantum information, encoded either in polarization or time-bin qubits. Since our 
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network design supports the propagation of only TM modes7, we can not use polarization qubits. We, there-
fore, propose to encode quantum information in time-bin qubit13 described by the superposition of two pulses, 
|ψ〉 = α|early〉 + βeiφ|late〉, where α and β are general probability amplitudes and |early〉 and |late〉 represent the 
state of the pulses separated in time14. Inherently, the immunity of the time-bin qubit during propagation directly 
depends on property of keeping the phase difference φ between these two pulses constant.

The principle of operation of a dense grid of ENZ channels is demonstrated with a two-cavities example 
in Fig. 1a. To allow photon emission a quantum emitter has to be placed in dielectric insertion15. The high 
contrast between the refractive indices of the ENZ and dielectric effectively forms a cavity. The QE emission 
can be enhanced by fitting the size of the cavity to the resonance conditions16. Aiming to match the emission 
spectrum of a typical GaAs quantum dot17 we chose a wavelength of 780 nm. Then, the radius of the spher-
ical cavity, r = 110 nm, was optimized to achieve a magnetic dipolar resonance (see Supplementary Section 
‘Optimization’). Knowing that QDs can have the size of just a few nanometers, the structure is considered feasible 

Figure 1. Design concept of an ENZ quantum network and 3D simulations of the bent waveguide filled with 
ENZ material. (a) Illustration of a QE (cyan) enclosed by a dielectric cylinder (dark blue), embedded in an ENZ 
waveguide with variable cross section (red), showing the possibility of interaction between distant QEs through 
the supercoupling effect. (b) The structure is composed of spherical air cavities, of radius 110 nm, embedded in 
the ENZ material, of 2 μm height and with a quantum emitter at the center (blue arrow). The normalized electric 
field profile is coded by the color scheme. For better visualization the gold layer is not displayed. (c) Top view 
with a cut line linking the two cavities(red), (d) Electric field profile along the cut line.
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for nanofabrication. The channel width, length and height are flexible parameters, and we fix them to 10 nm, 
1 μm and 2 μm, respectively. Outside the waveguide a 100 nm thick layer of gold was used to prevent leakage 
in the environment6. We present results for the full 3D simulations in Fig. 1b. The ENZ material for illustration 
purposes was chosen to have a very small permittivity for both real and imaginary parts (ε = 10−3 + i10−3). The 
normalized electric field profile along the straight line connecting both cavities displays a reduction in the peak 
value of the amplitude by approximately 14%, as shown in Fig. 1c,d. We point out this reduction is subjected to 
sizes and configuration of the channels.

The electric field produced by the QE simulated as a point source, with dipole moment d, placed in the center 
of the left cavity in Fig. 1b is transmitted with high efficiency through a deeply subwavelength bent ENZ wave-
guide with negligible losses, which makes it possible to excite another emitter with the same emission frequency 
in the second cavity. To this end, we compute the decay rate of two emitters (d1, d2) due to coupling, 

ωεΓ = ⋅ ⋅d G r r dk Im2 /( ) ( ( , , ))2 2 1 121 0
2

0 , where (G(r2, r1, ω)) is the Green’s electric field tensor16, k0 is the wave 
number and ε0 the free space permittivity. The frequency shift due to dipole-dipole interactions (Lamb shift) is 
calculated according to  ωω ε∆ = − ⋅ ⋅d G r r dk Re/( ) ( ( , , ))2 2 1 121 0

2
0 . The plot for such cooperative behaviour is 

depicted in Fig. 2, where the decay rate and Lamb shift related to coupling are normalized by the free space decay 
rate (See Supplementary Section ‘Dispersion Model’).

The transport of quantum states across the networks1 suffers from decoherence as a result of the interaction 
with the environment. Therefore, one of the major current challenge with QNs is to attain coherent transfer of 
quantum states from spatially-separated quantum emitters18. A small wave vector supported by the ENZ materi-
als6 helps to have a constant phase difference between the wavefronts of the signals19. The fact that all conducting 
electrons of the ENZ material oscillate synchronously, leads to coherent processes of quantum emitters commu-
nication on different distances and eventually supports coherent control over light-matter interactions1.

To evaluate the reasonable dimensions of a QN the coherence length should be assessed. This length is con-
nected with the coherence time, which determines the interval when the phase difference between the signals 
stays constant. To calculate the coherence time of the system one should find the relaxation time of the collective 
electron oscillations20, which is related to the imaginary part of the permittivity by the full width half maximum 
of the loss function (see Supplementary Section ‘Temporal coherence’). Even with small losses the temporal part 
of the electric field is exponentially damped, which, in turn, affects the coherence time.

For realistic analysis we use the dispersion curve of silicon carbide (SiC), which achieves the ENZ regime with 
permittivity ε = 0 + 0.1i at the wavelength of 10.3 μm16. Using the equations for the autocorrelation function and 
the degree of temporal coherence21, we found the coherence time of 1.061 × 10−12 s. Considering that the mode 
propagates with a phase velocity equals to ω/k this gives us the coherence length of 1.4 mm. As a alternative to SiC 
on visible frequencies we challenge titanium nitride (TiN) with the ENZ point at the wavelength of 667 nm with 
permittivity ε = 0 + 4i22 (see Supplementary Section ‘SiC and TiN permittivity curves’). Then the coherence time 
is 2.08 × 10−15 s, providing the coherence length of 434 nm. While it is rather short, comparing it with the coher-
ence length in noble metals, which is typically in order of 1–10 nm3, it exposes a considerable improvement of at 
least 40 times. Such values imply that the time-bin qubit ψ| ⟩ generated by the QE would be able to propagate a 
long distance before collapsing into the early or late states, giving enough room to implement logic operations 
inside the network23, as well as, opening the possibility for multipath entanglement24,25.

The results for the bent waveguide motivated for expansion of the system with multiple crossing channels, 
forming what we actually call an ENZ network. Computation-wise we reduce our analysis to the two-dimensional 
case (2D), which is still able to exhibit most essential features of the network. In Fig. 3 we show results for the ENZ 

Figure 2. Coupling of two emitters. Decay rate due to coupling of two dipoles normalized by the free space 
decay rate, as a function of the frequency normalized by the plasma frequency ωp. The dipoles were located in 
cavities with a 2 μm distance from each other.
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grid consisting of 5 × 5 identical cavities occupying circa a 15 × 15 μm2 area. To work in the optimal conditions 
the radius of the cavities was chosen to be 310 nm. The point source is located in the central cavity (blue arrow 
in Fig. 3). The field intensity distribution shown in Fig. 3(a) visually confirms the equal expansion of fields in all 
cavities even not directly connected to the central one (See Supplementary Section ‘Intensity profile’). The phase 
is preserved within the whole network, as depicted in Fig. 3(b), and is in the range of the coherence length of a 
material close in its optical properties to the ENZ point of SiC. In Fig. 4 we illustrate the possibility of a dense 
grid within the coherence length. By using a radius corresponding to the coherence length of 1.4 mm we could 
estimate a maximum number of nodes that would fit inside the low loss grid. For an unitary cell with 2.089 μm of 
length we found a value of approximately 1.41 × 106 nodes. While state-of-art single crossings have dimensions 
of around 30 μm26, we were able to decrease this value by 15 times, which represents a breakthrough in terms of 
scalability.

The dense ENZ grid of cavities can be easily extended further. For example, for a square ENZ grid of 15 × 15 
cavities (see Supplementary Section ‘Bigger Networks’) the electric field decays much slower than in the same 
size network of cavities but solely filled with a material of ε = 1, such as air, (see Supplementary Section ‘Curve 
Fitting’), see comparison in Fig. 5. There is still a considerable signal in the furthest cavity of the ENZ network, 
whereas the field in the air-filled network is four orders of magnitude less.

Therefore, a single QE can access all other distant emitters in the whole grid realizing the favorite scenario 
for multidimensional entanglement. To illustrate this we embedded gold cylinders of radius 70 nm in each cavity 
(Fig. 6). The particles are placed in the sites with the highest electric field and the active QE is positioned in the 

Figure 3. 2D ENZ Quantum Network. 2D simulations of an electric field emitted by a point source, placed 
inside the middle cavity, and phase distribution in a ENZ network. (a) Normalized electric field of a quantum 
emitter placed at the center of the network, represented by the blue arrow. (b) Phase distribution of the magnetic 
field Hz.
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central cavity. After some time all gold cylinders exhibit an intensity distribution characteristic for a dipole res-
onance, oscillating in phase, confirming the possibility of simultaneous excitation of numerous distant particles 
connected through the dense ENZ grid. This feature is well suited for the QN, because the equal phase electric 
field delivery in each of the cavity can help to acquire collective entanglement of photons emitted by an array of 
quantum emitters.

One specific limitation of the ENZ network is that it demands low losses, since intrinsic losses are responsible 
for significant deterioration of the signal and have the greatest influence on the coherence properties of ENZ27. 
Several alternatives have been proposed in order to mitigate the problem of losses, such as, usage of all-dielectric 
metamaterials28, operating photonic crystals at Dirac’s triple point29, loss compensation by gain material, i. g., 
fluorescent dyes30,31 or cooling waveguides to cryogenic temperatures. Further analysis of their suitability in QNs 
is required.

In conclusion, we introduced the concept of ENZ grid for on-chip QNs, where we exploited the supercoupling 
effect on systems of QEs. Strong coupling between distant emitters and high confinement inside bent channels 

Figure 4. Illustration of a dense ENZ quantum network. The electromagnetic field is artistically depicted by 
the red color. The blue circle represents the radius of coherence for a quantum emitter placed on its center. 
The coherence and entanglement properties can only be preserved within the circle. Although the signal can 
propagate further this limit, quantum information would be lost due to decoherence.

Figure 5. Comparison between air and ENZ waveguides. (a) Normalized (to the amplitude of the point source) 
electric field, as a function of the distance from the middle cavity, for an ENZ network (blue) and air network 
(black), both with the same number of cavities.

https://doi.org/10.1038/s41598-019-42477-3


6Scientific RepoRts |          (2019) 9:6053  | https://doi.org/10.1038/s41598-019-42477-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

present a great potential for the design of shape-flexible on-chip QNs with the density of elements in hundreds 
of times exceeding these available with Si photonics. Moreover, due to the long coherence length, the dense ENZ 
grids acquire clear bonus against networks from conventional plasmonic materials. We found the coherence 
length of TiN waveguides of 434 nm for the wavelength of 667 nm, which is close to typical operational wave-
lengths of quantum dots. SiC exhibits even higher lengths, about 1.4 mm, however, at the wavelength of 10.3 μm. 
The fast progress in utilization of the mid-IR range gives certain promises for QNs extension to this domain too. 
Besides, the homogeneously distributed excitation of nanoantennas in classical grid systems can be exploited in 
sensing applications32, and here the 10.3 μm networks can be heavily employed. Our findings can unprecedent-
edly facilitate the fields of quantum photonics and propose a feasible implementation in a short-term perspective.

Methods
The system was modeled by the finite element method, using the commercially available software COMSOL33.
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