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CHAPTER ]. .

Introduction

In the past decades, the scientific field of nanophotonics has emerged, aiming at understanding
and harnessing the extraordinary properties of light and light-matter-interaction on the nanoscale.
Restricted by the diffraction limit [1], conventional optical components like lenses or parabolic
mirrors cannot focus light far below the wavelength. In nanophotonics, this limit is overcome by
coupling light into subwavelength structures, enabling light confinement of more than 400 times
smaller than the wavelength [2-4].

Squeezing light into nanoscale objects bears two intriguing advantages: Firstly, compared to the field
amplitudes of a light wave propagating in free space, the local electric fields in a nanostructure are
immensely enhanced, boosting the light-matter interaction considerably. These enhanced electric
fields enable a variety of applications, such as improved solar cell efficiency [5], all-optical switching
[6], or ultra-efficient sensing [7]. Secondly, subwavelength-confined light allows for miniaturization
of optoelectronic devices, enabling advances such as on-chip, high-speed photodetectors [8] or
ultra-fast miniature lasers [9] for all-optical integrated circuitry and communication.

For many years, the principle workhorse of nanophotonics has been the surface plasmon polariton
(SPP), a surface excitation enabled by collective electron oscillations — a plasmon - supported in
metallic materials at infrared (IR) up to visible wavelengths. Eminent milestones in the history of
plasmonics employing the SPP have been the discovery of surface-enhanced raman scattering (SERS)
[10] and plasmon-enhanced fluorescence [11], and the development of modern plasmonic devices
such as single photon transistors [12] or nanolasers [13].

Only recently, other fundamental excitations than the SPP have started to attract broad attention
in the nanophotonics community. A promising complementary candidate is the surface phonon
polariton (SPhP), where the light is coupled to an optically active phonon mode in a polar crystal
lattice instead of a plasmon in a metal. Owing to significantly longer lifetimes of optical phonons in
single crystals compared to plasmons in metals, SPhPs provide an attractive low-loss alternative for
nanophotonic applications at IR and THz frequencies [14].

Another advantage of SPhPs is the wealth of supporting materials, including most III-V semiconductor
compounds, silicon carbide (SiC), several II-VI semiconductors, and various oxides such as magnesium
oxide, molybdenum trioxide or gallium(IIl) trioxide, covering a broad frequency range in the IR.
Furthermore, most of these materials feature optical anisotropy due to an anisotropic crystal structure,
leading to non-trivial optical responses and novel nanophotonic phenomena. A prominent example
are hyperbolic phonon polaritons [15], which have been demonstrated to enable subdiffraction
imaging and hyperlensing [16].

On the other hand, SPhPs supported by a single material possess several limitations that hinder the
application in nanophotonic technologies: The frequency window where the SPhP is accessible is
small, the mode lacks active tunability, the spatial confinement and field enhancements are moderate,
and only p-polarized light can be used for the excitation.



Chapter 1 Introduction

In this work, these limitations of SPhPs on bulk crystals are approached and overcome by the
employment of layered heterostructures, built from various different materials. By investigating
several exemplary systems, it is shown that the combination of SPhP-supporting crystals [IV, V],
metals [VII], and other dielectric materials [VI] enables unique control over the properties of the
excitable polariton modes. These findings demonstrate that layered heterostructures provide a
versatile tool box for designing nanophotonic devices with user-defined optical responses and novel
functionalities.

Experimentally, the investigation of phonon polaritons in layered heterostructures is realized in a
home built prism coupling setup. The specific design of the setup allows for full control over the
excitation conditions, enabling systematic experimental access to the phonon polariton properties.
As an excitation source, the IR free electron laser (FEL) at the Fritz Haber Insitute (FHI) is employed.
The machine is characterized by high-power, high-resolution radiation output, constituting the ideal
source for non-linear optical methods such as second harmonic generation (SHG) spectroscopy [17].

By combining the prism coupling setup with the FEL, the non-linear optical response of phonon
polaritons at IR frequencies can be probed. Establishing this concept, this work comprises the first
observation of SHG from propagating SPhPs [I]. Subsequent studies demonstrate the SHG from
strongly coupled SPhPs [VIII] and the Berreman mode [V], a phonon polariton excitable in thin
films of deep sub-wavelength thickness. As is shown in these studies, the employment of SHG
spectroscopy provides experimental access to the local electric field enhancement of the excited
phonon polariton modes, being inaccessible by linear optical techniques.

Even though of central importance for scientific progress, experimental data can be elusive without a
proper theoretical model. But in layered anisotropic media, the theoretical description of light-matter
interaction is challenging, because most phonon polariton materials feature optical anisotropy. A
known approach to this challenge is the 4 x 4 transfer matrix formalism. However, most previ-
ous publications on this subject consider only special cases, are numerically unstable, or lead to
discontinuous solutions.

In this work, a numerically stable, generalized framework for the treatment of light-matter interaction
in arbitrarily anisotropic layered heterostructures is developed [II, VII] that is implemented in an
open-access computer program [18, 19]." As is demonstrated in the various studies of this work, the
formalism allows for thorough simulations and analysis of phonon polaritons and their properties
in layered media, enabling both corroborative calculations for experimental findings as well as
predictive studies of yet unexplored nanophotonic structures.

This work is structured as follows: In chapter 2, the theoretical concepts are delineated, starting with
the dielectric permittivity in section 2.1 as the fundamental quantity for the description of light-matter
interaction. In section 2.2, phonon polaritons are introduced by deriving the dispersion relation of a
bulk SPhP. Then, the concept of layered heterostructures is presented, providing an overview over
the different phonon polariton modes arising in the investigated sample structures. Section 2.3 closes
the theoretial concepts by explaining the process of SHG, and presenting a summary of the results
obtained from the various SHG spectroscopy measurements.

'Tt is noted that the original formalism contains an error in the calculation of electric fields for the case of birefringence, that
is, for anisotropic media with non-zero off-diagonal elements of the dielectric permittivity tensor in the lab frame. This error was
corrected in an erratum [III], see page 59. None of the publications employing the formalism prior to the erratum are affected by the
error, since birefringence does not occur in the systems investigated in these works.



Chapter 3 is dedicated to the experimental concepts. Section 3.1 discusses the most common methods
for the excitation of phonon polaritons, and section 3.2 presents the implementation of the method
employed in this work, the prism coupling in the Otto geometry. The chapter is completed by a
description of the FHI FEL (section 3.3).

This work is a cumulative thesis. In chapter 4, the scientific articles that form this thesis are reprinted.
Each publication is presented in a separate section, providing a short description of the content of the
article, the context in the scope of this thesis, and the author contributions. A list of all publications
originated in the course of this thesis can be found on page 117.

Chapter 5 discusses the perspectives of the techniques implemented in this work by outlining several
possible pathways for future advances in the field of nanophotonics. Finally, chapter 6 concludes the
presented work.






CHAPTER 2 .

Theoretical Concepts

In 1950, the Ukrainian physicist Tolpygo analyzed the interaction of dipole-carrying lattice vibrations
with an electromagnetic field in the limit of long wavelengths [20], obtaining the first description
of what later would be termed a phonon polariton. His analysis shows the splitting and bending
of the light dispersion at frequencies of the lattice vibration, resulting in two distinct dispersion
branches featuring an anti-crossing. These two bulk phonon polaritons (BPhPs) are the result of
strong light-matter coupling, where the interaction between light and medium is so strong that a
new, fully hybridized quasiparticle — the phonon polariton - is created, carrying the properties of
both light and the lattice excitation.

In later years, different types of polaritons were discovered, depending on the dipole-carrying matter
excitation that couples to the light. These types include exciton polaritons [21] and intersubband
polaritons [22] resulting from electronic band transitions, SPPs [23] and SPhPs [14] arising from
plasmon and phonon modes that propagate along an interface, and various other polariton types
such as magnon polaritons [24] or Cooper pair polaritons [25].

Astonishingly, the optical response of any of the above mentioned polaritons can be fully described
by the classical wave-interpretation of light given by Maxwell’s equations [26], as long as the
light intensity is large enough, that is, high above the single photon limit' [28]. Independent of
the underlying quasiparticle that is coupling to the light, Maxwell’s equations allow for a precise
calculation of the electromagnetic fields emerging from the strong light-matter interaction, even in
sub-wavelength structures of heterogeneous material compositions. Thus, owing to their universal
validity and wide application variety, Maxwell’s equations are up until today the standard framework
for the semi-classical theoretical description of the interaction of light with matter.

Building on the description of light as electromagnetic wave in terms of the Maxwell’s equations,
this chapter starts with the concept of the dielectric permittivity for modeling optical resonances
(section 2.1), discussing the Drude and the Lorentz model for the description of metallic and polar
dielectric materials. In the following section 2.2, phonon polaritons in various heterostructures are
discussed, providing an overview over the polariton modes that are investigated in the publications
(chapter 4). Finally, section 2.3 focuses on the field enhancement associated with phonon polariton
resonances and the resulting enhanced SHG, discussing the systems that were studied by means of
SHG spectroscopy.

'Quantum optics effects [27] are not relevant for this work



Chapter 2 Theoretical Concepts

2.1 The Dielectric Permittivity

The optical response of a material under the influence of an external electric field E is characterized
by the polar1zat10n P generated in the material. When the external electric field reaches high
intensities, P is a nonlinear, complicated function of E, giving rise to nonlinear optical effects (see
section 2.3 for more details). In many cases, however, a linear approximation is sufficient to describe
the optical response, and the material’s polarization P can be written as follows (in the dipole
approximation) [26]:

P=¢y(e—1)E, (2.1.1)

where ¢ is the dielectric permittivity tensor, fully describing the optical response of a medium:

Exx 5xy Exz
E=|Eyr Eyy Eyz |- (2.1.2)
Erx <’?‘zy €2z

Hence, in principle, with the knowledge of the exact shape of £, any light-matter interaction of the
medium can be predicted. In practice, however, the dielectric permittivity of a material cannot be
determined for all optical frequencies in full detail. Instead, either experimental techniques such
as ellipsometry are employed [29] in order to obtain the shape of the dielectric permittivity in a
certain frequency range, or, a model is used that captures the dominant characteristics of the optical
response of the material.

This work investigates the light-matter interaction of heterostructures made of various materials with
very different optical responses, requiring both experimentally determined dielectric permittivity
data (such as for the glass thallium bromo-iodide (KRS-5)), and theoretical models. The two models
that are employed are the Drude model and the Lorentz model, which are presented in this section.

2.1.1 Drude Model

The Drude model is based on Drudes considerations about the movement of electrons in a metal
published in 1900 [30]. In his classical approach, the electrons in a metal can move freely between the
positively charged ions, forming an electron gas, and collisions with ions abruptly alter the velocity
of the electrons. An external electric field accelerates the electrons, leading to an electric current.
However, for increasing electric fields, the collision rate increases as well and thus the electrons
feel an increasing resistance. The Drude model hence provides a physical explanation for Ohm’s
law [31].

Most certainly, the advances since 1900 of the quantum mechanical understanding of electrons in
solid state physics have shown the limits of the Drude model. Specifically, in frequency ranges where
other features are observable, such as electronic band transitions, the Drude model fails to predict
the optical response. Many improvements of the basic Drude model have been proposed, achieving
much more accurate descriptions [32-36]. Nonetheless, the basic model yields reasonable results for
the overall trend of the optical response of a metallic material, which is why it is still broadly used
for many applications.



2.1 The Dielectric Permittivity

In order to obtain the dielectric permittivity of a Drude metal, the equation of motion of a free
electron is considered:

mii + mw;[ = qE, (2.1.3)
where m is the effective mass of the electron, @ the position in space, v the damping constant arising

from the collisions with the ions, ¢ the electron charge, and E = Eye™" the incident electromagnetic
field driving the electron motion with frequency w. The solution of this differential equation is

E
7= e (2.1.4)
m(—w? + iwy)
For an ensemble of N electrons, the macroscopic polarization P amounts to
P = Nqii = ggyE = gole — 1)E’, (2.1.5)

where in the second step the linear approximation of the polarization was assumed (Eq. 2.1.1), with
X being the electric susceptibility, and €, the vacuum permittivity. Rearranging Equation 2.1.5 yields
for the dielectric permittivity e:

w2
—1— L 2.1.6
fw) w? — iwy (2.1.6)
with the plasma frequency w,
Na2
wy = | —L, (2.1.7)
Eom

where N is given in units of inverse cubic centimeters, describing the free carrier concentration.
At the plasma frequency, the real part of the dielectric permittivity crosses zero from negative to
positive, representing the upper frequency limit of supported SPP modes, and marking the epsilon-
near-zero (ENZ) frequency of metallic materials (see the publications reprinted in section 4.3 and 4.4
for further details on ENZ polaritons).

In general, the dielectric permittivity starts at a value Re (¢) > 1 in the limit of zero frequency, and
decreases for increasing frequency with each occurring resonance, such as phonon modes, plasmons
and electronic transitions. At large enough frequencies, where there are no more optical resonances,
Re (¢) = 1, meaning that any material at large frequencies behaves equal to vacuum.

The Drude model describes the optical response of free electrons in a metallic material, and w,, is
the resonance frequency of the plasmon, that is, a collective, coherent oscillation of all electrons.
For higher frequencies than the plasma frequency, however, any metal or semiconductor features
more resonances, such as electronic transitions from core levels. These resonances lead to a quasi-
static contribution to the dielectric permittivity at lower frequencies, i.e. in the range of the plasma
frequency. In order to account for this contribution, the parameter €., is introduced, yielding the
following dielectric permittivity of the Drude model:
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Figure 2.1.1: Drude model of the dielectric permittivity for gold. a The experimentally obtained dielec-
tric permittivity of gold (Au) [37] is plotted as dashed lines, exhibiting various features in the shown frequency
range. The Drude model fitted to the experimental data (solid lines) fails to reproduce most features, except for
the IR frequency range (red shaded regions). b The same experimental data is fitted only in the IR, achieving
good agreement. Thus, for nanophotonic studies in the IR, as they are performed in this thesis, the Drude
model is a valid approximation for the optical response of Au.

wp

This model is adequate for all metallic materials, where the plasmon resonance dominates the optical
response. This is, for example, the case for certain doped semiconductors [38], two-dimensional (2D)
electron gases in quantum wells [39], or heavy-fermion metals [40]. In particular, in a recent
publication (reprinted in section 4.6), the Drude model was successfully employed to describe the
anisotropic optical response of a doped semiconductor multi-quantum well supporting intersuband
polaritons [VII].

Other materials, such as Au or silver, on the other hand, feature various additional resonances in
close proximity to the plasma frequency, and thus in this spectral range, the Drude model is not very
accurate. In Fig. 2.1.1, the measured dielectric permittivity of Au is plotted as dashed lines, and the
Drude model (Eq. 2.1.8) is fitted to the experimental data (solid lines). Clearly, the Drude model fails
to describe the optical response in the mayor part of the plotted spectral range (Fig. 2.1.1a). However,
the IR spectral range (A = 50 um — 780 nm, marked by a red shade in Fig. 2.1.1) is the frequency
region where phonon polaritons, intersubband polaritons and semiconductor plasmon polaritons are
located, and in this region, the Drude model achieves good agreement with the experimental data
(Fig. 2.1.1b). Therefore, in the IR, where most investigations in this thesis are performed, the Drude
model is an applicable and practical approximation even for Au.
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2.1.2 Lorentz Model

After Drude had developed his model of free electrons, the Dutch physicist Lorentz extended the
Drude model in order to describe electrons bound to an atom by adding a restorative force term. The
corresponding equation of motion of the electrons in a harmonic potential driven by an external
electric field is:

mi + m”yﬁ%— mwi = qﬁ, (2.1.9)

where wy is the resonance frequency of the particle in the harmonic potential. Analogous to the
Drude model, the solution of this equation is

, qE
i = — (2.1.10)
m(wi — w? + iwy)
and the dielectric permittivity can be formulated as
N¢? 1
e(w) = €00 + a (2.1.11)

€om wi — w? +iwy

Even though originally conceived for bound electrons, the Lorentz model can be applied to any
charged particle in a harmonic potential, and thus also allows to describe the optical response of
lattice atoms in a crystal. A crystal with N, . atoms in the primitive unit cell has 3 acoustic and
3N,... — 3 optical modes. For the long-wavelength limit, that is, at the Brillouin zone center, in optical
phonons, the atoms describe an out of phase movement with specific periodicity. In the case of polar
crystals, where at least two atoms with different partial charge are present, the optical phonons
create a time-varying dipole, which can couple to light.

Depending on the vibration direction with respect to the propagation direction, a distinction is made
between longitudinal optical (LO) and transverse optical (TO) modes. In polar crystals such as SiC,
aluminium nitride (AIN) or gallium nitride (GaN), a gap between the two resonance frequencies
wro and wio can be found at the zone center, which does not exist in non-polar crystals. This lifting
of the degeneracy between the optical branches arises due to the macroscopic polarization of the
LO mode, leading to a higher LO frequency than the TO frequency [41]. The region between both
frequencies is called the reststrahlen (German for residual rays) band.

However, due to the orthogonality between propagation direction and polarization of light, only the
TO mode is IR active, while the LO mode (propagation direction and polarization are parallel) cannot
be excited. Thus, in polar crystals, the resonance frequency in Eq. 2.1.9 and 2.1.11 is the frequency of
the TO phonon, wy = wro.

Solving Eq. 2.1.11 at wyo, where £(wio) = 0 [42], yields for the dielectric permittivity of a polar

crystal:

2 2 3

e(w) = €0 (2.1.12)

2 _ 2 .
w? — wig — YW

This model is used to describe the optical response of all polar crystals investigated in this thesis. In
Fig. 2.1.2, the principle dielectric permittivities of SiC, AIN, and GaN are plotted, which are the three
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Figure 2.1.2: Lorentz model of the dielectric permittivity for 6H-SiC, AIN, and GaN. The material
parameters are given in table 2.1.1. All three materials are uniaxial crystals, featuring different ordinary
(L) and extraordinary (||) principle dielectric permittivities. The reststrahlen bands, where the real part of
€ is negative, are highlighted with horizontal color bars, delimited by the respective TO and LO frequencies
wrto and wyo.

polar crystals that are most predominantly employed. At the TO frequency, the resonance in each
material is apparent as a peak in the imaginary part of € (dashed lines). The real part (solid lines), on
the other hand, is negative in the reststrahlen band (marked by horizontal bars in Fig. 2.1.2), crossing
zero at both the TO and LO frequency.

For anisotropic materials, the principle dielectric permittivities £;; differ (Eq. 2.1.2) and thus, each &;;
is defined by Eq. 2.1.12 with a unique set of material parameters. 6H-SiC, AIN, and GaN are uniaxial
crystals, featuring one extraordinary crystal axis (||) along which the dielectric permittivity is different
than along the two ordinary axes (). Crystals where the extraordinary axis is orthogonal to the
surface plane are called c-cut. In Fig. 2.1.2, the respective ordinary and extraordinary permittivities (g
and € | ) of all three crystals are shown. A summary of the material parameters is given in table 2.1.1.

Table 2.1.1: Material parameters of uniaxial 6H-SiC, AIN, and GaN. Parameters employed to model the
dielectric permittivity of 6H-SiC, AIN, and GaN in all publications that were written in the course of this thesis
(reprinted in chapter 4).

Parameter 6H-SiC [43] AIN [44] GaN [44]

wily 788cem~'  6llem™'  531.8cm!
wio 797 cm™! 670.8 cm™! 558.8 cm™!
wly 964 cm ™! 890 cm™'* 734 cm™!
wilo 970 cm ™! 912cm™ 741 em™!
v 3.75 cm~! 2.2 cm™! 4cm™!

el 6.78 535 el=435
el 6.56 5.35 el=416

*Note that in contrast to the here reported literature value, fitting
of experimental data has yielded a value of 900 cm™*, which is

used throughout the thesis and in all publications.
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2.1 The Dielectric Permittivity

Some materials, such as doped semiconductors, feature both free electrons and IR-active phonons.
In that case, the optical response can be described by a combined Drude-Lorentz model with the
dielectric permittivity taking the form

wg w? — wiy — W
tw) =t ([l -5+ 55— : (2.1.13)
w? —iwye  w?—wig — 1w

where v, and v, are the electron and the phonon damping, respectively.

Analogous to metals supporting SPPs below the plasma frequency, polar crystals support SPhPs
modes in the reststrahlen band, where Re (¢) is negative. The following section discusses phonon
polaritons in polar crystals, describing the different types of polariton modes that arise in dielectric
heterostructures, as investigated in the scientific articles published in the course of this thesis
(reprinted in chapter 4).

11



Chapter 2 Theoretical Concepts

2.2 Phonon Polaritons

Phonon polaritons are excitations that arise under light-matter interaction with phonons in the strong-
coupling limit, yielding hybridized modes with both phononic and electromagnetic characteristics.
The simplest phonon polariton is the bulk phonon polariton (BPhP), which emerges when light
travels through a bulk polar crystal at frequencies in proximity to the wro resonance frequency. As
originally observed by Tolpygo [20], around the reststrahlen band, the light dispersion splits up into
two branches, featuring an avoided crossing (see Fig. 2.2.1, blue lines). The dispersion relation of the
BPhP is obtained by plugging the permittivity of a polar crystal (Eq. 2.1.11) into the light dispersion
of a plane wave [26]:

w w o ow?—wiy —iyw
kpnp = 25 = ~€x0 5

o (2.2.1)
C w

2 i~y
— W — 1YW

Besides the solution of plane waves traveling through a bulk material, at interfaces of materials with
different dielectric permittivity, Maxwell’s equations yield the solution of a surface wave, the so
called surface polariton. Here, the matter excitation that couples to the light is a surface electric dipole
wave with resonance frequency ws, where the associated electric field strength decays exponentially
with increasing distance to the interface [45].

Depending on the charged particles that form the surface electric dipole wave, different types of
surface polaritons arise, such as the surface plasmon polariton (SPP) for free electrons, or the surface
phonon polariton (SPhP) for lattice ions. In the following, without loss of generality for other types of
surface polaritons, the dispersion of a SPhP will be derived. The second part of this section discusses
polaritons in layered systems of more than one interface and material, summarizing the polaritonic
modes investigated in this thesis, such as thin-film modes, the Berreman mode, volume-confined
hyperbolic polaritons, and polariton-like waveguide modes.

2.2.1 Dispersion Relation of a Surface Phonon Polariton

The simplest system supporting a surface phonon polariton is a single interface of an isotropic polar
crystal adjacent to a dielectric material of constant positive dielectric permittivity. The interface
between the polar crystal (material P) and the adjacent dielectric (material D), described by the
dielectric permittivities e p and €p, is defined to be the z-y-plane at z = 0, where the polar crystal
extends into z < 0, and the dielectric material into the opposite half-space (z > 0).

The surface wave satisfying Maxwell’s equations is chosen to propagate along the z-direction, with
its electric fields pointing in the z-z-plane (transverse magnetic), yielding the following explicit
form:

E _ E’(]))P ei(wt — kpx £ kIZ)'Pz) : (222)

where the superscripts D and P stand for the dielectric (¢ > 0) and the polar crystal (z < 0), and the
=+ sign is to be read such that the top sign corresponds to the z > 0 half-space, and the bottom sign to
z < 0. The in-plane momentum £ is conserved at the interface, which is why it is defined material-

independently. Plugging this surface wave into the three-dimensional wave equation AE = f—;ﬁ
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Figure 2.2.1: Dispersion relations of BPhPs and SPhPs Light traveling in a material of constant epsilon
features a linear dispersion, such as the light line in vacuum (black solid line). The dashed and dotted black
lines represent the limits for large and small frequencies, respectively, of the dispersion of light in a polar
crystal (blue line). At frequencies in proximity to the reststrahlen band, the BPhP arises, featuring an avoided
crossing. Inside the reststrahlen band, the SPhP is supported at the surface of the polar crystal, ranging
from wro up to the cut-off frequency ws (shown in b). The modes are exemplified for a SiC crystal. Note
that the BPhP has a momentum that points along the propagation direction through the bulk crystal, and
hence the absolute value is plotted, while the SPhP is plotted along its in-plane momentum, because it only
propagates along the crystal surface. The inset in b sketches the exponentially decaying electric field of a

SPhP propagating along the surface of a polar crystal of dielectric permittivity ¥ adjacent to a dielectric

material with permittivity eP.

leads to an expression for the out-of-plane momentum £,:

2

w
_25D,P _ kQ

kPP = 2, (2.2.3)
C

In order to get an actual surface wave, however, the E-field should vanish with increasing distance
to z = 0. This is only achieved for complex kP, because then the z part in the exponent of Eq. 2.2.2
becomes real and leads to an exponential decay in both 2 directions:

E = EPP it = ko) o717z (2.2.4)
where
KPP = kPP (2.2.5)

is required to be real and positive.
From Maxwell’s equations, the following equation for a p-polarized plane wave can be derived [42]:
PE, w? 0*E,

Z B, — —
022 + c? c 0x0z

(2.2.6)
When Eq. 2.2.4 is plugged into this equation, the following relation between the field components is
obtained:

kK
EDF = :FZRTQ;E&P, (2.2.7)
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Chapter 2 Theoretical Concepts

and applying Maxwell’s boundary conditions for the displacement D (ePED, = €YE},) and the
electric field £ (EY, = E,) yields:

KP k¥

kP, k¥ and P are positive by definition. This leads to the condition that in order to support a SPhP,
e” has to be negative. A polar crystal fulfills this requirement in the reststrahlen band between
wro and wio. However, it can be shown that the exact condition reads ¥ < —&P [42], which leads
to a reduced upper frequency limit ws < wyip. Substituting x°F (Eq. 2.2.5) into equation 2.2.8 finally
gives the dispersion relation for a SPhP:

w gDeP
by = ksppp = —/ . 2.2.9
R Vs (2.2.9)

Note that the derivation is independent on the supporting material. Therefore, Eq. 2.2.9 is not only
valid for SPhPs, but holds for any type of surface polariton, for example the SPP supported on metals
or doped semiconductors. In Fig. 2.2.1, the SPhP dispersion is plotted together with the dispersion
relation for bulk phonon polaritons.

2.2.2 Phonon Polariton Modes in Layered Heterostructures

Recent advances in the field of nanophotonics have shown that SPhPs offer great potential for
technological applications, such as super-resolution imaging [16, 46, 47], highly efficient sensing
[48], or enhanced nonlinear-optical conversion efficiency [49-51].

A single SPhP supported by the surface of a bulk polar crystal as derived in the previous section,
however, possesses several limitations that hinder the application in nanophotonic technologies:

(i) SPhPs are only supported in the small frequency window of the reststrahlen band of the
supporting polar crystal,

(ii) the dispersion relation is fixed by the material parameters, and thus the SPhP lacks active
tunability,

(iii) the spatial confinement in lateral direction is only moderate, because SPhPs are accessible at
wavelengths in the micrometer range, and the evanescent penetration depth scales with the
wavelength,

(iv) the electric field enhancement of a SPhP only reaches moderate values of up to 10 [I], which is
relatively low compared to the field enhancements achieved in some plasmonic nanostructures
[52-54], and

(v) SPhPs are only excitable by p-polarized light, limiting the versatility of polariton-based nanopho-
tonics.

14



2.2 Phonon Polaritons

In the course of this thesis, all these limitations of SPhPs on bulk crystals have been approached
and treated. The key tool to overcome these restrictions has been the employment of layered
heterostructures, built from various different polar crystals, metals, and dielectric materials. This
section provides an overview over the investigated layered systems (visualized in Fig. 2.2.2), the
arising polariton modes, and their advantageous properties, referencing the published article where
the respective system is discussed in detail.

Additionally to the experimental studies, in this thesis a theoretical framework has been developed
that allows to calculate the optical response of a multilayer structure of arbitrarily anisotropic
materials, including the layer-resolved absorption, transmittance, and electric field distribution. This
framework has been used for all simulations of the investigated samples, and is described in detail in
two published articles [II, VII] (reprinted on pages 45 and 97). For the simulations in this section,
the same framework is employed.

Thin-Film Polaritons One approach to modify the bulk SPhP (sketched in Fig. 2.2.2a) is to reduce
the film thickness d of the sample. For thicknesses in the range of the penetration depth of the
bulk SPhP (for polar crystals such as SiC and AIN, this is the case for d < 1 pm [V]), an interaction
between the two interfaces arises, resulting in two thin-film polaritons (TFPs) (sketched in Fig. 2.2.2b).
In terms of the dispersion, the single bulk SPhP dispersion (gray line in Fig. 2.2.2c for AIN) splits
up into the symmetric and antisymmetric TFP branch (green lines), where the splitting increases
for decreasing film thickness. Thus, the film thickness acts as a tuning parameter for modifying the
polariton dispersion.

The dispersion of polaritons in a three-layer system can be determined by numerical evaluation of
the following equation [55-57]:

51kz3

1+ (2.2.10)

k k
= i tan (k,od) (62 =4 ol 22) ,

esk eskzo €2k
where the indexes 1-3 refer to the three layers, and the out-of-plane momenta k, are given by Eq. 2.2.3.
The dispersions shown in Fig. 2.2.2c,e have been calculated using Eq. 2.2.10.

ENZ Polaritons In the limit of ultra-thin films (d < /100, with A being the free-space wavelength)
[57], the symmetric TFP dispersion is pushed completely against the LO phonon frequency, where
the dielectric permittivity crosses zero (Fig. 2.2.2c). Therefore, this TFP is called an epsilon-near-
zero (ENZ) polariton, featuring intriguing properties such as ultra-long wavelengths and immense
field enhancements compared to the bulk SPhP (see the publication reprinted on page 65 [IV] for
further details on ENZ polaritons).

Berreman Modes Most phonon polaritons have in-plane momenta larger than light in vacuum
(black line in Fig. 2.2.2c), resulting in an evanescent mode that is guided at the interface without
radiating into the far-field. An exception is the Berreman mode, which arises in ultra-thin films on
the left side of the light line, and therefore can be probed via free-space excitation. Similar to the
symmetric TFP, the dispersion of the Berreman mode in a polar crystal (red lines in Fig. 2.2.2c) lies
in close proximity to the LO phonon frequency, and thus features ENZ characteristics such as an
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Chapter 2 Theoretical Concepts

immense out-of-plane field enhancement (see the publication reprinted on page 75 [V] for further
details on Berreman modes).

Strongly Coupled Polaritons Polaritons are by definition modes arising due to the strong coupling
of light with matter. Interestingly, polaritons can again couple strongly with other polaritons, forming
new hybrid polaritons with shared characteristics of the uncoupled modes.

A system where such a strong coupling can be observed is an ultra-thin AIN film on a SiC substrate,
as sketched in Fig. 2.2.2d, where the modes that couple are the SiC substrate SPhP (blue dispersion
line in Fig. 2.2.2e) and the ENZ TFP of the AIN film (green dispersion line). Together, these modes
form two new hybridized strongly coupled polaritons with an avoided crossing of the two dispersion
branches (red lines), combining the properties of the uncoupled modes (see the publication reprinted
on page 65 [IV] for further details on strongly coupled polaritons in layered heterostructures).

Notably, as an alternative to layered heterostructures, three-dimensional (3D) nanostructures can
also support strongly coupled polaritons. This has been demonstrated for SiC nanopillars on a SiC
substrate, where the phonon polariton resonances localized in the nanopillars strongly couple to the
SPhPs propagating on the substrate (see publication [VIII] for further details).

Actively Tunable, Refractive Index-Shifted Polaritons The SPhP dispersion depends on the dielec-
tric permittivity of the supporting crystal €’ and of the adjacent medium &P (or, equivalently, the
refractive index n = /). Changing P influences the SPhP, resulting in a frequency shift of the
dispersion that can be exploited for sensing applications [48, 58—-60].

A system that features refractive index-shifted (n-shifted) polaritons is depicted in Fig. 2.2.2f, where
a thin Ge3SbyTeg (GST) film is placed on a SiC substrate. In Fig. 2.2.2g, the dispersion of the bare
SiC SPhP (blue solid line) and the n-shifted SPhPs (purple and red solid lines) are plotted. GST is a
phase-change material (PCM) which can be switched reversibly between its crystalline (c-GST) and
amorphous (a-GST) phase, and due to the refractive index contrast between the two phases, two
different n-shifted SPhPs are supported. By electrically or optically switching the GST phase, the
n-shifted SPhP dispersion can be actively tuned. (see the publication reprinted on page 85 [VI] for
further details on actively tunable, n-shifted polaritons).

Polariton-Like Waveguide Modes In thin films of high refractive index embedded in media of
lower n, standing waves are supported that cannot freely propagate in the adjacent media due to the
refractive index contrast, forming so-called waveguide modes (WMs). These modes can be either p- or
s-polarized, and their dispersion is usually very steep compared to SPhPs. A thin GST film supports
WDMs, and when placed on a SiC substrate, the dispersion of the s-polarized WM is pushed upwards
into the SiC reststrahlen band, resulting in a comparable dispersion as the SPhP (dashed lines in
Fig. 2.2.2g). The dispersion of WMs is given by the following equation (specified for the GST/SiC
heterostructure) [61]:

w ~
E \/ €GsT — k? dgst — Dsic/igst — Past/air = M, (2-2-11)
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Figure 2.2.2: Phonon polariton engineering using polar dielectric heterostructures. a Sketch of a SPhP propagating on an AIN bulk crystal.

The electric field strength is illustrated in yellow, evanescently decaying in z-direction into both media. b In a thin AIN film, two thin-film polaritons (TFPs) with

symmetric and antisymmetric electric field distribution are supported. ¢ Dispersion lines of leaky and evanescent phonon polaritons in bulk and thin-film AIN.

On the right side of the light line, the bulk AIN SPhP (gray line) and the two TFPs disperse, whereas on the left side of the light line, the leaky Berreman mode
arises. Both Berreman mode and the symmetric ultra-thin film polariton are epsilon-near-zero (ENZ) modes, dispersing in close proximity to w\. d Sketch of
an AIN/SiC heterostructure, where the bulk SiC SPhP strongly couples to the ENZ TFP of the AIN thin film. e Dispersion of the strongly coupled polariton
modes (red lines) featuring an avoided crossing. f Sketch of a heterostructure comprising a thin film of the reversibly switchable phase-change material GST on
a SiC substrate. The system simultaneously supports p-polarized SPhPs and s-polarized waveguide modes (WMs), both being actively tunable by switching of
the GST phase. g Dispersion lines of the SPhP (solid lines) and the WM (dashed lines) for amorphous (purple lines) and crystalline (red lines) GST. h Sketch
of a crystalline hybrid (XH) comprising a polar dielectric superlattice of atomically thin AIN and GaN films on a SiC substrate, supporting volume-confined
hyperbolic phonon polaritons (hPhPs) of type I and type Il. i Dispersion lines of the phonon polariton modes arising in the XH. At large in-plane momenta, the
typical mode progression of volume-confined hPhPs is observed (turquoise and red lines). Note that the dispersion lines in subfigures c and e were calculated
using Eq. 2.2.10, yielding a momentum axis with absolute values. The dispersion lines in subfigures g and i, on the other hand, were obtained by transfer-matrix
simulations (for details see the publication reprinted on page 45 [Il]), and here, the momentum axis is plotted in relative values. The light line in subfigures g and

i is a vertical line located at k/ko = 1.
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Chapter 2 Theoretical Concepts

where @gic/gst and Pgsyyair are the phase differences upon reflection at the substrate/film (SiC/GST)

and the film/incident medium (GST/air) interfaces, b=k /ko = i sin 0 is the in-plane momentum
(with kg = w/c), and dgsr is the GST film thickness.

Strikingly, in the GST/SiC heterostructure, the distinctive properties of the polar crystal substrate
modify the WM such that its spatial confinement and electric fields are enhanced, resulting in an s-
polarized WM with polariton-like characteristics. Simultaneously supporting p-polarized SPhPs and s-
polarized WMs, the GST/SiC system provides a versatile platform for actively tunable, omnipolarized
nanophotonic applications (see the publication reprinted on page 85 [VI] for further details on
polariton-like WMs).

Volume-Confined Hyperbolic Polaritons A hyperbolic material is a material that features fre-
quency regions where one (type II) or two (type I) principle dielectric permittivities have a negative
real part, while along the other axes, Re (¢) > 0. In those regions, hyperbolic phonon polari-
tons (hPhPs) can be observed [15]. Some materials are hyperbolic by nature, such as hexagonal
boron nitride (hBN) or quartz (SiO-), but alternatively, a hyperbolic material can be synthesized
by periodically stacking thin layers of different media [62-64]. In Fig. 2.2.2h, such an artificial
hyperbolic material is sketched, where multiple atomically thin layers of AIN and GaN thin films
form a ~ 650 nm thick superlattice, also called crystalline hybrid (XH) [65].

In thin films of hyperbolic materials, such as the sketched XH, standing waves with discrete reso-
nances are supported, giving rise to volume-confined hPhPs [16, 66, 67]. In Fig. 2.2.2i, the dispersion
of all polaritons supported by the XH system is shown, featuring a rich variety of modes in the broad
frequency range of 550 — 950 cm™!. For large in-plane momenta, the volume-confined hPhPs of type
I (turquoise lines) and type II (red lines) can be observed, featuring their characteristic higher-order
mode progression [68] (see publication [IX] for further details on hPhPs).

In summary, in only four different material systems comprising different polar dielectric material
slabs, a large variety of polariton modes arises, covering TFPs [V], Berreman modes [V], ENZ
polaritons [IV], strong coupling [IV], refractive index-shifting [VI], WMs [VI] and volume-confined
hPhPs [IX]. By studying these systems it is demonstrated that tailoring the material system allows
to overcome the limitations of a bulk SPhP for nanophotonic applications: phonon polaritons can
be actively tuned, their frequency window broadened, their spatial confinement and electric fields
dramatically enhanced, and the polarization bottleneck of SPhPs circumvented by employing s-
polarized, polariton-like WMs.

This thesis provides a broad overview over phonon polariton modes arising in layered heterostructures.
In principle, the same physics can be observed in systems of 3D structure, as is exemplified for
subdiffractional nanostructures in publication [VIII]. However, 3D structures entail a significantly
higher level of complexity, rendering the unambiguous assignment and prediction of polariton
modes a formidable task. By focusing on well-defined systems consisting of layered media, this
thesis provides a thorough and robust benchmark of the physics of phonon polaritons in anisotropic
heterostructures.
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2.3 Polariton-Enhanced Nonlinear Optical Response
2.3 Polariton-Enhanced Nonlinear Optical Response

When light is compressed into sub-wavelength length scales, the local electric field can be immensely
enhanced compared to a freely propagating wave. Such a field enhancement naturally occurs for
polaritons, and can reach immense values when the modes experience additional spatial confinement
in nanoscale structures, as it is the case for TFPs or volume-confined hPhPs. These field enhancements
can be experimentally probed by measuring the nonlinear optical response.

In this thesis, second harmonic generation (SHG), a second-order nonlinear optical effect, is employed
for the experimental investigation of the field enhancements of various phonon polaritons in layered
heterostructures. Therefore, in the first part, this section provides a brief introduction to SHG. In the
second part, the calculated field enhancement of the studied phonon polaritons and the resulting
experimental SHG yield is discussed. The theoretical calculations of the optical field enhancements
were performed employing the 4 X 4 transfer matrix formalism developed in the course of this thesis
(for details see the publication reprinted on page 45 [II]).

2.3.1 Second Harmonic Generation (SHG)

The optical response of a material, that is, the created polarization P under an external electric field
E,is approximately linear, as long as the incident intensity is weak enough (Eq. 2.1.1). For stronger
incident fields, however, every material exhibits a nonlinear response, which is the drlvmg principle
of nonlinear optics. The electric polarization Pisthena complicated function of E, and cannot be
written down analytically any more. This is the origin of many nonlinear optical effects like SHG,
sum frequency generation, difference frequency generation, or electro-optical rectification — all of
them second-order effects — and many others of higher order.

In the special case of plane waves and in the electric dipole approximation, the electric polarization
P can be expanded in a power series of £/ [69]:

P(w) = xW(w) - E(w)
+ xP(ws = +w; £ w,) 1 E(wr)E(w,) (2.3.1)
+ o

where y = 1 — ¢ is the electric susceptibility, describing the optical response of a material under
the influence of an external electric field E. The nth coefficient x(™ of y is a tensor of rank (n + 1)
and, in principle, allows to describe any nonlinear optical response of the material of any nth order.
In practice, however, exact solutions of x are not feasible even for the most simple systems, which
makes nonlinear optics a timely, thriving field of research.

In a very simple picture, the effect of SHG can be understood in terms of an energy diagram as a
three-level process, which is depicted in Fig. 2.3.1a. Two incident photons at energy Awgg;, from the
incident light source, in this work a FEL, are needed in order to excite a system from the ground state
|0) to the state |2), through the intermediate state |1), which lies at half the energy difference between
|0) and |2). The energy from |2) is then emitted as a photon at double frequency wsyg = 2wrgy,
constituting the SHG signal. The measured SHG intensity /syg is, most generally, given by

I o |x@ (2w = w + w)E(w)??, (2.3.2)
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Figure 2.3.1: Second harmonic generation and the second-order susceptibility of SiC. a Energy di-
agram with three states, visualizing the process of SHG, where two incident photons at same frequency
wrg| are converted into the SH photon with double frequency wsy. Within the electric dipole approximation,
this process occurs only in materials with broken inversion symmetry. In general, |1) and |2) can be virtual
energy levels. If the material exhibits a resonance at incident frequency, however, these states are real, and
the process is called resonant SHG. b and ¢ Dispersion of the non-zero x(?) elements in 3C-SiC and 4H-SiC,
respectively. Additional to the resonances at the TO phonon frequencies, 4H-SiC features a resonance at the
zone-folded (zf) phonon frequency, arising due to the supperlattice along the extraordinary crystal axis [70,
71]. X dispersions are adapted from Ref. [70]

where X(z) is the second-order susceptibility tensor, which has in total 27 coeflicients, and E?isa

symmetric tensor. Therefore, the resulting SHG signal can exhibit enhancements of two types: (i)
originating from a x(? resonance, and (ii) from a resonance in the local fields at the sample site.
For the case of polar crystals, the x(?) dispersion only exhibits features at the IR-active phonon
resonances such as the TO phonon (as an example, Fig. 2.3.1b and ¢ show the relevant y(?) elements
of 3C-SiC and 4H-SiC, respectively). On the other hand, phonon polaritons feature strong local field
enhancements and therefore contribute significantly to the second harmonic (SH) signal via the
E? term, enabling polariton-enhanced SHG. In the following section, the field enhancement of the
phonon polariton modes studied in this work is discussed in detail.

Regarding the SHG signal from the bulk, the x(? coefficients depend on the crystal symmetry, and for
the case of centrosymmetric materials (in the electric dipole approximation), they vanish completely
(Tables for the non-vanishing coefficients can be found in several text books [69, 72]). At the surface
of a crystal, inversion symmetry is broken. Hence, even though a material does not exhibit SHG from
the bulk, it will produce a surface SHG signal, which can be employed as a very surface-sensitive
probing method [73-75]. In a material with broken inversion symmetry, on the other hand, the
surface signal is usually negligible [74], which is the case for all samples investigated in this work.

When the incident frequency wggp, coincides with a resonance in the probed material, resonant SHG
can be observed [17, 73], accounting for a strong enhancement. While resonant enhancement of SHG
from the bulk in non-centrosymmetric materials [17, 76, 77] as well as surface SHG from inversion
symmetric media [73, 78, 79] has been studied intensively, the process of resonant SHG arising from
phonon polaritons is mostly unexplored and a major component of this thesis. Notably, in that
regard, also sum frequency generation (SFG) spectroscopy and microscopy has recently emerged as
a complementary tool [80].
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Here, by investigating the SH response of bulk SPhPs (reprinted on page 4.1 [I]), strongly coupled
phonon polaritons [VIII], and Berreman modes (reprinted on page 4.4 [V]), this thesis provides
thorough experimental evidence of the nonlinear optical response of phonon polaritons in polar
dielectric heterostructures. In the following section, the field enhancements of the phonon polaritons
responsible for the observed SH signals are discussed.

2.3.2 Field Enhancement of Phonon Polaritons Probed with SHG

The strong confinement of light as it occurs for phonon polaritons in nanoscale structures leads
to enhanced light-matter interaction, enabling nanophotonic applications such as highly efficient
sensing [7, 81], all-optical switching [6, 82], and low-loss frequency conversion [83, 84]. Here, SHG
spectroscopy [17] is employed as experimental method to probe the field enhancement of phonon
polaritons, while the transfer matrix formalism (see page 45 [II]) is employed as theoretical tool for
calculating the field enhancement in layered media responsible for the SHG yield. In the following,
the field enhancement and the obtained SH yield of three systems are discussed, comprising a bare
SiC crystal, a thin-film AIN/SiC heterostructure, and SiC nanopillars on a SiC substrate.

SiC SPhP  The SHG yield of evanescent SPhPs can be probed in the so-called Otto geometry (for
details see chapter 3). In Fig. 2.3.2a, the experimental SHG spectrum from a SPhP propagating on a
bare SiC crystal obtained in the Otto geometry is shown. The spectrum features a strong, sharp peak
at the SPhP resonance frequency (~ 910 cm™!) that originates in the field enhancement associated
with the SPhP.

Fig. 2.3.2b plots the calculated electric field distribution of the SiC SPhP as a function of z-position,
that is, along the direction normal to the surface, and the incident frequency w. Here, the in-plane
component of the electric field E, is shown, clearly featuring a peak at the SPhP resonance frequency,
localized at the air/SiC interface. These enhanced electric fields give rise to the observed peak in the
SHG spectrum. The out-of-plane component E. (not shown here) features a similar enhancement in
air [I], while inside SiC, E, is slightly suppressed [56] (for more details on the SHG from the SiC
SPhP see the publication reprinted on page 37 [I)).

AIN/SiC Berreman Mode As has been discussed in section 2.2.2, a AIN/SiC heterostructure supports
a leaky Berreman mode dispersing at in-plane momenta smaller than light in vacuum, and strongly
coupled phonon polaritons arise on the evanescent side of the light line. In Fig. 2.3.2¢, an SHG
spectrum of the AIN/SiC system is shown, which was obtained under free-space excitation in order
to probe the leaky Berreman mode. The SHG spectrum features a pronounced peak at the Berreman
mode resonance frequency (~ 900 cm™'), arising from the field enhancement associated with the
Berreman mode. As is shown in Fig. 2.3.2d, the out-of-plane electric field features an extreme spatial
confinement localized in the thin AIN film and reaching immense enhancement values of > 40.
Interestingly, the in-plane fields £, (not shown here) are featureless at the Berreman resonance
frequency [V]. Hence, the out-of-plane fields are the sole origin of the enhanced SH signal, observable
as a peak in the SHG spectrum.

Note that the SHG peak of the Berreman mode lies in the wing of the SH signal at the SiC LO phonon
frequency [70]. The two SH signals interfere constructively and destructively depending on the
frequency, resulting in the asymmetric peak shape of the Berreman mode SHG (for more details
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Figure 2.3.2: Field enhancement of phonon polaritons probed with SHG spectroscopy. a SHG spectrum of the reststrahlen band of bare
SiC measured in the Otto geometry (see section 3.2 for details) at an incident angle of § ~ 30 °, featuring a resonance peak at the frequency of the
SPhP [1]. b In-plane electric field distribution along the z-direction of the SiC SPhP at the air/SiC interface. At the SPhP resonance frequency, the
local electric field is enhanced, reaching a maximum value of ~ 6 at the interface. This field enhancement is the origin of the measured peak in
the SHG spectrum. ¢ SHG spectrum under free-space excitation of an AIN/SiC heterostructure at § ~ 60 °, featuring a resonance peak at the
frequency of the Berreman mode [V]. d Out-of-plane electric field distribution of the Berreman mode in the multilayer system. At the Berreman
resonance frequency in close proximity to w{\3\, the local electric field features an immense enhancement of up to ~ 40, strongly localized in the
AIN thin film. This field enhancement gives rise to the enhanced SHG signal shown in c. e SHG spectrum of the same AIN/SiC heterostructure as
in ¢, measured in the Otto geometry at 6 = 29 °. In the Otto geometry, the evanescently bound, strongly coupled phonon polaritons can be excited
[1V], yielding two resonance peaks in proximity to wf([)N [42]. f In-plane electric field distribution of the strongly coupled phonon polaritons,
featuring two peaks in the field enhancement at the resonance frequencies of the two modes bound to the AIN layer, originating the measured
SHG peaks. g Reflectance and SHG spectrum of SiC nanopillars on a SiC substrate. The localized surface phonon resonance (LSPhR) of the
nanopillars couples to the propagating SPhP, yielding two resonance dips in the reflectance, and two peaks in the SHG spectrum [VIII]. In both

strongly coupled systems, the SHG yield of the two coupled modes is subject to a phase modulation induced by the background contribution of
the SiC substrate. Figure adapted from publication [VIII].
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2.3 Polariton-Enhanced Nonlinear Optical Response

on the field enhancement and SH yield of the Berreman mode see the publication reprinted on
page 75 [V]).

AIN/SiC Strongly Coupled Phonon Polaritons When probing the AIN/SiC heterostructure in the
Otto geometry, the strongly coupled phonon polaritons discussed in section 2.2.2 can be excited. An
SHG spectrum obtained for this configuration is shown in Fig. 2.3.2e, where two resonance peaks
arise at the frequencies of the coupled modes. The origin of the different peak heights is still under
investigation. As for the two previous systems, the origin of this enhanced SHG signal is the field
enhancement associated with the phonon polariton modes.

Fig. 2.3.2f shows the calculated in-plane electric field distribution of the two strongly coupled phonon
polaritons in the AIN/SiC heterostructure, featuring two resonances that are of similar shape as the
field distribution of the bare SiC SPhP (Fig. 2.3.2b). The field distributions (both E, and E, [IV])
of the two modes are of similar amplitude and shape, indicating full hybridization of the substrate
SPhP and the ENZ mode at strong coupling conditions. For more details on the field enhancement of
strongly coupled phonon polaritons see the publication reprinted on page 65 [IV].

SiC Nanopillar Localized Phonon Polariton Resonances Periodic nanostructures of polar crystals
with 3D confinement, such as nanopillars as sketched in Fig. 2.3.2g, support localized surface phonon
resonances (LSPhRs), which are tunable in frequency by the nanopillar diameter D and the periodicity
p [3, 85, 86]. In the case of SiC nanopillars on a SiC substrate, a so-called monopole mode is supported,
where the entire pillar is charged with one polarity, while the substrate carries the counter-charge.
In a nanopillar configuration of large periodicity compared to D, as it is illustrated in Fig. 2.3.2g
(D =~ 1pm, p = 5 — 7um), the substrate supports a propagating SPhP that can couple strongly to
the monopole mode [87].

In Fig. 2.3.2g, one exemplary reflectance spectrum (red line) of the investigated nanopillar system is
shown, exhibiting two pronounced dips in the reststrahlen band at the resonance frequencies of the
LSPhR (the nanopillar monopole mode) and the propagating SPhP, marked by dashed lines. The field
enhancement of both modes lead to a resonant SH yield, resulting in peaks in the SHG spectrum (blue
line). For further details on the nanopillar modes, see Ref. [3, 85, 86]. Publication [VIII] discusses the
SHG from the strongly coupled LSPhR and SPhP modes in detail.

Within this thesis, SHG is demonstrated to be a powerful experimental tool for probing the en-
hanced local electric fields of phonon polaritons, ranging from single-crystal SPhPs over Berreman
modes to strongly coupled polaritons. Notably, the devised method provides the only direct experi-
mental access to the field enhancement of phonon polaritons in the IR. Furthermore, the developed
4 x 4 transfer matrix formalism (see page 45) is shown to be a key theoretical tool for calculating
the field enhancement of phonon polaritons in layered heterostructures of anisotropic materials.
Thus, the investigations summarized in this section demonstrate the high level of insight into the
local electric fields of phonon polaritons that is gained by the presented experimental and theoretical
methods.
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CHAPTER 3 .

Experimental Approaches

Phonon polaritons are, except for the leaky Berreman mode, evanescent modes that cannot radiate
into the far-field, and vice versa cannot be accessed by incident plane waves in a free-space excitation
scheme. This aspect of being non-radiative renders phonon polaritons excellent excitations for
nanophotonic applications that aim at harvesting, localizing and guiding light in sub-wavelength
nanostructures. On the other hand, the study of non-radiative modes also requires special excitation
schemes, such as grating coupling, prism coupling, or scattering-type scanning near-field optical
microscopy (s-SNOM).

The first section of this chapter describes the most common experimental methods for the excitation
of phonon polaritons. In this work, the Otto geometry for prism coupling has been implemented,
and the details of the setup are provided in section 3.2. Finally, in section 3.3 the FEL at the FHI in
Berlin is characterized, which was employed as a high intensity, mid-infrared (MIR) light source for
all spectroscopy measurements performed in the course of this thesis.

3.1 Excitation of Phonon Polaritons

The reason for the non-radiative nature of phonon polaritons is their momentum-mismatch with
plane waves propagating in vacuum. In order to be excitable, the dispersion must feature a crossing
point with the dispersion of the incident light, but evanescent phonon polaritons disperse only on
the right hand side of the light line, see Fig. 2.2.1. The additional in-plane momentum required for
the excitation of phonon polaritons can be provided by evanescent waves or nanostructures, such as
for the evanescent wave generated under total internal reflection, or the light scattered off a sharp
tip. In the following, four common excitation schemes are discussed and compared.

Grating Coupling One way to couple to surface polaritons is to cut a periodic line grating into
the sample surface, as has been demonstrated for SPPs propagating on flat metallic surfaces [88, 89]
and on metal tips [90, 91], and for SPhPs on a SiO crystal [92]. Alternatively, the grating can be
evaporated onto the sample, as has recently been shown for gold gratings on hyperbolic metamaterials
[63, 64]. By this means, the induced polarization in the sample receives a total momentum composed
of the incoming in-plane momentum and an additional grating momentum, and thus can cross the
polariton dispersion. In Fig. 3.1.1a, the excitation of a surface polariton with a grating on a flat sample
is sketched. The periodicity p of the grating defines the provided momentum ggating, leading to the
following total momentum k¢ [93]:
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w 2m
52 = @ - Gt = = sin 6 + n?, (3.1.1)
where ¢, is the in-plane momentum of the incident light in air and n € Z is the grating order. For
the excitation of a surface polariton, the dispersion given by Eq. 3.1.1 has to cross the polariton
dispersion, fulfilling the equation

ksurface polariton — k:r (312)

In Fig. 3.1.1b, the SPhP dispersion on a bare SiC crystal (green line) is plotted together with the
dispersion given by Eq. 3.1.1 (red lines) for various incident angles 6 and the grating orders n = 1 and
—1. For n = —1, the total momentum £, is negative, meaning that a SPhP is excited that propagates
in the reverse in-plane direction of the incoming light.

In a reflectance measurement, the excitation of a SPhP leads to a resonance dip in the reststrahlen
band, where otherwise the reflectance is 1 due to the negative real part of the dielectric permittivity.
By measuring the reflectance spectra and extracting the SPhP resonance frequencies for various
incident angles 6, the SPhP dispersion can be reconstructed.

Gratings allow for the excitation of surface polaritons in a free-space experiment, where the sample
can be directly illuminated without the need of additional equipment. On the other hand, (i) the
fabrication of gratings requires precise lithographic methods that have to be employed for each
investigated sample, (ii) the 3D structure of a grating provides numerous scattering sites that perturb
the propagation of the surface polariton and modify its dispersion, and (iii) a precise theoretical
description is difficult to achieve for samples with high surface roughness. Therefore, while gratings
provide a straight-forward way to probe surface polaritons on a proof-of-principle basis, they are of
limited use for a detailed, theory-supported investigation of polaritonic systems.

Prism Coupling in the Kretschmann Geometry Another way to couple to surface polaritons is
to provide the lacking in-plane momentum by employing a prism made of a material with high
refractive index. The total in-plane momentum is then given by

= gV = 2 sin0VER, (3.1.3)

c
where " is the dielectric permittivity of the prism.

In a prism coupling excitation scheme, the surface polariton has to be excited at a sample surface
adjacent to air or another material with a dielectric permittivity smaller than £*. In the so-called
Kretschmann geometry [94], this is achieved by placing a thin film of the polariton-active medium
onto the prism, and the surface polariton is excited at the opposite sample surface adjacent to air
(sketched in Fig. 3.1.1c). Furthermore, the incident angle 6 has to be larger than the critical angle of
total internal reflection of the prism material, in order to generate an evanescent wave that leaks
into the sample and is capable of coupling to the surface polariton.

The Kretschmann geometry is mainly employed for the investigation of SPPs, where thin metal films
are evaporated onto the prism [94-98], whereas SPhPs are typically studied by different methods.
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Figure 3.1.1: Experimental methods for the excitation of surface polaritons. a Sketch of a grating edged into the sample surface, allowing
to couple to surface polaritons via free-space radiation. b Dispersion of a SiC SPhP (green lines) either launched in the same in-plane direction
(k > 0) as the incoming beam or counter-propagating (k < 0), and the dispersion of the grating light line k%, see Eq. 3.1.1 (red lines), for various
incident angles 6 and the grating orders n = 1 and —1. Excitation of the SPhP occurs at the crossing points of k7 and ksppp. ¢ Sketch of prism
coupling in the Kretschmann geometry, where the surface polariton is launched at the bottom side of the sample film (yellow). d Dispersion
of a Au SPP (green line) and the prism light lines k%, see Eq. 3.1.3 (red lines), for various incident angles. e Illustration of the Otto geometry,
implementing a coupling prism parallel to the sample leaving a variable air gap of size dgap. SPhPs are launched by evanescent waves leaking
across the air gap. f Dispersion of a SiC SPhP (green line) and prism light lines for a KRS-5 prism. g Sketch of the operation principle of s-SNOM.
The incoming light is scattered off the oscillating tip of an atomic force microscope (AFM), thereby launching surface polaritons on the sample
surface. h Exemplary dispersion graph with experimental data (triangles) obtained by s-SNOM (figure adapted from Ref. [4]). Compared to the
other excitation methods, s-SNOM allows to excite surface polaritons at large in-plane momenta.
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In Fig. 3.1.1d, the dispersion of a SPP on Au (green line) is plotted together with the in-plane light
dispersion (Eq. 3.1.3) in a SiO, prism for three different incident angles. Analogous to the grating
coupling, varying 6 allows to reconstruct the polariton dispersion, however only up to a limit
(@ = 90°) defined by the refractive index of the prism material.

Compared to the grating coupling, the Kretschmann geometry stands out by its structural robustness
and simplicity. Furthermore, the excitation of surface polaritons in the Kretschmann geometry is
well-defined and can be easily treated theoretically by means of a transfer matrix formalism. On the
other hand, each sample and even each thickness of the same sample requires a new prism, which
is probably the reason why SPhPs are typically not studied in the Kretschmann geometry, because
suitable prism materials in the IR are quite expensive (for example KRS-5 or diamond).

Prism Coupling in the Otto Geometry In 1968, three years before Kretschmann originated his
coupling configuration, Otto proposed a prism coupling method to surface polaritons where a small
gap of size dy,, is opened between prism and sample [23]. The Otto geometry is illustrated in
Fig. 3.1.1e and is implemented in this work (see section 3.2 for details on the setup).

The total in-plane momentum £k, in the Otto geometry is the same as for the Kretschmann geometry,
see Eq. 3.1.1, and the condition for excitation is given by Eq. 3.1.2. The dispersion of a bulk SiC SPhP
and the light dispersion in a KRS-5 prism is plotted in Fig. 3.1.1f. As for grating coupling and the
Kretschmann geometry, the incident angle 6 serves as a tuning parameter for reconstruction of the
SPhP dispersion, and it has to be larger than the critical angle of total internal reflection of the prism
material (~ 25 ° for KRS-5 in the IR).

As for the Kretschmann geometry, a surface polariton in the Otto geometry is a three-layer mode,
sensing the presence of the coupling prism. This leads to a strong dependence of the excitation
efficiency on d,,,. For large distances, the exponentially decaying evanescent wave under total
internal reflection cannot excite the surface polariton effectively. For smaller dg,,, the evanescent
wave and the surface polariton overlap such that optimal coupling conditions are reached. At this
critical distance d., the reflectance reaches its minimum and will be even zero for resonant wave
vector matching, meaning that the incoming light is fully absorbed by the surface polariton. By
further reducing the gap size, the radiative loss of the surface polariton into the prism increases, and
the coupling efficiency decreases (see the publication reprinted on page 37 [I] for further details on
the critical coupling behavior).

Compared to grating coupling and the Kretschmann geometry, the Otto geometry only requires a
single coupling prism, which can be utilized to study any bulk sample or layered heterostructure
of arbitrary thickness. Furthermore, a unique experimental advantage of the Otto configuration is
the adjustability of the gap size d4,,. However, the precise control of the gap size is challenging.
Specifically for SPPs, the gap sizes lie in the nanometer range, whereas SPhPs are accessible for
micrometer gap sizes.

The setup developed in this work (see section 3.2) is one of the first' experimental realizations of
the Otto geometry that allows for reproducible sub-micrometer control over the gap with direct,
non-invasive read-out of the gap size. As is demonstrated in the publications originated during the
course of this thesis, this unique setup” enables the possibility to investigate the critical coupling

'to the best of my knowledge
*In correspondence, PIKE Technologies has recently started the development of a comercialized Otto geometry setup
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behavior of SPhPs [I], study several modes of different coupling conditions in the same sample [IV,
VI], and reconstruct the SPhP dispersion at critical coupling conditions at all frequencies [I, IV, X],
being inaccessible by other coupling methods.

Compared to grating coupling and the Kretschmann geometry, the Otto geometry proves to be
a versatile, reproducible, and robust tool for the investigation of SPhPs in the IR. However, the
momentum range that can be probed is limited by the refractive index of the prism material, rendering
the Otto geometry only suitable for modes that propagate in proximity to the light line in vacuum.
As is demonstrated in this work, the low-momentum region possesses a rich variety of polariton
modes featuring numerous intriguing phenomena. Nonetheless, some modes disperse at larger
in-plane momenta, and therefore are unreachable with the Otto geometry. These modes, such as
volume-confined hPhPs in hyperbolic thin films, can be studied employing s-SNOM, as is discussed
in the following.

Scattering-type Near-Field Optical Microscopy A sub-wavelength small object scatters an incom-
ing plane wave into waves covering a continuum of in-plane momenta, allowing to couple to surface
polaritons that disperse at momenta far off the light line in air. scattering-type scanning near-field
optical microscopy (s-SNOM) employs the tip of an AFM as a scattering object (sketched in Fig. 3.1.1g),
and by bringing the tip close to the sample surface, high-momentum surface polaritons are launched
in the sample. The tip oscillates at frequency €2, and by locking to the higher-harmonics of the
back-reflected light, the scattered contributions off the tip can be extracted [99-101].

In order to obtain information about the launched SPhPs, the tip is scanned across an edge or spot
on the sample, where the SPhPs are reflected. The back-reflected wave interferes with the launched
wave, forming a standing wave with a measurable intensity modulation, which allows to retrieve
the wavelength and propagation length of the excited SPhP. This technique has been demonstrated
for various systems, including bare SiC [102, 103], hPhPs in hBN [16], and SPhPs in SiOs modulated
by a thin-film PCM [4]. The dispersion of the latter system is shown in Fig. 3.1.1h, where the
triangles indicate the experimental data obtained with s-SNOM, yielding in-plane momenta of up to

s-SNOM is a powerful technique to study the local fields of surface polaritons in nanoscale structures.
A complementary approach is the photothermal-induced resonance (PTIR) technique, where the
absorption of short laser pulses by the sample are detected with an AFM [104, 105]. Enabled by the
sharp tip of the AFM, the spatial resolution of s-SNOM and PTIR far exceeds other coupling methods,
and the local properties of polaritons can be mapped out by scanning the sample surface. On the
other hand, due to the need of a back-reflector on the sample surface and the presence of the tip as
scattering object, theoretical modeling of the experimental data is cumbersome.

In conclusion, s-SNOM provides information about the high-momentum modes on the nanoscale,
whereas the Otto geometry is better suited for the investigation of low-momentum surface polari-
tons in macroscopically smooth layered heterostructures. Compared to grating coupling and the
Kretschmann geometry, the Otto geometry is more versatile, and provides deeper insight into the
surface polariton properties by controlling the gap size. This work implements the Otto geometry,
focusing on phonon polaritons in layered polar dielectric heterostructures and their characteristics
in the low-momentum range. The experimental setup is presented in the following section.
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3.2 The Otto Geometry Setup

As discussed in the previous section, the Otto geometry enables thorough investigations of SPhPs
in layered heterostructures due to the tunability of in-plane momentum and excitation efficiency
via incidence angle and gap size, respectively. The experimental implementation together with the
spectroscopic setup is illustrated in Fig. 3.2.1. The collimated incident FEL beam is focussed by an
off-axis mirror (f = 646 mm) onto the prism. After passing through the Otto geometry, where the
beam is totally reflected at the prism backside, the light is separated by a dichroic beam splitter
(longwave pass at A\ = 7 pm) for measuring the reflectance and the generated SHG signal separately.
In order to ensure reproducibility and accuracy of the detection for varying incident angles, the
pick-up mirror that directs the beam onto the beam splitter is mounted on a motorized translation
and rotation stage.

The Otto geometry comprises the sample and the prism with a small gap in between. In Fig. 3.2.2,
the constructed Otto geometry system is shown in a real image. The gap size can be adjusted by
means of three Newport motorized actuators with a minimum incremental motion of 0.1 pm, which
are arranged in a triangular shape. This assembly is attached to a two-axis mirror mount, allowing
the horizontal and vertical matching of the incident and reflected beam. Finally, this is mounted on a
rotation stage for measuring at different incident angles 6, and on a x-y-z translation stage for fine
adjustment, i.e. altogether being a 9-axis system.

The triangular prism used in this work is made of KRS-5, with a basis size of 1’ X 1’ and side angles of
30°. Due to the high refractive index of KRS-5 (in the IR, ngrs.s ~ 2.4), a rotation of the entire Otto
geometry translates into a much smaller change of the incident angle 6 inside the prism. Geometric
beam propagation calculations allow to convert the incident angle # inside the prism into the external
incidence angle with respect to the prism side surface and vice versa. The prism geometry was chosen
such that for an incident wavelength of A\ = 11 um, the incident angle  can be tuned in a range from
still below the critical angle of total internal reflection (~ 25 ° for KRS-5) up to a maximally possible
angle of 6 ~ 50°, allowing to map the polariton dispersion from the light line up to a maximum
momentum.

As sketched in Fig. 3.2.1 in green, a reflective fiber collimator directs the light of a Thorlabs tungsten
NIR source onto the ground-off top of the KRS-5 prism, and collects the signal reflected at the prism
back side and the sample surface. The reflected light is guided through a bifurcated fiber bundle
and analyzed in an Ocean Optics NIR spectrometer. Interference between the reflected light from
the prism back side and the sample leads to a modulation in the white-light spectrum, and Fourier
transformation of the spectrum allows to determine the gap size dg,,. Note that exclusively the small
gap size between prism and sample is probed, because owing to the incoherence of the white-light,
the setup is not sensible to larger interface distances such as the prism front and backside.

Prior to the SPhP excitation measurements, the modulation contrast of the white-light spectrum
enables to optimize the parallelism between prism and sample. After establishing parallelism, dg,j, is
monitored continuously and simultaneously to the SPhP experiments. The dg,, range that can be
read out by the white-light interferometry setup lies between ~ 100 nm and ~ 60 pm. Roughness of
the sample and the prism backside further restricts the lower limit, leading to typical minimum gap
sizes of approximately 1 um. The resulting accessible d,,, range is perfectly suited for the excitation
of SPhPs, since the typical critical gap sizes of optimal coupling conditions of phonon polaritons
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lie in the range of ~ 1 — 20 um. For further details on the white-light interferometry setup, see
publication [X].

In summary, the constructed Otto geometry setup enables thorough experimental studies of phonon
polaritons in any flat sample, allowing to determine the linear and nonlinear optical response of
the polariton modes, analyze their critical coupling conditions by controlling the gap size, and map
out the polariton dispersion by scanning the wavelength and incident angle. This renders the here
developed Otto geometry setup a highly versatile and flexible experimental tool for the investigation
of phonon polaritons in layered heterostructures, as is demonstrated in the publications reprinted in
chapter 4.
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3.3 The FHI Free Electron Laser

The FHI FEL is a MIR oscillator FEL which has been installed in 2011 on the campus of the Fritz
Haber Insitute (FHI) and started operating in 2013 [106]. The machine generates spectrally sharp,
frequency-tunable, high-intensity laser output in the MIR, constituting the ideal excitation source
for the investigation of phonon polaritons by means of reflectance and SHG spectroscopy. In the
following, the FHI FEL is briefly described.

The setup is illustrated in Fig. 3.3.1. After generation in a thermionic gridded electron gun, two linear
accelerators (linacs) speed up the electrons to energies in the range of 15 MeV to 50 MeV. While
the first linac operates at a nominal electron energy of 20 MeV, the second can be tuned to boost
or lessen the electron energy in the mentioned range. The electron gun generates pulsed electron
bunches of about 200 pC at a repetition rate of 1 GHz. Before entering the linacs, these electron
micro pulses pass through a 1 GHz buncher, which reduces the micro pulse length to 1 ps to 5 ps.
Each bunch can then be effectively accelerated in the linacs, which create a macro pulse structure
of pulse lengths of 1 ps to 15 ps with a repetition rate of 10 Hz. In table 3.3.1, the most important
properties of the accelerator system are listed.

Table 3.3.1: Specifications of the electron accelerator of the FHI FEL [106].

Parameter Value

Electron energy 15-50 MeV
Bunch charge 200pC
Micro pulse length  1-5ps
Micro pulse repetition rate 1 GHz
Macro pulse length  1-15 ps
Macro pulse repetition rate 10 Hz

After guidance through a 90 ° curve by means of isochronous bends, the electron beam enters the
MIR wedged-pole undulator which has a total length of 2m and is composed of 50 periods with a
period length of A\, = 40 mm. The tunable undulator gap has a nominal minimum size of 16.5 mm
and features the generation of radiation in the range of 3 pm to 50 pm. Up to date, the MIR undulator
is the only operating FEL arm. The construction of the longer, far-IR undulator depicted in Fig. 3.3.1
is currently in preparation and will be initiated in the near future. This second undulator is designed
to cover the wavelength range of 10 pm to 150 pm and will be synchronized with the MIR undulator,
allowing for two-color experiments in the IR.

The undulator is enclosed by two gold-plated copper mirrors, forming the laser cavity of Ly = 5.4m
length. Both mirrors are of concave spherical shape, with radii of curvature of 2.65m and 3.51 m of
the end mirror and the outcoupling mirror, respectively. Since hole outcoupling is employed, five
mirrors with different hole diameters (0.75, 1, 1.5, 2.5, and 3.5 mm) are available in order to optimize
the lasing performance at all wavelengths. The end mirror is mounted on top of a precision translation
stage, which can be used for a wavelength dependent cavity length tuning [106]. This adjusts the
cavity length to a value of Ly — A\, where A\ = ¢ is the wavelength synchronized cavity detuning.
In practice, the factor ¢ is usually set to 0 < ¢ < 5. By this means, the accessible wavelength range
at a specific electron energy, that is, in a single wavelength scan, can be significantly increased.
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Isochronous Bends
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Figure 3.3.1: Sketch of the FHI FEL showing the electron acceleration segment and the two FEL systems
with different undulator length. In two linear accelerators Linac 1 and Linac 2, the electrons are speeded up to
energies up to 50 MeV, and then are conducted into one of the FEL cavities, where the IR laser pulses are

generated. The picture is taken from Ref. [106].
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Figure 3.3.2: Pulse structure of the FEL. Each macro pulse (with ~ 100 ms time spacing) exhibits a bunch
of micro pulses, separated by 1ns with a duration of 1 — 10 ps.
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3.3 The FHI Free Electron Laser

Furthermore and more importantly, the emission bandwidth decreases with increasing ¢, which
enables a practical method of enhancing the spectral resolution. In table 3.3.2, the most important
properties of the MIR FEL are listed.

Table 3.3.2: Specifications of the MIR FEL [106].

Parameter Value

Undulator length 2m
period length A, 40mm
number of periods 50
Cavity length L, 5.4m

The pulse structure of the FEL output radiation is dominated by the input electron pulse structure,
exhibiting macro pulses at ~10 Hz repetition rate, each consisting of a bunch of micro pulses at
1 GHz repetition rate. The resulting intensity distribution is sketched in Fig. 3.3.2.

In summary, the FEL provides laser radiation of high coherence, small spectral band width and
tunable IR wavelength, enabling spectroscopic measurements of phonon polaritons with high spectral
resolution and well-defined excitation conditions. Furthermore, the high power of the FHI FEL enables
the possibility of employing SHG spectroscopy, rendering the machine a unique tool for studying
the linear and non-linear optical response of phonon polaritons in the IR.
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CHAPTER 4 .

Publications

In this chapter, the six scientific articles forming this thesis are reprinted. The erratum of one
publication is also included. A list of these publications can be found on page vii, and a list of all
publications originated during the course of this thesis can be found on page 117.

4.1 Second Harmonic Generation from Critically Coupled
Surface Phonon Polaritons

Nikolai Christian Passler, Ilya Razdolski, Sandy Gewinner, Wieland Schéllkopf, Martin
Wolf, and Alexander Paarmann

This publication (Passler et al., ACS Photonics 2017, 4, 1048-1053 [I]) reports on the first SHG from
critically coupled SPhPs on SiC excited in the Otto-type prism coupling geometry. The supporting
information is reprinted in appendix A.1.

This is the first paper that emerged from the Otto geometry implementation constructed in the course
of the thesis (section 3.2). Employing the full mechanical control over the prism-sample distance, this
publication explores the dependence of the excitation conditions and the optical field enhancement of
SPhPs on the size of the air gap between prism and sample. The work establishes the Otto geometry
as a tool for the investigation of surface polaritons in layered media at infrared wavelengths, paving
the way for the other publications reporting on experiments that where conducted during this
thesis. Furthermore, the FEL is employed for the first time for performing SHG spectroscopy on
prism-coupled SPhPs.

Author contributions

AP. originated the concept and devised the SHG method and the Otto-configuration experiments.
The manuscript was written by N.C.P. and A.P., with all authors assisting in the proof-reading
and preparation for final submission. N.C.P. constructed the Otto-configuration setup. The SHG
measurements were performed by N.C.P., LR., and A.P., and the results were analyzed by N.C.P. and
AP.S.G. and W.S. operated the FEL. Computations of the linear and non-linear optical response were
completed by A.P. and N.C.P. The experimental design and project management were provided by
MMW. and A.P.

go to list of publications
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4.1 SHG from Critically Coupled SPhPs
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Photonics

Second-Harmonic Generation from Critically Coupled Surface
Phonon Polaritons

Nikolai Christian Passler, Ilya Razdolski, Sandy Gewinner, Wieland Schollkopf, Martin Wolf,
and Alexander Paarmann*

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany

© Supporting Information

ABSTRACT: Mid-infrared nanophotonics can be realized
using subdiffractional light localization and field enhancement
with surface phonon polaritons in polar dielectric materials.
We experimentally demonstrate second-harmonic generation
due to the optical field enhancement from critically coupled
surface phonon polaritons at the 6H-SiC—air interface,
employing an infrared free-electron laser for intense, tunable,
and narrowband mid-infrared excitation. Critical coupling to
the surface polaritons is achieved using a prism in the Otto
geometry with adjustable width of the air gap, providing a
contact-free access to the polariton dispersion with full control ®

over the excitation conditions. The calculated reflectivity and

second-harmonic spectra reproduce the complete experimental data set with high accuracy, allowing for a quantification of the
optical field enhancement. We also reveal the mechanism for low out-coupling efficiency of the second-harmonic light in the
Otto geometry. Perspectives on surface phonon polariton-based nonlinear sensing and nonlinear waveguide coupling are
discussed.

KEYWORDS: surface phonon polariton, Otto geometry, nonlinear optics, silicon carbide, nanophononics, infrared free-electron laser
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Surface polaritons are the key building block of nano-
photonics since these excitations allow for extreme light
localization accompanied by significant enhancement of the
local optical fields. A large body of research has focused on
surface plasmon polaritons (SPPs) at noble metal surfaces,'
which has led to a number of applications ranging from optical
near-field microscopy to nonlinear plasmonic nanosensors.”””
Recently, an alternative approach was introduced employing
surface phonon polaritons (SPhPs), which can be excited in the
mid-infrared (mid-IR) at the surface of polar dielectrics.*~'° In
these materials, optical phonon resonances in the dielectric
response result in a negative permittivity in the Reststrahl range
between the transverse optical (TO) and longitudinal optical
(LO) phonon frequencies and, in consequence, the existence of
a highly dispersive surface polariton.11 Notably, the much
reduced optical losses of SPhPs as compared to SPPs have been
argued to potentially solve the loss problem that was identified
as the key limitation for widespread implementation of
plasmonic devices.'”'® Recent pioneering experiments have
employed SPhPs for optical switching,'* as well as subdiffrac-
tional light confinement'>~'” and strongly enhanced nonlinear
response in subwavelength nanostructures.'®

A systematic study of the linear and nonlinear-optical
response of surface polaritons is enabled by prism coupling
either in Kretschmann—Raether'® or Otto> configuration. In
both cases, the high refractive index of the prism operated in a
regime of total internal reflection provides the large momenta

A ACS Publications  © 2017 American Chemical Society
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required to excite the surface waves.'” While mostly employed
for studies of SPPs,*'™*° a few works also investigated SPhPs
with prism coupling in the mid-IR. %2627 Specifically in the
Otto configuration, the surface polariton is excited across an air
gap of adjustable width, providing contact-free access to the
surface mode with extrinsic tunability of the excitation
efficiency, which can lead to critical coupling conditions.'’
Strong optical field enhancement at critical coupling was
predicted but could not be experimentally confirmed using
linear optical techniques. Instead, nonlinear-optical approaches
such as second-harmonic generation (SHG) are hioghly sensitive
to the localized electromagnetic fields.'****>**~>

In this Letter, we experimentally demonstrate the first SHG
from critically coupled SPhPs, allowing us to accurately
determine the associated optical field enhancement. We employ
the Otto geometry for prism coupling to SPhPs at the 6H-SiC—
air interface across a variable air gap and detect reflectivity and
SHG output spectroscopically at various positions in the SPhP
dispersion, using an infrared free-electron laser (FEL) for
tunable narrowband excitation. By varying the air gap width
between the prism and the sample, we demonstrate critical
coupling behavior of the SPhP excitation efficiency. The
calculated linear and nonlinear response reproduces the full
data set of reflectivity and SHG spectra with high accuracy. We

Received: February 7, 2017
Published: April 11, 2017

DOI: 10.1021/acsphotonics.7b00118
ACS Photonics 2017, 4, 1048—1%56
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Figure 1. (a) Schematic of the experimental setup (not to scale) for Otto-type prism coupling to propagating SPhPs. Tuning the FEL frequency ,
air gap width d, and excitation-detection angle 6,,,—26.,, allows for full control over the SPhP excitation conditions. We measure both SHG intensity
and reflectivity of the fundamental beam simultaneously using a dichroic beam splitter. For illustration, we also schematically show the evanescent
fields leaking into the air gap from the prism side (red shaded) and SPhP (green shaded) at critical coupling conditions. Experimental reflectivity (b)
and SHG (c) spectra taken for multiple incidence angles, each near the respective critical coupling gap width (see legend), leading to the most
efficient SPhP excitation. Calculated reflectivity (d) and SHG (e) maps evaluated at critical coupling conditions show how the signals follow the
SPhP dispersion (thick dashed lines): for each given incidence angle 6, the in-plane momentum of the fundamental light (sloped dashed lines)
intersects with the SPhP dispersion at the respective spectral positions of the SPhP resonances in the reflectivity and SHG (vertical dotted lines).

extract the optical field enhancement, analyze the out-coupling the two evanescent waves inhibits an efficient energy transfer.
of the SHG intensity in the Otto geometry, and discuss several There is, however, a critical coupling gap width d_; where the
potential applications of the nonlinear response from SPhPs. radiative and intrinsic losses of the SPhP exactly balance each

other, and critical coupling to SPhPs is achieved.'® This is
B RESULTS AND DISCUSSION illustrated with the red- and green-shaded areas in Figure 1a for

prism-side and SPhP waves, respectively. Since k strongly
varies along the SPhP dispersion, both L and the critical gap
width d_ also vary from less than 1 ym for large momenta to
tens of ym at small momenta when approaching the light line.

In consequence, the Otto arrangement allows for a high-

Excitation of propagating SPhPs and detection of their
reflectivity and SHG response is realized experimentally as
schematically shown in Figure la. We implement the Otto
arrangement”'”*? by placing a triangular prism (KRSS, Mprism &
2.4, Korth) operated in the regime of total internal reflection ¢ [ !
onto a motorized mount in front of the sample, allowing for precision, d.1rect measurement 9f the ﬁJl}.surface polariton
continuous tuning of the air gap width d. Rotation of the dispersion if the critical coupling conditions are adapted

prism—sample assembly by angle A6, & n_ .. A0 changes the appropriately. This mapping of the SPhP dispersion is

b demonstrated in Figure 1b and ¢, where we show experimental

in-plane momentum k” == sin @ of the incoming wave,

M prism reflectivity and SHG spectra, respectively, at four different
allowing to excite SP hP s at different points along the incidence angles, each taken near the respective d_;. Under
dispersion.® Here, @ is the incidence angle inside the prism of these conditions, a reflectivity dip of ~80% indicates efficient
refractive index npen, and @ is the frequency of the incoming excitation of the SPhP. The spectral position of the dip follows
mid-IR beam. We use an infrared FEL’' as tunable, narrow the SPhP dispersion (see Figure 1d) as the incidence angle is
band p-polarized excitation source, and the reflected changed. At the same time, the field enhancement associated
fundamental and SHG beams are detected after a dichroic with the efficiently excited SPhP results in significant increase
beam splitter. As a sample, we use a semi-insulating 6H-SiC c- of the SHG yield, as evidenced by the single, narrow peak in
cut single crystal; see the Supporting Information for further each of the SHG spectra (c).
details on the experiment. For comparison, we show calculated reflectivity and SHG

Notably, the efficiency of coupling the incoming light to the maps at critical coupling conditions in Figure 1d and e,
SI;EPS in this geometry sensitively depends on the air gap width respectively, plotted as a function of fundamental frequency @
d.” The decay length L of the evanescent waves into the air gap and in-plane momentum k;. The reﬂectmty is calculated using
for both the totally reflected incoming light alrgld the SPhP the transfer matrix approach®** (see Supporting Information
strongly varies with the in-plane momentum k: for details), while the SHG intensity is computed using

L= + I2w) « I(]])ESiC(Zw))()((Z)(—Za); o, az))ﬁszic(a))/Ak)l2

271" k” C /Cl) -1 (1) (2)

where / is the wavelength and ¢ the speed of light in a vacuum. Here, ESiC(w) is the local optical field on the SiC side of the
For small gaps d < L with large overlap of the two evanescent SiC—air interface, which we obtain from the transfer matrix
waves, the strong radiative coupling of the SPhP back into the approach, and ¥ is the nonlinear susceptibility of 6H-SiC,*
prism is a significant loss channel and prevents efficient while Ak accounts for the wave vector mismatch for SHG in
excitation, while for large gaps d >> L the small overlap between reflection.””” Additionally, we explicitly account for the field
1049 DOI: 10.1021/acsphotonics.7b00118
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coupling of the nonlinear polarization by projecting it onto
TyEsic(2w), with Eg,c(2@) being the local field of the respective
mode at 2 and 2k propagating from SiC back into the prism
and T, the transmission coeficient back to the prism. See the
Supporting Information for details on the SHG calculations.
To demonstrate the critical behavior of the response, we
acquired reflectivity spectra for multiple values of the air gap
width d for selected incidence angles, exemplified for 6 = 28.8°
and @ = 35.1° in Figure 2a and b, respectively. At the smallest
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Figure 2. Experimental (solid lines) and calculated (dot-dashed lines)
reflectivity (a, b) and SHG (¢, d) spectra of the 6H-SiC—air interface
in the Otto geometry, shown for selected air gap widths d (see
legends) and incidence angles 6 = 28.8° (a, ¢) and € = 35.1° (b, d).
The SHG spectra were normalized to the maximum at the smallest gap
width. Note the logarithmic scale in (c) and (d).

gap (black lines), a shallow broad dip in the reflectivity at @ ~
900 cm™' reports on excitation of highly lossy SPhPs with
pronounced radiative coupling. As d is increased, the reflectivity
dip increases in amplitude and narrows while simultaneously
blue-shifting. A maximum dip depth of ~80% (blue lines)
indicates that the critical coupling conditions are reached. For
even larger gaps (orange lines), the amplitude of the dip drops
again, while the narrowing and blue-shifting of the resonance
converge, approaching the intrinsic line width and frequency of
the uncoupled surface polariton, cf. Figure 1d. The qualitative
behavior is identical between the two incidence angles shown
here. However, the respective air gaps are clearly different; see
legends in Figure la and b, where d essentially scales with the
evanescent length L in eq 1. The calculated reflectivity perfectly
reproduces the experimental data, including subtle features due
to the 6H-SiC crystal anisotropy, such as reflectivity dips at the
zone-folded weak modes at ~885 cm™' and the axial LO
phonon at 964 cm™.7%*%%

The simultaneously acquired SHG spectra are shown in
Figure 2c¢,d. At small gaps, the data exhibit some additional
spectral features;*>** however, a pronounced SPhP resonance
can be clearly distinguished (note the logarithmic scale), with
SPhP peak positions and line widths qualitatively following

1050

those observed in the reflectivity as d is increased. However, the
amplitude behavior is clearly different for the SHG; we observe
a steady decrease of the SHG amplitude at the SPhP resonance
with increasing d. The calculated SHG spectra also shown in
Figure 2c,d (dash-dotted lines) not only reproduce all the
features in the spectra with high accuracy, but also predict the
steady decrease of the SPhP resonance amplitude of the SHG
with increasing width d of the air gap. This is very surprising,
since the maximum field enhancement and, in consequence,
most efficient nonlinear signal generation are expected at
critical coupling.'”"”

We summarize the SPhP resonance behavior for the full
experimental data set in Figure 3. Lorentzian fits of the SPhP
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Figure 3. Air gap width d-dependence of the SPhP resonance
amplitude (a, b), Q-factor (¢, d), and spectral position (e, f) at four
different incidence angles, as extracted from the experimental
(symbols) and calculated (lines) reflectivity (a, ¢, e) and SHG (b, d,
f) spectra. Critical coupling is achieved at the respective maximum of
the reflectivity dip amplitude in (a). The Q-factors increase and the
spectral positions shift as d is increased, converging toward the values
of the weakly coupled, intrinsic surface polariton resonance, more
rapidly with increasing € and k|, i.., further away from the light line.

resonance in the experimental (symbols) and theoretical (lines)
reflectivity (a, ¢, e) and SHG (b, d, f) spectra yield the
amplitude (a, b), Q-factor (c, d), and position (e, f) of the
reflectivity dip and SHG peak, respectively. The high
experimentally achieved Q-factors, ie, the ratios between
center frequency and line width, mark the high quality of the
SPhP resonance. Notably, the SHG resonances are intrinsically
narrower as compared to the reflectivity dips due to the second-
order nature of the interaction, leading to the consistently
higher Q-factors. Remarkable agreement between experiment
and theory is observed throughout the full data set. We note
here that these calculations use a single set of parameters
globally extracted from the full reflectivity data set. Hereby we
explicitly include angular beam divergence and finite spectral
width of the light source, being the main experimental
limitations for achieving full SPhP resonance amplitude near

DOI: 10.1021/acsphotonics.7b00118
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Figure 4. (a) The SHG signals corrected for out-coupling losses (symbols) perfectly follow the fourth power of the calculated local optical fields
(lines). (b) SPhP optical field enhancement |E/E | with E, the incoming field magnitude, evaluated at the critical coupling gap for in-plane E,
(black) and out-of-plane E, (red) field components as a function of internal incidence angle (bottom) and corresponding SPhP resonance position
(top). (c) Example of the spatio-spectral distribution of in-plane field enhancement, shown at critical coupling for 6 = 28.8° with d = 5.8 ym. All

electric fields are evaluated on the SiC side of the SiC—air interface.

to and far away from the light line, respectively; see the
Supporting Information for details. We emphasize that only the
reflectivity data were used for the global fitting, while the SHG
spectra were simply calculated usmg nonlinear susceptibility
extracted in previous experlments

The direct comparison of the SPhP resonance amplitudes of
the reflectivity dip and the SHG peak (see Figure 3a and b,
respectively) for the different incidence angles suggests a
correlation between the critical coupling gap marking the
strongest modulation of the reflectivity and the apparent decay
length of the SHG amplitude. Indeed, if rescaled for the
respective critical coupling gap width d_;, the curves for
different incidence angles are almost identical; see Figure S3 in
the Supporting Information. To understand these observations,
we need to consider two mechanisms determining the
detectable SHG signal in the far field: (i) efficiency of SHG
due to the local field enhancement provided by the SPhPs and
(ii) the out-coupling of that nonlinear signal across the air gap
into the prism and into the far field. In the case of low losses,
the local field enhancement associated with surface polariton
excitations is typically expected to follow the magnitude of the
reflectivity dip; '” that is, the maximum enhancement should
be achieved at the critical coupling condition.

It is, however, important to realize that the SHG is generated
with large in-plane momentum kj syg = 2 kspp > kosng, Where
kosug is the wavenumber of the SHG light propagating in air.
This corresponds to the condition of total internal reflection for
the SHG at the SiC—air interface, and only an evanescent wave
is expected to leak into the air gap. Evaluating eq 1 for this wave
reveals exactly half the evanescent length for the SHG as
compared to the fundamental radiation on both sides of the air
gap, resulting in an extremely poor overlap and largely
suppressed far-field coupling of the SHG at critical coupling
conditions. In our SHG calculations, this effect is explicitly
accounted for by the gap width d-dependence of T,Egc(2w) in
eq 2, whose amplitude rapidly decays with d. In fact, we find
that at critical coupling only ~0.1% of the generated nonlinear
signal is harvested into the far-field intensity.

Therefore, we can recover the second-harmonic intensity
generated in SiC by correcting the experimental signals for the
out-coupling efficiency ITj, Eslc(Za))I , as shown in Figure 4a.
As expected from the last factor in eq 2, these signals now
follow the fourth power of the resonantly enhanced
fundamental optical fields |Egc(w)l, which are also plotted
there. With this information, we can confidently extract the
magnitude of the field enhancement in SiC at critical coupling,
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which is plotted in Figure 4b along the SPhP dispersion. We
plot both in-plane and out-of-plane fields, E, and E,
respectively, since due to the symmetry of the y® tensor,
both components contribute significantly to the SHG output.*
Notably, the small dip in these curves at € =~ 27.5° marks the
resonant interaction of the SPhP with the zone-folded phonon
modes in 6H-SiC."* For illustration, we also show an example
of the spatio-spectral distribution of field enhancement along
the normal-to-surface direction z in Figure 4c.

The excellent agreement between the experimental and
calculated SHG response corroborates our observation of the
extremely efficient nonlinear-optical conversion inside the SiC
crystal, in particular in comparison to SPPs. From our data, we
estimate an exceptional nonlinear conversion efficiency exceed-
ing ~107%, which is a result of (i) the large field enhancement
due to the high Q-factor of the SPhP resonance, (ii) the broken
inversion symmetry as well as proximity to an ionic resonance
of the nonlinear susceptibility’>*® in the SPhP host, and (jii)
the large effective volume of SHG generation as compared for
instance to subdiffractional nanostructures.'®

The broken inversion symmetry and the ionic resonance (ii)
are unique fingerprints of SPhP materials as opposed to noble
metals used in plasmonlcs Hereby, the enhancement of 49
close to the ionic resonance at the TO frequency,’””" i.e., in the
spectral range where the SPhP can be excited, is a generic
feature for all polar dielectrics. Our approach is applicable to all
non-centrosymmetric, polar dielectrics, such as a-quartz, ZnO,
AIN, InP, GaAs, and ZnTe, to name a few, known to exhibit
large nonlinear coefficients, as well as artificially designed
hybrid materials®” with yet unknown SPhP dispersion relations.
Additionally, the strong dispersion of SPhPs provides spectral
tunability of the field enhancement resonance with extraordi-
narily high Q-factors.

The combination of these features suggests several appealin
scenarios for future applications of nonlinear nanophononics."
Previous linear sensing schemes””*’ could be extended into the
nonlinear domain with larger contrasts and higher Q-factors.
Taking advantage of the large resonant, high-Q nonlinear
signals from the broken-inversion SPhP host, these approaches
could straightforwardly be implemented using narrow-band-
width quantum-cascade lasers. Similarly, our approach could be
extended to four-wave mixing experiments,”*' sensitive to
either the SPhP host or a liquid phase analyte in the gap (cf.
Figure 4c for the relevant length scales of field enhancement
inside the gap). This could, for instance, lead to a drastic

DOI: 10.1021/acsphotonics.7b00118
ACS Photonics 2017, 4, 1048—1053



ACS Photonics

4.1 SHG from Critically Coupled SPhPs

resonant enhancement of time-resolved vibrational spectrosco-
py signals from molecules in solution.*”

Overall, the Otto geometry provides an ideal platform for
studying the linear and nonlinear response from surface
polaritons. As compared to the Kretschmann geometry, it
allows extrinsically controlling the SPhP coupling efficiency due
to the adjustable air gap width and is a contact-free approach
that does not require samples to be deposited onto the prism,
making it much more versatile. Additionally, we also note that
SPhP materials are typically largely transparent above the
Reststrahl frequency range. Together with the generation of
nonlinear signal under conditions of total internal reflection,
this suggests that the Otto geometry could be used for high-
contrast nonlinear waveguide coupling,” which would also
solve the problem of low out-coupling efficiency in reflective
SHG detection and allow harvesting the full magnitude of the
nonlinear signals.

Bl CONCLUSION

In conclusion, we demonstrated the first SHG from critically
coupled SPhPs, enabling high-precision measurements of the
associated optical field enhancement, here shown for 6H-SiC as
a model system. We use the critical coupling behavior of the
Otto geometry to maximize the SPhP excitation efficiency.
Despite poor far-field coupling of the SHG signals, which is
shown to be a generic feature of the Otto arrangement, the
large bulk nonlinearity of the crystal facilitates exceptional
nonlinear-optical conversion from SPhPs, owing to the broken
inversion symmetry of the host material and the high quality of
the SPhP resonance. Being applicable to a wide range of polar
dielectrics supporting SPhPs, our approach could be employed
to extract the unknown polariton dispersion and field
enhancement in artificially designed SPhP hybrids and opens
the path to several new and appealing applications of nonlinear
nanophononics.
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4.2 Generalized 4 X 4 matrix formalism for light propagation
in anisotropic stratified media: study of surface phonon
polaritons in polar dielectric heterostructures

Nikolai Christian Passler and Alexander Paarmann

This publication (Passler and Paarmann, JOSA B 2017, 34, 2128-2139 [II]) presents a theoretical
framework for the calculation of light-matter interaction in arbitrarily anisotropic multilayer systems.
Compared to previous work [107-111], the here developed formalism is numerically stable, free from
discontinuities, and handles media with any isotropic or anisotropic permittivity tensor. An online
version of the computer code programmed in Matlab [18] and Python [112] has been published as
open source.

Most of the experimental studies conducted during this thesis investigate stratified sample systems
with anisotropic materials. For all of them, the algorithm developed in this publication has been
employed for predicting, analyzing and simulating the optical response of the sample, as well as
fitting the experimental spectra with exceptional accuracy.

The broad applicability and user friendliness of the formalism resulted in frequent use by many
research groups, which eventually led to the discovery of an error in the calculation of the electric
field distributions for birefringence, that is, for media with non-zero off-diagonal elements of the
dielectric permittivity tensor in the lab frame. The correction of the error was published in an erratum
in 2019 [III], which is reprinted on page 59. All publications prior to this erratum investigate isotropic
or anisotropic media with diagonal permittivity tensor, and thus are not affected by the error in the
original formalism.

Author contributions
N.C.P. and AP. originated the concept. The manuscript was written by N.C.P. and A.P. N.C.P.
devised the fundamental framework of the formalism, and N.C.P. and A.P. developed the final

algorithm. Computations of the example systems were completed by A.P. and N.C.P. The project
management was provided by A.P.
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We present a generalized 4 x 4 matrix formalism for the description of light propagation in birefringent
stratified media. In contrast to previous work, our algorithm is capable of treating arbitrarily anisotropic
or isotropic, absorbing or non-absorbing materials and is free of discontinous solutions. We calculate
the reflection and transmission coefficients and derive equations for the electric field distribution for any
number of layers. The algorithm is easily comprehensible and can be straight forwardly implemented in a
computer program. To demonstrate the capabilities of the approach, we calculate the reflectivities, electric
field distributions, and dispersion curves for surface phonon polaritons excited in the Otto geometry for
selected model systems, where we observe several distinct phenomena ranging from critical coupling to
mode splitting, and surface phonon polaritons in hyperbolic media. © 2017 Optical Society of America

OCIS codes:
http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Light-matter interaction in complex hybrid nanostructures has
become a central problem of modern nanophotonics [1]. Specifi-
cally thin films, periodic layered media or other stratified sys-
tems have proven to exhibit extensive functionality, for instance
in anti-reflection coatings [2, 3], transistors [4, 5], thin-film photo-
voltaics [6, 7], or sensing [8-10]. However, the angle of incidence-
dependent calculation of light propagation in a general multi-
layer structure rapidly becomes cumbersome, especially if opti-
cal anisotropy and absorption are taken into account. In order to
solve this problem, many authors have presented 4 x 4 matrix
approaches [11-17] based on Maxwell’s equations. However,
many of these methods consider only special cases of the di-
electric tensor [11, 14, 15, 17] or lead to discontinuous solutions
[13, 16].

These problems become particularly critical in the mid- and
far-infrared Reststrahlen spectral region of polar dielectrics [18],
where surface phonon polaritons (SPhPs) can be excited [19-22].
Here, the highly dispersive and often strongly anisotropic be-
havior of the dielectric function precludes the use of formalisms
that are restricted to special cases. However, it is exactly in
these materials and atomic-scale heterostructures thereof [23—
26], that SPhPs have very recently been demonstrated to en-

able many novel phenomena such as hyperbolic superlensing
[27, 28] and negative refraction [29, 30]. For instance, hexagonal
boron nitride as one of the key components of van der Waals het-
erostructures [31], displays many interesting nanophotonic prop-
erties due to its naturally hyperbolic character [23, 28, 30, 32, 33].
Therefore, a most general, robust, and easily implementable nu-
merical formalism to analyze the optical response in arbitrarily
anisotropic multilayer heterostructures is highly desirable.

In this work, we present a comprehensible 4 x 4 matrix for-
malism, which can be straight-forwardly implemented in a com-
puter program [34]. Our algorithm combines several previous
approaches [11-15] in such a way that numerical instabilities and
discontinuous solutions are prevented, to enable a robust treat-
ment of light incident on any number of arbitrarily anisotropic
or isotropic, absorbing or non-absorbing layers. In addition
to reflection and transmission coefficients, we also calculate
the full electric field distributions throughout the heterostruc-
ture, which is particularly useful for analysis of polariton modes
and their associated local field enhancements. To demonstrate
the capabilities of our algorithm, we present simulation results
for several model systems where SPhPs can be excited using
prism coupling in the Otto geometry [20]: 6H-SiC, GaN/SiC,
SiC/GaN/SiC, and a-quartz, covering a number of phenom-
ena such as critical coupling to SPhPs [21, 22], index-sensing

Passler, N.C., Paarmann, A.,
Generalized 4x4 matrix formalism for light propagation in anisotropic stratified media: study of surface phonon polaritons in polar dielectric heterostructures. 47
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[35], mode-splitting [36], wave-guiding [37], and polaritons in
hyperbolic media [29, 32].

2. THEORY

A. Matrix Formalism

The incident medium is assumed to be non-absorptive and
isotropic, and the magnetic permeability y is taken as a scalar.
The coordinate system is defined such that the multilayer sur-
faces are parallel to the x-y-plane and the z-direction is orthogo-
nal to the surface, pointing from the incident medium towards
the substrate and being zero at the first interface between inci-
dent medium and layer i = 1. The layers are indexed from i = 1
to i = N, whereas the incident medium is i = 0 and the sub-
strate i = N + 1. Each layer has an individual thickness d;, and
the thickness of the complete multilayer system is D = YN | d;.
Furthermore, each medium i is characterized by an individual
dielectric tensor &;. The incident beam is chosen to propagate in
the x-z-plane with a wave vector k; in layer i:

Ei = %(glof ‘71’), @

where & = | /gj,c sin(8) is the x-component of k; which is con-
served throughout the complete multilayer system, ¢;,,. is the
isotropic dielectric constant of the incident medium, 0 is the
incident angle, and g; is the dimensionless z-component of the
wave vector in layer i.

For a given diagonal dielectric tensor & with principle dielec-
tric constants ey, €y, and e, the following transformation allows
to rotate the crystal orientation into the lab frame:

e 0 O
g=0:0"1=01o0 gy 0 ol 2
0 0 ¢

with the coordinate rotation matrix () given by the Euler angles
9, ¢, and ¢ (see e.g. Eq. 2 in [15]). Furthermore, optical activity
or the response to a static magnetic field can be incorporated
into & [38], which then becomes non-diagonal, but this will not
be discussed here.

A.1. Eigenmodes in Medium i

In general, each layer will have exactly four eigenmodes, i.e.
four possible solutions for the propagation of an electromagnetic
wave. They differ in polarization and propagation direction and
have four different z-components of the wave vector, qijs with
j=1,2,3,4. In order to obtain these four solutions, we follow the
approach by Berreman [11], where the layer index i is omitted
for brevity.

First, the Maxwell equations are written in a 6 X 6-matrix
form, where the time derivative has already been performed,

48

assuming monochromatic waves at frequency w:

o 0o 0o 0o - &)\(E
0 0 o 2 0o -2l
RG = 0 0 0 —% 20 E,
0 &£ —% 0 0 0 |[Hk
-2 0 2 o0 0 0 H,
% —a 0 0 0 0 )\H o
Dy
Dy
— i | P = ciwc
By
By
B

If only linear effects are considered, a relation between G and C
can be formulated as follows'

C=MG= G, @
o2

where ji is the permeability tensor, and p; and p, are optical
rotation tensors.

By combining Eq. 3 and 4, the following spatial wave equa-
tion is obtained, where g is the spatial part of G = ge~'«*:

Rg = —iwMg. (5)

As shown explicitly by Berreman, the normal field projections
g3 = E; and g¢ = H; can be solved in terms of the other four
parameters, and thus be eliminated. In short, this yields

Oy _ Yy, ®)
Jz c
where
Ex
H,
y=| " @)
Ey
—H,

is the reordered dimensionless field vector. A is exactly defined

1Please note the difference to the original work by Berremann, who instead
reports G = MC in Eq. (3) of Ref. [11].
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in terms of M as follows:

Ay = Ms; + (Msz + &)az1 + Mseag
A1z = Mss + (Msz + &)ass + Mseaes
A1z = Msp + (Msz + §)asy + Msgagy
Ay = —Msy — (Ms3 + §)ass — Mseaey
Apy = My + Myzaz + Migae

Ay = M5 + Myzazs + Mieaes

Az = Mz + Myzazy + Migaen

Apy = —Myy — Mizasy — Miedey ®)
Az1 = =My — Myzaz — Myeae
Azp = —Mys — Myzazs — Myeaes
Azz = —Magy — Myzazy — Mygae
Az = Myg + Myzazy + Mygaes
Ay = My + Mpzazy + (Mg — &)1
Agy = Mps + Mazazs + (M — &)aes
Ay3 = My + Mpazy + (Mas — &)agz
Ay = —Mpy — Mp3azy — (Mg — &) ey,
where the elements of a,,;, are given by
(Mg1M3zs — M31Mgg) /b
(Mg — &)M3zs — M32Mgg) /b
0
azp =
(MgyMzs — M34Mgg) /b
(Mg5Mzs — (M3s + &) Mgg) /b
0
9)
(MgagM31 — M3z Me1) /b
(Mg3Ma — Ma3(Msz — §)) /b
0
Aep = s
(Mg3Mzy — M33Mgyq) /b
(Meg3 (M35 + ) — MazMes) /b
0
and b is defined by
b = M3z Mg — MagMes. (10)

Note that A and a5, in contrast to the formulas given by Berre-
man, do not contain the factor 5 before each ¢, which is because
¢ is chosen to be dimensionless here.

The M-matrix of the corresponding material is assumed to
be z-independent, i.e. we only consider homogeneous layers (a
numerical solution if M depends on z has been given by Berre-
man [11]). In the z-independent case, the four eigenvalues qij of
A(i), indexed with j for each layer i, represent the z-components
of the wave vectors of the four eigenmodes ¥; in the material:

A.2. Sorting of the Eigenmodes

At this point, the four solutions have to be ordered in an un-
ambiguous manner in order to avoid unstable solutions and
discontinuities. The approach presented here is based on the
work of Li et al. [12]. First of all, the modes have to be sep-
arated into forward propagating (transmitted) and backward
propagating (reflected) waves, which is done as follows:

gij is real: 7ij = 0 — transmitted

7ij <0 — reflected 1)
q;j is complex: Im(q;;) > 0 — transmitted

Im(q;;) <0 — reflected,

because real wave vectors point in the propagation direction,
and complex wave vectors describe an exponentially damped
wave. The transmitting waves will be labeled g;; and g;,, the
reflected waves g;3 and g;4. Each pair, however, also has to be
sorted in order to ensure solutions without discontinuities. For
this, the eigenvectors ¥;; of Eq. 11 of each layer are analyzed by
(12]

Claij) = L L 13)
P a2+ Yl
allowing to finally sort the four eigenvalues as follows:
Clgin) > Cgi2) and  C(g33) > C(qia)- (14)

This means for the four solutions, that g;1 and ;3 describe p-
polarized, and g;; and g;4 s-polarized waves, transmitted and
reflected, respectively.

In the case of birefringence, i.e., for at least one principle
axis of a anisotropic dielectric tensor neither in the x — y plane
nor along the y-axis, the assignment of modes being either s-
and p-polarized fails, resulting in ambiguous sorting of the four
eigenmodes, and in consequence, potentially discontinuous solu-
tions. In these cases, the Poynting vector S;; need to be analyzed
in Eq. 13 instead of the electric field:

Clgi) = L (15)
% ISijx|? + |Sijy |2
with
Sijx EijyHijz — EijzHijy
Sij = | Sijy | = Eij X Hij = | EjjzHjjx — EijxHijz |, (16)
Sij2 EijxHijy — EijyHijx

where with Eq 7, Eijx = Tijl/ Ei]'y = lpij?)/ Hijx = 7lpij4/Hijy =
l/Jijz, and [11]

Eij, = a31(i) Eijx + a32(i) Ejjy + a34(i) Hjjx + a35(i) Hijy ~ (17)
Hij, = a61 (i) Ejjx + a62(i) Eijy + a4 (i) Hijx + ags (i) Hyy. (18)

A.3. Transfer Matrix with Treatment of Singularities

In previous works [11, 14, 15], the authors assume fully
anisotropic dielectric tensors, and their formalisms suffer from
singularities for several special cases, i.e. if the material is
isotropic, or even if the dielectric tensor has only diagonal com-
ponents. These cases have in common that the four solutions
of Eq. 11 become degenerate. To resolve this issue, we here
follow the solution presented by Xu et al. [13]. We note, how-
ever, that the authors only considered non-optical active media
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with isotropic magnetic permeability, such that in the follow-
ingwealsoset i = y1land p; = p, = 0, with T and 0 the
unity matrix and the matrix consisting just of zeros, respectively.
More general solutions to avoid singularities also without these
restrictions are beyond the scope of this work.

To set up the transfer matrix according to Xu et al. [13] us-
ing the appropriately sorted g;;, we now write the electric field
vectors 7;; of the four eigenmodes in each layer i as follows:

Yijt
Yij = Yiiz | - (19)
Yij3

The values of 7;j, being free of singularities, are then given by
the following formulas [13]:

Y1="Yi22 = Y2 = —Viz1 = 1,
0, gi1=4qi2

Higios (pigim +8qi ) —piein (Higiza—E2) ) )
(pigina—G2) (Migi2—C2—7) —pFeinseina 9i1 7412

Yi2=

_ M€ +Gqn
pigizz—G* ’
_ pi€mtGqn _ _ pi€iz

pigiz—G? pigizz—G? Tiz,

qin =42
91 # 92
0, gi1=4qi2

pigiso (pigina+8qi2) —pigin (Hicina—E2) i £4i
(nigizs—C2)(piein—qa )—(Hicnst5qi ) pint4qi2) i1 i2

Hi€iz2
Higizz—G2’
_ MiEmHCqn i€z
Higizz—G? Vi1 Higiz—G2/

qi1=4i2
91 # i

(nigizs—C2) (pieim—E2—q%) —Wenstin 9i3 794
Higiz1 +Eqi3

pieiz—G* ’

Hi€iz1 +8qi3 Hi€iz2
e~ 1132

qi3 =1qi4
93 7 qis

14181‘33*52

0, gi3 =44
piiza (piens+80ia) —pien (picins —&*)

(nieizs—C2 ) piem—a%)—(Hienatoqia \Hiem+4aia)

Hi€iz2
Hiei—G2/
_ i€z +Gqis
Higizz—G?

i3 7 4

qi3=1i4
i3 7 Gig-
(20)

Hi€iz2
igizz—G27

oy — 0, qi3 =1qi4
Yiz2= piginn (pigizs ) —picios (Mi€is +80i3)

Yial —

These solutions are finite and continuous for isotropic and
anisotropic media, and therefore can be used to formulate a
generalized, stable transfer matrix.

For this purpose, the boundary conditions for electric and
magnetic fields are applied in order to connect the fields of
two adjacent layers i — 1 and i. Formulated for all four modes
simultaneously, the boundary conditions in matrix form become:

A, 1E_; = AE, (1)
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where A, is calculated in terms of 7;j by [13]

Vi1l Yi21 Vi3l Vi1
_ Yi12 Vi22 Vi32 Vid2 22)
P gnyin—Crias  govm—€ris  qisYior$Yiss  GiaYi—Cvis |
Hi Hi Hi Hi

1 1 1 1
wdinyig  qi%i2 398782y qiaYid2

and E; is the dimensionless 4-component electric field vector of
the solution, i.e., representing the field for the full multilayer
system. Conveniently, E; is defined as [13]:

E‘ = trans (23)

trans and Eféfsl) are the in-plane field amplitudes of the
transmitted and reflected mode, p-polarized and s-polarized,
respectively.

By multiplying Alfl on both sides of eq. 21, the following
relation is obtained, where the interface matrix L; is defined
implicitly:

where Ep(s)

Ei,1 = A;llA,‘E,‘ = Liﬁi- (24)

By inspection of eq. 22 it becomes clear that the columns of
matrix A; resemble the four eigenmodes ¥;; of the respective
layer, however, with the order of the elements being Ey, Ey,
Hy, and Hy. Therefore, the matrix operation A,Ei essentially
represents the projection of the solution field vector onto the
eigenmodes of the layer, while A;ll A; projects the eigenmodes
in layer i onto the ones of layer i — 1. The different order of
the column vector elements as compared to eq. 7 must be ac-
counted for, which will be done conveniently after formulating
the transfer matrix of the complete multilayer system.

In order to do so, first the propagation matrix P;, as it was
called by Yeh [15], has to be defined. For the sign convention
chosen here, it is given by

e nd; 0 0 0
0 e~ 0 0
P= o . (25)
0 0 e~ qndi 0
0 0 0 e e udi

With this, the transfer matrix T; of a single layer i, which is
composed of parts from the enclosing interface matrices and the
propagation matrix, is defined as:

T, = APA; Y, (26)
and the transfer matrix Tt of all N layers is then obtained by
evaluating

N
Tt = [ [Ti 27
i=1

However, Tyt on its own is not sufficient to calculate the reflec-
tivity or transmittance of the multilayer system, since for the
first and the last interface, i.e. the interfaces with the incident
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medium 7 = 0 and the substrate i = N + 1, only half of the inter-
face matrices L and Ly 4 are included. The full transfer matrix
I'y is obtained as follows, where different notations are shown
in order to clarify the equivalence of the various approaches
found in the literature [11, 13-15]:

Iy =A; ' TotAnt1
=A;'TT2..TyAN 11

=A ' APIAT AP A L ANPNAL AN
= L1 Pl L2P2...LNPNLN+1.

(28)

The first line is perfectly suited for the implementation in a
computer program, and furthermore allows to directly see how
the transfer matrix of a single interface (N = 0) is calculated,
ie. Top = Ay LA;. The last line, on the other hand, illustrates
how systematic the matrix approach solves the propagation of
electromagnetic waves in a multilayer medium, simply stringing
together interface matrices L; and propagation matrices P;, for
each interface and layer, respectively.

From the full transfer matrix I'y;, reflection and transmission
coefficients for both s- and p-polarized incident, reflected, and
transmitted waves can be calculated, as it has been shown by
Yeh [15], using:

Ey =TNEf, . (9)

where Eiil and Ef’ denote the fields on both sides of the in-
terface between layer i and i — 1, respectively, see Fig. 1 (a).
However, before writing down the equations, the matrix I'y has
to be transformed such that the order of the field components
corresponds to the chosen order of Yeh:

EF

trans

o EP
B — refl , (30)

S
E trans

s
E refl

in contrast to the sorting shown in Eq. 23, which the transfer
matrix I'y is built from. Therefore, the transformation

Iy = Ao INA1324, (1)

where A134 is given by

Nizpg = , (32)

o = O O
= o O o

0
1
0
0

o o O

yields the transfer matrix I'y; that is compatible with the Yeh
formalism [15].

B. Reflectivity and Transmittance

Employing the transformed transfer matrix of the complete mul-
tilayer system I'};, the reflection and transmission coefficients for
s- and p-polarized light, i.e. 7ss, pp, tss, and tpp, and the mode
coupling reflection and transmission coefficients 7sp, 7ps, tsp, and
tps can be calculated, where the subscripts refer to incoming and

outgoing polarization, respectively. The coefficients are given in
terms of the matrix elements of I'}; as follows [15]:

* * * *
e I e e
1133 13731 1133 13731
oDl T,
TiiT5 — Tislsy 115 — sl
Tps = Irf}:lllj% : Il}}tslrél tps = [ T* r_gklr* T* (35)
1133 13731 1133 13731
_ Tils ~ T3l iy 6

e il — 505 e = T3 — T30
and the reflectivity R and intensity enhancement T for a certain
polarization are obtained by calculating the absolute square
of the corresponding coefficient, i.e. Ry = |ry|? and Ty =
|tir|? with k,I = s,p. Please note that the total transmission
of the multilayer stack is distinct from T, where additionally
energy conservation needs to be accounted for. In the case of an
absorptive substrate, the transmission coefficients represent the
magnitude of the in-plane component of the E-field vector in the
substrate at the interface with layer N. This particular fact will
be clarified in the following, where we calculate the electric field
distribution in the multilayer system employing the presented
transfer-matrix formalism.

C. Electric Field Distribution

Using the interface and propagation matrices L; and P;, respec-
tively, an electric field vector can be projected to any point in the
multilayer system. As a starting point, the transmission coeffi-
cients are utilized to formulate the in-plane components of the
electric field EK] 11 in the substrate at the interface with layer N,
see Fig. 1 (a):

Etr;ans tPP + tsp
= E} tss + £
EZJ\rH»] _ trans _ ss ps , (37)
EF 0
refl
E:eﬂ 0

where the reflected components are set to zero, since no light
source is assumed to be on the substrate side of the multilayer
system. Please note that we here conveniently go back to the
field sorting according to eq. 23, allowing to directly reuse any
interface and propagation matrices that were calculated along
the way to the full transfer matrix I'y. As it is shown in Fig. 1
(a), the electric field vectors on both sides of an interface are
connected by the interface matrix l:f; 1= L,'E?' . Furthermore,
the propagation through layer i is given by the propagation
matrix P;, which can be evaluated z-dependently:

E,‘(Z) = Pi(Z)E,i

1

e~ i¢anz 0 0 0
B 0 el a0z 0 0 P (38)
0 0 etitmz o [
0 0 0 e ieams

with 0 < z < d; being the relative z-position in layer i. As it
is indicated by the black arrows in Fig. 1, starting from E; Y
interface matrices L; and propagation matrices P; are used to
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Fig. 1. (a) By means of the transfer-matrix formalism, the E-field distribution can be calculated at any point in the multilayer sys-

tem. Starting from Ijj;\r] .1, Subsequent multiplication of the interface matrices L; and propagation matrices P; allows to propagate

the wave back to the incident medium, and into the substrate. For the case of evanescent waves, the E-field is exemplary sketched
in green. (b) In the Otto geometry (not to scale), a highly refractive prism provides the necessary in-plane momentum for reso-
nant coupling to SPhPs, propagating along the interfaces of the multilayer system. Here, the SiC / GaN / SiC heterostructure is

sketched, discussed in Sec. 3C.

subsequently propagate the wave towards the incident medium.
In the reverse direction, the inverse propagation matrix P;IIH

allows to calculate the E-fields in the substrate.

By this means, the four in-plane components Eﬁans, Efcanss
Efeﬂ, and E} ofl ATe obtained as a function of z. Within each layer,
there are only two possible shapes of the absolute amplitude of
these components: they either describe a (damped) sinusoidal
propagating wave, or an exponentially decaying evanescent
wave. In order to get the complete field present in the multi-
layer system, the forward (transmitted) and backward (reflected)
components for each polarization have to be added up. This
summation of the components is performed as follows:

Ex =El—Elg (39)

Ey = Efrans + Ets‘eﬂ (40)
Cex p Cex P

E,=|-— E — (= E 41

: ( ginez " qizez ™)’ “n

where the negative signs for Ey and E, account for the phase
flip during reflection. The out-of-plane component E; has been

calculated employing Maxwell’s Eq. V x H = s‘;—f for Ef.c and
Efeﬂ individually. The corresponding out-of-plane wave vector
components g, are given by the layer-dependent solutions j = 1
and j = 3, i.e. ghns = i1 and qfeﬂ = q;3, as defined in Egs. 12
and 14. Note that Eq. 41 is only valid for a dielectric tensor that
is diagonal in the lab frame.

In the case of evanescent waves, the E field components typi-
cally have peaks at the interfaces and valleys inside the layers,
which is sketched in Fig. 1 (a) in green. Such evanescent waves
can occur for strong absorption in the medium or, alternatively,
if the incident angle 6 is larger than the critical angle of total
internal reflection from the incidence medium to mediumi =1,
implying that the refractive indices fulfill 7y > n1. This is the
case for resonant excitation of SPhPs in the Otto geometry [20-
22], being analyzed in section 3.

D. Distinction to Previous Algorithms

In the last decades, many authors have provided different 4 x 4
matrix approaches for the calculation of light propagation in
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anisotropic stratified media, but either they focus on special
cases, thus lacking full generality, or the calculation, when imple-
mented in a computer program, leads to numerical instabilities.
For instance, the Berreman and Yeh formalisms [11, 15] as well as
the generalized approach by Lin-Chung and Teitler [14] assume
solely fully anisotropic tensors, and hence lead to singularities
if the material is isotropic or even if the three main dielectric
components coincide with the laboratory coordinate system. A
solution to these singularities is given by Xu [13], who, on the
other hand, provides an unstable solution for solving the eigen-
system of electric field modes of the multilayer system. Neither
of these approaches delivers a robust strategy for uniquely as-
signing the different modes in each layer, as given by Li et al.
[12]. Here, by combining the different approaches, a numeri-
cally stable formalism is achieved, which is capable of handling
isotropic or anisotropic, as well as absorbing or non-absorbing
materials for each layer including the substrate.

Specifically, we calculate the four eigenmodes of each layer
as derived by Berreman [11], which are correctly sorted into for-
ward and backward, s- and p-polarized rays using the approach
of Li et al. [12]. The four eigenvalues g;; are used to obtain inter-
face matrices free from discontinuities as shown by Xu et al. [13].
Following the generalized approach of Lin-Chung ef al. [14],
we then compose the complete transfer matrix correctly, and
finally specify the transformation necessary for the calculation
of reflection and transmission coefficients based on the work of
Yeh [15]. In addition, we specifically illustrate how to calculate
the electric field distribution throughout the full heterostructure.
The formalism presented here is tailored for the robust calcula-
tion of light propagation in any isotropic or anisotropic stratified
medium. Its generalized form is mandatory for the simulations
involving highly dispersive and strongly anisotropic dielectric
permittivities, as it is the case for SPhPs in polar dielectric het-
erostructures, being discussed in the following section.

3. SIMULATIONS

In general, the transfer-matrix formalism presented in the pre-
vious section can be employed for any wavelength and any
number of layers, each described by an arbitrary dielectric ten-
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sor. In the following, we focus on SPhPs in polar crystals in
the mid-infrared spectral region. These surface modes exist due
to negative dielectric permittivity in the Reststrahlen band be-
tween the transverse optical (TO) and longitudinal optical (LO)
frequencies [20]. All cases discussed in the following are also
implemented in the Matlab example code [34].

Specifically, we employ our formalism for the simulation
of SPhP resonances in four different model systems: bare 6H-
silicon carbide (SiC) in Sec. A, a thin layer of gallium nitride
(GaN) on top of 6H-SiC in Sec. B, an additional thin SiC layer on
top of GaN/SiC in Sec. C, as sketched in Fig. 1 (b), and a-quartz
in Sec. D. We chose these model heterostructures built from
anisotropic, polar dielectrics in order to briefly demonstrate the
variety of SPhP modes than can exist in such stratified systems,
as a starting point for future detailed studies of the SPhPs in
these and similar structures.

All materials considered here are uniaxial, and for Sec-
tions A, B, and C, the crystal axes are chosen to be normal to
the sample surface, i.e. € = ((SL,O,O), (0,e,,0),(0, O,sH)) with
the ordinary and extraordinary dielectric functions, | and €|l
respectively, taken from literature [39, 40]. In Sec. D, we sim-
ulate the dispersion of SPhPs for different crystal orientations
of a-quartz [41], being a natural hyperbolic material [29] in the
frequency range of 350 — 600 cm L. For all schemes, the SPhPs
are excited in the Otto geometry [20, 21] using KRS5 as a highly
refractive coupling medium (n ~ 2.4). Using p-polarized light at
incidence angles above the critical angle of total internal reflec-
tion (Ocrit ~ 25°), the large in-plane momentum of the evanescent
wave in the air gap allows to couple to the SPhP modes in the
multilayer structure [22].

A. Surface Phonon Polariton in 6H-SiC

In a bare SiC sample, a single SPhP mode propagating along
the air-SiC interface is known to be accessible at frequencies
inside the Reststrahlen region between wrg | = 797 cm~! and
wro,1 = 968 cm~ 1 [21, 22]. In the Otto geometry [42], the
air gap width dgap is a critical coupling parameter in terms
of excitation efficiency, while the incidence angle 6 allows to
select the excitation frequency along the SPhP dispersion [22].
Employing the transfer-matrix formalism, the reflectivity of such
a system can be evaluated by means of Eq. 33 as a function of
incidence frequency w, incidence angle 6, and gap width dgap.

Four exemplary reflectivity spectra are shown in Fig. 2 (a)
at an incident angle of § = 30°. The simulations feature the
Reststrahlen band with high reflectivity between TO and LO
frequencies, as well as the SPhP resonance at ~ 910 cm L. The
amplitude and width of the SPhP dip strongly depend on the
air gap width, demonstrating the critical coupling behavior [22].
Furthermore, an anisotropy dip at the axial LO frequency [39],
and the two weak modes arising due to zone-folding along the
c-axis in 6H-SiC [43] are reproduced.

In Fig. 2 (b), the absolute E-field amplitude is shown as a
function of frequency and z-position at § = 30° and the corre-
sponding critical gap of dgap = 5.5pm. The 6H-SiC substrate
extends into the z > 5.5 um half-space, while the prism lies at
z < 0, which is not shown in this plot. At the SPhP resonance
frequency, a strong Ey-field enhancement localized at the air-SiC
interface is observed. As illustrated in a previous work [22],
the field enhancement at the interface can be extracted to cal-
culate the enhancement of second harmonic yield at the SPhP
resonance in such a configuration. In order to determine the
non-linear sources in a more complex structure, the E-field dis-

tribution inside the multilayer system is a key tool.

In Fig. 2 (c), an axis-transformed reflectivity map is shown,
exhibiting the SPhP dispersion at wave vectors exceeding the
light line (solid blue line). The map is built by evaluating the
reflectivity as a function of light frequency w and incidence
angle 6, at the critical coupling gap width d for each 6 [22],
which is plotted in the inset. For 6 smaller than the angle of total
internal reflection in the prism, the reflectivity is evaluated for
dgap = 0. The numerical simulations perfectly agree with the
theoretically calculated single-interface dispersion curve at the
air-SiC interface (dashed-dotted blue line) [44]. Following this
procedure, our matrix formalism can be employed to predict
polariton modes in more complicated structures and analyze
their dispersion, as illustrated in the following examples.

B. GaN/6H-SiC

In the second system we consider, a 2 pm thick film of hexagonal
gallium nitride (GaN) is added on top of 6H-SiC, as shown in
Fig. 3. Note that the Reststrahlen band of GaN lies at lower
frequencies between wrp | = 560 em~! and wro,| =742 cm™!
[40] and does not overlap with the SiC Reststrahlen region. In
the reflectivity spectra in Fig. 3 (a), three strong resonances can
be observed at (i) ~ 680 cm™, (ii) ~ 810 cm~!, and (iii) ~
1000 cm~!. All resonances exhibit the SPhP-characteristic critical
coupling behavior [21, 22], although each with a distinct critical
gap width. Mode (i) appears clearly in the GaN Reststrahlen
band. Mode (ii) is as a red-shifted SiC SPhP, the magnitude of
red-shifting increasing with increasing GaN layer thickness (not
shown), which can be interpreted as index-shifting of the SiC
SPhP by the GaN layer [35]. Mode (iii) surprisingly emerges at
the upper edge of the SiC high-reflectivity band at ~ 1000 cm ™},
i.e., outside the spectral region supporting SPhPs, and likely
corresponds to a waveguiding mode at small positive egjc and
large G, at this frequency.

The origin of the modes can be further analyzed by means of
the Ex—ﬁeld distribution, which is calculated for dgap = 3.5um
and shown in Fig. 3 (b). Resonance (i) is localized at the air-GaN
interface and is spectrally broad, since for dgap = 3.5um, the
excitation is over-coupled with large radiative losses back into
the prism [22]. Due to the negative permittivity of the GaN Rest-
strahlen band, the underlying SiC substrate has no considerable
influence on this air-GaN SPhP. For mode (ii), on the other hand,
the GaN layer is transparent and the SiC substrate exhibits nega-
tive permittivity. This polariton mode has its peak intensity at
the air-GaN interface, but extends down into SiC. Mode (iii), on
the other hand, has field enhancement peaks at both the air-GaN
and the GaN-SiC interface and exhibits a phase flip inside the
GaN layer, suggesting the first-order waveguiding nature of the
mode.

In the dispersion plot in Fig. 3 (c), the three polariton branches
can be observed on the right-hand side of the light line. As a blue
dashed line, the theoretical air-GaN SPhP dispersion is shown
[44], coinciding with the lowest-frequency resonance identified
as a GaN SPhP. The small deviation of the dispersion from the
simulations at large wavenumbers arises due to calculating the
map using the critical gap width of SiC (see inset in Fig. 2 (c)),
which is somewhat larger for GaN. The theoretical air-SiC SPhP
dispersion is shown again (blue dot-dashed line) in order to
demonstrate the large index-red-shift of the polariton mode (ii)
due to the GaN layer. In contrast to the typical converging shape
of the SPhP dispersion, mode (iii) exhibits an almost linear be-
havior, following the position of the 6-dependent upper edge of
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Fig. 2. Simulations of a single SPhP resonance in 6H-SiC excited in the Otto geometry. (a) Reflectivity spectra in the Reststrahlen
region at 30° incident angle for four different gap widths, illustrating the critical coupling behavior of the SPhP resonance at

~ 910 cm™ . (b) Ex-field enhancement at the air-SiC interface as a function of excitation frequency and z-position. The simulation
reveals the spatial localization of the field enhancement of the SPhP and allows to predict the non-linear yield, see text. (c) Simu-
lated reflectivity map showing the SPhP dispersion in the three-layer Otto configuration together with the theoretical two-layer
dispersion (dashed-dotted blue line), both being in excellent agreement.
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Fig. 3. Simulations of resonances in 2 pm GaN on 6H-SiC excited in the Otto geometry. (a) Reflectivity spectra in the Reststrahlen
regions of both media at § = 30° for four different gap widths, illustrating the appearance of three modes. (b) Absolute Ex-field am-
plitude in the air-GaN-SiC system as a function of excitation frequency and z-position. The simulation reveals the spatial localiza-
tion of each mode: (i) the GaN SPhP mode at ~ 680 cm ! is localized at the air-GaN interface, (ii) the index-shifted SiC-SPhP-like
mode at ~ 820 cm ™! extends into the SiC substrate, and (iii) the waveguide-like mode at ~ 1000 cm ! peaks at both interfaces, fea-
turing a phase flip inside the GaN layer. (c) Simulated dispersions in the four-layer Otto configuration together with the theoretical
two-layer SPhP dispersions of SiC (dashed-dotted blue line) and GaN (dashed blue line). The GaN SPhP dispersion is in excellent
agreement with the simulations, indicating no significant modification by the SiC substrate. The SiC SPhP dispersion, on the other
hand, is strongly index-shifted to lower frequencies by the presence of the GaN layer.
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the high-reflectivity band [22]. In particular the unusual disper-
sion of the modes (ii) and (iii) is very interesting, and certainly
deserves further systematic study.

C. 6H-SiC/ GaN / 6H-SiC

On top of the previous system, we here consider an additional
700 nm thick 6H-SiC layer, as sketched in Fig. 1 (b). In Fig. 4 (a),
the reflectivity spectra of such a system are shown at § = 30°,
again for the same four different values of dgap. As can be
inferred from the critical coupling behavior accompanied by
almost-zero reflectivity, the multilayer structure now supports
at least five different modes, each with an individual critical gap
width.

Analogous to mode (iii) in Sec. B, a mode (v) appears at
~ 1000 cm™~!, but here additionally a similar mode (ii) is ob-
served at the upper GaN Reststrahlen edge at ~ 750 cm~!. By
inspection of the E-field distribution in Fig. 4 (b), this similar
nature of modes (ii) and (v) can be identified, both having field
maxima at the interfaces of the GaN and SiC film, respectively,
while exhibiting a phase flip inside the respective layer. Inter-
estingly, mode (v), which spectrally appears at the upper SiC
Reststrahlen edge, is spatially localized at the interfaces of the
GaN layer, while mode (ii) occuring at ~ 750 cm ™!, i.e. at the
upper GaN Reststrahlen edge, is spatially localized at the SiC
film interfaces. In consequence, the appearance of both modes
can be attributed to a waveguide configuration with refractive in-
dices n1/ny/n3, where np > nq, n3. Additionally, the GaN SPhP
(i) is now strongly modified by the SiC top layer, exhibiting a
pronounced red-shift as compared to bare GaN.

The strongest field enhancement at the chosen gap of
dgap = 3.5 um, however, arises from the two resonances around
900 cm ! in Fig. 4 (b). These modes (iii) and (iv) are localized at
the air-SiC interface, but extend further into the system with a
second maximum inside the GaN layer. The field distribution
in the SiC top layer suggests assignment to symmetric (iii) and
asymmetric (iv) thin-film modes [45], with the asymmetric mode
(iv) exhibiting a phase flip. However, the second enhancement
inside the GaN layer points towards a GaN waveguided mode
coupled to these SiC thin film modes. Further systematic studies
are required to clarify the exact nature of these modes.

As for the previous systems, in Fig. 4 (c), the dispersion re-
lations are shown. Clearly, the GaN SPhP, mode (i), is strongly
index-shifted by the SiC overlayer owing to the large refractive
index of SiC below its Reststrahlen band [39], as compared to
the calculated SPhP on bare GaN (blue, dashed line). In fact, it is
shifted so strongly that it is almost pushed out of the Reststrahlen
band of GaN. Slightly thicker SiC films (> 850 nm) result in
complete quenching of the resonance (not shown). Despite their
apparent similarity, modes (ii) and (v) show qualitatively dif-
ferent dispersions, converging for mode (ii) and diverging for
mode (v). Possibly, this can be due to the adjacent lower SiC
Reststrahlen edge for mode (ii), functioning as a hard upper
limit for the dispersion. Finally, the dispersions of modes (iii)
and (iv) enclose the single-interface SiC SPhP (blue, dash-dotted
line), which is approached by the symmetric mode close to the
light line, and by the asymmetric mode for large in-plane mo-
menta. Note that due to the particular multilayer structure, the
dispersions are clearly very different from the thin-film modes
supported by a free-standing film [45].

The dispersion map shown in Fig. 4 (c) illustrates the rich
polariton structure that emerges even for relatively simple multi-
layer systems. A full analysis of these modes clearly goes beyond

the scope of this work, but we here show that our algorithm pro-
vides a complete toolset for further studies.

D. Surface Phonon Polaritons in Hyperbolic a-Quartz

The previous examples dealt with materials exhibiting a rel-
atively small anisotropy, where the axial-planar phonon fre-
quency difference is smaller than the TO-LO splitting. There is a
number of materials having a large anisotropy instead. For ex-
ample, h-BN exhibits very large optical phonon anisotropy such
that the planar (ordinary) and axial (extraordinary) Reststrahlen
bands do not overlap anymore [23, 28, 30, 32, 33]. Similarly, sev-
eral oxides like a-quartz or sapphire exhibit different numbers
of axial and planar infrared-active phonon modes [41, 46]. Both
scenarios can lead to infrared spectral regions where the material
exhibits a hyperbolic dispersion of its dielectric response, mean-
ing that the real part of its dielectric tensor has both positive and
negative principle components [32, 33]. In the spectral regions
where only one element is negative, the hyperbolic material is
of type I, while for two negative components, it is of type II [32].

As an alternative natural hyperbolic material [29], we here
simulate the polariton dispersions in a-quartz in the region
of 350 — 600 cm~!. A systematic description of all crystal
orientation-dependent SPhP modes was presented by Falge and
Otto [20], whose two-layer dispersion formulas are employed
for comparison with our transfer-matrix simulations. In Fig. 5
(@), (b), (c) we show reflectivity maps in the Otto geometry for
three crystal orientations with the c-axis parallel to x, y (both in-
plane), and z (out-of-plane), respectively. The blue dashed lines,
representing the two-layer dispersions from Ref. [20], are in ex-
cellent agreement with the simulated dispersion curves obtained
from the transfer-matrix formalism. In Fig. 5 (d) and (e), the real
part of the dielectric function along the ordinary axes (g, ;) and
along the extraordinary c-axis (g¢), respectively, are shown. In
yellow and green, the regions are marked where a-quartz is type
I (HPI) and type II (HPII) hyperbolic, respectively.

For ¢ || y, the two appearing SPhPs originate from the ordi-
nary dielectric components ¢, j, only because of their intrinsic
p-polarized nature, and hence are called "ordinary" SPhPs [20].
In the case of an a-cut crystal (¢ || x), on the other hand, one
normal SPhP (ey, e, < 0) at &~ 500 cm~! and two modes in the
HPI regions exist. This situation is reversed in a c-cut crystal
(c || z), where two modes appear in the HPII regions. The upper
mode, however, reaches up into the normal SPhP region around
500 cm ™1, thereby changing its character along the dispersion.
Note that we here only observe modes for the in-plane dielectric
component ¢, being negative, while the out-of-plane component
can be negative (normal) or positiv (hyperbolic).

In contrast to hBN, a-quartz can be fabricated with any crys-
tal orientation, therefore enabling the possibility of custom-
designed polariton resonances. However, its intrinsic hyper-
bolic nature and the character of the appearing SPhP modes
have not yet been investigated in detail. As we have shown, the
presented transfer-matrix formalism proves to be an excellent
tool for the analysis of the linear response of highly anisotropic
materials such as a-quartz, allowing for quantitative predictions
for polariton modes.

E. Discussion

We have presented examples of anisotropic multilayer struc-
tures made from polar dielectrics reaching into sub-wavelength
dimensions, as well as phonon polariton resonances in hyper-
bolic materials. Combining these two can lead to effective mate-
rial properties with yet unexplored functionality and tunability.
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Fig. 4. Simulations of resonances in 700 nm 6H-SiC / 2 um GaN on 6H-SiC excited in the Otto geometry. (a) Reflectivity spectra in
the Reststrahlen region at 30° incident angle for four different gap widths, showing the appearance of five different modes, labeled
(i)-(v). (b) Absolute E,-field amplitude in the air-SiC-GaN-SiC system as a function of excitation frequency and z-position. The sim-
ulation reveals the spatial localization of each mode. The SiC SPhP appears to split into two branches (iii) and (iv) at ~ 900 cm ™!,
exhibiting symmetric and anti-symmetric field distributions in the SiC top film, coupled to a waveguiding mode in the GaN film.
(c) Simulated dispersions in the five-layer Otto configuration together with the theoretical two-layer SPhP dispersions of SiC
(dashed-dotted blue line) and GaN (dashed blue line). In contrast to the previous examples, all mode branches differ strongly
from the respective single-interface SPhP dispersions.
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Fig. 5. Simulations of SPhP dispersions in hyperbolic a-quartz excited in the Otto geometry. (a), (b), and (c) show critical-gap re-
flectivity maps for the crystal orientations with ¢ || y, ¢ || x, and ¢ || z, respectively. The critical gap has been estimated by taking
2d it from SiC, accounting for the increased penetration depth of evanescent waves at half the wavelength [22]. Nonetheless, the
modes exhibit different critical coupling conditions due to different damping constants. As blue dashed lines, the two-layer SPhP
dispersions[20] are shown, being in excellent agreement with the simulations. In (d) and (e), the real part of the ordinary (g, ;) and
extraordinary (e.) dielectric components are shown, plotted in red and blue for the positive and negative regions, respectively, for
better visibility. In yellow and green we highlight the regions where a-quartz is hyperbolic of type I and II, respectively, allowing
for direct identification of the modes observed in (a-c).
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As the layer thicknesses d are further reduced, extreme opti-
cal confinement A/d > 1000 may be achieved which is typi-
cally inaccessible in plasmonics due to the much shorter wave-
lengths employed [47]. In the ultimate regime of atomic-scale
heterostructures [25, 26], one can additionally expect the optical
properties to deviate from calculations using bulk parameters of
the constituent materials due to microscopic modification of the
material properties [25]. As we have shown, the formalism pre-
sented here is perfectly suited to simulate the optical response
of such systems and could therefore be very useful in future
studies of ultrathin-film dielectric heterostructures.

Additionally, our formalism can be straight-forwardly ex-
tended into the nonlinear regime with arbitrary distribution of
nonlinear optical sources. Notably, nonlinear-optical effects such
as second harmonic generation (SHG) or sum-frequency gener-
ation are known to be extremely sensitive to the layer arrange-
ments and thicknesses in thin-film heterostructures [17, 48, 49].
For SPhPs, only a few proof-of-concept nonlinear experiments
have been performed [22, 50], demonstrating that the sub-
diffractional light localization can lead to drastic enhancement
of the SHG yield. It is then obvious that thin-film heterostruc-
tures of polar dielectrics would allow tuning of the mid-infrared
nonlinear properties with yet unexplored level of control and en-
hancement. The algorithm presented here provides the complete
electric field distributions in such structures, enabling predictive
studies of the nonlinear-optical response.

4. CONCLUSION

We have presented a generalized 4 x 4 matrix formalism al-
lowing to calculate the linear optical response of arbitrarily
anistropic or isotropic, absorbing or non-absorbing multilayer
structures. The algorithm is comprehensible, robust, free of
discontinuous solutions, and can easily be implemented in a
computer program [34]. The robustness of the algorithm is
achieved by combining previous formalisms such that disconti-
nuities and poles are completely avoided in the different steps of
the algorithm. We give the equations for reflection and transmis-
sion coefficients, as well as for the full electric field distribution
throughout the heterostructure. As a test ground, we applied the
algorithm to simulations of SPhPs excited in the Otto geometry
for selected anisotropic multilayer samples, where we observed
critical coupling behavior, index shifting, mode splitting, wave-
guiding, as well as phonon polaritons in hyperbolic materials.
Our algorithm holds high promise for predicting SPhP modes
in ultrathin films, hyperbolic structures, and atomic-scale het-
erostructures, as well as their nonlinear-optical response.
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4.2.1 Generalized 4 X 4 matrix formalism for light propagation in anisotropic stratified
media: study of surface phonon polaritons in polar dielectric heterostructures:
erratum

Nikolai Christian Passler and Alexander Paarmann

This erratum (Passler and Paarmann, JOSA B 2019, 36, 3246-3248 [III]) presents corrections to the
originally published transfer matrix formalism [II] (reprinted on page 45), allowing for the correct
calculation of the electric field distribution for birefringence, that is, for anisotropic media with
non-zero off-diagonal elements of the dielectric permittivity tensor in the lab frame. All publications
prior to this erratum investigate isotropic or anisotropic media with diagonal permittivity tensor,
and thus are not affected by the error in the original formalism. The corrections are included in the
online version of the open-source computer code programmed in Matlab [18] and Python [112].

Furthermore, revising the original work and correcting the equations triggered the development of an
extended formalism, which is capable of calculating the layer-resolved absorption and transmittance
in a multilayer system. This work has been published most recently [VII] and is reprinted on
page 97.

Author contributions

N.C.P. and A.P. originated the concept. The manuscript was written by N.C.P. and A.P. N.C.P. and
AP. developed the corrections to the algorithm. The project management was provided by A.P.

go to list of publications
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In our paper JOSA B 34, 2128 (2017) in section 2C, the calculation of the layer-dependent electric field
distribution is only valid for media with permittivity tensors that are diagonal in the lab frame, i.e. non-
birefringent media. This erratum corrects section 2C such that the electric field distribution in birefrin-
gent media is calculated correctly. Further, Eq. 20 and Eq. 33-36 are corrected. The associated MATLAB
implementation has been updated. © 2019 Optical Society of America

OCIS codes:
http://dx.doi.org/10.1364/a0. XX. XXXXXX

2. A. 3. Transfer Matrix with Treatment of Singularities

The electric field vectors 7;; of the four eigenmodes j in each
layer i have been reported with an error in the components ;3
and 7;33. The correct components are [1]:

iz +&qn _
s T qi1=4i2
me tigiz1 +C 00 i€i32
—h — i, qi1 7 qi2
Hi€iz1 +Gqi3 _
o T2 ! qi3 =4qi4
BTN pemtlen | _pem At
W2 T e a2 Vi32s qi3 7 qi4-
(20%)

Furthermore, in order to ensure the correct calculation of the
cross-polarization reflection and transmission coefficients for
birefringent media, the eigenmode field vectors 7;; have to be
normalized:

5 = Yij
1] — —
T

K (E1)

and '%- replaces ;; in the further formalism, specifically in Eq. 22
in Ref. [2].

2. B. Reflectance and Transmittance

In our original work [2], we had defined the transmission co-
efficients tss, tps, and tsp with opposite sign compared to the
original work by Yeh [3] for convenience of the previous elec-
tric field calculations. While this has no impact on the intensity

enhancement Ty = |ty |? (with k,I = s, p), the sign does matter
for the corrected calculation of the electric fields (see following
section). We therefore now employ the transmission coefficients
following the sign convention of Yeh [3]:

I3
typ = =m0 (33)
pp
715 = sl
57!
tss = (34%)
I3 = T30
tps = S (35%)
715 — sl
I3
(36%)

bip = o
I3 —TiT5

2. C. Electric Field Distribution

In our paper [2], the four eigenmodes j = 1 — 4 in each layer
i were assigned to be p-polarized (j = 1,3) and s-polarized
(j = 2,4) modes (transmitted and reflected, respectively, where
the plane of incidence is in the x-z-plane). This is true for any di-
electric tensor that is diagonal in the lab frame (in the following
referred to as non-birefringent), where for the p-polarized mode
Ey = 0 and for the s-polarized mode E, = 0. For birefringence,
however, the eigenmodes are no longer p- and s-polarized, but
can be distinguished as ordinary (0) and extraordinary (e) modes,
both featuring Ex # 0 and E, # 0. Therefore, in the case of a
birefringent substrate, the transmission coefficients (Eq. 33-36 in

Passler, N.C., Paarmann, A.,
Generalized 4x4 matrix formalism for light propagation in anisotropic stratified media: study of surface phonon polaritons in polar dielectric heterostructures: erratum. 61
Journal of the Optical Society of America B 2019, 36, 11, 3246-3248. https://doi.org/10.1364/JOSAB.36.003246
Copyright © 2019 Optical Society of America, reproduced with permission.
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[2]) must be labeled tpo, tse, tpe, tso instead of tpp, tss, tps, tsp, and
they describe the transmission into the ordinary/extraordinary
mode for p- or s-polarized incident light, respectively. As a con-
sequence, the electric field components Ey, E,, and E; cannot be
calculated anymore directly from the transmission coefficients as
shown in Eq. 39-41 in [2]. In the following, we present a generic
solution for the calculation of the electric field vectors that is
applicable to non-birefringent as well as arbitrarily birefringent
media:

Using the interface and propagation matrices L; and P;, re-
spectively, the four-component electric field vector as defined
in Eq. 23 in [2] can be projected to any point in the multilayer
system. The four components describe the amplitudes of the p-
and s-polarized modes in non-birefringent, and the amplitudes
of the ordinary and extraordinary modes in birefringent media.
Therefore, in the following we will refer to the four-component
vector as the amplitude vector. Utilizing the corrected trans-
mission coefficients given by Eq. 33-36*, the amplitudes of the
modes, i.e. the amplitude vector E?\', "y in the substrate at the
interface with layer N (see Fig. 1(a) in [2]) can be calculated
seperately for p- and for s-polarized incident light as follows:

/o
EtP;ans tp(p/o)
/
(E+ > _ Efrai\s _ tp(s/e)
N+1) pin Efe/ff 0
ES/t 0
£l
‘j (7%
0
Etr;ans ts(p/o)
s/e ¢
(E'+ ) _ trans | _ s(s/e)
N+1 T p/o - 4
S in Ereﬂ 0
s/e
Ereﬂ 0

where the reflected components are set to zero, since no light
source is assumed to be on the substrate side of the multilayer
system. Further note that we here conveniently go back to the
field sorting according to Eq. 23 in [2], allowing to directly reuse
any interface and propagation matrices that were calculated
along the way to the full transfer matrix I'y. As it is shown
in Fig. 1(a) in [2], the amplitude vectors on both sides of an
interface are connected by the interface matrix E; 1= Li]:j,.*.
Furthermore, the propagation through layer i is given by the
propagation matrix P;, which can be evaluated z-dependently:

E(z) = Pi(2)Er

e-femz 0 0 0

0 e itz 0 0 L (3
o 0 etz g v

0 0 0 e i¢auz

with 0 < z < d; being the relative z-position in layer i. As it
is indicated by the black arrows in Fig. 1 in [2], starting from
E?\'] 41 interface matrices L; and propagation matrices P; are
used to subsequently propagate the wave towards the incident
medium. In the reverse direction, the inverse propagation matrix
Pg,g_l allows to calculate the E-fields in the substrate. By this

means, the four mode amplitudes Eﬁézs, E/e., Efe/ff, and E/¢
are obtained as a function of z within each layer. In contrast to

the originally published paper, these calculations are performed
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seperately for p- and s-polarized incident light, ensuring that
birefringence is treated correctly.

In order to obtain the three-component (x, y, z) electric field
vectors for each of the four modes j, the four mode amplitudes
are multiplied with their respective normalized eigenmode vec-
tor '?z’j (Eq. 20 in [2] and Eq. E1). This yields the full electric
fields of the four modes for p- and s-polarized incident light
seperately, replacing Eq. 39-41 in [2]:

Fim

zp/o _ (pp/o .
(Etrans)p/S in - (Etrans)p/s in Yi12

Fi13
Fiz1

Bs/e _ s/e N
(Etrama) p/sin - (Etrans>p/S in Yi2

Yiz3

(E2)
Fis1
zp/o _ (gp/o A
(Ereﬂ )p/s in - (Ereﬂ )p/s in Yi3z2
Yis3

Fia1
E‘s/e) _ (Es/e> .. )
< refl p/sin refl p/sin Yid2

Yiaz

for each layer i and as a function of z, where we have omitted
the index 7 and the z dependence for the sake of readability.

Within each layer, there are only two possible shapes of
the amplitudes of these eigenmodes: they either describe a
(damped) sinusoidal propagating wave, or an exponentially
decaying evanescent wave. In order to get the full electric field
vectors present in the multilayer system, the electric field com-
ponents of all four modes, the forward (transmitted) and back-
ward (reflected), p/o and s/e, respectively, have to be summed
up. Note that by utilizing the eigenmode vectors ’_Ay',']», it is no
longer necessary to consider phase flips upon reflection. Fur-
thermore, all three components of the electric field vectors are
calculated correctly even for birefringent media, and the fields
are obtained seperately for p- and s-polarized incident light. The
associated MATLAB code [4] has been updated, implementing
the corrected formulas. Additionally, Jeannin implemented the
formalism in Python [5].

Furthermore, in contrast to the reflection coefficients » which
allow to directly calculate the reflectance R = |r|?, the trans-
mittance 7 cannot be calculated directly from the transmission
coefficients, i.e. in general, 7 # || (only when the last material
is vacuum the transmittance is 7 = |¢|2). The correct calculation
of the transmittance and absorption in a multilayer system of
arbitrarily anisotropic media — including birefringence — will be
treated elsewhere [6].
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of the full hybridization of an ENZ thin-film polariton with a bulk SPhP. The experimental results
were obtained employing the Otto type prism coupling setup (section 3.2), where varying the incident
angle allows for reconstruction of the strongly coupled, anti-crossing polariton dispersions. The
supporting information is reprinted in appendix A.2.
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modes in stratified heterostructures, and was the trigger for the subsequent study of ENZ Berreman
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ABSTRACT: We report the first observation of epsilon-near-
zero (ENZ) phonon polaritons in an ultrathin AIN film fully
hybridized with surface phonon polaritons (SPhP) supported by
the adjacent SiC substrate. Employing a strong coupling model

Frequency Reflectivity

for the analysis of the dispersion and electric field distribution in Frequency
these hybridized modes, we show that they share the most %
prominent features of the two precursor modes. The novel ENZ- E
SPhP coupled polaritons with a highly propagative character and Momentum

deeply subwavelength light confinement can be utilized as
building blocks for future infrared and terahertz nanophotonic integration and communication devices.

KEYWORDS: Surface phonon polariton, epsilon-near-zero, infrared, nanophotonics, polar crystal, strong coupling, hybridization

Integrated terahertz (THz) photonics relies on the develop- such as the transverse optical (TO) and longitudinal optical
ment of artificially designed nanoscale metamaterials, where (LO) phonons in polar dielectric crystals.'*™*" Yet, employing
subwavelength structures in periodic patterns enable precise freestanding films of polar dielectrics,"” however, bears little
tuning of the material’s optical response.' ™ Truly extraordi- practical importance, and the low dispersion results in a
nary light propagation characteristics can be achieved in nonpropagative character of the ENZ polaritonic modes.'®

metamaterial-based epsilon-near-zero (ENZ) media,*® that is, In this work, we suggest a novel concept for ENZ
where the dielectric permittivity is vanishingly small. In excitations, which utilizes strong coupling between the ENZ
particular, remarkable properties of the ENZ photonic modes and surface phonon polaritons (SPhPs) in the reststrahlen
include tunneling through narrow distorted channels,®’ band of polar dielectrics (demarcated by the phonon

enhanced nonlinear-optical conversion efficiency via enforced
phase-matching,®”'* high emission directionality,"'~"* and
enable polaritonic waveguiding modes with broken time
inversion symmetry and reduced scattering rate." "'

An important challenge of future nanophotonics consists in
enabling effective nanoscale communication and long-range
information transfer. Both those objectives can be greatly
facilitated by exploiting the unique properties of ENZ physics.
In this regard, it is of key importance to find an appropriate
class of systems where high-Q ENZ polaritons can be
efficiently excited and coupled to other photonic excitations,
while maintaining highly propagative character with reasonable
group velocities. Commonly, bulk ENZ photonic modes
excited in carefully designed metamaterials based on plasmonic
nanostructures are considered, which are, however, charac-

frequencies wro and @10°"*%). We demonstrate the hybrid-
ization of an ENZ polariton and a propagating low-loss SPhP
at an adjacent interface in the strong coupling regime, thus
adding a new pair of coupled nanophotonic excitations to an
evergrowing suite.”” >’ We analyze the coupling of the ENZ
and SPhP modes in an AIN/SiC bilayer, where the ENZ
polariton in AIN occurs within the reststrahlen band of SiC.
The novel coupled ENZ-SPhP modes inherit their properties
from both ENZ and SPhP components, thus enabling highly
efficient phase-matched excitation. Offering broad function-
ality, these ENZ-SPhP coupled modes feature a unique
combination of deeply subwavelength confinement, large
enhancements of the local electromagnetic fields, as well as

terized by high losses.'”'” A complementary approach aims at Received: March 29, 2018

utilizing the naturally occurring zero-crossing of the dielectric Revised: ~ May 30, 2018

function in the spectral vicinity of intrinsic material vibrations, Published: June 12, 2018
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an intrinsically low-loss, propagative character with nonzero
group velocity.

A SPhP mode supported at the interface of a polar dielectric
in the Reststrahlen band is split into two branches upon
reducing the film thickness d (Figure 1a), known as symmetric
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Figure 1. Interaction of a surface phonon polariton with an epsilon-
near-zero mode. (a) A SPhP propagating at a single interface of air
and a polar crystal has a dispersion relation (green curve) ranging
from the transversal optical phonon frequency wro up to a cutoff
frequency ws, shown in green. For film thicknesses d < /2, where 4 is
the free-space wavelength, a symmetric and an antisymmetric branch
appear (orange), splitting further apart with decreasing d. In the
ultrathin limit of d < 4/100, the upper branch is pushed close to the
longitudinal optical phonon frequency ;o (light blue), where the
permittivity exhibits a natural zero-crossing. Therefore, the symmetric
branch is termed an epsilon-near-zero mode. (b) When an ultrathin
AIN film is placed on bulk SiC, the AIN epsilon-near-zero mode (light
blue) intersects the SiC SPhP dispersion relation (dark blue). These
modes strongly interact, inducing an avoided crossing and forming
two new dispersion branches of the coupled system, drawn in red.

and antisymmetric modes.'®'”*® Remarkably, in ultrathin films
(d/2 < 107* with A being the free-space wavelength) the upper
(symmetric) mode is pushed toward the LO phonon
frequency,'® where the real part of the dielectric permittivity
approaches zero (¢/(w = w;) = 0). While this ultrathin film
ENZ polariton loses its dispersive character, its ultralong
wavelength leads to a strongly subwavelength mode confine-
ment, enabling a gigantic enhancement of the electric field with
minimal phase change over several times the free-space
wavelength. The polariton dispersion curves in the bilayer
with an ultrathin AIN film on top of a SiC substrate are
exemplified in Figure 1b. Individually, the AIN film exhibits a
nondispersive ENZ polariton mode (light blue) and the SiC a
SPhP (dark blue), see Figure Sla of the Supporting
Information. The combined bilayer structure (inset Figure

68
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1b), however, reveals a strong interaction between the two
modes, leading to two new dispersive branches featuring an
avoided crossing (red).

In the experiments, we realize phase-matched excitation of
the coupled modes by employing the Otto prism geometry””*’

with a schematic provided in Figure 2a. For total internal
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Figure 2. The variations of Rabi splitting for different AIN film
thicknesses. (a) Prism coupling setup implementing the Otto
configuration, where a highly refractive KRSS prism (nggpss & 2.4)
enables phase-matched excitation of phonon polaritons across a
variable air gap. By tuning the incoming frequency @ and the
incidence angle 6, polariton dispersion curves can be mapped out. (b)
Reflectivity spectra for three different AIN film thicknesses dyy = 10,
20, 110 nm (6 = 29, 29, 30° and d,, = 4.8, 4.5, 3.7 ym, respectively).
The resonance dips represent the two strongly interacting polariton
branches in the AIN/SiC heterostructure.

reflection inside the prism, the evanescent wave at the prism
backside enables phase-matched excitation of the polariton
modes in the sample. Spectroscopic reflectivity measurements
with varied incidence angle allow for the mapping out of the
polariton dispersion relation (for details on the experimental
methods see Supporting Information Section 1). In our AIN/
SiC structure, two polariton branches are present, and hence
two resonance dips can be observed (Figure 2b), showing that
the frequency splitting of the branches increases for thicker
films. This trend is also evident in the experimental reflectivity
maps and the transfer matrix calculations in Figure 3.
Furthermore, our data reveal the anticipated avoided crossing
in the dispersion of the interacting polariton modes,
corroborating the strong coupling mechanism.

Analytically, the strong coupling can be described by a
system of two coupled oscillators, modeling the ENZ and the
SPhP modes, respectively. This allows us to calculate, in an
analytically transparent way, the dispersion and the in-plane E-
field distributions of the normal modes in the hybrid structure.
The eigenfrequencies @ of the coupled system are then given

by

DOI: 10.1021/acs.nanolett.8b01273
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Figure 3. Mapping out the strongly coupled polariton dispersion. Experimental and calculated reflectivity maps for all three dy, revealing the
anticipated avoided crossing in the dispersion of the interacting polariton modes. The transfer matrix calculations (d—f) perfectly reproduce the
experimental data (a—c). Clearly, the splitting of the modes is large for the thickest film and decreases for smaller thicknesses. The dark and light
blue lines indicate the dispersion of the uncoupled SPhP and ENZ modes, respectively. The former is calculated in the limit of vanishing AIN
thickness, while the latter is the dispersion of the ultrathin film polariton in a freestanding AIN film. We note that for the here shown film
thicknesses, the dependence of the dispersion of the ultrathin film mode on d,y (compare to Figure 1a) is negligible.

(@) = qu)z + 4go2

1 2 (1)
where wg* are the frequencies of the uncoupled ENZ and SPhP
modes, respectively, and g, is the Rabi frequency, quantifying
their mutual interaction. Although the eigenfrequencies in eq 1
can be derived using a classical coupled mode approach, as
described in Methods, we decided to use instead the Hopfield
model usually employed in solid-state cavity quantum
electrodynamics,sl_34 which in our opinion allows us to gain
a better insight into the hybrid nature of the resulting
eigenmodes. We employ eq 1 to calculate the dispersion
analytically (Figure 4a), finding excellent agreement of our
strong coupling model with the numerical calculations and
demonstrating that the description of the energetic hybrid-
ization of the modes in terms of strong coupling is correct.
Having established the strongly coupled oscillators model
for the ultrathin AIN films on the SiC substrate, we now turn
to its examination as a function of the AIN film thickness d,.
Two effects can be identified, which play an important role in
the evolution of the strong coupling as dyy increases. First,
because the SPhP is localized at the AIN/SiC interface and the
ENZ mode in the entire AIN film, the spatial overlap of the
two modes decreases, thus reducing the effective coupling
strength. We can evaluate this through the distributions of the
electric field calculated using the 4 X 4 transfer matrix
formalism. These field distributions, exemplified for d,;y = 110
nm in Figure S2c (see Supporting Information Section 4),
indicate diminishing effective coupling strengths at dy = S0
nm and beyond, while at smaller AIN thicknesses, this effect
remains rather marginal, see Figure 4f Second, because
phonon polaritons are the collective excitations of atomic
vibrations across individual bonds, increasing d,y in our model
effectively results in a correspondingly larger oscillator strength
fenz. At these small thicknesses duy < 4, the optical
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absorption scales almost linearly with thickness, leading to a
concomitant linear increase of the oscillator strength. Within
the strong coupling formalism, the Rabi frequency g,
(determining half the distance between the two spectral
peaks corresponding to the coupled modes) scales as

Venz 33737 and thus as /dy;. The Rabi frequency obtained

from the fits of the calculated data using eq 1 follows this
expected square root dependence with great accuracy, see
Figure 4b. This behavior is further reproduced by the
experimental coupling strengths also shown in Figure 4b,
determined by half the frequency splitting in the respective
reflectivity spectra (Figure 2b). Even though the Rabi

frequency follows the ,/dy, dependence up to dyy = 500

nm, the effective coupling strength is maximal for dy;y < 50 nm
due to the aforementioned loss of the spatial overlap of the two
modes.

It is thus seen that the AIN/SiC bilayer can be tuned from
the weak into the strong coupling regime by modifying the
AIN layer thickness. In order to determine the lower limit of
the duy range of strong coupling, we employ the criterion
which, quite intuitively, requires that the energy exchange rate
between the two strongly coupled oscillators should exceed the
loss rate, resulting in the appearance of two distinct frequencies
in the spectrum.”” A reliable and sufficient indication of the
strong coupling is thus the avoided resonance crossing
behavior (Figure 3) occurring if 2gy/y* > 1 is fulfilled, where
7* = (¥° + 7°)/2 is the average of the loss rates of the two
oscillators.

For our system, we obtain an estimate for the average loss
rate of y* = 5.8. (While y* can be readily calculated using the
transfer matrix method, determination of y* is not straightfor-
ward. As an estimation, we assume the proportionality of the
loss rate ¥ to the imaginary part of the permittivity Im(¢) of
the corresponding material where the mode is largely localized

DOI: 10.1021/acs.nanolett.8b01273
Nano Lett. 2018, 18, 4285—4@9
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Figure 4. Coupling between the ENZ and SPhP modes. (a) Dispersion curves obtained by the analytical strong coupling model (dashed line) for
an AIN film thickness of dy = 10 nm on SiC on top of the numerically calculated dispersion curves obtained by computing the absolute imaginary
part of the p-polarization reflection coeflicient of the three layer system air/AIN/SiC. The analytical model features excellent agreement with the
numerical calculations. (b) Rabi frequency g, as a function of dyy extracted from the analytical model (green circles) and experiments (red
diamonds). As can be seen from the simple model fit (solid line, a = 0.26 X 107> m?), the Rabi frequency follows a square root function
characteristic for strong coupling. The dotted gray line indicates the threshold coupling strength for strong coupling according to the criterion
discussed in the text. (c) Electric field strength obtained by the analytical model (solid line) and numerical calculations (circles) for the two
strongly coupled modes, calculated at a probe point in air at the sample surface. At the avoided crossing, the two modes are completely hybridized,
sharing equal field strength. At smaller in-plane momentum than at the avoided crossing, the lower branch has a larger field strength than the upper
branch, and vice versa at larger momenta. The mode with larger field strength exhibits SPhP character because at the specific probe point the SPhP
field dominates, whereas the ENZ polariton is localized inside the AIN film. (d,e) Normalized in-plane (E,) and out-of-plane (E,) field components
along the entire dispersion. The SPhP has large in-plane and the ENZ polariton large out-of-plane fields, while the respective other component is
small. This allows one to track the mode nature (SPhP or ENZ polariton) of both dispersion branches, which is exchanged at the avoided crossing,
along the entire momentum range. (f) Normalized E, and E, fields of the upper and the lower mode at resonance (k;/k, = 1.13) across the air/
AIN/SiC structure. The layer thicknesses are not to scale with respect to each other.

(AIN and SiC for the ENZ and SPhP modes, respectively). As and k/ky > 1.2 in Figure 4c). However, despite its simplicity,

such, at @ &~ 900 cm™ we get * ~ 8.7 cm™, ¥* & 3.0 cm ™, our model reproduces the numerical field amplitudes extremely
and thus y* ~ 5.8 cm™") The horizontal dotted line in Figure well, proving that the coupled modes can be described as a
4b illustrates the threshold coupling strength (2.9 cm™) linear superposition of the ENZ and SPhP modes, weighted by
corresponding to the onset of the strong coupling regime the Hopfield coefficients. In consequence of this linear
according to the aforementioned criterion. This value can be relationship, the strongly coupled modes at the avoided
reached in AIN films with thicknesses of 2.2 nm. It is therefore crossing share equal weights of SPhP and ENZ character, while
seen that in the ultrathin AIN films on a SiC substrate the respective partitions change along the dispersion: the lower
discussed in this work, the ENZ and SPhP polaritons can polariton starts as pure SPhP at small k and switches to ENZ
indeed be strongly coupled for AIN film thicknesses 2.2 nm < beyond the avoided crossing, while the upper polariton shows
dan < 50 nm. the opposite behavior.

Furthermore, our simple analytical model also correctly This switching of the mode nature can be illustrated by
describes the electric field profiles. This is illustrated in Figure means of the in-plane (E,) and out-of-plane (E,) electric field
4c, where we show the coinciding analytical and numerically components inside the AIN film, shown in Figure 4de,
calculated field intensities of both modes in front of the respectively. Note that the SPhP is characterized by a large in-
sample. We note that while a bare SiC substrate allows the plane field, whereas the ENZ polariton features pronounced
SPhP component of the coupled modes to be quantified, the out-of-plane field enhancement. The lower branch has strong
ENZ polariton component depends decisively on the substrate in-plane fields at lower momentum (Figure 4d), illustrating
material and hence cannot be straightforwadly quantified. that the mode is predominantly SPhP in nature. In contrast,
Therefore, we assumed the ENZ polariton to be fully confined the upper branch exhibits strong out-of-plane character at low
in the AIN film, i.e, the field at the probe point is solely k, (Figure 4e). Across the strong coupling region, the modes
determined by the SPhP component of the coupled modes. interchange these characteristics with the upper branch
This assumption is the reason for the discrepancy between the exhibiting strong in-plane and the lower out-of-plane fields.
analytical and calculated field intensities at in-plane momenta At the avoided crossing, the fields of both modes are apparent
where the respective mode features ENZ character (k;/k; < 1.1 and of equal weight, and even the spatial E, and E, field

4288 DOI: 10.1021/acs.nanolett.80b01273
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Figure S. Numerical simulations of a high-k polariton with negative group velocity. (a) The simulation geometry, where plane waves are normally
incident on a gold particle on the surface. Because of the large size of the particle, in (b) both surface waves and scattered free space waves are
observed. (c,d) Surface electromagnetic field for a bare SiC substrate (c) and with an 80 nm AIN film on top (d). The field distributions in b—d
were all calculated at an excitation frequency of 880 cm™". (e) Comparison between the dispersion relation calculated by a transfer matrix approach
(background color map) and the values extracted from the simulations (circles). At large in-plane momentum (k/k, > 2), the negative slope of the

dispersion of the lower mode reveals its negative group velocity.

distributions of the modes across the multilayer structure show
high agreement (Figure 4f). We have thus demonstrated the
strong coupling and full hybridization of an ultrathin film ENZ
phonon polariton with a SPhP in a polar dielectric
heterostructure exemplified for AIN/SiC. However, we
emphasize that strong coupling will emerge for a large number
of hybrid systems that feature overlapping reststrahlen bands of
the two constituents.”"”>> Furthermore, strong coupling can
also be observed in the inverse structure of an ultrathin SiC
film on AIN, occurring at the TO frequency of SiC (see
Supporting Information Section 3).

Another important consideration which can be inferred from
the distributions of the electric field is pertinent to the upper
limit of the strong coupling. As mentioned above, for large
thicknesses the spatial mismatch of the field distributions for
the ENZ and SPhP modes (localized in the entire AIN film and
at the AIN-SiC interface, respectively) becomes more and
more important. For instance, in Supporting Information
Section 4 the field distributions for the 110 nm thick AIN film
are exemplified, clearly showing the lack of full hybridization of
the ENZ and SPhP modes. Our calculations reveal that this
effect becomes significant for thicknesses dy 2 50 nm, thus
reducing the effective coupling constant g, As such, we
conclude that despite the fact that the mode splitting follows
the \/a dependence up to dyn & 500 nm, ultrathin films
with deeply subwavelength thicknesses of d ~ /1000 (11 nm
for AIN) demonstrate the highest degree of strong coupling. In
other words, within the strong coupling regime, thinner films
provide higher quality ENZ wave characteristics, yet featuring
full hybridization with the low-loss, highly confined SPhP, see
Figure 4a—c. Within this regime, that is, for dyy = 20 nm, a
propagation length of L ~ 900 ym with a group velocity of v,
~ 0.1 ¢ of the coupled modes is achieved. Thereby, the ENZ-
SPhP modes offer a new promising approach for THz
photonics on the nanoscale using traditional materials like
I-V and II-VI semiconductors.”> For instance, PbSe/PbS
core—shell nanostructures*’ with wide tunability of the optical
properties in the near-infrared additionally feature strongly
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coupled ENZ-SPhP modes in the THz range, allowing for a
unique multispectral photonic integration.

To demonstrate that the general character of strong coupling
is not restricted to the prism-based experiments, we comple-
ment our results with electromagnetic simulations of optical
near-field scattering at nanoparticles. Motivated by previous
results on scattering type scanning near field optical
microscopy (s-SNOM) of Au nanostructures on SiC and
boron nitride,*""** we consider here a Au cylinder on top of the
AIN film on a SiC substrate, see Figure Sa. In the simulations,
we monitor the spatial distribution of the electric field induced
by normally incident plane waves at a series of frequencies.
While an 80 nm AIN film was chosen in this simulation for a
clear identification of the coupled polaritonic modes, similar
results can be obtained for the AIN film thicknesses discussed
earlier in this work.

Results for an 80 nm AIN film on top of a SiC substrate are
presented in Figure Sb, showing the full electromagnetic field
scattered from the Au cylinder at 880 cm™. To focus on the
polaritons launched along the surface, in Figure Sc,d we
consider the spatial distribution of the electric field along the
surface in the two cases, namely, with and without the AIN
layer. Without the AIN film (Figure Sc), the results of the
simulations are indicative of a propagating SPhP wave
launched across the surface with minimal confinement. In
the presence of the AIN film, however, the simulations reveal
two distinct modes with unequal wavelengths, see Figure 5d.
The longer wavelength mode corresponds to that observed in
our experiments, which is slightly compressed when compared
with the wave propagating on the SiC surface. The short
wavelength mode, however, was not observed in our
measurements due to its large in-plane momentum. We
attribute this mode to the breakdown of the thin film
approximation for ENZ behavior which has been theoretically
predicted at extremely large k.'® One of the most striking
features of this large-k mode is its negative group velocity,
clearly visible from the dispersion in Figure Se and confirmed
by the time-dependent E-field distributions (Movie S1).

To better understand both the positive and negative group
velocity modes observed in these simulations, we quantify the
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polariton wavelength by Fourier transform (FT) of the
simulated electromagnetic field. Here, we take the FT of the
normal projection of the complex E, field on the top surface of
the AIN layer at a series of different excitation frequencies. The
dispersion determined from the E, Fourier spectra are plotted
and compared against transfer matrix simulations of the
polariton dispersion in Figure Se. The excellent agreement
between the numerically simulated frequencies and the
calculated dispersion indicates that the key results of this
paper regarding the spatial distribution of fields should be
observable by the s-SNOM technique. Additionally, the latter
should enable the observation of the high-k mode with
negative dispersion, which is otherwise inaccessible in the
prism-coupling experiments. We thus envisage rich perspec-
tives of near-field microscopy in visualizing coupled phonon—
polaritonic modes in hybrid or multilayer systems.

In conclusion, in this work we have demonstrated and
characterized polaritonic modes in a strong coupling regime
between an ENZ polariton and a bulk SiC SPhP in an ultrathin
AIN/SIC structure. The full mode hybridization at the avoided
crossing enables unique propagating ENZ polaritons. We have
performed numerical simulations, revealing that the s-SNOM
approach enables the observation of both the propagation
length of the coupled ENZ-SPhP modes, and the properties of
polaritons featuring negative group velocity. Our results
illustrate the high suitability of near-field techniques like s-
SNOM for the investigation of low-loss ENZ polaritons in
polar dielectric heterostructures in order to further establish
their potential for nanophotonic applications. We envision the
generalization of employing polar dielectric ENZ hetero-
structures to open up a new platform of deeply subwavelength
integrated THz photonics based on strongly coupled ENZ-
SPhPs.

Methods. Experimental Section. The substrate of our
samples is hexagonal 6H-SiC for the 110 nm AIN film, and 4H-
SiC for the other two samples, all three with the extraordinary
axis perpendicular to the sample surface (c-cut). The AIN
layers were grown by RF-plasma assisted molecular beam
epitaxy, and therefore also exhibit a c-cut, hexagonal crystal
structure.

As an excitation source, we employ a mid-infrared free
electron laser (FEL) with small bandwidth (~0.3%) and wide
tunability of 3—50 pm, covering the spectral ranges of the SiC
and AIN reststrahlen bands (details on the FEL have been
reported elsewhere*’). While the frequency is scanned by
tuning the FEL, different in-plane momenta can be accessed
via the incidence angle @ by rotating the entire Otto geometry
(see Supporting Information Section 1 for more details), thus
allowing for mapping out the complete dispersion curves
experimentally.”” In contrast to alternative approaches, the
Otto geometry features experimental control over the
excitation efficiency through tunability of the air gap width
dg.p- At each incidence angle, spectra were taken at several d,.
For the reconstruction of the dispersion curves (Figure 3), we
selected the spectra at a gap size of critical coupling conditions
d_i° that is, where the polariton is excited the most efficiently
(Supporting Information Section 2). Direct read-out of the gap
width d,,, within a range of d = 1-50 um is realized via
whitelight interferometry, while the contrast of the interference
spectrum grants parallel alignment of prism and sample.

Theoretical. Transfer Matrix. All calculations of the optical
response and field distributions of Figures 1—4 were 4performed
using a generalized 4 X 4 transfer matrix formalism.** In short,
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the formalism allows for the calculation of reflection and
transmission coeflicients in any number of stratified media with
arbitrary dielectric tensor, which allows one to account for the
anisotropy of our samples.

Three-Layer Dispersion. The dispersion curves in Figure 1
were obtained by numerical evaluation of the three-layer
polariton dispersion formula'®*%**

o)
&k, (2)

where the subscripts i = 1, 2, 3 correspond to the three stacked
media, € is the dielectric function, d is the film thickness of

material 2, k,; = lﬂsi — k; is the out-of-plane momentum,
4

and k; is the in-plane momentum conserved in all layers.
Hopfield Model. In the rotating wave approximation, the

two-oscillator Hopfield Hamiltonian for our system takes the
form>' 3

ek &k
1+ 12 = itan(kzzd)[ 2723
&3K,1 €3k,

At

»

_ eata spta ATT A
H =Y hoala, + holb b + hg (a]h, + 4, o
1

where fz; (fzq) and i)Z (Bq) are the bosonic creation
(annihilation) operators for the ENZ and SPhP modes. The
Rabi frequency g, of the strong coupling model in eq 3 is
introduced as a phenomenological coupling parameter and is
equivalent to the overlap of the substrate SPhP and ENZ
polariton in a classical electromagnetic approach. The
eigenfrequencies (eq 1) of the coupled system are found by
diagonalization of the Hopfield-Bogoliubov matrix Hq33

@y &
H‘i = s
& Y (4)

for each in-plane wavevector g individually, where e and s stand
for the ENZ polariton and the substrate SPhP, respectively.
The eigenvalues of these matrices yield the eigenfrequencies
@7 shown in eq 1, and the respective normalized eigenvectors
(X, Y,) are built from the Hopfield coefficients X, and Y,
describing the weighting factors of the ENZ polariton and the
substrate SPhP which compose the two hybridized modes
along the avoided crossing. The analytic electric field strength
shown in Figure 4c has been calculated by multiplying these
Hopfield coefficients with the electric field of the substrate
SPhP at the probe point in air at the sample surface. The
bosonic annihilation operators p, of the coupled modes are

then given by

At A ~
pq - anq + Yqhq

()

where the superscripts + and — denote the upper and the lower
coupled polariton branch, respectively.

CST Simulations. Simulations for Figure S were performed
in CST studio suite*® using the frequency domain solver. To
approximate the structure shown in Figure Sa within a finite
3D model, a unit cell with a size of 250 ym by 0.6 ym was
chosen, which minimized nearest neighbor interactions. The
optical constants of the respective materials were taken from
literature.*”** Unit cell boundaries were used at the edges of
the substrate, and a matched impedance layer was used to
suppress substrate reflections. Fourier analysis was performed
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using a one-dimensional field profile running along the top
surface of the ENZ film down the center of the unit cell.
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4.4 Second Harmonic Generation from Phononic
Epsilon-Near-Zero Berreman Modes in Ultrathin Polar
Crystal Films

Nikolai Christian Passler, Ilya Razdolski, D. Scott Katzer, D. F. Storm, Joshua D. Caldwell,
Martin Wolf, and Alexander Paarmann

This publication (Passler et al, ACS Photonics 2019, 6, 1365-1371 [V]) reports on the first experimental
observation of enhanced SHG arising from the Berreman mode in a subwavelength-thin AIN film,
which can be excited at the AIN LO frequency where the dielectric function crosses zero. The origin
of the high SHG yield is the immense field enhancement at ENZ frequencies in ultra-thin films, and
the work provides a thorough analysis of the thickness dependence of the field enhancement. The
supporting information is reprinted in appendix A.3.

The samples studied in this work comprise an ultra-thin AIN film on a SiC substrate, which are the
same samples where the strong coupling of ENZ polaritons was observed [IV]. Complementary to
the evanescent polariton modes that were investigated previously in the Otto geometry setup [IV],
this work focuses on the optical response under free-space excitation, revealing the Berreman mode
as a radiative virtual polaritonic mode. The theoretical calculations of the field enhancement were
performed using the transfer matrix formalism that has been published previously [II] (reprinted on
page 45).

Author contributions

AP. originated the concept. D.S.K. and D.E.S. performed the sample growth. The manuscript was
written by N.C.P. and LR., with all authors assisting in the proof-reading and preparation for final
submission. The SHG measurements were performed by N.C.P., and the results were analyzed by
N.C.P.,IR. and A.P. Calculations of the optical response were completed by N.C.P. The experimental
design and project management were provided by MW, ].D.C. and A.P.
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ABSTRACT: Immense optical field enhancement was pre-
dicted to occur for the Berreman mode in ultrathin films at
frequencies in the vicinity of epsilon-near-zero (ENZ). Here, we
report the first experimental proof of this prediction in the mid-
infrared by probing the resonantly enhanced second harmonic
generation (SHG) at the longitudinal optic phonon frequency
from a deeply subwavelength-thin aluminum nitride (AIN) film.
Employing a transfer matrix formalism, we show that the field
enhancement is completely localized inside the AIN layer,
revealing that the observed SHG signal of the Berreman mode is

EAIN

SHG

Frequency

solely generated in the AIN film. Our results demonstrate that ENZ Berreman modes in intrinsically low-loss polar dielectric
crystals constitute a promising platform for nonlinear nanophotonic applications.

KEYWORDS: Berreman mode, epsilon-near-zero, infrared, nanophotonics, second harmonic generation, field enhancement

n nanophotonics, nonlinear optical phenomena are driven

by the enhancement of local optical fields, which arises due
to polaritonic resonances. These are traditionally observed as
plasmon polaritons in metallic nanostructures or rough metal
surfaces. Such strongly enhanced fields enable a variety of
nanoscale applications,' such as all-optical switching,” low-
loss frequency conversion,” and highly efficient sensing.*” In
the infrared (IR), an alternative to plasmonic resonances in
metals are phonon polaritons supported in polar crystals,” as
has been demonstrated in various seminal studies.”” "> These
phonon polaritons feature longer lifetimes than plasmon
polaritons, leading to much larger quality factors and stronger
field enhancements,"*”"® and thus, potentially enhanced
efficiency of nonlinear optical effects.

One area in nanophotonics of distinct recent interest are
investigations of polaritonic modes in plasmonic or polar
dielectric subwavelength-thin films that emerge near zero
permittivity. Over the past decades, the existence of such thin-
film polaritonic modes has attracted broad attention.'*™>¢
Initially, radiation in a narrow spectral window at the plasma
frequency of thin metal films was predicted'® and later
observed.'"*™*° TIts origin was associated with a collective
surface plasma mode with polarization normal to the surface
plane of the film.'® At the same time, a similar effect was
reported by Berreman in a thin polar dielectric film,'” where
absorption occurs at the longitudinal optic (LO) phonon
frequency.
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These absorption features in thin films were argued to
originate in radiative virtual polaritonic modes,”"*>** naturally
occurring at frequencies where the real part of the dielectric
function crosses zero. This condition is met at the plasma
frequency in a metal, and at the LO frequency of a polar crystal
film. While these lossy polariton modes disperse on the low
momentum side of the light line, it was discovered that a
complementary evanescent polariton mode close to the LO
frequency of a polar dielectric is also supported outside the
light cone.”” Just like the radiative modes, the evanescent
polaritons naturally emerge in thin films at frequencies of
vanishing dielectric function. Therefore, these modes offer an
intriguing platform for exploiting the unique characteristics of
waves propagating in so-called epsilon-near-zero (ENZ)
materials.””**

‘While most ENZ studies depend on carefully and intricately
designed metamaterials,”>* thin metal or polar dielectric
films stand out for their structural simplicity. Previous studies
have reported promising applications employing these ENZ
polariton modes, such as optoelectronic devices for the
ultrafast control of absorption and emissivity,”*~* directionally
perfect absorption,®™*” or long-range plasmon polaritons for
the development of nanophotonic integrated technologies.’®*’
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However, these previous studies mostly focused on the
linear optical response, whereas only few reports of the
nonlinear conversion efficiency of ultrathin films exist. This
efficiency has been proposed to be strongly enhanced at ENZ
frequencies,*® but experimental verification is limited to a few
studies of indium tin oxide (ITO) thin layers*' ™ excited at
frequencies in the near-infrared spectral range. The nonlinear
optical response of thin films of other materials with phonon
resonances in the mid- to far-IR, in particular III-V or III-
nitride polar semiconductor compounds, however, has to the
best of our knowledge not yet been studied.

In this work, we investigate the linear and nonlinear optical
response of ultrathin (4/1000) AIN films on a SiC substrate in
the radiative regime, where A represents the free-space
wavelength at the ENZ condition. We report strong SHG at
the AIN LO phonon frequency arising from the Berreman
mode in the ultrathin AIN film. The observed SHG yield
provides experimental proof of the immense field enhancement
inside the film and is attributed to the excitation of the
Berreman resonance. Furthermore, we delineate several
perspectives based on ENZ polaritons for the deployment of
low-loss nonlinear nanophotonic applications.

A mode in a medium is defined as a solution of Maxwell’s
equations in the absence of an external perturbation. In a
three-layer system, the dispersion of a polaritonic mode can be
calculated by numerical evaluation of the following formu-

12202544
ek, ]
&k, (1)

where ¢ is the dielectric function, d is the film thickness of layer

2
2, k,; =, %s,. - kﬁ is the out-of-plane momentum, k, is the

in-plane momentum conserved in all layers, and the subscripts
i=1,2,and 3 refer to the three layered media. In principle, eq
1 can be solved either for a complex frequency @ and a real
wavevector k,, or for a complex k, and a real . However,
depending on the mode nature and the observables of interest,
one of the representations is better suited than the other. We
here choose the complex @ representation, following the
rationales found in literature,”***>*¢ especially to account for
the virtual nature of the Berreman mode*” (for further details,
see Supporting Information, Figure S1).

By solving eq 1 for an air/AIN/air system with varying
thickness d,y of the AIN layer, the dispersion curves shown in
Figure la are obtained. On the right-hand side of the light line,
that is, in the region of evanescent surface-bound solutions, the
symmetric (upper blue lines) and antisymmetric (lower blue
lines) thin-film polaritons emerge. Spectrally, these modes are
bound inside the AIN reststrahlen region between the TO and
LO frequencies wy and @f, respectively. For thick films
(daw > 1), the two modes enclose the dispersion of a surface
phonon polariton (SPhP) at the interface of a bulk AIN crystal
(green line) and, for further increasing film thicknesses,
eventually fall back onto this single green curve. On the
other hand, for diminishing thicknesses, the two modes are
pushed toward w4y and @fy. For duy = 20 (solid line), the
upper mode features a flat dispersion curve in the vicinity of

V. At this frequency, the dielectric function approaches zero,

k k
1+ 258 o tan(kzzd)[ﬂ +

€351 &k,

Wro

and hence, the upper mode is an ENZ thin-film polariton.
The Berreman mode (red lines) arises as a continuation on

the left-hand side of the light line, that is, in the region of
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Figure 1. Berreman mode in a freestanding AIN film and on a SiC
substrate. (a) Calculated dispersions of the Berreman mode and thin
film polaritons in a freestanding AIN film, and that of a SPhP at the
surface of a bulk AIN crystal. The Berreman mode is flat (red line) for
ultrathin films (d < 1/500), while thicker films (dash dotted/dotted
red lines) result in a dispersion bending upward in the vicinity of the
light line in vacuum (black line). Analogous to the symmetric thin
film polariton (blue line, upper branch), the dispersion of the
Berreman mode lies close to the LO frequency where the real part of
the dielectric function exhibits a zero-crossing. (b) Calculated
transmittance of a freestanding AIN thin film for three different film
thicknesses dyy at an incidence angle of 85°. The dip at the LO
frequency for the thinnest film corresponds to the Berreman mode
(red shade), which disappears with the buildup of the AIN
reststrahlen band for increasing film thicknesses. (c) Calculated
reflectance of an AIN thin film on a SiC substrate at an incidence
angle of 85°. Here, the Berreman mode appears as a deep dip inside
the reststrahlen band of SiC.

radiative solutions. Contrary to its evanescent counterpart, this
leaky polariton mode undergoes a small upward bend close to
the light line for larger film thicknesses. For duy = 20 nm,
however, the Berreman mode has a flat dispersion at @, just
like the evanescent polariton and, therefore, also exhibits ENZ
character.

The feature in the transmittance spectrum of a thin film at
the LO frequency originally reported by Berreman'’ is
reproduced in the transmittance simulations shown in Figure
1b. The Berreman mode can only be excited by radiation with
a nonzero out-of-plane electric field component, and hence p-
polarized light at oblique incidence is required to observe the
absorption peak. A visual explanation for the necessity of p-
polarized excitation can be found in the spatial electric field
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Figure 2. Strongly enhanced SHG from a Berreman mode in AIN. (a, b) Experimental SHG and reflectance spectra, respectively, taken for three
samples consisting of (i) a 20 nm, (ii) a 10 nm thin AIN film on a 4H-SiC substrate, and (jii) a bare 4H-SiC crystal. Compared to the reference
sample (iii), the AIN thin films only differ at the TO and LO frequencies of AIN, exhibiting small features in the reflectance and a strong SHG
signal (enlarged by a factor of 8.3 in the inset in a). The origin of the strong SHG yield is illustrated in (c). While the in-plane E, field enhancement
is small at the AIN/SiC interface (gray lines, left y-axis), the out-of-plane E, fields feature a strong enhancement of >60 at the AIN LO frequency
(green lines, right y-axis). On the SiC side of the AIN/SiC interface, the E, fields are small (blue line), revealing that the field enhancement is
strictly confined inside the nanometric AIN layer. (d) Calculated reflectance curves of the investigated samples, being in excellent agreement with

the experiment.

distribution of the Berreman mode (see Supporting
Information and Figure 2a,b). Along the in-plane coordinate
«x, the field vectors perform a rotation in the x-z plane, that is,
the plane of incidence, with z being the out-of-plane
coordinate. In order to accentuate the Berreman absorption
feature, the curves shown in Figure 1b and ¢ were calculated at
an incidence angle of 85°, leading to a strongly pronounced dip
at @™ = 900 for dy = 20 nm.

The transition from an ultrathin AIN film with d, = 20 nm
to a thicker one with dy = 1000 nm, is characterized by the
buildup of the AIN reststrahlen band, featuring vanishing
transmittance between the TO and LO frequencies, as shown
in Figure 1b. Because of this buildup, already for dyy = 300
nm, the Berreman absorption dip is strongly broadened and its
frequency position is not clearly defined. This is different in
Figure 1c, were we show the reflectance curves for an air/AIN/
SiC structure, resembling the experimentally investigated
sample. Interestingly, the highly reflective reststrahlen band
of the SiC substrate allows to observe the Berreman absorption
feature in a reflectance measurement. In contrast to the
freestanding film, a sharp and deep minimum is observed even
for 1000 nm film thickness, indicating that the Berreman mode
is still supported at the thick-film limit. In the Supporting
Information, Figure S3b, the reflectance is shown for film
thicknesses up to S um. For dy > 1.5 pm, the amplitude of
the Berreman dip starts to diminish, approaching the optical
response of a bulk AIN crystal that does not support a
Berreman mode anymore.

In order to verify that the reflectance dips in Figure lc
originate in the Berreman mode, the theoretical dispersion for
the air/AIN/SiC structure is calculated employing eq 1. While
being quantitatively similar to the air/AIN/air Berreman mode
dispersion, the SiC substrate leads to a smaller slope and a
reduced frequency in proximity to the light line (see
Supporting Information, Figure S3a). As is shown in
Supporting Information, Figure S3b, the frequencies of the
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theoretical dispersion at 85° incidence angle and those of the
numerical reflectance curves are in excellent agreement,
corroborating that a reflectance measurement gives exper-
imental access to the Berreman mode of the air/AIN/SiC
structure.

We employ SHG spectroscopy’ to probe the field
enhancement associated with the excitation of the Berreman
mode. The strongest field confinement occurs in ultrathin films
leading to a strong field enhancement of the Berreman mode,
which is a prerequisite for the observation of a significant SHG
signal. We therefore focus on two samples with ultrathin AIN
films of thickness duy = 10 and 20 nm. The AIN films were
grown by RF-plasma assisted molecular beam epitaxy onto a
4H-SiC substrate and, therefore, also feature a hexagonal
crystal structure with the c-axis being perpendicular to the
sample surface.

The reflectance and SHG spectroscopy measurements were
performed in a noncollinear autocorrelator setup*® at 30° and
60° incidence angle employing a tunable, narrow-band, p-
polarized mid-IR free electron laser (FEL)*’ as an excitation
source. Beforehand, intrinsic higher harmonics of the FEL are
blocked by two dichroic 7 ym long-pass filters. The reflectance
is recorded at 60° by a pyroelectric detector, whereas the two-
pulse correlated SHG signal is generated at 45° between the
reflected fundamental beams and is measured by a mercury—
cadmium—telluride detector. For two p-polarized incident
beams, the produced SHG signal is also p-polarized (PPP
configuration). Because of the respective P component for c-
cut crystals being zero, there is no SPP contribution.**** We
note that the noncollinear excitation scheme is only applicable
for ultrathin films where the shift of the Berreman resonance
frequency with incidence angle is negligible (see Figure la),
whereas for thicker films, a collinear setup would be
necessary.”"

The experimental SHG and reflectance spectra are plotted in
Figure 2a and b, respectively. There, the yellow and red lines
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Figure 3. Field enhancement in a 10 nm thin AIN film. (a) In-plane and out-of-plane normalized fields E, and E,, respectively, along the z axis
perpendicular to the interfaces and calculated at the Berreman resonance at 900 cm ™. The large E, field enhancement (red) is strongly localized
inside the AIN. The E, field (blue), on the other hand, does not feature any significant field enhancement. Note that in the air layer, the sum of the
normalized incoming wave and the reflected wave is plotted, thus resulting in amplitudes larger than 1. (b, c¢) Spatio-spectral maps of E, and E,,
respectively. The in-plane field E, features a small enhancement at the SiC LO (965 cm™) and a minimum at the SiC TO (797 cm™). In between
in the SiC reststrahlen band, the field decays evanescently into the SiC substrate. Interestingly, a local minimum in E, can be observed at both the
AIN TO (670 cm™) and the AIN LO (900 cm™). On the contrary, the out-of-plane field E, in (c) features an immense and spectrally sharp field

enhancement inside the AIN layer at the AIN LO frequency.

indicate the data for the 10 and 20 nm thick AIN films,
respectively. Additionally, we show spectra for a bare SiC
sample (black lines). As has been demonstrated previously,***°
the bulk SiC substrate produces SHG peaks at its TO and LO
frequencies (blue shades), leading to the same response in all
three samples in these regions (@ ~ 800 and 970 cm™"). In
fact, the only deviations from the bulk reflectance and SHG
spectra are seen at the AIN TO and LO frequencies (green
shades), where we observe clear, strong peaks in the SHG
signal scaling with the AIN film thickness (see inset in Figure
2a with enlarged vertical axis). The observation of such a
sizable SHG vyield at the LO frequency is astonishing,
especially considering the exceptionally small effective volume
of only a few nanometer AIN that is generating the signal.

The SHG intensity Igyc is proportional to the tensor
product of the field enhancement E(®) and the second-order
susceptibility tensor 252

N
I (=20 0, 0)E(w)E(w)| @
It is clear that either a resonance peak in 7 or E(w) will
lead to an enhanced SHG yield and thus a peak in the SHG
spectrum. However, at the LO frequency, the second-order
susceptibility 7® has no resonances.*® As for the case of
polaritons,51 also here we do not need to introduce an
additional resonance in the y® to reproduce the data. We
therefore argue that the origin of the reported large SHG yield
is the immense electric field enhancement in the AIN thin film.
In order to get further insights into the electric field
distributions, we employ a 4 X 4 transfer matrix formalism
specifically designed to simultaneously handle media with fully
anisotropic as well as isotropic dielectric tensors.” This allows
us to account for the uniaxial anisotropy of both 4H-SiC and
hexagonal AIN, leading to an accurate reproduction of the
reflectance data with highly detailed qualitative accordance.
For instance, even small features like the dip at the high-
frequency reststrahlen edge of SiC originating from the SiC
anisotropy are accurately reproduced, see Figure 2d. (Note
that for Figure 1 the materials were taken to be isotropic,
which is sufficient for the qualitative understanding of the
Berreman mode.)
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Quantitatively, the calculations feature a deeper and sharper
Berreman dip in the reflectance than in the experiments, see
Figure 2b. This discrepancy is mainly due to growth defects in
the AIN layer and an unavoidable strain due to the lattice
mismatch between SiC and AIN (1%),°*° leading to an
effectively increased damping constant of AIN than assumed in
the calculations (yun = 2.2 em™").>® Furthermore, an
additional experimental broadening arises from the FEL line
width (~4 cm™).

In Figure 2c, we show the in-plane (E,) and out-of-plane
(E,) local electric field enhancements at the AIN/SiC interface
in both media. Note that E, and E, are normalized to their
respective incoming field amplitudes E,, and E_, While E, is
conserved at the interface and is generally small (with a
maximum value of ~1.9), the E, field enhancement features a
strong peak at @™ with a maximum of >60 for the 10 nm film.

Note that while the Berreman reflectance minimum deepens
for larger film thicknesses, the E, field enhancement is already
16% smaller in the 20 nm than in the 10 nm film. Thus,
counterintuitively, thicker films that feature higher optical
absorption, exhibit a smaller degree of field enhancement. In
the observed SHG signal, this reduction is compensated by an
increasing effective volume, leading to larger SHG yields.
However, we emphasize that only ultrathin films (dyy < SO
nm) demonstrate such high field intensities, thus, opening new
possibilities for deeply subwavelength nanophotonic applica-
tions in the IR.

The E, field is fully confined inside the AIN layer, which is
reflected in the flat frequency dependence and small magnitude
of the E, field enhancement in SiC (blue line in Figure 2c).
This field localization is even better illustrated in Figure 3a,
where we show the spatial distribution of the in-plane E, and
out-of-plane E, field enhancements as a function of z, that is,
along the surface normal, at @ = 900 cm™". The electric field
has to obey Maxwell’s boundary conditions, that is, continuity
of the in-plane fields (EX* = E2N and E;" E;“N) and of the
out-of-plane displacement field D, = €E, is required:

air __ AIN
8airEz - 8AlNEz

(©)

Equation 3 is the physical reason for a field enhancement at
ENZ conditions, since for vanishing &,y adjacent to air with a
finite &,;, the electric field EA™ strongly increases in order to
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fulfill the boundary condition. In a bulk crystal, the field
enhancement at ENZ conditions typically reaches values on
the order of 1-10 (e.g., in bare SiC*® or in an AIN/SiC
structure, see Supporting Information, Figure S4a).

However, in a bulk crystal the phase difference of the
incoming and the reflected fields is close to zero, leading to a
small total field at the air/AIN interface (EX) due to
destructive interference. As a consequence, following eq 3,
the ENZ induced enhancement of the EAN field is strongly
suppressed. In contrast, in the limit of an ultrathin AIN film
(dain S 100 nm), the phase difference becomes sizable, thus,
leading to the strong field enhancement as shown in Figure 2c¢
and Figure 3a (for details, see Supporting Information, Figure
S4b—g).

Figure 3b and ¢ show spatio-spectral maps of the E, and E,
fields each normalized to E,, and E,, respectively. Interest-
ingly, E, features no considerable field enhancement, but
exhibits small dips or peaks marking the TO and LO
frequencies of both AIN and SiC. The spatio-spectral map of
E, in Figure 3¢, on the other hand, clearly reveals the extreme,
spectrally sharp and strongly confined field enhancement in the
AIN layer at @ = 900 cm™".

Finally, we turn to the TO frequency of AIN (670 cm™),%
where the experimental data in Figure 2a exhibit a strong SHG
signal of similar magnitude as at the LO frequency. Quite
surprisingly, this AIN TO peak is even larger than the peak at
the TO frequency of the SiC substrate. Partially, this can be
attributed to a reduced field suppression at @rq for thin films
compared to a bulk crystal®> (see Supporting Information,
Figure S5). Notably, the observed peak arises from a resonance
in the second-order susceptibility 7? at 04, and not from a
field enhancement as for the LO peak. Therefore, to fully
understand the SHG peak amplitudes at the TO frequencies, a
quantitative model of the 2 for AIN would be necessary.

In this work, we have observed an immense SHG signal
arising from a Berreman mode in an ultrathin AIN film excited
at ENZ frequencies in the mid-IR. Analogous to previous
studies of ITO,*® aluminum-doped Zn0,” and CdO,%° the
high optical nonlinearity at ENZ conditions in our system
holds high promises for all-optical ultrafast control of
polarization switching,”’ and even over the material’s optical
properties.”*” However, while all mentioned studies employ
ultrathin films excited via free-space radiation, for which in our
system the Berreman mode is accessible, dispersing inside the
light cone in vacuum, a complementary polaritonic ENZ mode
exists on the other side of the light line. The linear response of
these ENZ polaritons has been studied recently,’"** but
investigations of their nonlinear response are to the best of our
knowledge still lacking. Analogous to the Berreman mode, a
strong field enhancement also characterizes the ENZ thin film
polariton due to its ENZ environment. We, therefore, highlight
the nonlinear response of ENZ polaritons to be an intriguing
subject, specifically in light of the development of polariton-
based nonlinear nanophotonics.

Polar crystals such as AIN or SiC, where ENZ conditions are
met at the LO phonon resonances in the mid-IR, feature
several appealing properties that are unavailable in metals or
ITO: (i) The imaginary part of the dielectric function &, at
w10 (ean(® = w1 ) = 0 + 0.02i) s significantly smaller than in
metals,®> and more than 1 order of magnitude smaller than for
ITO (erro(® = wio) = 0 + 0.5i),* which strongly increases
the field enhancement inside the thin layer and, hence, the
SHG efficiency. (ii) Many polytypes of SiC as well as AIN
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exhibit a hexagonal crystal structure, resulting in a uniaxial
anisotropy of the dielectric tensor. This anisotropy leads to a
hyperbolic frequency region between the extraordinary and
ordinary LO frequencies, that is, in the range of the ENZ
polaritons, enabling a whole new range of phenomena yet to be
explored. These phenomena include, as has been observed in
different systems before, negative refraction,’* negative 7phase
velocity,® or subdiffraction imaging and focusing.“’6 (iii)
Compared to highly doped semiconductors, one drawback of
polar crystals is the lack of tunability of the ENZ frequency,
being fixed to the LO phonon. On the other hand, due to
relatively short lifetimes of surface plasmon polaritons in
metals or most highly doped semiconductors, plasmon-based
nanophotonics exhibits intrinsic drawbacks due to inherently
high losses, whereas SPhPs in polar crystals feature much
longer 8polariton lifetimes due to long-lived phonon reso-
nances.”*® Hence, the employment of the ENZ polariton at
the LO frequency offers an appealing alternative for nano-
photonic applications, where low-loss ENZ characteristics
combine with ultrahigh field enhancements.

In conclusion, we have reported the first observation of a
resonantly enhanced SHG vyield from a phononic Berreman
mode in a deeply subwavelength thin film, exemplified for AIN
on a 4H-SiC substrate. The origin of this large SHG signal is
the immense out-of-plane field enhancement arising due to the
zero-crossing of the dielectric function at the thin film LO
frequency, strongly confined to the ultrathin layer. Thanks to
low phonon dampings in polar crystals such as AIN and SiC,
nanophotonic systems based on such crystals offer an
appealing alternative to plasmonics, featuring high-quality
resonances with extreme field enhancements. As a possible
pathway, we envision ultrathin-film Berreman modes featuring
ENZ nature to provide new opportunities for ultrafast all-
optical control by taking advantage of the high optical
nonlinearity.
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4.5 Surface Polariton-Like s-Polarized Waveguide Modes in
Switchable Dielectric Thin Films on Polar Crystals

Nikolai Christian Passler, Andreas Hefler, Matthias Wuttig, Thomas Taubner, and
Alexander Paarmann

This publication (Passler et al., AOM 2020, 8, 1901056 [VI]) presents a model system consisting of a
PCM on a polar crystal substrate that supports simultaneously p-polarized SPhPs and s-polarized,
polariton-like waveguide modes. By switching the crystal phase of the PCM, the work demonstrates
volatile control over both modes with a switching contrast that far exceeds typical values in the field
of modulated nanophotonics [113-116]. The concept is visualized in the cover picture of the special
issue Polaritons in Nanomaterials reprinted on the following page [117]. The supporting information
is reprinted in appendix A.4.

Most importantly, this work delineates a path to resolve two aspects of SPhPs that are disadvantageous
for nanophotonic applications: Firstly, introducing s-polarized waveguide modes with polariton-
like properties provides a way to circumvent the polarization bottleneck of polaritons [118], and
secondly, employing a switchable PCM as waveguide core drastically improves the usually very
limited tunability of surface polaritons [119]. As such, the here presented approach extends the
versatility of surface polaritons, providing a complementary building block for actively tunable,
omnipolarized nanophotonic applications.

The experimental results for this work were obtained using the Otto geometry implementing the
white-light interferometry [X], and the theoretical calculations are based on the transfer matrix
formalism [II] (reprinted on page 45), which are the key experimental and theoretical tools developed
in the course of this thesis.

Author contributions

AP. and T'T. originated the concept. A.H. performed the sample growth. The manuscript was written
by N.C.P., AH. and A.P., with all authors assisting in the proof-reading and preparation for final
submission. The measurements were performed by N.C.P., and the results were analyzed by N.C.P.
and A.P. The theoretical calculations were completed by N.C.P. The experimental design and project
management were provided by T.T. and A.P.
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Surface Polariton-Like s-Polarized Waveguide Modes
in Switchable Dielectric Thin Films on Polar Crystals

Nikolai Christian Passler,*
and Alexander Paarmann*

Surface phonon polaritons (SPhPs) and surface plasmon polaritons (SPPs),
evanescent modes supported by media with negative permittivity, are a
fundamental building block of nanophotonics. These modes are unmatched
in terms of field enhancement and spatial confinement, and dynamical
all-optical control can be achieved, e.g., by employing phase-change mate-
rials. However, the excitation of surface polaritons in planar structures is
intrinsically limited to p-polarization. On the contrary, waveguide modes in
high-permittivity films can couple to both p- and s-polarized light, and in thin
films, their confinement can become comparable to surface polaritons. Here,
it is demonstrated that the s-polarized waveguide mode in a thin Ge;Sb,Teg
(GST) film features a similar dispersion, confinement, and electric field
enhancement as the SPhP mode of the silicon carbide (SiC) substrate, while
even expanding the allowed frequency range. Moreover, it is experimentally
shown that switching the GST film grants nonvolatile control over the SPhP
and the waveguide mode dispersions. An analytical model is provided for the
description of the GST/SiC waveguide mode and it is shown that the concept
is applicable to the broad variety of polar crystals throughout the infrared
spectral range. As such, complementarily to the polarization-limited surface
polaritons, the s-polarized waveguide mode constitutes a promising addi-

tional building block for nanophotonic applications.

1. Introduction

The field of nanophotonics pursues control over near-field
optical phenomena that can be tailored in custom-designed
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nanoscale material systems. Key to achieve
this control are surface-bound modes such
as surface plasmon polaritons (SPPs) in
metals!!! or surface phonon polaritons
(SPhPs) in polar crystals,” which stand
out by their unprecedented ability to
confine and enhance the optical field in
subwavelength structures.’) In the past
decades, the potential of these modes has
been demonstrated by the large number
of applications found in the fields of
spectroscopy and sensing,-® photonic
circuitry”® lasers,>!% and nonlinear
optical phenomena.[311:12]

SPPs and SPhPs are electromagnetic
evanescent modes bound to the interface
of two materials with permittivities Re(g) of
opposite sign. SPPs are supported in metals
or doped semiconductors from infrared (IR)
up to visible frequencies, where the nega-
tive Re(g) arises from the Drude response of
free electrons, whereas SPhPs arise in the
mid to far IR range in the reststrahlen band
of polar crystals between the transverse
optical (TO) and longitudinal optical (LO)
phonon frequencies. In comparison, SPhPs
are valued for their longer lifetimes than
SPPs due to the low losses of the driving phonon resonances.?!
Fundamentally, however, both modes consist of collective charge
oscillations coupled to light, leading to shared properties such
as subwavelength confinement, strong field enhancement, an
asymptotic dispersion, and waveguiding characteristics, which
are the reasons for the versatile usability of polaritonic modes.

However, SPPs and SPhPs in planar heterostructures intrin-
sically carry out-of-plane electric fields, and thus can only be
excited by p-polarized light, while no s-polarized light can couple
to them. This polarization restriction limits the versatility of
polariton-based nanophotonics and potentially hinders the devel-
opment of future technologies, such as emission control’**% or
exploiting solar energy.'®17] Very recently, omnipolarization wave-
guide modes in high-permittivity planar media were proposed to
circumvent the polarization bottleneck of polaritons,®l showing
that in thin films, waveguide modes can reach comparable
degrees of confinement as polaritons. However, while gaining a
waveguide mode capable of coupling to s-polarized light, a high-
permittivity thin film does not support a SPP or SPhP.

Another drawback of surface polaritons is their lack of active
tunability when considered on a plain metal (polar crystal),

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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because there the SPP (SPhP) dispersion is bounded by the
fixed plasma frequency (optical phonon frequencies). For SPPs,
this disadvantage can be overcome in doped semiconduc-
tors% or graphene, 221l where the photo or voltage-induced
free charge carrier concentration enables tuning of the plasma
frequency. A similar approach has been proposed for SPhPs, 22l
but here, the tunability of the SPhPs gained by an additional
photoinduced plasma contribution is limited.

A significantly larger and nonversatile switching contrast can
be achieved by utilizing phase-change materials (PCMs)23-2
such as the Ge;Sb,Tes compound (GST), which can be revers-
ibly switched between its amorphous (a-) and crystalline (c-)
phases by ultrafast electrical or optical pulses.?*3!l The high
permittivity contrast between the two phases (€,.gst = 13.8 + 0i
and e._gst = 31.4 + 9i; values are obtained from a global fit-
ting procedure, see the Experimental Section for details) in
the IR is sensed by SPhPs that evanescently penetrate the
GST, leading to a significant shift of the SPhP mode frequency
upon switching of the GST phase.’?) However, while systems
utilizing PCMs have enabled active control over surface polari-
tons, the large potential of s-polarized waveguide modes in
these systems remains, so far, unexploited.

2. Concept

In this work, we suggest a generic, actively tunable material
system for the infrared spectral range that simultaneously sup-
ports p-polarized SPhPs and s-polarized waveguide modes.
Intriguingly, the waveguide modes replicate the properties of
the SPhP that define its suitability for nanophotonic applica-
tions, such as the enhancement of local electric fields and sub-
wavelength confinement. We experimentally demonstrate active
tuning of both excitations with exceptionally high tuning figures
of merit®334 by means of a phase-change material, which, at the
same time, constitutes the waveguide core. As a model system,
we analyze the tuning of SPhP and waveguide modes in a GST/
SiC structure, where the GST film can be switched between its
amorphous and crystalline state. Offering broad functionality,
such as polarization dependent polariton optics,3>3?! the pro-
posed material system features a unique combination of active
tunability of its guided modes and the lifting of the polarization
bottleneck of conventional polaritonics.

An SPhP propagating along the surface of a polar crystal
such as SiC exhibits an in-plane E, field that peaks at the
interface (Figure 1a). We define the x—z plane as the plane of
incidence, and all waves propagate in x-direction. In Figure le
(and zoomed into the reststrahlen region of SiC in Figure 1f),
the dispersion of this SPhP is shown in black. By placing a
400 nm thin a-GST onto SiC, the SPhP dispersion is red-shifted
(blue line in Figure 1le,f), while maintaining the shape of its
in-plane electric field E, (Figure 1b). Interestingly, here, the
maximum field is encountered at the air/a-GST interface, and
decays exponentially through the GST film into the SiC sub-
strate (please note that for illustration purposes, the GST film
thickness in Figure 1 a—d is not to scale with respect to the
shown z-range of the adjacent air and the substrate).

A freestanding 400 nm thin a-GST film, on the other
hand, supports an s-polarized waveguide mode owing to the
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Figure 1. Guided modes in an a-GST film on an SiC substrate.
a—d) Schematic in-plane electric field distributions of SPhPs and wave-
guide modes, excitable with p- and s-polarized light, respectively, sup-
ported a) on a bare SiC substrate, b,c) in a 400 nm thin a-GST film on
SiC, and d) in a freestanding a-GST film. e,f) Dispersions of the four
modes shown in (a)—(d), where (f) zooms into the SiC reststrahlen
region between the TO and LO frequencies (wro and o), marked by
the dotted rectangle. The SiC substrate leads to a flattening of the wave-
guide mode (red line) compared to the air-bound mode (green line),
leading to a comparable dispersion to the SPhP (black and blue lines)
in the dispersion window shown in (f).

high index contrast between a-GST and air.’”] The in-plane
electric field E, of this mode is shown in Figure 1d, and the
corresponding dispersion is plotted in green in Figure le,f.
Notably, this mode features a much larger penetration depth
§ in positive and negative z-direction, with E(z) = E(0)e %9,
than the SPhP, hence it is much less confined within the
a-GST film. The dispersion of this waveguide mode, however,
is steeper and covers a much larger frequency range than the
SPhP, which is restricted to the SiC reststrahlen band. Now,
the combined system of a-GST/SiC supports not only the
shifted p-polarized SPhP mode but simultaneously, at the

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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same frequency for smaller in-plane momenta, an s-polarized
waveguide mode localized in the a-GST film. In Figure Ic,
the in-plane electric field E, of this air/GST/SiC-bound mode
is shown, featuring a higher confinement than the air-bound
waveguide mode due to the SiC substrate. Strikingly, the
dispersion of the air/GST/SiC-bound waveguide mode (red
line in Figure le,f), while approaching asymptotically the dis-
persion of the air-bound waveguide mode at large in-plane
momenta k, experiences an upward bending for small k,
becoming quite similar to the dispersion of the SPhP. Thus,
the combined structure of a thin a-GST film on a SiC substrate
not only supports both p-polarized SPhPs and s-polarized
waveguide modes, but thanks to the reststrahlen characteris-
tics®® of the SiC substrate, the waveguide mode mimics the
SPhP for small in-plane momenta k/k, in both field distribu-
tion and dispersion.

An a-GST film of =400 nm thickness, as discussed in
Figure 1, yields optimal polariton-like characteristics of the
waveguide mode, such as its field enhancement (see Figure 5
for details). However, the second aspect of our concept is
the active tunability of the GST/SiC system via GST phase
switching and the resulting tuning potential for both the SPhP
and the waveguide mode. We find that the maximum frequency
shift of the SPhP upon switching of the GST phase is obtained
for an a-GST film thickness of =150 nm (see Figure S1 in the
Supporting Information). Importantly, for this film thickness,
the SPhP-like dispersion and a significant field enhancement
of the waveguide mode are still conserved. Thus, experimen-
tally, we choose to investigate a GST/SiC system with =150 nm
thickness of the a-GST film.

3. Experiment

A 144 nm thin a-GST film was sputter-deposited onto a
4H-SiC substrate and placed into a home-build Otto-type
prism coupling setup, sketched in Figure 2a (see the Exper-
imental Section). In short, the incoming light impinges on
the prism surface at an angle 6 above the critical angle of
total internal reflection (=24.6° for KRS5). The generated
evanescent wave in the air gap between prism and sample
couples to the evanescent, bound modes in the sample,
resulting in attenuated total reflection dips at the resonances
in a reflectance spectrum. By taking several spectra at varying
incident angle, dispersions can be mapped out.*” As an exci-
tation source for the reflectance spectroscopy measurements,
we employed a mid-IR free electron laser (FEL) with tun-
able wavelength in the range of 3-60 um and a spectral line
width of =0.3%[*0 (see the Experimental Section). In a first
step, all experimental data were obtained for a-GST, and after
crystallizing the a-GST on a heating plate (300°C, 5 min),
the measurements were repeated for the c-GST phase. Note
that crystallization of a-GST is accompanied by a density
reduction,*!?] leading to a ~8% thinner ¢-GST film of about
132 nm thickness.

In Figure 2b, reflectance spectra at an incident angle of 30°
are shown for p-polarized and s-polarized incident light and for
both GST phases, respectively. Clearly, each spectrum features
a distinct resonance dip that corresponds to a p-polarized SPhP
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Figure 2. Tuning of the SPhP and the waveguide mode by switching
the GST phase. a) Setup of the prism coupling experiments in the Otto
geometry with variable air gap between the KRS5 (nygss = 2.4) prism
and the sample, allowing for momentum-matched, critical coupling to
evanescent modes supported by the sample such as SPhPs and wave-
guide modes. b) Reflectance spectra at 6 = 30° for the crystalline and
amorphous GST phases for s- and p-polarized incident light of a 144 nm
(132 nm) thin a-GST (c-GST) film on SiC, demonstrating the tuning of
both SPhP and waveguide mode upon switching the GST phase. A global
fitting algorithm was used to fit simulated reflectances (dash-dotted
lines) to the experimental spectra (solid lines).

(blue and green curves) or an s-polarized waveguide mode
(red and orange curves). All data were fitted with a global
fitting procedure (see the Experimental Section for details),
and the resulting theoretical spectra calculated by means of a
4 x 4 transfer matrix formalism!*! are also shown in Figure 2b,
nicely reproducing the experimental data. (The low amplitude
of the waveguide mode in ¢-GST arises due to a prism coupling
gap below the gap of critical coupling,* see the Experimental
Section for details).

Furthermore, a Lorentzian line shape was fitted to the experi-
mental reflectance dips in order to extract frequency positions y
and full width at half maxima (FWHM = 20) of the resonances.
Interestingly, the measured quality factor (Q = u/FWHM) in
a-GST of the waveguide mode (Q = 109) is even higher than that
of the SPhP (Q = 82), whereas in ¢-GST, the waveguide mode
has a broader resonance (Q = 14) than the SPhP (Q = 27). For
the case of a-GST, these Q-factors easily lie in the range of the
high-Q resonances arising from localized SPhPs in polar crystal
nanostructures (45-360).44#91 The generally lower Q-factors
in ¢-GST, on the other hand, can be attributed to nonzero
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Figure 3. Experimental reflectance maps featuring the SPhP and waveguide mode dispersions. a—c) Reflectance maps for p-polarized incident light
of bare SiC, a-GST/SiC, and c-GST/SiC, respectively, demonstrating the red-shift of the SPhP dispersion induced by the sensing of the increasing
refractive index from air to c-GST. e,f) Reflectance maps for s-polarized incident light, showing the red-shift of the waveguide mode supported by the
144 nm (132 nm) thin a-GST (c-GST) film. d) Summary of all mode dispersions determined by the reflectance measurements, also plotted on top of

the corresponding reflectance maps.

absorption (Im(€_gst) = 9) compared to a-GST. However, it is
noteworthy that the waveguide mode features similar Q-factors
as the SPhP in both GST phases, providing first evidence that
the waveguide mode can indeed be seen as a polariton-like
excitation with s-polarization.

Reflectance spectra were taken for incident angles of 26°-34°
in steps of 1° resulting in reflectance maps that reproduce the
dispersion of the corresponding mode. Maps for bare SiC,
a-GST/SiC, and c¢-GST/SiC for p-polarized incident light are
shown in Figure 3a—c, respectively, and maps for a-GST/SiC
and c-GST/SiC for s-polarized incident light in Figure 3ef.
In Figure 3d, an overview over all modes is given, and the
respective dispersion curves are additionally plotted on top of
the individual reflectance maps. The theoretical dispersions
were extracted from the imaginary part of the correspondingly
polarized reflection coefficient obtained by transfer matrix
calculations®’ using the parameters from the global fitting
procedure. All experimental dispersions are well reproduced by
the simulations.

For 144 nm thin a-GST and at 6 = 30°, the SPhP shifts by
8w = 27 cm™ upon switching the GST phase, and the wave-
guide mode by 69 cm™. This corresponds to a tuning figure

Adv. Optical Mater. 2019, 1901056 1901056 (4 of 10)

of merit (TFOM) of TFOM = Sw/FWHM = 2.5 for the SPhP
and 7.7 for the waveguide mode, where we used the FWHM
of the initial state (a-GST phase) according to literature.l*34
These TFOM by far exceed other recently published results
in the field of modulated nanophotonics with typical values
of 0.5-1.4,1223150-52] and, in the case of the waveguide mode
with an exceptional TFOM of 7.7, even exceed the results on
graphene, where values up to 5 have been reported.’>>* In
the experimental reflectance maps in Figure 3, this switching
can be observed as a drastic red-shift of the corresponding
dispersion curves. The GST film thickness was chosen such
that the frequency shift is maximal for the SPhP. Notably, for
the waveguide mode, a slightly larger frequency shift and thus
also a larger TFOM is expected for GST films of =220 nm thick-
ness (see Figure S1 in the Supporting Information). For even
thicker films, the shift decreases, because all modes for both
GST phases are pushed against the lower frequency limit given
by w36 =797 cm.% For thinner films, on the other hand, the
SPhP contrast decreases as well because of a reduced influence
of the GST film, while the waveguide mode disappears com-
pletely. The film thickness dependence and the boundaries
in which the waveguide mode is supported are discussed

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Theoretical dispersion of an s-polarized waveguide mode in an air/a-GST/SiC system. a) Imaginary part of the phase difference ®% /¢
(Equation (2)) upon reflection of s-polarized light at the a-GST/SiC interface. White areas where Im(®%;,s7) = 0 indicate regions where the a-GST/SiC
interface supports a waveguide mode. Dashed lines mark the respective boundaries given by material parameters. b) Minimum a-GST film thickness
(Equation (4)) required to support an m-th order s-polarized waveguide mode. The m = 0 mode is supported at all frequencies for film thicknesses
above 226 nm. For the a-GST film of 144 nm thickness employed in our experiments, the mode cannot exist in the frequency window of 10562769 cm™'
marked in gray. c) Theoretical dispersion (Equation (1)) of the s-polarized m = 0 air/GST/SiC-bound waveguide mode. The gray areas are the forbidden
regions for the air/a-GST/SiC system given by Im(®%c/gsr)- The two thinnest films have forbidden frequency regions given by b) dpir, coinciding with

the restriction given by Im(®c/gs7)-

further below (Figure 4). For the exemplary film thickness of
144 nm, however, our experimental findings clearly demon-
strate the tuning potential of both the p-polarized SPhP and the
s-polarized waveguide mode supported in GST films on a SiC
substrate via GST phase switching.

4. Waveguide Mode Theory

The theoretical description of waveguide modes in a slab
waveguide structure is well known and has been given else-
where.[7°657] Here, we follow the work by Tien and Ulrich/>”]
and apply the theoretical model to our air/GST/SiC system, in
order to verify the waveguide nature of the s-polarized mode,
as well as provide a thorough understanding of the disper-
sion of this mode and the boundaries in which it is supported.
We will mainly focus our discussion on a-GST, which is the
GST phase with lower losses, thus featuring better waveguide
characteristics. We note, however, that the following theoret-
ical description is equally valid for ¢-GST. In fact, except for
a red-shift of the dispersion and a larger momentum range,
the resulting dispersion for ¢-GST is qualitatively the same
as for a-GST (except at the upper momentum boundary,
see Figure S2 in the Supporting Information for details). The
equation of waveguide modes is given by [¥7]

g 2
C_ Eosr —K d— Dsic/cst — Postyar =M T
0

where ®@gic/gst and Pcgry.ie are the phase differences upon
reflection at the substrate/film (SiC/GST) and the film/incident
medium (GST/air) interfaces, k = k/ky = n,;,sin 0 is the in-plane
momentum (with ky = @/cy), d is the film thickness, @ is the fre-
quency, and ¢, is the speed of light in vacuum. Please note that
Equation (1) is valid for s- and p-polarized waveguide modes.
In this work, however, we focus on the zero-order s-polarized

1)
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waveguide mode and its comparability to the simultaneously
supported SPhP mode (for the same frequency, the SPhP is
found at larger in-plane momenta). The following discussion
will therefore only consider the s-polarized waveguide solutions.
The phase differences for s-polarization are given byl*’]

2
K™ —&
tan ((I)EiC/GST) = —SICZ (2)
Egst — K
K —&,
tan ((DSGST/air ) = —mz (3)
Egst —K

In order to ensure total internal reflection inside the wave-
guide core (here GST), the phase differences @ have to be real.
As a consequence, the imaginary part of @ allows to define
those regions in the dispersion where a waveguide mode is
supported, and those in which mode propagation is not pos-
sible. Figure 4a shows a map of ®@gcsr for the air/a-GST/SiC
system. The three white areas (i-iii) are the regions where the
a-GST/SiC interface supports the s-polarized waveguide mode
(Im(D§icjacst) = 0). However, for a mode to be supported in the
film, the phase differences at both interfaces have to be real
simultaneously. Therefore, region (ii) can be ruled out because
for in-plane momenta x> [Re(g.csr) =3.7 (black dashed line),
the phase difference at the a-GST/air interface is complex,
Im(D; gst/air) >0 (see Figure S2 in the Supporting Information).
For k< 3.7, on the other hand, Im(®; cs1/.:) = 0 and thus regions
(i) and (iii) can support waveguide modes, and their bounda-
ries are solely governed by the a-GST/SiC interface. In fact, the
lower boundary along the momentum axis is given by the SiC
permittivity \/Re(esic) (red dashed line), which is a highly disper-
sive quantity and is the reason for the rich physics of waveguide
modes bounded by polar crystal substrates. While in principle,
region (iii) does support waveguide modes, we here only focus
on region (i) due to its capacity of supporting the s-polarized
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waveguide mode that features an upward bended, polariton-
like dispersion in proximity to the SiC substrate SPhP mode
(see Figure 1e,f). As for the SPhP, the lower boundary of region
(i) along the frequency axis is defined by the TO phonon fre-
quency of SiC, @i§ (gray dashed line). Interestingly, the reason
that @35 is a boundary is different for the two modes: The SPhP
requires negative Re(&g;c) to have an evanescently decaying elec-
tric field in z-direction. On the other hand, the waveguide mode
requires Re(ggic) < Re(g,gst) to enable total internal reflection
and thereby get evanescently decaying fields. For frequencies
< S, both conditions are lost simultaneously.

Additional to the restrictions given by total internal reflection
that are reflected in the phase differences @ (Figure 4a), wave-
guide modes in asymmetric slab waveguides require a minimal
film thickness dp;, in order to be supported. Evaluation of
Equation (1) at the lower and upper momentum boundaries
leads to the following expression for d,,;, for s-polarized wave-
guide modes®’]

mu+arctan | [—C 8
Egst — Esic

Egst ~ Esic

()

Note that in asymmetric slab waveguides such as the air/
GST/SiC system, the minimal film thickness for the zero-order
s-polarized waveguide mode is smaller than for the zero-order
p-polarized mode.”®l As a consequence, for the here studied
film thickness range of 0-800 nm, only the s-polarized wave-
guide mode can be observed.

In Figure 4D, d,;, of the air/a-GST/SiC system is plotted as
a function of frequency for the first four orders m. Interest-
ingly, in the SiC reststrahlen band, dp;, of the m = 0 mode is
almost zero, but features a rapid increase at larger frequencies
with a maximum value of d;, = 226nm. As a consequence,
a-GST films of thicknesses d,.gst > 226 nm support the m = 0
mode at any frequencies, while in thinner films, such as our
sample with d, qgr = 144nm, the mode is forbidden in a broad
frequency range (gray area in Figure 4b). Therefore, the m = 0
s-polarized waveguide mode we observe in our experiments is
limited to a frequency range between 797 and 1056 cm ™, which
is very similar to the allowed frequency range of the SPhP
defined by the SiC reststrahlen band (797-970 cm™).

The range in which the s-polarized air/a-GST/SiC wave-
guide mode can be observed is best illustrated in the disper-
sion plot we show in Figure 4c. Here, the gray areas indicate
the forbidden regions given by Im(®5ic/.cst). For the two thin-
nest films of 144 and 200 nm (red and orange curves), dp;,
defines a frequency range where the m = 0 mode is forbidden,
which is represented by the region in which the two dispersion
curves are disrupted. The restriction given by d;, coincides
exactly with the restriction given by Im(®§icj.csr). For the three
thicker films (light green, dark green, and blue curves), on the
other hand, the mode dispersions are continuous, as there is
no minimum film thickness required. However, these mode
dispersions are pushed against the lower frequency boundary
3§ with increasing film thickness, and the dispersion of the
mode in the thickest film of 1200 nm even starts to disappear
at this boundary. This behavior originates in the pole of the

dielectric function of SiC at wis, constituting the hard lower
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barrier of the frequency range in which waveguide modes can
be supported. Notably, thanks to this boundary, the waveguide
mode dispersion experiences the upward bending that leads to
the resemblance of the SPhP mode dispersion. Finally, we note
that the shifting of the dispersion with film thickness enables a
straightforward way of tuning the mode resonance across the
entire allowed frequency range.

5. Surface Polariton-Like Waveguide Modes
for s-Polarized Nanophotonics

Equipped with this theoretical understanding, we now turn
our focus on the comparability of the SPhP and the thin film
s-polarized waveguide mode in terms of optical field enhance-
ment and spatial confinement. Figure 5a—f shows z-profiles of
the in-plane electric field enhancement (FE) of the SPhP (E,) and
the waveguide mode (E,) at their corresponding resonance fre-
quency for a set of different a-GST film thicknesses, calculated
for excitation via a KRS5 coupling prism in the Otto geometry
at an incident angle of 6 = 30°. Furthermore, the continuous
behavior of the maximum field enhancement FE,,,, for the SPhP
(blue curve) as a function of thin a-GST film thickness d, cst
is shown in Figure 5g, and Figure 5h shows the corresponding
mode frequency ®yeqe (FEna and @yeqe for larger film thick-
nesses are shown in Figure S3, Supporting Information).

A bare SiC surface (Figure 5a) only supports an SPhP with a max-
imum field enhancement (FE,,,,) of =7, which is, however, reduced
when an additional a-GST film of 144 nm is placed on top of SiC
(Figure 5b). For increasing film thicknesses (Figure 5 c—e), the
field enhancement of the SPhP drops even further and for the
largest a-GST film of 800 nm thickness (Figure 5f), there is no
enhancement observable at all, meaning that the structure does
not support the air/SiC SPhP anymore. This transition toward
a total loss of the SPhP for large film thicknesses stems, on the
one hand, from the fact that the observed air/SiC SPhP origi-
nates in the dielectric contrast of the adjacent air and SiC, and
for growing a-GST film thicknesses, there is no SiC/air interface
anymore. On the other hand, the TO phonon is IR-active and
therefore absorption in SiC increases drastically in the vicinity
of w?s, contributing to the observed loss of field enhancement.
Finally, we cannot observe the emergence of any other SPhP for
thicker films, because the air/a-GST interface does not feature
permittivities of opposite sign, while a potential a-GST/SiC SPhP
cannot be excited via prism coupling with a KRS5 prism, because
the required momenta are too large (ngrss < a.cs1)-

The s-polarized waveguide mode, on the other hand, features
a maximum field enhancement of =8 in a 250-400 nm thin
a-GST film, which decreases for both thinner and thicker
films (Figure 5g, red curve). In order to explain this behavior,
we recall that for small in-plane momenta (1 < x < 2), the
waveguide mode is restricted to a frequency range between
@35 =797 and 1000-1200 cm™!, where the upper boundary
depends on k (Figure 4c). With increasing film thickness, the
dispersion red-shifts through the allowed frequency region
and eventually is pushed against @}5, as can be observed in
Figure 5h (red curve). Here, analogous to the SPhP, the high
absorption in SiC close to w35 leads to the observed loss of field
enhancement. At the upper frequency boundary, on the other
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Figure 5. Electric field enhancement of an SPhP and a waveguide mode in an a-GST film. a—f) In-plane electric field profiles along the z-axis perpen-
dicular to the air/a-GST/SiC interfaces of the SPhP (blue lines, E, due to p-polarization) and the waveguide mode (red lines, E, due to s-polarization) for
a series of a-GST film thicknesses. The field enhancements (FEs) are calculated within the Otto geometry for an in-plane momentum of k/ky=1.18 and
at the respective resonance frequency (specified in each graph). Note the different scales of the z-axis for air and SiC (bottom scale) and the GST film
(top scale), which are used to cover all relevant length scales. g) Maximum field enhancement FE,,, inside the a-GST film as a function of a-GST film
thickness for s- (red curve) and p-polarization (blue curve) calculated at h) the respective mode frequencies. i,j) Spatio-spectral maps of the in-plane
electric field enhancements of the p-polarized SPhP and the s-polarized waveguide mode, respectively, showing their different resonance frequencies
while featuring comparable Q-factors. The maps are also calculated for an in-plane momentum of k/ky = 1.18. In contrast to (a)—(f), we here plot with
a single scale of the z-axis in order to better visualize the evanescent depth of the modes along the z-direction. The z-positions are labeled relative to

the respective interface with a-GST.

hand, the permittivity of SiC is close to 1, resulting in a less
confined mode in SiC compared to modes at frequencies fur-
ther into the reststrahlen band (compare the penetration depth
into SiC of the waveguide mode in Figure 5b,d), thus leading to
smaller field enhancements.

The penetration depth into the SiC substrate §, and thus the
spatial confinement of the modes, is solely a function of the SiC
permittivity tensor. Close to %, both the SPhP and the wave-
guide mode are strongly confined (with a penetration depth
of § =100nm at 800 cm™!), whereas at higher frequencies, the
confinement decreases and the modes leak further into the SiC
substrate (6 = 1.5 um at 950 cm™!, see Figure S3 in the Sup-
porting Information for details). This frequency dependence of
the spatial confinement can also be seen in Figure 5i,j, where
we show spatio-spectral maps of the SPhP and the waveguide
mode, respectively, for a 144 nm thin a-GST film, resembling
the experimentally studied sample. Clearly, the waveguide
mode leaks further into SiC, whereas the SPhP is stronger con-

fined because the frequency of the latter is much closer to wys
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than that of the former. The opposite behavior can be observed
when the waveguide mode frequency is close to w3 (Figure 5f)
and the SPhP mode sits at higher frequencies (for example
Figure 5a,b).

As we have shown exemplarily for a SiC substrate, a thin
overlying GST film enables an s-polarized waveguide mode
with features such as its dispersion, field enhancement, and
spatial confinement being comparable to those of the simulta-
neously supported SPhP. Strikingly, this concept can be easily
transferred to any polar crystal substrate. In Figure 6, we com-
pare SiC to aluminum nitride (AIN), gallium nitride (GaN), and
zinc oxide (ZnO), all featuring a single reststrahlen band, and
the multimode material o-quartz (0-SiO,). For each material,
the dispersions of the supported SPhPs (blue and green cir-
cles) and s-polarized waveguide modes (red and orange circles)
are plotted for a 144 nm thin a-GST and a 132 nm ¢-GST film,
respectively. The vertical gray bars correspond to the FWHM
of the mode resonances extracted from calculated spectra of
the imaginary part of the corresponding reflection coefficient,

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Comparison of GST on different polar crystal substrates for
supporting s- and p-polarized modes. SiC, AIN, GaN, and ZnO have a
single reststrahlen band (gray areas) and thus support one SPhP (blue,
green) and one waveguide mode (red, orange) for each GST phase.
The multimode material o-SiO,, on the other hand, features four rest-
strahlen bands and thus four different sets of guided modes. The a-GST
(c-GST) film thickness is that of the experimentally studied sample of
144 nm (132 nm). Resonance positions were extracted from maxima in
the imaginary part of the correspondingly polarized reflection coefficient
Im(rP®) at the in-plane momenta shown for GaN. The peaks were fitted
with a Lorentzian function. The obtained FWHMs are plotted as vertical
gray bars on top of each resonance point.

Im(r?%). The dispersions are visibly shifted by more than the
modes’ FWHM between the two GST phases (blue-green and
red-orange), clearly demonstrating the good switching contrast
achievable in any of the five substrate materials. The gray areas
mark the respective restststrahlen bands of SiC, AIN, GaN, and
ZnO, and the four bands of &-SiO,. In each reststrahlen band,
a SPhP within the reststrahlen band and a waveguide mode
dispersing above or at the upper edge of the reststrahlen band
are supported, highlighting the generality of our concept for
the broad IR frequency range of 400-1400 cm™™.

6. Conclusion

In conclusion, we have presented a generic material system
comprising a subwavelength thin PCM film on a polar crystal
substrate that simultaneously supports a p-polarized SPhP and
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an s-polarized waveguide mode. Our experimental data of the
exemplary GST/SiC system demonstrate that high-contrast
active tuning of both modes can be realized via switching of
the GST phase, achieving an exceptional tuning figure of merit
of up to 7.7. We have presented a simple theoretical model
for the waveguide mode, revealing the similarity of the SPhP
and waveguide mode dispersions in the reststrahlen region of
the substrate material. Furthermore, by analyzing the electric
field distributions across the system interfaces, we have shown
that the waveguide mode can feature spatial confinement and
field enhancement factors comparable to those of an SPhP,
while expanding the allowed frequency range beyond the rest-
strahlen band. Thus, in addition to the polarization-limited
surface polaritons, polariton-like waveguide modes supported
by phase-change materials on polar crystal substrates provide
a promising complementary building block for actively tunable,
low-loss, and omnipolarized nanophotonic applications, such
as in-plane metasurfaces or polariton lenses.l3>3l

7. Experimental Section

Experimental: The 144 nm thick film of the phase-change material
Ge;Sb,Teg was deposited onto the SiC substrate by direct current
magnetron sputtering with a background pressure of about 2 x 107
mbar and 20 sccm Ar flow in constant power mode (20 W) using
stoichiometric targets of 99.99% purity.

The experimental setup is illustrated in Figure 2a and has been
described before.3>*® |n short, the Otto geometry was implemented
employing three motorized actuators (Newport TRA12PPD) to control the
relative position of the coupling prism (KRS5, 25 mm high, 25 mm wide,
angles of 30°, 30°, and 120°, with the 120° edge cut-off, Korth Kristalle
GmbH) with respect to the sample. The motors pushed the prism
against springs away from the sample and thus enabled continuous
tuning of the air gap width d,,,. The 120° prism edge was cut-off parallel
to the backside in order to quantify dy,, via whitelight interferometry.?!
The smallest gap width achieved was of =3 um. In principle, gap widths
below 3 um can be measured, but were not feasible for the GST/SiC
sample probably due to a not perfectly flat sample surface.

For each incident angle and polarization, the air gap of critical mode
coupling d ¥ was determined by optimizing the mode resonance
depth in the reflectance signal, and all spectra were taken at dg.
However, d.;; scales with the resonance quality, because large losses into
the sample require equally large radiative losses that are provided by the
proximate coupling prism, thus leading to very small d ;. This can lead
to dg;; being smaller than the experimentally achieved minimum gap of
3 um, resulting in low resonance depths due to undercoupling.’® This
is, indeed, the reason why the waveguide mode resonance in the lossy
c-GST maximally dropped by 30% in the experiments (see Figures 2a
and 3), whereas all other resonances achieved 80%.

Furthermore, it is noted that the in-plane electric field distributions of
SPhPs and waveguide modes in Figure 1 a—d, analogous to Figure 5a—f, were
calculated for excitation via a KRS5 coupling prism in the Otto geometry at
an incident angle of 6 = 30°. For all four systems, the coupling gap was
fixed to the critical coupling gap of the SPhP on bare SiC (d.;; = 5.3 um).
This asymmetric excitation scheme is the reason for the asymmetric field
distribution of the air-bound waveguide mode in Figure 1d.

The mid-infrared FEL employed as excitation source was operated at
an electron energy of 31 MeV, yielding a tuning range of the FEL output
wavelength between =7 and 18 um (=1400-550 cm™, covering the
spectral range of the SiC reststrahlen band) by moving the motorized
undulator gap. The micropulse repetition rate was set 1 GHz, and
the macropulse had a duration of 10 us at a repetition rate of 10 Hz,
yielding picosecond-pulses with a typical FWHM <5 cm™ (=0.3%).
The macropulse and micropulse energies were =30 m) and 10 pJ,
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respectively. However, the incident FEL beam was attenuated by —18 dB
in order to avoid irreversible damage of the GST film and unintentional
crystallization. Further details on the FEL are given elsewhere.[*%

The reflectance signal was detected with a pyroelectric sensor (Eltec
420M7). A second sensor measured the power reflected off a thin KBr
plate placed prior to the setup in the beam. This reference signal was
used to normalize all reflectance signals and was measured on a single
shot basis in order to minimize the impact of shot-to-shot fluctuations
of the FEL. The spectral response function of the setup was determined
by taking a reflectance spectrum at large gap widths dg,, = 40 um, where
the beam was totally reflected at the prism backside across the full
spectral range. References were measured for each incident angle and
polarization individually, and all reflectance spectra were normalized to
their respective response function.

Global Fitting Procedure: The spectra in Figure 2b, the dispersion curves
in Figures 1ef, 3, and 6, and the electric field distributions in Figure 5 were
all calculated with a 4 x 4 transfer matrix formalismt*! that accounts for
the anisotropy of the c-cut hexagonal 4H-SiC substrate. For the calculations,
most of the material parameters and system variables were set to values
from literature or in advance determined values (including the phonon
frequencies @35,=797 cm™, 035, =788 cm™, ®FS =970 cm,
o, =964 cm™' where o stands for ordinary and e for the extraordinary
crystal direction,l the damping ¥sic = 3.75 cm™, 3i€ =6.5/6% the spectral
width of the FEL Aw = 5.56 cm™', the angular width of the excitation beam
A6 = 0.24°, and all nine incident angles 6 = 26°-34°). The remaining
parameters, on the other hand, were extracted from a global fitting
procedure and comprised the a-GST film thickness d, st = 144nm (the
c-GST film thickness was calculated by a constant factor, d.cst=0.92d,.cst=
132nmt*42)) the real and imaginary part of the permittivity of c-GST
(EccsT=31.4+ 9i), the real permittivity of a-GST (&,.cst = 13.8 + 0i), the gap
widths dg,p, and a multiplication factor a to account for slow FEL power drifts
(0.96 < a < 1). The data sets of all four system configurations (p-polarization
and s-polarization for a-GST and c-GST, respectively), each containing nine
spectra at different incident angles, were fitted globally, where d, s, €..657
and &.cs7 were global fitting parameters, while the factors a and the gap
widths dg,, were adjusted individually for each spectrum.
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This publication (Passler et al., PRB 2020, 101, 165425 [VII]) presents a formalism to describe the
layer-resolved transmittance and absorption in layered heterostructures of arbitrarily anisotropic,
birefringent, and absorbing media, capable of treating light of any polarization at oblique incidence
onto any number of layers. An online version of the computer code programmed in Matlab [19] and
Python [120] has been published as open source.

The idea of this work emerged during the development of the erratum to the transfer matrix formalism
[III] (reprinted on page 59). The resulting algorithm describes any linear light-matter interaction in
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Author contributions

AP. originated the concept. The manuscript was written by N.C.P. and M.J., with all authors assisting
in the proof-reading and preparation for final submission. N.C.P. devised the fundamental framework
of the formalism, and N.C.P. and A.P. developed the final algorithm. Design and computations of the
nanophotonic device structures were completed by N.C.P., M.J. and A.P. The project management
was provided by A.P.

go to list of publications

97


https://doi.org/10.1103/PhysRevB.101.165425




4.6 Layer-Resolved Absorption in Anisotropic Heterostructures

PHYSICAL REVIEW B 101, 165425 (2020)
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We present a generalized formalism to describe the optical energy flow and spatially resolved absorption
in arbitrarily anisotropic layered structures. The algorithm is capable of treating any number of layers of
arbitrarily anisotropic, birefringent, and absorbing media and is implemented in an open-access computer
program. We derive explicit expressions for the transmitted and absorbed power at any point in the multilayer
structure, using the electric field distribution from a 4 x 4 transfer matrix formalism. As a test ground, we
study three nanophotonic device structures featuring unique layer-resolved absorption characteristics, making
use of (i) in-plane hyperbolic phonon polaritons, (ii) layer-selective, cavity-enhanced exciton absorption in
transition-metal dichalcogenide monolayers, and (iii) intersubband-cavity polaritons in quantum wells. Covering
such a broad spectral range from the far infrared to the visible, the case studies demonstrate the generality and

wide applicability of our approach.

DOI: 10.1103/PhysRevB.101.165425

I. INTRODUCTION

The absorption of light in thin layers of strongly
anisotropic materials has received enormous attention since
the dawn of two-dimensional (2D) materials and their het-
erostructures [1]. Tremendous progress has been reported
using 2D materials for numerous nanophotonic applications
such as hybrid graphene-based photodetectors [2,3], opto-
electronic [4,5] and photovoltaic [6,7] devices employing
transition-metal dichalcogenide (TMDC) monolayers, en-
hanced light-matter interaction using photonic integration
with optical cavities [8,9], approaches toward TMDC-based
nanolasers [10,11], hyperlensing [12,13] based on hyperbolic
polaritons [14], biosensing [15], and thermoelectric applica-
tions using black phosphorus (BP) monolayers [16,17]. In
light of these thriving developments and the great potential
entailed in nanophotonic technology, a robust and consistent
theoretical framework for the description of light-matter in-
teraction in layered heterostructures of anisotropic materials
is of central importance.

In order to understand, analyze, and predict the optical re-
sponse of multilayer structures, the transfer matrix formalism
has proven to be of great utility [18-20]. In isotropic layered
media, a 2 x 2 transfer matrix fully describes any light-matter
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interaction, and with knowledge of the local electric and
magnetic fields, the optical power flow can be described by the
Pointing vector S [21,22]. However, what already proves intri-
cate in isotropic multilayers becomes even more cumbersome
when the materials are uniaxial or even biaxial, requiring a
4 x 4 transfer matrix formalism [23-25], as is the case for
many state-of-the-art nanophotonic materials like hexagonal
boron nitride (hBN) [26], molybdenum trioxide (MoO3) [27],
or BP [28]. In consequence, to the best of our knowledge,
previous approaches aiming at the analytical computation of
light absorption in anisotropic multilayers are restricted to
special cases [29-32], whereas a fully generalized formalism
applicable to any number of layers of media with arbitrary
permittivity has not been proposed so far.

In this work, we derive explicit expressions for the
layer-resolved transmittance and absorption in stratified het-
erostructures of arbitrarily anisotropic, birefringent, and ab-
sorbing media, using the electric field distribution provided
by our previous transfer matrix formalism [25,33]. Our algo-
rithm is numerically stable, yields continuous solutions, and
is implemented in an open-access computer program [34,35],
enabling a robust and consistent framework that is capable of
treating light of any polarization impinging at any incident
angle onto any number of arbitrarily anisotropic, birefringent,
and absorbing layers. To demonstrate the capabilities of our
algorithm, we present and discuss simulation results for three
nanophotonic device structures, featuring several phenomena
such as azimuth-dependent hyperbolic phonon polaritons in
a MoO;3; / aluminum nitride (AIN) / silicon carbide (SiC)
heterostructure, layer-selective exciton absorption of molyb-
denum disulfide (MoS;) monolayers in a Fabry-Pérot cavity,
and strong light-matter coupling between a cavity mode and
an epsilon-near-zero (ENZ) mode in a doped gallium nitride
(GaN) multi-quantum-well system. Section II summarizes the
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transfer matrix framework that is used to calculate the electric
field distribution and the momenta of the eigenmodes in an
anisotropic multilayer system. Based on this theory, Sec. III
introduces the calculation of the layer-resolved transmittance
and absorption. In Sec. IV, the simulation results are pre-
sented.

II. TRANFER MATRIX FRAMEWORK

The 4 x 4 transfer matrix formalism comprising the cal-
culation and sorting of the eigenmodes and the treatment
of singularities (Sec. I A), the calculation of reflection and
transmission coefficients (Sec. II B), and of the electric fields
(Sec. I C) is based on our previous work [25], and therefore is
here only briefly summarized in order to provide the necessary
framework for the calculation of the layer-resolved absorption
(Sec. III).

A. Matrix formalism

The incident medium is taken to be nonabsorptive with
isotropic (relative) permittivity &j,., while all other media can
feature absorption and fully anisotropic (relative) permittivity
tensors £. Each permittivity tensor &; of medium i with princi-
ple relative permittivities in the crystal frame &,, €y, and ¢, can
be rotated into the laboratory frame using a three-dimensional
coordinate rotation matrix [24] (Eq. (2) in Ref. [25]). In the
following, media with a diagonal permittivity tensor in the
laboratory frame are referred to as nonbirefringent, while
media with a permittivity tensor that features nonzero off-
diagonal elements is called birefringent. Furthermore, all me-
dia are assumed to have an isotropic magnetic permeability
W

The coordinate system in the laboratory frame is defined
such that the multilayer interfaces are parallel to the x-y
plane, while the z direction points from the incident medium
toward the substrate and has its origin at the first interface
between incident medium and layer i = 1. The layers are
indexed from i = 1 to i = N, and the thickness of each layer
is d;. Furthermore, i = 0 refers to the incident medium and
i = N + 1 to the substrate. The plane of incidence is the x-z
plane, yielding the following wave vector k; in layer i:

k= %(s,o, ). (1)

where o is the circular frequency of the incident light, c is the
speed of light in vacuum, & = ,/gj,c sin(6) is the in-plane x
component of the wave vector which is conserved throughout
the entire multilayer system, 6 is the incident angle, and g; is
the dimensionless z component of the wave vector in layer i.
In any medium, the propagation of an electromagnetic
wave is described by exactly four eigenmodes j = 1,2, 3,4
with different z components ¢;; of the wave vector. These four
gij can be obtained for each medium i individually by solving
the eigenvalue problem of a characteristic matrix A (Eq. (11)
in Ref. [25]), as has been derived originally by Berreman [23].
However, for media with highly dispersive permittivities, the
four obtained eigenvalues ¢;; and their related eigenmodes
can switch their order as a function of frequency, and thus
have to be identified in an unambiguous manner. Following
Li et al. [36], the modes are separated into forward- and

backward-propagating waves according to the sign of g;; (Eq.
(12) in Ref. [25]). We assign the forward-propagating (trans-
mitted) waves to be described by ¢;; and ¢;», and the backward
propagating (reflected) waves by ¢;3 and g;4. Furthermore,
each pair is sorted by the polarization of the corresponding
mode, utilizing the electric fields given by the eigenvectors
W;; (Eq. (13) in Ref. [25]). In nonbirefringent media, the
two modes are separated into p-polarized (g;; and ¢;3) and
s-polarized (g;» and g;4) waves by analyzing the x component
of their electric fields. For birefringent media, on the other
hand, the sorting is realized by analyzing the x component
of the Poynting vector §ij = E,-j X 1-7,-1-, and the modes are
separated into ordinary (g;; and g;3) and extraordinary (g;» and
qis) Waves [25].

In the case of nonbirefringent media, the four solutions ¢;;
become degenerate, leading to singularities in the formalisms
of previous works [23,24,37]. To resolve this problem, we
follow the solution presented by Xu et al. [38]. Using the
appropriately sorted ¢;;, obtained as described above, the
eigenvectors ;; of the four eigenmodes in each layer i are

Yij1
Yiiz | 2
Yij3

Vij =

with the values of y;; given by Xu et al. [38] (Eq. (20) in
Ref. [25]), and k = 1, 2, 3 being the x, y, and z components of
7ij. Furthermore, ¥;; has to be normalized:

Py ==L 3)

We note that this normalization is essential to ensure a cor-
rect calculation of the cross-polarization components of the
transfer matrix. The normalized electric field eigenvectors )7/,~ iR
being free from singularities, replace the eigenvectors W;; for
all further calculations in the formalism.

At each interface, the boundary conditions for electric
and magnetic fields allow to connect the fields of the two
adjacent layers i — 1 and i. Formulated for all four modes
simultaneously, the boundary conditions are

Ai—lEi—l = Aiﬁp (4)

where A; is a 4 x 4 matrix calculated from the eigenvectors
vijk [38] (Eq. (22) in Ref. [25]), and E; is a dimensionless four-
component electric field vector containing the amplitudes of
the resulting electric fields of all four modes. In the following,
we refer to E; as the amplitude vector, and its components are
sorted as follows:

E?/°
ES
EPC )
ES/¢

&)
Il

&)

where = (<) stands for the forward-propagating, transmitted
(backward-propagating, reflected) modes, and p, s refer to the
p- and s-polarized modes in nonbirefringent media, while o, e
indicate the ordinary and extraordinary modes in birefringent
media. By multiplying A;_;~! on both sides of Eq. (4), we
find the implicit definition of the interface matrix L;, which

165425-2
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projects the amplitude vector in medium i onto the amplitude
vector in medium i — 1:
Eiy =Ai 'AE; = LiE;. (6)
For the transition between two birefringent or between two
nonbirefringent media, the projection of a wave of one par-
ticular polarization in layer i only yields a finite amplitude in
layer i — 1 of the mode of same polarization, i.e., s/e <> s/e
and p/o <> p/o. For the transition between a birefringent and
a nonbirefringent medium, on the other hand, the interface
matrix L; projects a mode of one particular polarization in
layer i onto both polarization states in layer i — 1. This cross-
polarized projection occurs because in birefringent media,
the in-plane directions of the ordinary and extraordinary
eigenmodes are rotated (# nm, n € Ng) with respect to the
directions of the p- and s-polarized eigenmodes in the non-
birefringent medium.

The propagation of all four eigenmodes through layer i is
described by the propagation matrix P; [24]:

e—itand 0 0 0
0 e and: 0 0

Pi=1 o 0 ead o | D
0 0 0 e i ¢ qudi

where the rotation of polarization in birefringent media arises
due to a phase difference that is accumulated during propa-
gation through the medium, because of different propagation
speeds of the ordinary and extraordinary modes (g;1 # gi» and

gi3 7 gia)-
The transfer matrix T; of a single layer i is defined as

T, = APA; ™, (®

and the full transfer matrix I" of all N layers is

N
r=A" (]‘[ Ti)ANH, ©)
i=1

where Ag™! (Ay,1) ensures the correct mode projection be-
tween the multilayer system and the incident medium (sub-
strate).

B. Reflection and transmission coefficients

The full transfer matrix I' projects the amplitude vector in

the substrate E;,r 41 onto the amplitude vector in the incident

medium E(; :
Ey =TEy, |, (10)

where Ei: , and Eﬁ denote the fields on both sides of the
interface between layer i — 1 and i, respectively. Following
the equations presented by Yeh [24], the transmission (7) and
reflection (r) coefficients for incident p- or s-polarization can
be calculated in terms of the matrix elements of I' as follows:

31Ty — 3l 1Py

L4l — Tpl'yg =Ty
Fps = s tp(s/e) = s (13)
11T — Tl Il — Tl
' I3 — 5T -I
_ul's 3112 12 (14

Fsp = ———————, tv( )= = o o
P Ty —Tply” 2 7 T Ty — Tiply

where the subscripts refer to the incoming and outgoing
polarization states, respectively. The transmission coefficients
describe the transmitted electric field amplitude into p- and
s-polarized states in the case of a nonbirefringent substrate
and into the ordinary and extraordinary eigenstates in the case
of a birefringent substrate. We note that the indices of I differ
from the equations reported by Yeh [24] in order to account
for a different order of the eigenmodes in the amplitude vector

(Eq. (5)].

C. Electric field distribution

Employing the interface and propagation matrices L; and
P;, respectively, an amplitude vector can be projected to any
z point in the multilayer system (please note the published
erratum that corrects the calculation of the electric field distri-
bution in our original work [33]). However, due to the rotation
of polarization in birefringent media and thus the mixing of
polarization states, in general, the cases of incident p and s
polarization have to be treated separately. As a starting point,
the transmission coefficients can be utilized to formulate the
amplitude vector E; 4 for either p- or s-polarized incident
light in the substrate at the interface with layer N as follows:

Ego Lp(p/o)
E )y = EX | toesser
N+1/pm — Ep/o - 0 ’
=
ES/® 0
. (15)
EE Is(p/o)
. Ex/e Zs(s/e)
(E;_H)s in = > = s
EP/° 0
ESl® 0

where the reflected (<) components are set to zero, since
no light source is assumed to be on the substrate side of the
multilayer system. Furthermore, in order to obtain the electric
field amplitudes as a function of z, the propagation through
layer i is calculated by means of the propagation matrix P;:

Ei(z) = Pi(2)E;

etz 0 0 0
0 e itanT 0 0 - (16)
1 o 0 etz 0 |7
0 0 0 ettt

with 0 < z < d; being the relative z position in layer i. Starting
from E ;,“ +1» the interface matrices L; and propagation matrices
P; subsequently propagate the amplitude vector toward the
incident medium. In the reverse direction, the inverse prop-

agation matrix Py, " allows us to calculate the E fields in

=TT to(pjo) = T T (11)  the substrate. As a result, the four mode amplitudes E?/?, E*/¢,

11122 122 21 11122 122 21 EP/°, and E3/¢ are obtained as a function of z within each layer.

ro = Ciila — F41F12’ fis/e) = T . (12) In order to obtain the three components &, &, and &,

[T —TalMy [T — el of the electric field for each of the four modes j, the
165425-3
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four mode amplitudes have to be multiplied with their respec-
tive eigenmode vector )3,« i [Eq. (3)]. This yields for the electric

fields € of the four modes for each layer i, as a function of z,
and for either p- or s-polarized incident light:

Pin
EPLYpssin = EX V| P2 |, J =1,
Vi3
_ ‘ Vi
ELYppsin = EL)pssin| P2 |, J =2,
Vi3
. P31
EP)prsin = EP Vi | P22 |, 1 =3,
Vi33
~ , Pial
ELY%sin = ELYpsin| Pz |, F=4. A7)
Pia

where we have omitted the index i and the z dependence for
the sake of readability. The full electric field fi (z) for either
p- or s-polarized incident light in layer i at point z is given by
the sum of all four electric field vectors:

&) =E"% )+ EL @+ E U+ EL . (18)

The in-plane components of the sum, &, and &,, are continu-
ous throughout the entire multilayer structure, as it is required
by Maxwell’s boundary conditions.

III. LAYER-RESOLVED TRANSMITTANCE
AND ABSORPTION

The total reflectance R of the multilayer system for a
given ingoing and outgoing polarization a and b, respectively,
can be readily calculated from the corresponding reflection
coefficient [Egs. (11)—(14)]:

R =|ru)*, a,b=p,s. (19)

The transmittance 7, which is the transmitted power into the
substrate, on the other hand, in general is not given by the
electric field intensity 7 % |¢|? (except for the special case if
the substrate is vacuum, ¢ = 1). Instead, 7 can be calculated
from the time-averaged Poynting vector S [39-41], which
describes the direction and magnitude of the energy flux of
an electromagnetic wave at any point z in the structure:

Six) = %Re[gi(z) x Hi(2)]. (20)

The full electric field € (for incident polarization a) as a
function of z in each layer i was calculated in the previous
section [Eq. (18)], and the full magnetic field H is obtained as
follows using Maxwell’s equations:

Hiz) =

" [Kit x EX/%(2) + ki x EXL(2)

+hs x E0) +Rku x EL@]. @D

N

where k; ;j are the wave vectors in layer 7 of the four modes j;
see Eq. (1). Because & and H are known in each layer i and as

a function of z from the transfer matrix formalism, the Poynt-
ing vector can be evaluated likewise, yielding Si(z), which
will be used in the following to calculate the transmittance
and absorption at any point z in the multilayer system.

It is important to note that while £ and 7{ can be calculated
for each of the four modes j individually, this mode separation
in general—specifically, in the case of birefringent media—is
not possible for the Poynting vector S. In other words, in
birefringent media, the sum of the Poynting vectors of the four
modes is not equal to the Poynting vector calculated from the
total fields & [Eq. (18)] and H [Eq. (21)]. The difference arises
because in birefringent media, g b A. Therefore, the cross
products & x H between different modes Jj are no longer zero.
For the correct calculation of the Poynting vector in birefrin-
gent media, it is thus necessary to calculate the cross product
of the total fields & and 7, as shown in Eq. (20). Interestingly,
this means that the energy flux in birefringent media cannot
be split up into the ordinary and extraordinary eigenmodes
but has to be considered as a single quantity. In the following,
we therefore discuss the transmittance and absorption for s- or
p-polarized incident light without differentiating between the
eigenmodes anymore.

An exception is the incident medium, which is set to be
isotropic. Here, the Poynting vector can be calculated for each
mode individually, and for the purpose of normalizing the
transmitted power, we calculate the Poynting vector of the
incident light Sine (in layer i = 0 at position z = 0) for either
p or s polarization as follows:

She = 3Re[€Z 4(0) x (kor x £, o (0)) ],

She = 3Re[€2,4(0) x (K x E5,00)]. (22
In a stratified multilayer system, the transmitted energy is
given by the z component of the Poynting vector. Thus, we
note that alternatively to Eq. (19), the reflectance R can be
calculated from the Poynting vector:

_ b

R = Safe“, (23)

inc,z

where the minus sign accounts for the negative z direction of
the reflected light. Sfeﬂ,z is the z component of the Poynting
vector of the reflected light of polarization b = p, s (in layer

i = 0 at position z = 0) given by

Stn = 7Re[EL 1(0) x (kos x EL 4(0)"],
0 = sRe[EL 1(0) x (kos x ELn(0)"].  (24)
As discussed above, for anisotropic media, a separation of the
energy flow into the different eigenmodes of polarization b is
not generally possible. Therefore, all following equations cal-
culate the total transmittance or absorption for the respective
incident polarization a.
The transmittance 7 into the substrate i = N + 1 at the
interface with layer N for incident light of polarization a is
given by

Sy+1.:(D)
S ’

inc,z

T = (25)
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FIG. 1. Layer-resolved absorption calculations of two simple test structures. (a) Sketch of the TMDC heterostructure comprising
monolayers of WSe,, MoS,, and WS, [42] separated by hBN monolayers on a 140-nm-thick SiO, film on a Si substrate. (b) Reflectance
(black line) and transmittance (blue line) spectra of the system at visible wavelengths and at an incident angle of 60° for s-polarized incident
light. (c) Layer-resolved absorption spectra of the TMDC monolayers (colored lines), revealing their respective contribution to the overall
absorption spectrum (gray line). (d) Sketch of the polar dielectric heterostructure comprising 100-nm-thin GaN, AIN, and SiC films on a Si
substrate. (e) Reflectance and transmittance spectra and (f) layer-resolved absorption spectra of the second system, enabling identification of

the absorbing layer for each of the six absorption lines.

where D = Zf;l d; is the thickness of the multilayer system.
The full z dependence of the transmittance can be evaluated
by using the z component of the Poynting vector S; .(z) at a
certain z position in layer i:

5%.(2)
S

inc,z

T(2) = (26)
With this, the absorption A of the entire multilayer system,
that is, up to the last interface between layer N and the
substrate, is given by

AV =1-R*—-T¢, 27
and the z-resolved absorption .4;(z) in each layer i is
Al =1-R* =T (2), (28)

where R = R + R* is the total reflectance. Note that
Eq. (28) describes the total absorption starting from z = 0 at
the first interface up to the specified position z in layer i. The
layer-i-resolved absorption, on the other hand, is given by

Af =T (d..i-1) — T (d..ic1 + dp)

; " (29)

= Ai(d,..i-1 +d;) — A{(d1..i-1),
where d ;1 = Z:;{ d; is the thickness of all layers through
which the incident light has propagated before reaching the

layer i.

Before we study three nanophotonic device structures in
the following section, we calculate the layer-resolved absorp-
tion for two simple test structures in Fig. 1. The first is a typ-
ical TMDC heterostructure, comprising monolayers of tung-
sten diselenide (WSe;), MoS,, and tungsten disulfide (WS;)
sandwiched between hBN monolayers [sketched in Fig. 1(a)],
where each TMDC monolayer features individual exciton ab-
sorption lines. In Fig. 1(b), the reflection and transmittance of

the entire structure is plotted, and Fig. 1(c) shows the absorp-
tion spectra of each TMDC monolayer. The total absorption
[gray line in Fig. 1(c)] obtained from the reflectance and trans-
mittance spectra [Eq. (27)] exhibits three indistinguishable
absorption features, whereas the layer-resolved absorption
calculations unravel the absorption spectrum, allowing us to
identify the contribution of each TMDC monolayer.

In Figs. 1(d)-1(f), we show the absorption in a polar dielec-
tric heterostructure of SiC, AIN, and GaN thin films on a Si
substrate probed at infrared (IR) frequencies. Polar dielectric
crystals feature an IR-active transverse optical (TO) phonon
mode, where light is predominantly absorbed, whereas the
longitudinal optical (LO) phonon mode is not IR active and
thus featureless in a bulk crystal. Thin films, on the other
hand, support the so-called Berreman mode in proximity to
the LO frequency, leading to a strong absorption feature
for p-polarization at oblique incidence [43—46]. Thus, the
reflectance and transmittance spectra [Fig. 1(e)] of the polar
dielectric heterostructure are of complicated shape, exhibiting
six different features arising from the three different polar
crystal thin films. The layer-resolved absorption calculations
split these features into three spectra with two absorption
peaks each [Fig. 1(f)], allowing us to identify the respective
polar crystal thin film that leads to the absorption at its
respective TO and LO frequencies.

IV. SIMULATIONS OF NANOPHOTONIC DEVICES

The transfer matrix formalism and the calculation of the
layer-resolved absorption and transmittance presented in the
previous section can be applied for any wavelength and any
number of layers, consisting of birefringent or nonbirefrin-
gent media described by an arbitrary permittivity tensor £;.
As case studies, in this section we describe three selected
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FIG. 2. Azimuthal dependence of the layer-resolved absorption in a MoOj;/AIN/SiC heterostructure. (a) Prism coupling setup in the Otto
geometry for the evanescent excitation of phonon polaritons in a 1200-nm MoO; / 1000-nm AIN / SiC substrate multilayer sample with
p-polarized incident light. The incident angle is fixed to 6 = 28° and the air gap to d,y,, = 8 um. (b) Real value of the principle relative
permittivities €,, &,, and ¢, of uniaxial SiC and AIN and biaxial MoOs. Their respective reststrahlen bands located between the corresponding
TO and LO phonon frequencies are indicated by the horizontal color bars. (c) Reflectance R” of the entire system as a function of incident
frequency w and azimuthal angle of the sample ®. [(d)—(f)] Absorptions A7 [Eq. (29)] of the MoOs, AIN, and SiC layers as a function of w

and ©.

nanophotonic device structures. The first example discusses
the hyperbolic phonon polaritons arising in a MoO3 /AIN/SiC
system excited evanescently at far-IR wavelengths, highlight-
ing the potential of the formalism for nanophotonic studies in
stratified media. The second example describes the free-space
response in the visible of a van der Waals heterostructure of
monolayers of MoS, embedded in a hBN matrix, featuring
layer-selective absorption of the MoS, excitons. Finally, the
third example calculates the mid-IR absorption of strongly
coupled modes formed from intersuband plasmons in multi-
quantum wells embedded in an optical cavity.

A. Hyperbolic phonon polaritons in MoO;/AIN/SiC

Polar crystals such as MoO3, AIN, and SiC support surface
phonon polaritons (SPhP) at frequencies inside their rest-
strahlen region between the TO and LO phonon frequencies
[48]. On smooth surfaces, SPhPs can be excited via prism cou-
pling in the Otto geometry [49,50] as illustrated in Fig. 2(a),
where the air gap width dy,, governs the excitation efficiency
and the incident angle 6 defines the in-plane momentum of
the launched SPhP [51]. The system we investigate here is
a multilayer heterostructure comprising an MoO3; and AIN
film on a SiC substrate. Employing the presented transfer
matrix formalism, the layer-resolved absorption A; of such
a structure can be calculated as a function of incident angle

0, incident frequency w, layer thicknesses d;, and azimuthal
angle ® of the sample.

The absorption in the MoOs3, AIN, and SiC layers as a
function of w and & and for fixed 6 and d; is shown in
Figs. 2(d)-2(f). The reflectance of the entire system is plotted
in Fig. 2(c). As required by energy conservation, the sum
of the absorbed power in the three polar crystals equals the
attenuated power visible as absorption dips in the reflectance.
However, while the reflectance only yields the total absorp-
tion, the layer-resolved calculations allow us to identify the
exact position of a power drain in a multilayer system.

In particular, the MoO3/AIN/SiC heterostructure features
several sharp absorption lines at 660, 800, 920, and 980 cm™!
that are mostly independent of ®, and one prominent absorp-
tion line that strongly varies with ®, indicating that the latter
depends on in-plane anisotropy (&, # &,) while the former do
not. In the multilayer sample, only the MoO3 layer exhibits
in-plane anisotropy, while AIN and SiC are c-cut uniaxial
crystals [principle relative permittivities &,, &,, and &, are
shown in Fig. 2(b)]. Indeed, the ®-dependent feature is mostly
absorbed in the MoOs; layer. This feature is the hyperbolic
phonon polariton (hPhP) supported in the MoO; thin film
arising in the in-plane reststrahlen bands of MoOs. Its tun-
ability in frequency arises from the large in-plane anisotropy
of MoOs3, which leads to a ®-dependent effective permittivity
sensed by the hPhP upon azimuthal rotation.
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Notably, below the SiC TO frequencies (=800 cmfl), a
significant part of the hPhP leaks into the SiC substrate,
while above w5 the mode is mostly confined to the MoO;
layer. The high confinement above a)%‘g occurs because of the
negative permittivity in the SiC reststrahlen band, while below
a)%ig, the mode can penetrate the substrate. Interestingly, this
mode penetration happens across the AIN layer, where only
a small part of the mode is absorbed. Since AIN features
its reststrahlen bands across the entire frequency range of
the hPhP supported by the MoOs, and thus evanescently
attenuates all modes, the hPhP appears to tunnel through the
AIN layer to be absorbed by the SiC substrate.

The multilayer system presented here only scratches the
surface of various possible material configurations and com-
positions that can potentially be employed for tailoring sur-
face and interface polariton resonances [20,52-57]. In par-
ticular, the emerging field of volume-confined hyperbolic
polaritons [14,20,58,59], enabled by the anisotropic permit-
tivity of the supporting media, holds great potential for future
nanophotonic applications, such as subdiffraction imaging
and hyperlensing [12,13]. Providing the full layer-resolved
absorption, our algorithm paves the way to predict and study
hyperbolic polariton modes in any anisotropic stratified het-
erostructure.

B. Layer-selective absorption of MoS, excitons
in a Fabry-Pérot cavity

TMDC monolayers such as MoS, feature strong exciton
resonances at visible frequencies [42,47]. By inserting these
monolayers into van der Waals heterostructures forming a
Fabry-Pérot cavity, the light-matter interaction enabled by
the TMDC exciton can be strongly enhanced [60]. Here, we
embed two MoS, monolayers into a d. = 1.9-2.4-um-thick
hBN cavity with a SiO, back-reflector on a Si substrate [61],
as sketched in Fig. 3(a). Employing the presented formalism,
the absorption .4; in the two MoS, monolayers as a function
of photon energy and cavity thickness d. can be calculated.

In the photon energy range of 1.7-2.2 eV, MoS, features
two excitons (A and B) at ~1.9 and ~2.1 eV. These excitons
are apparent as resonance peaks in the isotropic relative
permittivity plotted in Fig. 3(b) and resulting in peaks in an
absorption spectrum. However, the Fabry-Pérot cavity creates
a static modulation of the electric field enhancement with
peaks and nodes as a function of the z position, and thus the
resulting absorption in a MoS; monolayer not only depends
on the photon energy, but also sensitively depends on the z
position of the MoS, monolayer in the cavity. Taking advan-
tage of this field modulation, we place one MoS, monolayer
(layer 4) at the center of the cavity where the cavity modes
alternate between node and peak with maximal amplitude, and
the other MoS, monolayer (layer 2) in close proximity where
the cavity features a node when there is a peak in the center,
and vice versa.

The cavity modes yield the periodic modulation in pho-
ton energy and cavity thickness d. that can be seen in the
reflectance (transmittance) maps shown in Figs. 3(f) and 3(g)
[Figs. 3(1) and 3(m)], for incoming s- and p-polarized light,
respectively. The different modulation contrast for R* and R”
(T* and TP) arises from the large incident angle of 6 = 70°,

which was chosen to optimize the absorption .4* in the MoS,
monolayers for s-polarized incident light. For smaller incident
angles, the differences for s- and p-polarization decrease, but
with a reduction in the absorption A°.

In Figs. 3(h) and 3(i) [Figs. 3(j) and 3(k)], the absorption
for s- and p-polarized incident light in the first MoS, mono-
layer, A5” (second MoS; monolayer, A}"), is shown. Due to
the choice of the z positions of the two MoS, monolayers,
each film is sensitive to only every second cavity mode, where
layer 2 (first MoS, monolayer) absorbs those modes that are
not absorbed by layer 4 (second MoS, monolayer). In addition
to the absorption modulation imposed by the cavity, the A
and B excitons of MoS, yield two absorption features at
their respective energies, marked by dotted vertical lines in
Figs. 3(h)-3(k). For the optimized case of s-polarized incident
light, the MoS, monolayers reach cavity-enhanced absorption
values of up to 20% at both exciton energies. At a cavity
thickness of d. = 2.15 um for s polarization, layer 2 only
absorbs at the energy of exciton A, while in layer 4, absorption
only occurs at the energy of exciton B. This layer-selective
absorption is further illustrated in the absorption spectra (solid
lines) for a fixed cavity thickness of d, = 2.15 um shown in
Figs. 3(d) and 3(e) for s- and p-polarized light, respectively.
For both polarizations, a high contrast between the two layers
at each exciton absorption line is achieved, yielding efficient
layer selectivity.

Finally, we compare these results obtained for an isotropic
permittivity model [42] with the same calculations performed
for an anisotropic model of MoS, [47]. In Fig. 3(c), the
in-plane (&y,,) and out-of-plane (¢;) permittivity values taken
from Funke et al. [47] are plotted. While ¢, , are qualitatively
the same as the values from Jung er al. [42] [Fig. 3(b)],
¢, differs strongly, taking the almost constant value of ¢, =
14 01i. Even though the difference in ¢, is substantial, the
absorption spectra shown in Figs. 3(d) and 3(e) (dashed
lines) are qualitatively identical to the spectra calculated from
an isotropic permittivity model (solid lines). This confirms
that spectroscopic measurements of TMDC monolayers are
mostly insensitive to their out-of-plane permittivity [42], with
the exception of cases where ¢, features a zero crossing, the
so-called epsilon-near-zero frequency, giving rise to drastic
optical responses such as enhanced higher harmonic gener-
ation [45,62,63]. However, this is not the case for MoS,, and
therefore the spectra are almost identical.

In this example, the layer-resolved absorption calculations
from our algorithm provide the essential information for sim-
ulating the layer-selective exciton absorption and optimizing
the system parameters. In the thriving field of 2D nanopho-
tonics featuring TMDC van der Waals heterostructures, where
structures are optimized for maximal light harvesting [6,7],
optoelectronic devices [4,5], or nanolasers [10,11], such layer-
resolved absorption calculations promise to be of essential
importance. Because of the generality of the presented algo-
rithm, the light-matter interaction in any 2D heterostructure
can be readily investigated, highlighting the broad applicabil-
ity of our approach.

C. Strong coupling in a multi-quantum-well-cavity system

Doped semiconductor quantum wells (QWs) support tran-
sitions between consecutive quantum-confined electronic
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FIG. 3. Cavity-enhanced exciton absorption in MoS, monolayers. (a) Structure of the Fabry-Pérot cavity. A 140-nm-thin SiO, film on
the Si substrate serves as a back-reflector, while the cavity with variable thickness d. = 1.9-2.4 um is made of three layers of hBN of
relative thicknesses 0.465 d,, 0.035 d., and 0.5 d., separated by two 0.6-nm-thin MoS, monolayers. (b) Real and imaginary values of the
isotropic relative permittivity of MoS, [42]. All calculations are based on this permittivity, except the dashed lines in subfigures (d) and (e).
(c) Anisotropic relative permittivity of MoS, [47]. (d) Absorption spectra of the two MoS, monolayers for s-polarized incident light, for a
cavity thickness of d. = 2.15 um (d, = 2.128 um) optimized for layer-selective absorption of the two MoS, excitons, calculated with the
MoS, permittivities of Jung et al. (Funke et al.). (¢) Analogous calculations as in subfigure (d) but for p-polarized incident light. [(f), (g)]
Reflectance R* and R? for s- and p-polarized incident light, respectively. Subfigures [(h), (i)] and [(j), (k)] show absorption A and A? of the
two MoS, monolayers, respectively. [(1), (m)] Transmitted power 7 and 77 into the Si substrate, respectively. The maps of R, A, and T are
all plotted as a function of the incident photon energy and the cavity thickness d,.

levels, called intraband or intersubband (ISB) transitions.
Contrary to interband transitions, ISB transitions do not only
depend on the band-gap properties of the semiconductor but
also on the electronic confinement inside the QWs, and thus
offer a great frequency tunability by changing the width and
the doping level inside the QW. They play a major role in
semiconductor optic devices operating in the IR where semi-
conducting materials with a suitable band gap are lacking, and
are the building block of quantum well IR photodetectors [64]
and quantum cascade lasers [65]. They also offer a practical
platform to study the optical properties of dense confined elec-
tron gases [66], which notably led to the demonstration of the
strong [67,68] and ultrastrong light-matter coupling regimes
[69,70]. It is remarkable that such fundamental electrody-

namical phenomena are directly observable on semiconductor
devices [71-73]. One peculiar aspect of these ISB transitions
is that they only couple to the component of the electric field
along the confinement direction of the QW structure. Hence,
the optical properties of a doped QW can be described by an
effective permittivity tensor with different in-plane (e, ,) and
out-of-plane (g;) values, which has been realized by several
permittivity models [74-77]. The description of light prop-
agation in stratified anisotropic media containing such QWs
requires a complex formalism, such as the transfer matrix
method the here-presented algorithm builds on Ref. [25].

We focus here on an existent experimental configuration
to further demonstrate the potential of our formalism for the
case of strong light-matter coupling between a cavity mode
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FIG. 4. Strong coupling between an ENZ mode in a MQW superlattice and a cavity mode. A 1-um-thick GaN cavity is formed between an
Au mirror and a 500-nm-thick doped GaN slab on a GaN substrate (top sketch). The doped GaN slab acts as a low-index mirror. (a) Simulated
reflectance R of the cavity mode showing its dispersion relation as a function of the angle of incidence 6 inside the GaN substrate. [(b), (c)]
Layer-resolved absorption .A? inside the doped GaN slab and in the Au mirror, respectively. (d) Calculated reflectance R? of the 1-pm-thick
cavity partially filled with a doped GaN/AlGaN MQW superlattice (see bottom sketch), featuring an electronic excitation at 22030 cm™!
(white dotted line). The strong light-matter coupling between the cavity mode and QW resonance leads to an avoided crossing and the
emergence of two polariton branches. [(e)—(g)] Layer-resolved absorption .A? inside the doped GaN mirror, the superlattice, and the Au
mirror, respectively. (h) Real part of the permittivity of the isotropic layers forming the cavity. (i) Real part of the different components of the

permittivity tensor of the doped GaN QW and of the AlGaN barrier, showing the ENZ mode frequency of the QW at ~2030 cm™~".

and a collective intersubband excitation in a multi-quantum
well (MQW) superlattice. The system is composed of a GaN
cavity formed by a 500-nm-thick, Si-doped GaN slab and a Au
mirror, as sketched at the top of Fig. 4. The doped GaN layer
is modeled using the Drude model and acts as a low-index
mirror. The two mirrors are separated by a 1-pum-thick GaN
spacer, forming an empty cavity. The system sustains a guided
transverse magnetic (TM) mode, where the electric field is
confined mostly between the two mirrors and its out-of-plane
component is maximal near the Au mirror. This guided mode
can be probed in a reflectance experiment, as discussed in
the following. In order to probe large internal angles of
incidence experimentally, the sample has to be prepared in a
prism shape, for example, by cleaving the incident GaN layer
facets. The calculated p-polarized reflectance R” is shown
in Fig. 4(a), evidencing the dispersion relation of the cavity
mode with varying incidence angles inside the GaN substrate.
The layer-resolved absorption spectra as a function of the
angle of incidence for this system are reported in Figs. 4(b)
and 4(c) and reveal that absorption occurs mostly in the doped

GaN mirror. Notably, for an internal incidence angle of 48°
at the guided mode frequency, all the light is dissipated in the
mirrors, leading to a minimum of zero reflectance in Fig. 4(a).

We now turn to the system’s response when the cavity is
partially filled with a MQW structure [Figs. 4(d)—4(g)]. The
superlattice is composed of 20 repetitions of a 3-nm-thick
GaN QW, Si-doped with a concentration of 2 x 103 cm™2
and 21 lossless 10-nm-thick Alg6Gag 74N barriers. Since the
guided mode is a TM mode, it naturally provides a component
of the electric field along the z direction for nonzero angles of
incidence, which fulfills the ISB transition selection rule. In
order to maximize the coupling between the ISB transition
in the MQW and the cavity mode, the superlattice is placed
where the z component of the electric field is the largest,
that is just below the Au mirror, as shown at the bottom
of Fig. 4. The QW dielectric tensor is modeled using a
semiclassical approach [75]. We selected the QW dimension
and doping level in a way that it sustains a strong, collective
electronic excitation known as an intersubband plasmon [66].
The components of the real part of the dielectric permittivity
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tensor of all the layers are presented in Figs. 4(h) and 4(i).
Note that while the ISB transition in the quantum well has
a resonance frequency of ~21600 cm ™', the Coulomb interac-
tion between the QW electrons results in an ENZ mode at
~2030 cm ™!, marked by the dotted line in Fig. 4(i). The ENZ
mode dominates the optical response of the QWs.

We show in Fig. 4(d) the calculated reflectance R of the
cavity containing the MQW. The white dotted line shows the
ENZ frequency. A clear anticrossing can be seen between
the cavity mode and the ENZ resonance, which is charac-
teristic of the strong light-matter coupling regime, resulting
in two polariton branches. The minimal separation between
the two branches amounts to a vacuum Rabi splitting 2Qz =
200 cm~'. The layer-resolved absorption spectra as a function
of the angle of incidence are shown in Figs. 4(e)—4(g) for
the GaN mirror, the MQW superlattice, and the Au mirror,
respectively. When the cavity mode is far detuned from the
ENZ frequency, the absorption occurs mostly in the two
mirrors, and especially in the GaN mirror, as for the empty
cavity case. The situation changes dramatically when the
cavity mode is tuned near the ENZ frequency. The absorption
then mostly occurs in the MQW. It is, however, important to
note that the absorption is maximal at the frequencies of the
two polaritons and not at the ENZ frequency, as it would occur
in the case of a weak coupling between the cavity mode and
the QW resonance. For an internal incidence angle of 48°, the
maximum absorption inside the MQW stack is now 0.5 at each
of the frequencies of the two polaritons.

The algorithm presented here thus allows us to directly
calculate the light absorption in the complex case of a doped
MQW superlattice strongly coupled to a cavity mode. In
addition to the known features, such as the avoided crossing
in the angle-dependent reflectance spectrum, we can directly
calculate the absorption inside the MQW active region, which
can be usefully linked to the detected photocurrent in the
perspective of using such structures in photodetector devices
[67,71,73].

V. DISCUSSION

We have presented three nanophotonic devices based on
anisotropic multilayer structures made from metals, polar
dielectrics, and TMDC monolayers, covering incident wave-
lengths from the far-IR up to the visible. Our formalism
allows us to calculate the transmittance and absorption in any
layer, giving unprecedented insight into the physics of light
propagation in anisotropic, and even birefringent, stratified
systems.

In recent years, the field of nanophotonics has intensely
investigated the optical response of two-dimensional (2D) het-
erostructures. A particularly thriving subject has been polari-
tonic excitations, which can be supported by a broad variety
of systems including slabs of metals, doped semiconductors,
polar dielectrics, 2D materials such as TMDC monolayers,
and their stratified heterostructures [17,54,78]. Key features of
polaritons for nanophotonic technologies are their high spatial
confinement and field enhancement, which are driven by the
particular design of the multilayer materials, stacking order,
and layer thicknesses. Potential applications of such systems
range from sensing [79,80] and solar cells [81], over optoelec-

tronic devices [3] and beam manipulation via metamaterials
[82], to waveguiding [56,83], and ultrafast optical components
[45,84]. However, due to the lack of a general formalism,
the optical response of these polaritonic multilayer systems is
often either approximated by effective, isotropic permittivity
models [85-87] or described by specifically derived formulas
[29-32]. Our generalized formalism allows for a precise,
layer-resolved study that includes any isotropic, anisotropic,
or even birefringent response of any number of layers, and
thus holds great potential for the prediction and analysis of
polariton modes in stratified heterostructures.

This is especially relevant for systems where one or more
materials feature anisotropic permittivity with spectral regions
of hyperbolicity where the principle real permittivities have
opposite signs, such as hBN or MoOj. Recently, these hyper-
bolic materials have attracted increasing interest [14,20,58,59]
due to the existence of hyperbolic polaritons, featuring novel
properties for nanophotonic applications such as subdiffrac-
tion imaging and hyperlensing [12,13]. Because of the strong
anisotropy of these systems, an effective permittivity approach
is not purposeful. Here, our formalism provides the essential
theoretical framework that is necessary to model, predict, and
analyze the optical response of such hyperbolic heterostruc-
tures, as we have discussed using a MoO3;/AIN/SiC system
as an example (Fig. 2). Providing the full layer-resolved
information about the field distribution and power flow of
the excited polaritons, our method allows us to readily and
concisely model and study hyperbolic polariton modes in any
anisotropic stratified heterostructure.

Furthermore, the layer-resolved absorption formalism pro-
vides a description for designing optoelectronic devices such
as detectors, for which the photoresponse is linked to the light
absorption solely in the active region of the device. In the case
of the MQW system, optimizing the overall light absorption
by minimizing both the reflectance and transmittance of the
system would not be sufficient to model the performances
of a photodetector in the strong light-matter coupling regime
[71,73]. Unfortunately, these are the only quantities that can
be probed in a reflectance experiment. Calculating the layer-
resolved absorption in the structure allows us to optimize
the cavity and MQW design, aiming at minimizing the light
absorption in the cavity mirrors while maximizing the ab-
sorption in the MQW. This is well shown in Figs. 4(e) and
4(f), where we can see that the light is preferably dissipated
in either the doped GaN mirror or the MQW superlattice
depending on the detuning between the cavity mode and the
QW resonance. This behavior cannot be deduced only from
the reflectance measurement simulated in Fig. 4(d). Fitting
experimental reflectance data using our formalism [25] would
allow us to retrieve the amount of light dissipated inside
the active region only from the experimentally observable
quantities and to estimate figures of merit such as the quantum
efficiency of the device. The present method thus provides
a convenient way to model and optimize complex, optically
anisotropic heterostructures for optoelectronic devices.

VI. CONCLUSION

In this work, we have derived explicit expressions for
the calculation of the layer-resolved transmittance and
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absorption of light propagating in arbitrarily anisotropic,
birefringent, and absorbing multilayer media. The algorithm
relies on the electric field distribution computed from a 4 x
4 transfer matrix formalism [25,33], yielding a robust and
consistent framework for light-matter interaction in stratified
systems of arbitrary permittivity, which is implemented in
an open-access computer program [34,35]. As case studies,
we applied the algorithm to simulations of three nanopho-
tonic device structures featuring hyperbolic phonon polari-
tons in a polar dielectric heterostructure, MoS, excitons
in a Fabry-Pérot cavity, and ENZ resonances in a cavity-
coupled multi-quantum well, where we observed azimuth-
dependent hyperbolic polariton tunneling, layer-selective ex-

citon absorption, and strong coupling between ENZ and
cavity modes. Allowing for a detailed analysis of the layer-
resolved electric field distribution, transmittance, and ab-
sorption of light in any multilayer system, our algorithm
holds great potential for the prediction of nanophotonic
light-matter interactions in arbitrarily anisotropic stratified
heterostructures.
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CHAPTER 5 .

Perspectives

In recent years, the growing research interest in polaritons in nanostructures has triggered nu-
merous advances in the field of nanophotonics, including single-molecule sensing with SERS [7],
plasmon-driven ultra-short electron point sources [91], highly directional thermal emission [121], or
femtosecond optical polarization switching with an ENZ-based perfect absorber [122]. Within these
developments, phonon polaritons have emerged as a low-loss, versatile platform for nanophotonic
applications in the IR [14], enabling novel devices such as hyper-lenses based on hyperbolic materials
[16, 68], phonon polariton-enhanced electroluminescence for efficient electronic cooling [123], and
electrically pumped phonon-polariton lasers [124].

As has been demonstrated in the previous chapter, the investigations performed in this thesis form part
of these recent prosperous advances in nanophotonics, contributing to the development of modern
devices based on phonon polaritons in heterostructures of arbitrarily anisotropic materials. Based on
the presented advances, this chapter discusses the perspectives of the implemented techniques by
outlining several possible pathways for future developments in polariton-driven nanophotonics.

Hyperbolic materials have recently shifted into the spotlight of scientific interest. These materials
feature a hyperbolic isofrequency surface, enabling a huge photonic density of states with arbitrarily
large in-plane momenta [125]. These unusual properties lead to a variety of unique phenomena,
such as sub-wavelength imaging [16, 46, 47] or slow light [126-128]. However, natural hyperbolic
materials such as SiO5 or hBN only feature hyperbolicity in narrow spectral windows that are fixed by
the intrinsic material parameters [129]. Alternatively, hyperbolic metamaterials (HMMs) composed
of alternating ultra-thin layers of different materials offer a platform for engineering materials with
a user-defined hyperbolic optical response [130], such as the XHs discussed in section 2.2.2 and in
publication [IX].

On a different note, doped semiconductors such as cadmium oxide (CdO) featuring plasmon polaritons
have recently been discussed in parallel with polar crystals supporting phonon polaritons. Doped
CdO thin-films support low-loss plasmonic modes in a broad spectral range in the IR, providing a
complementary polaritonic excitation at phonon polariton frequencies. In particular, Runnerstrom
et al. have demonstrated the strong coupling of a SPP to a plasmonic ENZ mode in a doped CdO
thin film [131], complementary to the strong coupling of a bulk SPhP to a thin-film ENZ phonon
polariton as discussed in the publication reprinted on page 65 [V]. By strongly coupling to an ENZ
mode, the resulting CdO plasmon polaritons combine long propagation distances with high spatial
confinement, while featuring broad frequency tunability by controlling the electron concentration
via photo-injection.

Doped semiconductors such as CdO also offer new routes in the field of HMMs. Composed of alter-
nating doped and undoped semiconductors, such semiconductor HMMs are, complementary to XHs,
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promising candiates for hyperbolic nanophotonic applications [62-64]. These metallic/dielectric mul-
tilayer HMMs support so-called volume plasmon polaritons (VPPs), arising as a collective excitation
composed of coupled SPPs supported in each metallic thin-film [132-136]. Very recently, VPPs in
doped semiconductor HMMs have been shown to feature high quality factors across a large frequency
range in the IR [63], providing a potential platform for low-loss, IR optoelectronic devices.

The excitation of VPPs in doped semiconductor HMMs is typically realized via grating coupling
[63, 64]. So far, however, these systems have only been investigated in the linear optical regime.
Experiments investigating the non-linear optical response are currently in the planning stage and
will be performed in the near future, providing new insights for the thorough understanding of VPPs
in HMMs and their potential for nanophotonic applications.

While HMMs offer more structural flexibility than natural hyperbolic materials, the extraordinary
axis in layered HMMs lies by design along the surface normal, while in-plane anisotropy cannot be
achieved. Biaxial single crystals, on the other hand, feature three distinct dielectric permittivities
along the principal crystal axes, and thus can provide in-plane anisotropy with hyperbolic frequency
bands for any crystal cut. An example of such a natural in-plane hyperbolic material is molybdenum
trioxide (MoO3). This material supports azimuth-dependent, hyperbolic phonon polaritons with
novel polaritonic properties, as has been highlighted in the publication reprinted on page 97 [VII].

One step beyond biaxial crystals, another intriguing material class are monoclinic crystals, which are
currently on the verge of attracting broad attention in the nanophotonics community. In search of
new materials for next-generation semiconductor power devices, -gallium oxide (5-Gaz03) has been
discovered as a promising candidate, enabling applications as transparent electrodes [137] and high-
performance power devices [138]. Only recently, the complicated dielectric permittivity tensor of
monoclinic §-GayO3 has been described by Schubert et al., containing non-zero off-diagonal elements
that do not vanish under orientation along the crystal axes [139]. In a subsequent study, coupling
between the various LO phonon modes and free charge carriers in doped 3-Ga;O3 was reported,
forming so-called longitudinal phonon plasmon coupled modes with non-trivial directionality [140].

The phonon polariton modes supported by a monoclinic crystal such as 3-GasO3, however, have
not yet been investigated'. The constructed Otto geometry setup enables such a study, and the
experiments on 3-GayQOj3 are already programmed for the near future. Additionally, in order to access
the dependence of the phonon polariton modes on azimuthal rotation, the Otto geometry setup has
been equipped with the possibility to rotate the sample while being mounted. Considering the rich
optical response from IR spectroscopic ellipsometry [140], the planned pilot investigations on phonon
polaritons in 5-Ga;O3 bear great potential for the development of future nanophotonic devices
based on monoclinic crystals, such as non-trivial azimuth dependency of the polariton dispersion, or
direction-dependent coupling to polaritons in adjacent media.

As has been demonstrated in the research conducted in this thesis, employing the developed transfer
matrix formalism for the theoretical computation of the linear optical response, the electric field
distribution, and the layer-resolved absorption and transmittance enables thorough insight into the
optical properties of the experimentally investigated sample. The above mentioned experimental
perspectives employ layered systems of anisotropic materials, and therefore can be analogously
corroborated by theoretical calculations. By scanning various parameters such as film thicknesses,

'to the best of my knowledge
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incident angle, azimuthal angle, and frequency, the optical response of the system can be systemati-
cally analyzed, allowing to optimize the sample structure for the experiments, as well as predict the
observable polariton modes and the associated nanophotonic phenomena.

In general, the transfer matrix formalism allows to study all dielectric resonances — evanescent or
radiative — ranging from electronic intersubband-transitions and IR-active phonons, over excitons and
plasma resonances, up to interband transitions and core level excitations, covering any multilayer
system of materials with arbitrarily anisotropic permittivity. Therefore, going one step beyond
corroborating experimental data, the transfer matrix formalism resembles the ideal theoretical tool
for predictive studies of yet undiscovered nanophotonic materials and devices, as has been exemplarily
demonstrated in the most recent publication (reprinted on page 97 [VII]).

Another intriguing field of research explores surface magnon polaritons (SMPs) in anisotropic
antiferromagnets, where applying an external magnetic field provides straight-forward, active control
over the supported magnon polaritons [141, 142]. Furthermore, hybrid plasmon-magnon polaritons
in graphene-antiferromagnet heterostructures have been demonstrated, opening new possibilities
for nanophotonic applications by combining the realms of photons, magnons, and plasmons [143].
The optical response of magnetic resonances is dictated by the magnetic permeability /i, and for
anisotropic antiferromagnets at terahertz frequencies, /i is a 3 X 3 tensor with non-zero off-diagonal
elements (analogous to the dielectric permittivity tensor, see Eq. 2.1.2). However, the transfer matrix
formalism as it is derived in this work only handles materials with isotropic permeability z.. Therefore,
incorporating the possibility to include media of fully anisotropic permeability would considerably
amplify the application spectrum of the formalism, allowing to investigate SMPs in antiferromagnets
as well as their interaction with SPPs and SPhPs in yet unexplored anisotropic heterostructures of
magnetic, polar dielectric, and plasmonic material layers.

In the last three years in the course of this thesis, the combination of the Otto geometry and the
transfer matrix formalism has proven fruitful for the investigation of polaritons in anisotropic
layered heterostructures. As the above selection of perspectives demonstrates, this developed
experimental-theoretical tool box bears great potential for future investigations in modern polariton-
based nanophotonics that is far from being exhausted.
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CHAPTER 6 .

Conclusion

This thesis provides an extensive, detailed experimental and theoretical study of phonon polaritons
in layered heterostructures of arbitrarily anisotropic media. The findings of various new fundamental
phenomena of phonon polaritons as well as the developed versatile experimental and theoretical
tools constitute a significant contribution to the scientific field, advancing the development of novel
polariton-based nanophotonic technologies.

As concept, this work promotes multilayer systems of various different materials as a platform
for designable polaritonic materials with user-defined characteristics and functionalities. This
concept is demonstrated on the basis of various heterostructures composed of SiC, AIN, GaN, GST,
MoOj3, molybdenum disulfide (MoS;), Au, and hBN, revealing numerous novel phenomena such as
propagating ENZ modes, strongly coupled phonon polaritons, polariton-like s-polarized waveguide
modes, and azimuth-dependent hyperbolic phonon polaritons.

Experimentally, these systems were investigated by means of reflectance and SHG spectroscopy in
the home-built Otto geometry setup, using the FHI FEL as excitation source. The findings include
the first SHG measurements of propagating SPhPs on a bulk SiC crystal, the first experimental
proof of the immense optical field enhancement of the Berreman mode in ultra-thin AIN films,
and the demonstration of the exceptional tuning capabilities of polaritons in a switchable GST/SiC
heterostructure.

On the theoretical side, this work has developed a 4 x 4 transfer matrix formalism for the description
of light-matter interaction in multilayer systems of arbitrarily anisotropic media, producing a versatile,
robust framework that is implemented in an open-access computer program. The capabilities of
the formalism are demonstrated by the accurate description of the experimental data as well as by
various predictive theoretical studies, promoting yet unexplored nanophotonic device structures with
novel functionalities such as azimuth-dependent hyperbolic polariton tunneling or layer-selective
exciton absorption.

As a summary, this work constitutes a comprehensive study of the physics of phonon polaritons
excited with light in polar dielectric heterostructures. By implementing a new experimental and
theoretical methodology, novel phenomena of phonon polaritons in heterostructures and their unique
interaction nature were discovered, boosting the development of polariton-based technologies. Fur-
thermore, this thesis lays out perspectives on how to use the developed experimental and theoretical
methods for a number of future studies, bearing great potential to further advance the field of infrared
nanophotonics.
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S1 Experimental

The experimental setup was schematically
shown in Fig. 1 (a) of the main text. The
Otto-type prism coupling is realized by plac-
ing a triangular prism (KRS5, 25mm high,
2bmm wide, angles of 30°, 30°, and 120°, Ko-
rth Kristalle GmbH) on a motorized mount in
front of the sample. Details on the implem-
tation are shown in Fig. S1. Three motorized
actuators (Newport TRA12PPD) are used to
push (against springs) the prism away from the
sample, which is mounted on a plate (25mm di-
ameter) equipped with three mN force sensors
(Honeywell FSS1500SSB). Each force sensor
indicates the point of contact, allowing for par-
allel alignment of the sample and the prism
back surface. The motorized actuators allow
for continuous tuning of the air gap width d.
We note that macroscopic protrusions and
non-flatness of the sample can lead to strain
between sample and prism, resulting in a lower
limit of air gap width (typically ~ 1.5 pm) and
slight nonlinearities of the actual air gap width
and the actuator readback values, specifically
at close approach. Therefore, we fitted the val-
ues of d from the reflectivity data, using the
procedure described in Sec. S3, the results of
which are in qualitative (but not quantitative)
agreement with the actuator readback values.
Gap width scans of the signals are typically
performed by starting at closest achievable ap-

proach, followed by defined steps (identical for
all three actuators) away from the sample.

Given the large refractive index of KRS5 of
nirss ~ 2.4, external angles differ respectively
when going away from 6., = 30°, i.e., the in-
ternal angle # inside the prism is § = 30° +
arcsin(sin(fext — 30°)/nirss). This arrange-
ment allows for internal angles from below the
total internal reflection cutoff at O..ox ~ 25°
to about § = 52°, covering the majority of the
SPhP dispersion. We note that using more con-
venient semi-cylindrical prisms results in strong
horizontal focusing, increasing angular spread
of the beam and thereby much degraded mo-
mentum resolution. Additionally, this horizon-
tal focusing distorts the beam to an elliptical
shape making it harder to focus onto small de-
tectors.

We use an infrared FEL! as tunable, narrow-
band, and p-polarized excitation source. We
focus the beam mildly (f ~ 60 cm, Edmund
Optics) onto the sample surface to minimize
angular spread of the beam. Details on the IR-
FEL are given elsewhere.! In short, the electron
gun is operated at a micropulse repetition rate
of 1 GHz with an electron macropulse duration
of 10 us and a macropulse repetition rate of
10 Hz. The electron energy is set to 31 MeV,
allowing to tune the FEL output wavelength
between ~ 7 — 18 ym (~ 1400 — 550 cm™1) us-
ing the motorized undulator gap, providing ps-
pulses with typical full-width-at-half-maximum
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Figure S1: Practical implementation of the
Otto-type prism coupling to surface polari-
tons. Three motorized actuators push (against
springs) the prism mount away from the sam-
ple. When pulled back, the point of contact is
detected using three mN force sensors, allowing
for parallel alignment of the prism and sam-
ple surfaces and continuous scanning of the gap
width d.

(FWHM) of < 5 cm™!.

Reflected fundamental and SHG beams are
split using a 7 pm long-pass filter (LOT). The
reflectivity is detected with a home-built pyro-
electric sensor (Eltec 420M7). The SHG signal
is detected with a liquid nitrogen cooled mer-
cury cadmium telluride/indium antimony sand-
wich detector (Infrared Associates), after block-
ing the fundamental light using 5 mm of MgFy
and a 7 pm short-pass filter (LOT). Addition-
ally, intrinsic harmonics in the FEL beam are
blocked prior to the setup using a 7 pm and
a 9 pm long-pass filter (both LOT). We also
measure reference power on a single shot ba-
sis to minimize the impact of shot-to-shot fluc-
tuations of the FEL using the reflection off a
thin KBr plate placed in the beam prior to the
setup. This reference signal is also detected by
a pyro-electric detector, and we normalize all
signals to this reference signal on a single-shot
basis, i.e. for each macropulse. The spectral
response function of the setup is determined

A.1 SI: SHG from Critically Coupled SPhPs

by measuring the reflectivity for very large gap
width d &~ 40 pm, i.e. in total reflection across
the full spectral range, for each incidence an-
gle. All spectra are normalized for these refer-
ence data. Finally, we note that changing the
incidence angle requires detection realignment,
giving rise to an experimental uncertainty for
the signal magnitudes of 10-20% between dif-
ferent incidence angles. This has no influence
on the reflectivity, since the reflectivity refer-
ence is acquired for each incidence angle. How-
ever, no such reference is available for the SHG,
such that confident interpretation of the abso-
lute SHG intensities between different incidence
angles is not given.

S2 Transfer
proach

Matrix Ap-

For all calculations of reflectivity, local fields,
and transmittance, a 4 X 4 - matrix formalism
was developed capable of treating any number
of layers, each described by a dielectric tensor €.
In contrast to other approaches,? our formal-
ism is numerically stable and handles isotropic
and anisotropic materials simultaneously, in-
cluding the substrate.

The multilayer surfaces are chosen to extend
perpendicular to z and the incident wave im-
pinges in the zz-plane with wavevector l_c; =
£(£,0,¢;) in layer i. The z-component { =

€mesin(f) is conserved throughout the com-
plete multilayer system, and ¢; is the unit-
free, layer-dependent z-component. In any
medium, Maxwell’s equations yield four inde-
pendent plane-wave solutions characterized by
¢;; (j = 1..4), which are determined as shown
by Berreman.? In order to avoid instability and
discontinuities, the four solutions have to be or-
dered unambiguously, which is done based on
the work of Li et al..?

In continuation, the treatment of singularities
of Xu et al.5 is employed in order to generalize
the formalism to any isotropic or anisotropic
medium, yielding the electric field components
E3 = (Y41, Vij2, Vij3) of the four eigenmodes j
in layer 7. With these components, a matrix
A, is formulated (see equation 24 in ref.%), rep-
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Figure S2: Experimental (solid lines) and calculated (dot-dashed lines) reflectivity spectra of 6H-
SiC in the Otto configuration, shown for four different incidence angles 6 (a,b,c,d), each with a set

of five selected air gap widths d (see legends).

resenting Maxwell’s boundary conditions at the
interface ¢ — 1, 2. The FE-fields are then con-
nected by the interface matrix L; as follows:

Ei—l = A;}lAzE_:z = LiEi. (Sl)
The propagation through layer ¢ is described
by a diagonal matrix P; with elements e ~*c%i%
where j = 1..4 is the nth diagonal element. The
transfer matrix I'y of the complete multilayer
system reads

'y = LiP1LsPy.. . LyPyLy,g. (S2)
Finally, reflection and transmission coefficients
for p-polarization are calculated in terms of
I'y components as shown by Yeh.?

S3 Fitting Procedure

The reflectivity data were fitted employing the
matrix formalism, and convolving the results
to account for finite broadening of the inci-

dence angle and FEL frequency, A8 = 0.2°
and Aw = 4.4 cm™!, respectively. For each
incidence angle, the data were normalized by a
reference spectrum taken at large gap width d
(~ 40 pm). This accounts for the spectral re-
sponse function of the setup, while additionally
slow FEL power drifts are accounted for in the
fitting procedure by a multiplication factor a for
every individual spectrum (0.98 < a < 1.04).

The data sets of all four incidence angles 6
were fitted globally, where 6, Af, Aw, and the
6H-SiC parameters such as TO and LO frequen-
cies and damping were global fitting param-
eters, while gap widths d and factors a were
adjusted individually. Thereby, Af was fitted
only for the two smaller angles, and Aw for the
other two. This is justified due to the shape
of the SPhP dispersion, being more sensitive to
the incidence angle but less to the frequency at
smaller 8, and vice versa for larger angles.

By fitting all four data sets in several itera-
tions, the global parameters converged common
values. In a final run, all data sets were fitted
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normalized to the critical gap width d..;; of the respective incidence angle, and (b) simulated curves

for a larger set of incidence angles.

again using averages of the global parameters,
yielding the curves and parameters shown in fig.
S2.

S4 Normalization to Criti-
cal Gap Width

The amplitude of the SPhP resonance (see Fig.
3 (a,b) of the main text) depends on both the
incidence angle 6 and gap width d. We have nu-
merically determined the critical gap width d.;
as a function of 6, allowing for renormalization
of the gap width d to d..;; at corresponding in-
cidence angle. This is illustrated in Fig. S3 (a)
where we plot the experimental and simulated
amplitudes of the SPhP resonance in the reflec-
tivity and SHG, respectively, against the nor-
malized gap. For better clarity of the trends,
we also show the simulated data for a larger set
of incidence angles in (b). All spectra fall back
onto a unversial curve; the reflectivity SPhP
amplitude peaks at critical coupling conditions,
while the SHG intensity drops to < 20% at dg4
as compared to close gap due to inefficient SHG
out-coupling in the Otto geometry. The trend
in the SHG resonance amplitudes for increasing
incidence angle is a result of multiple compet-
ing effects: angular and spectral dispersion of
the out-coupling efficiency, see section S5, spec-
tral dispersion of the nonlinear suseptibility,” as
well as increasing field enhancements (see Fig. 4

of the main text), as we move along in the SPhP
dispersion with larger incidence angles.

S5 Calculation of the Second-

Harmonic Intensity

The calculations of the second-harmonic in-
tensity are largely based on previous work of
SHG spectroscopy using free space excitation.”
In order to correctly describe the multilayer
(KRS5/air/SiC) system, we needed to replace
the Fresnel transmission coefficients with ap-
propriate expressions derived from the transfer
matrix approach. Particular care is needed for
the transmission of the outgoing SHG, as will
be discussed below.

We first calculate the nonlinear polarization
PNL at 2w generated in SiC, before projecting
it onto the appropriate mode at 2w responsible
for the out-coupling of the SHG into the far
field. Therefore, we rewrite Eq. 2 of the main
text as:

1(2w) « [(TyEsic(2w)) - PN (2w) /AK? (S3)
with

PV (2w) oc (D (— 2030, w) B o (@))2 - (S4)

We use the dispersion of the nonlinear suscep-
tibility tensor ¥ (—2w;w,w) of 6H-SiC as ex-
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tracted in our previous work.”® The local fields
E%’iC’ (w) on the SiC side of the air-SiC interface
are calculated as follows.

First, we evaluate the transfer matrix I" for
a specific configuration of incidence angle, fre-
quency and air gap width, employing the algo-
rithm presented in Sec. S2. Then, the in-plane
field component E, s;c can be directly calcu-
lated from the transfer matrix I' as the trans-
mission coefficient for p-polarized light:?

I'[3,3]
T'[1,1T[3,3] — L'[1, 3]T[3, 1]

Ey sic = (S5)

where I'[, j] denote the (7, j) components of the

4 x 4 matrix (Eq. S2). The out-of-plane com-

ponent is determined using Maxwell’s equation
v x H = e

Qz€y

E. sic =———

ZEZ

E; sics (S6)
with ¢u(.) and €.y the in-plane (out-of-plane)
components of the wave vector and diagonal di-
electric tensor of SiC, respectively. With this
information, Eq. S4 can now be evaluated.
The out-coupling of the SHG is accounted for
as follows. First, we calculate the transfer ma-
trix I' at 2w and, importantly, also 2&. Then,
we invert I'(2w) to describe the backward prop-
agation. Finally we project PNL onto the re-
spective mode propagating from SiC back into
the prism, and calculate the SHG intensity:

| Eprism (2w)]
“Tesc@)] | 57

where E, sic(2w) = 1 and E, g;c(2w) is calcu-
lated using the expression analogous to Eq. S6.
The last factor represents the transmission co-
efficient T} for the second-harmonic field across
the air gap. E, prism(2w) is evaluated analogous
to Eq. S5, however, employing [I'(2w)] " as the
transfer matrix, and E, ,.;sm(2w) is again cal-
culated using Eq. S6.
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S1. EXPERIMENTAL

The experimental setup is sketched in Fig. 2a of the
main text. The Otto geometry is implemented using
three motorized actuators (Newport TRA12PPD) to con-
trol the position of the triangular coupling prism (KRS5,
25mm high, 25mm wide, angles of 30°, 30°, and 120°,
with the 120° edge cut-off, Korth Kristalle GmbH) rela-
tive to the sample. The motors push the prism against
springs away from the sample and allow for continuous
tuning of the air gap dgqp. The 120° prism edge is cut-off
parallel to the backside in order to perpendicularly cou-
ple in the collimated light from a stabilized broadband
tungsten-halogen light source (Thorlabs SLS201L). The
back-reflected spectrum (registered with Ocean Optics,
NIRQuest512) carries interferometric information about
the air gap, allowing to quantify dy., by means of the
modulation period, and to achieve parallel alignment of
prism and sample by optimizing the contrast of the spec-
tral modulations. The absolute read-out of dgqp is lim-
ited to maximally ~ 60 um due to the resolution of the
spectrometer, while gap sizes below 1 ym could be mea-
sured in principle, but are typically not feasible because
of macroscopic protrusions and non-flatness of the sam-
ple.

At external incidence angles 0.,; away from 30°,
the high refractive index of KRS5 (nxrss ~ 2.4)
leads to strong refraction, resulting in an internal
incidence angle 6 inside the prism of 6 = 30° +
arcsin (sin (Ot — 30°) /nxrss). In this configuration,
angles from below the critical angle of total internal re-
flection (0.4 = 25°) up to about 52° are accessible, cov-
ering in-plane momenta across and far beyond the anti-
crossing of the strongly coupled modes (52° corresponds
to kj/ko = 1.86). Different in-plane momenta can be

) Electronic mail: passler@fhi-berlin.mpg.de
b) Electronic mail: alexander.paarmann@fhi-berlin.mpg.de
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accessed via the incidence angle 6 by rotating the entire
Otto geometry, thus allowing for mapping out the com-
plete dispersion curves experimentally.

As excitation source we employ a mid-infrared free
electron laser (FEL) as tunable, narrowband, and p-
polarized excitation source. Details on the FEL are given
elsewhere!. In short, the electron gun is operated at a mi-
cropulse repetition rate of 1 GHz with a macropulse dura-
tion of 10 us and a repetition rate of 10 Hz. The electron
energy is set to 31 MeV, allowing to tune the FEL output
wavelength between ~ 7 — 18 um (~ 1400 — 550 cm ™1,
covering the spectral ranges of the SiC and AIN rest-
strahlen bands) using the motorized undulator gap, pro-
viding ps-pulses with typical full-width-at-half-maximum
(FWHM) of < 5 em~!. The macropulse and micropulse
energies are ~ 30 mJ and ~ 10 pJ, respectively.

The reflectivity signal is detected with a pyroelectric
sensor (Eltec 420M7). A second sensor is employed to
measure the power reflected off a thin KBr plate placed
prior to the setup in the beam. This signal is used as ref-
erence for normalization of all reflectivity signals, and is
measured on a single shot basis in order to minimize the
impact of shot-to-shot fluctuations of the FEL. The spec-
tral response function of the setup is determined by mea-
suring the reflectivity at large gap widths dyq), ~ 40 pm,
where the prism features total internal reflection across
the full spectral range. This is done for each incidence
angle individually, and all spectra are normalized to their
respective response function.

S2. CRITICAL COUPLING CONDITIONS OF THE
STRONGLY COUPLED MODES

The Otto geometry grants experimental control over
the excitation efficiency by means of the tunability of
the air gap width dgqp. At a certain critical gap deris,
the excitation efficiency is optimal?, and we emphasize
that d., is significantly different for the two modes con-
sidered (dZN?% < d5PMP). Therefore, in a single spec-

crit crit
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Figure S1. Frequency ranges of phonon polaritons in AIN and SiC. a The real (solid line) and imaginary (dashed
line) part of the dielectric function ¢ of SiC (blue) and AIN (green) are shown. At the respective optically active TO phonon
frequency wro, they feature a strong resonance, while at the LO frequencies wro, the real part of € crosses zero, as illustrated
in the inset. In a bulk material, a single SPhP is supported in the frequency range between wro and the cut-off frequency ws
(blue and green color bars). In a thin AIN film (dainv < A/2), two thin film polaritons emerge with the asymmetric mode having
a dispersion at frequencies above wg (orange color bar), see main text. In the ultra-thin limit of an AIN film (dainy < A/50), the
asymmetric mode disperses close to wid' where Re(eain) & 0, hence being an ENZ mode. The strong coupling demonstrated
in the main text arises between the SiC substrate SPhP and the AIN ENZ mode. b Reflectivity map of the inverse structure
of an ultrathin SiC film on top of an AIN substrate at frequencies around the TO frequency of SiC w3 ~ 796 cm™!. The
theoretical dispersions of the asymmetric SiC ENZ mode (light blue line) and the substrate AIN SPhP (dark blue line) are
plotted on top, exhibiting a crossing point analogous to the structure discussed in the main text. Interestingly, the dispersion

in the combined structure also splits up into two branches, featuring an avoided crossing.

trum with fixed gap width, the two modes cannot be
excited equally efficiently, resulting in drastically differ-
ent resonance dip depths. The data shown in Fig. 2b
of the main text, however, were taken at in-plane mo-
mentum corresponding to the strong coupling conditions.
Note that the two reflectivity dips in each spectrum are
of equal depth, evidencing the hybrid nature of the two
modes. The tunability and reproducibility of the gap
in our setup is therefore a substantial tool for the mea-
surement of polariton resonances, revealing information
about their coupling efficiency.

S3. STRONGLY INTERACTING MODES IN
MATERIALS WITH OVERLAPPING RESTSTRAHLEN
BANDS

In Fig. Sla, the dielectric functions € of AIN and SiC
are shown. They feature a strong resonance at the respec-
tive TO frequency wro due to its infrared activity, while
at the non-IR-active LO frequency wro, the real part of
€ crosses zero. For the strong coupling to arise, it is nec-
essary that the reststrahlen bands of the two materials
overlap, i.e. in the case of an AIN film on SiC, that the
wro frequency of AIN is located inside the reststrahlen
band of SiC. Only then, the ENZ mode supported by the
ultra-thin AIN film lies at frequencies where the SiC sub-
strate supports a SPhP, allowing the modes to strongly
interact, as demonstrated in the main text.

A similar scenario is obtained for the inverse structure

not discussed in the main text, i.e. an ultra-thin SiC
film on top of AIN. The SiC film, as shown in Fig. la of
the main text, supports not only the symmetric thin film
mode close to wrp, but additionally an asymmetric thin
film mode lying close to the TO frequency wro. In the in-
verse structure, this lower mode disperses at frequencies
where the AIN substrate supports a SPhP, and these two
modes can also strongly interact. In Fig. S1b, we show a
calculated reflectivity map covering the dispersion range
of the substrate AIN SPhP (theoretical curve plotted in
dark blue) and the SiC asymmetric thin film mode close
to wPi =796 cm~! (light blue). In the coupled system,
these two modes strongly interact and form an avoided
crossing, resulting in two new dispersion branches.

We note that two distinctions have to be made com-
paring this system with the structure discussed in the
main text. First, the dielectric function of SiC close to
wro is highly dispersive, and therefore only slightly away
from wpo the mode loses its ENZ character. Secondly,
the material is strongly absorptive at wro and hence the
thin-film mode is very likely lossy, hence limiting its prac-
ticability. However, such strong coupling in the presence
of significant losses is out of the scope of this work.

S4. DEVIATION FROM STRONG COUPLING FOR
LARGER FILM THICKNESSES

As stated in the main text, for film thicknesses exceed-
ing d 2 50 nm, the interaction of the modes is not well-
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Figure S2. Deviation from strong coupling for larger film thicknesses. a,b Reflectivity maps of the AIN/SiC structure
from the main text in the Otto geometry for dainy = 50,110 nm, respectively, featuring the two dispersion branches of the
interacting modes with avoided crossing. On top, the dispersion curves extracted from the strong coupling Hopfield model
are plotted (blue dashed lines), exhibiting increasing deviation from the numerical calculations for larger film thicknesses. ¢
In-plane (z) field enhancement E, as a function of frequency and z-position plotted at the avoided crossing and for an AIN film
thickness of d4;ny = 110 nm, where the layer thicknesses are not to scale with respect to each other. The prism lies adjacent to
air at the top, but is not shown here. At the corresponding resonance frequency of the two modes, strong field enhancements
can be observed, which peak at the air/AIN and the AIN/SiC interface, demonstrating that the two modes are not hybridized

anymore.

described by our strong coupling model anymore. This
can be seen both in the mode dispersion predicted by Eq.
2 of the main text and in the field profiles. However, while
the latter originates from the approximation of the ENZ
mode dispersion, the former provides a physical limit of
strong coupling.

The dispersion curves for d = 50,110 nm are shown
in Fig. S2a and b, respectively, plotted on top of nu-
merically calculated reflectivity maps demonstrating a
good agreement. However, the increasing deviation of
the theoretically predicted dispersion (blue dashed lines)
for larger film thicknesses is evident. The reason for that
is that in our model, the ENZ mode dispersion is assumed
to be constant (900 cm™!), which is sufficiently accurate
for dg;ny < 50 nm. However, for increasing film thickness
the dispersion of the ENZ mode evolves into a thin film
mode, see Fig. la of the main text. The deviation of the
predicted mode dispersion for larger film thicknesses is
thus given by the limitation of our model.

Nonetheless, for increasing film thicknesses, a bare
AIN SPhP evolves from the lower mode, which is al-
ready largely decoupled from the substrate SiC SPhP at
d ~ 110 nm. The upper mode, on the other hand, devel-
ops towards a pure SiC/AIN interface phonon polariton
(IPhP), spectrally confined by the wilN frequency and
the SiC cut-off frequency wg“.

In order to show this disintegration into two distinct
modes and thus the breakdown of strong coupling for
dain 2 50 nm, we analyze the electric field distributions
at film thickness d 4y = 110 nm. In Fig. S2c¢, the nor-
malized in-plane (x) electric field amplitude is plotted as
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a function of frequency and z-position (perpendicular to
the interfaces) along the three media (air, AIN, and SiC).
Clearly, the two modes appear as strong peaks in the
field enhancement at their corresponding resonance fre-
quency. But even though the incidence angle was chosen
such that the modes are excited at the avoided crossing
(0 = 28.5°, kj/ko = 1.13), the field distributions of the
two modes differ strongly. The lower mode (~ 865 cm™!)
features the strongest F, at the air/AIN interface, while
the upper mode (~ 915 cm™1!) exhibits its maximum field
enhancement at the SiC/AIN interface, clearly demon-
strating that the hybridization of the strong coupling is
lost. This can be attributed to the fact that the losses
of AIN grow linearly and thus faster than gy o v/d with
increasing film thickness d. Furthermore, the localization
of the modes at the two different interfaces stays the same
on both sides of the avoided crossing (not shown), em-
phasizing their respective bare AIN SPhP and SiC/AIN
IPhP nature across the entire dispersion. In fact, both
modes feature a similar in-plane field enhancement while
the extreme out-of-plane field enhancement is strongly
reduced (not shown), meaning that the ENZ character-
istics observed in an ultrathin film (d < 50 nm) are not
present anymore.
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FIG. S1. Theoretical thin film polariton dispersions for either complex frequency or
in-plane momentum. Solving Eq. 1 of the main text for a complex frequency w and real in-plane
momentum k, leads to the dispersions shown in a, while a real w and complex k, yields the curves
in b. Depending on the chosen observable, one representation is better suited than the other!.
For instance, the complex frequencies representation is recommended for short pulse excitations,
while the complex wavevector representation should be used to analyze the local density of states

2. For the here investigated air/AIN/SiC system, the complex w representation (a)

of a system
is the adequate choice: Firstly, solving the system without damping and thus for real w and real
k., qualitatively, the same dispersion curves as shown in a are obtained?. Secondly, the leaky
Berreman mode resembles a virtual polariton mode, i.e. its fields are related to an energy flow

out of the system, which decreases with time*. As has been discussed by Kliewer and Fuchs?, the

correct choice for a standard virtual-mode treatment is the complex w representation.
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FIG. S2. Electric field distribution of the Berreman mode in a 1 pm thick AIN slab. a
(b) Vector plots of the electric field distribution in an air/AIN/air (air/AIN/SiC) system of the
Berreman mode at an incidence angle of 21° (corresponding to an in-plane momentum of k =
0.2pm~ ! at w = 900.6cm ™! (w = 902.1cm™!), lying on the respective Berreman dispersion). The
fields of the Berreman mode (red arrows) perform a counterclockwise rotation in positive x-direction
characteristic for polaritonic modes. Please note that the real part is plotted in order to capture the
propagation characteristics. The imaginary part features the same behavior with a phase difference
of w/2. The absolute in-plane fields are conserved at the interfaces as required by Maxwells
boundary conditions, while the absolute out-of-plane fields experience a strong enhancement in
the AIN film. The film thickness was chosen to be 1 pm for illustration purposes. In thinner films,
the fields qualitatively exhibit the same distribution, but feature much more pronounced out-of-
plane field amplitudes. Interestingly, the substrate material (air in a, SiC in b) has no notable

effect on the field distribution of the Berreman mode in the AIN film.

53



1(nAIN
Wro

3950 L L L R B L S B B B
dan in nm | | — air/AlN/air
940 | — 20 — air/AIN/SiC
== 300
) --- 1000
=930+
]
89201
=)
=
: - - 4
g 910+ .- R
B ----- .rr—"'-;-:;—/
-——'-’"".“-‘ —
900 — -
890 I I I I I l' ]
030 035 040 045 050 0.55 0.60

Inplane momentum k (1/pm)

A.3 SI: SHG from Phononic ENZ Berreman Modes

b 950 T T T T T
A numerical
940+ ® theoretical . a e
_~ a a
g & . .
S 930k .l air/AIN/SiC
Z e 9 = 850
8 a
St
2 920+ 1
"g 2 1.0] dan (um)
=} —0.02 —125
g £ 08 —005 ~15
= 910r® 8,56 —01 —175 |7
s —02 —20
= ? 204 —03 —25
5 —0.5 =30
900 0.2 ! —0.75 —40 |
W —10 =50
00556910 920 930 940
Wavenumber ® (1/cm)

8900

1 2 3 4 5
AIN film thickness dy;y (um)

FIG. S3. Comparison of theoretically and numerically determined Berreman disper-

sion.

a Berreman dispersions for three different AIN film thicknesses da;n supported in an

air/AIN/air (red curves) and an air/AIN/SiC (green curves) system calculated with Eq. 1 from the

main text. The dispersion in a freestanding AIN is flatter for smaller in-plane momenta than for

the AIN on a SiC substrate, but exhibits a steeper upwards bending close to the light line. b Plot

of the frequencies of the Berreman dispersion as a function of d 4 in the air/AIN/SiC system at

an incidence angle of 85°, calculated numerically with the transfer-matrix method (blue triangles)

and theoretically as shown in subfigure a (green circles), showing perfect agreement. The inset

shows the Berreman reflectance dip as a function of d4;n. The frequencies of the minima were

extracted to obtain the numerical data (blue triangles).
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FIG. S4. Out-of-plane field enhancement E, at the interfaces of the air/AIN/SiC sys-
tem. a F, field enhancement as a function of frequency in isotropic (dashed lines) and anisotropic (solid
lines) SiC for four different AIN film thicknesses da;n at an incidence angle of 60°. At the LO frequency
of anisotropic SiC wfioc, the field enhancement reaches a maximum of ~ 3.5 due to the zero-crossing of the
SiC dielectric function, while the peak at higher frequency arises from a resonance condition in the Fresnel
transmission coefficient (also observed in isotropic SiC)5. Both features are mainly independent of da;n
because AIN is transparent in this frequency range. The E, peaks give rise to the SHG signals reported in
Fig. 2a of the main text (compare also with®). b-d show the E, field enhancement of the Berreman mode
at resonance frequency, the corresponding resonance frequency wperreman, and the real part of the dielectric
function of AIN at Wgerreman, respectively, as a function of AIN film thickness d4;n and at an incidence
angle of 60°. Clearly, the E, field enhancement (b) experiences a strong increase in the limit of ultrathin
films (dainv < 200nm), which can be attributed to the proximity of the Berreman resonance frequency (c)
to the ALN LO frequency at 900 cm™!, where the dielectric function (d) crosses zero. For thicker films, on
the other hand, the Berreman mode disperses at frequencies where Re(en) > 0, yielding a much weaker
field enhancement. It is thus seen that only for ultrathin films the Berreman mode, due to its ENZ nature,
exhibits the reported strong field enhancement. e-g show the E, field enhancement at the air/AIN inter-
face in AIN and air, and the reflected wave together with its phase, respectively, as a function of AIN film
thickness d;n at fixed frequency w = 900cm™! and at an incidence angle of 60°. Surprisingly, also at fixed
ENZ frequency, the field enhancement in AIN (e) decreases with increasing film thickness, which, following
Eq. 3 of the main text, happens because of a decreasing E, field in air (f). The latter behavior arises
due to the following reasons. The total field in air is the difference of the incident and the reflected field,
E, = Ei"e — 'l where E'" = 1 and its phase a(E™*) = 0. The reflected field £ has a minimum
value of ~ 0.4 at d 4,y = 30nm due to the Berreman resonance. Its phase, however, approaches 90° in the
limit of a vanishing AIN film, but drops rapidly to values close to 0° for increasing film thickness. As a
consequence, for a phase difference of 0°, the reflected field and the incoming field interfere destructively at
the air/AIN interface, leading to a small total field amplitude for increasing film thickness both in air and in
AIN. In the ultrathin film limit, on the other hand, the significant phase difference of incoming and reflected
wave leads to a sizable total field in air, and thus, in combination with the ENZ condition (see Eq. 3 of the
main text), to the strong E, field enhancement inside the AIN film.

S5



A.3 SI: SHG from Phononic ENZ Berreman Modes

a 14
E
% 2r 23 o3
<= <= =
£ 10r 3 3
| o= o,
3 :
S — SiC
3 o — AIN
<}
T 4f
wn
o
E 2 e T
Q
£ 9 ' A — ' ' : 00 .
© 600 700 800 900 1000 "0 200 400 600 800 1000
FEL wavenumber o (1/cm) AIN film thickness d,; (Hm)

FIG. S5. Contributions to the SHG yield at the AIN TO frequency. a Effective SHG
source depth 6 = 1/Ak for bulk SiC and bulk AIN calculated by means of the wavevector mismatch
Ak? = ESHG - IZLin - Eg)in 2.6 At the ordinary TO frequency, § features a minimum of ~ 200 nm
whereas in the range of the LO frequencies, § reaches maximum values of a couple of micrometer.
Thus, in a bulk sample, a lot more volume contributes to the SHG signal at the LO than at the TO,
whereas in a very thin film (d < 200nm), the effective source depth is equal at both frequencies
and given by the film thickness. Therefore, in an ultrathin AIN film, the TO SHG signal is stronger
compared to the LO signal than for a bulk crystal. b In-plane E, and out-of-plane E, fields at
the ordinary AIN TO frequency (670.8cm™!) as a function of AIN film thickness. As stated in the
main text, in a bulk crystal the field enhancement is strongly suppressed at the TO frequency®,
leading to a suppressed SHG yield despite the strong x(?) resonance. In an ultrathin film, however,

this suppression is reduced, as can be seen by the sharp increase of the F, field for d n < 100 nm.
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FIG. S1. Tuning figure of merit (TFOM) of the SPhP and the waveguide mode in
air/GST/SiC. TFOM = éw/FWHM as a function of GST film thickness d,cgT calculated from
reflectance simulations of the air/GST/SiC system in Otto geometry (with KRS5 prism as incident
medium) at an incident angle of 30° with the parameters given in the Methods section of the main
text. For dygst =~ 150 — 170 nm, the SPhP features a maximal TFOM, while the waveguide mode
reaches a maximal predicted TFOM of ~ 9 at d,gsT ~ 210 — 230 nm. For both modes, the change
in the TFOM as a function of d,ggr primarily arises from the frequency shift dw (compare Figure

S3 ¢ and f), which varies strongly as the modes shift to lower frequencies towards w:Spig.
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FIG. S2. Theoretical dispersion of the m=0 order s-polarized waveguide mode in a-
GST and c-GST on SiC. a Imaginary part of the phase difference Im(®; o1 /air) upon reflection
at the a-GST/air interface calculated with Eq. 3 from the main text!. Where Im(®% /air) >0,
no waveguide modes can be supported, which is the case for k/ky > \/Re(ea.gsT). Therefore,
region (ii) is ruled out, even though the SiC/a-GST interface would allow a waveguide mode
(Im(®g;, /a_GST) = 0), see Fig. 4a of the main text. Regions marked with an X are excluded because
there, ITm(®g; /a_GST) > 0. Thus, the air/a-GST/SiC system only supports waveguide modes in
regions (i) and (iii). b Comparison of the dispersion of an m=0 s-polarized waveguide mode in an
air/a-GST/SiC (solid lines) and an air/c-GST/SiC system (dashed lines) for three different GST
film thicknesses. The upper momentum boundary of the dispersions for both systems is given by
the refractive index (n = /€) of the respective GST phase (dashed black lines). The dispersions in
a-GST, which has neglectable absorption in the shown frequency range (Im(e,.gst) = 0), approach
the upper momentum boundary asymtotically, whereas the dispersions in c-GST experience a red-
shift in proximity to the upper momentum boundary due to significant absorption (Im(e..gsT) = 9).
For small in-plane momenta (1 < k/kg < 2), however, which is the range studied in this work,
the dispersions in the two GST phases are qualitatively the same, where in ¢c-GST the modes are

red-shifted compared to a-GST.
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FIG. S3. Higher-order waveguide modes in a-GST and c-GST on SiC. a,d Maximum
field enhancement FE,,,x for p- (blue curves) and s-polarization (red curves) as a function of a-
GST and ¢-GST film thickness dggr, respectively, at § = 30°. The respective penetration depths
0 into SiC are plotted in b,e, and c,f shows the corresponding mode frequencies wpode. Above
certain dggt (marked by gray lines where the mode frequencies jump), however, the first-order
s- and p-polarized waveguide modes start being supported, appearing at the upper frequency
boundary. Noteworthily, the SPhP mode propagating at a single boundary smoothly fits into the
waveguide mode picture that dominates at larger dgsT, and could even be seen as a continuation
of the p-polarized waveguide mode in the limit of vanishing film thicknesses. However, while all
higher-order p-polarized (m > 1) and all s-polarized waveguide modes are also supported in thin
films on dielectric materials, the SPhP requires the negative permittivity of the SiC substrate. In
summary, the reasons for a structure to support a SPhP or a waveguide mode are different, but
otherwise SPhPs and waveguide modes can be treated very similarly. The penetration depth §
is a function of the SiC substrate permittivity, and is large for € > 0 (above wﬁig = 970cm™1)
while reaching a minimum of § = 100nm for mode frequencies close to qugg = 797cm~! (where
€ < 0). For p-polarization, the field enhancement and the penetration depth experience a small,
sharp feature where the mode crosses the region between the LO ordinary (o) and extraordinary
(e) phonon frequencies w%igp = 970cm ™! and w%ig’e = 964cm™!, being an effect of the SiC c-
cut uniaxial crystal anisotropy?. In comparison to a-GST, the high absorption of c-GST leads
to a significantly reduced field enhancement especially for the higher-order modes. Due to larger
internal losses, the critical coupling gap of ¢-GST (1.5 pm) where the modes are excited optimally
in the Otto geometry is smaller than for a-GST (3.7 pm). g-i Electric field profiles for p- and s-
polarized incident light across an air/a-GST/SiC system for a-GST films of 200, 1700, and 3200 nm
film thickness, respectively, excited in the Otto geometry. For d,.gst = 1700nm (h), the m =1
waveguide modes for both polarizations are supported, featuring a node inside the a-GST film,
where for d,.gsT = 3200nm (i), the m = 2 waveguide modes with two nodes inside the a-GST film

can be observed.
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Abstract

The field of nanophotonics aims at understanding and harnessing light-matter interaction in structures
of dimensions far below the wavelength. By squeezing light into nanostructures, the local electric
fields can be immensely enhanced, boosting the efficiency of applications such as solar cells or
molecular sensing. Furthermore, nanophotonics facilitates the miniaturization of optical devices,
pushing forward the development of modern communication technologies and all-optical integrated
circuitry.

The fundamental excitation driving nanophotonics is the surface polariton, arising in different types
depending on the supporting material. A promising candidate for applications at infrared frequencies
is the surface phonon polariton (SPhP) supported by polar crystals. However, a SPhP on a single polar
crystal possesses several limitations that hinder the application in nanophotonic technologies.

This work implements layered heterostructures built from various different materials as a versatile
platform for phonon polariton nanophotonics, overcoming the limitations of a conventional SPhP. By
studying a variety of different polar crystal heterostructures, novel polariton modes with intriguing
characteristics are discovered, such as ultra-thin film modes with immense field enhancements,
strongly coupled polaritons at epsilon-near-zero frequencies, and waveguide modes with polariton-
like properties.

Furthermore, a new experimental and theoretical methodology is developed, enabling the systematic,
extensive study of phonon polaritons in layered heterostructures of arbitrarily anisotropic media. In
the conducted experiments, the phonon polaritons are excited via prism coupling in a home-built
Otto geometry, featuring full control over the excitation conditions with direct read-out of the
characteristic air gap size between prism and sample. This unique setup allows to characterize a
polariton dispersion at critical coupling conditions, yielding the discovery of new phonon polariton
modes.

As an excitation source, the free electron laser at the Fritz Haber Institute is employed, allowing for
non-linear optical spectroscopy measurements at infrared phonon-polariton frequencies. The results
include the first observation of second harmonic generation from propagating SPhPs and from the
ultra-thin film Berreman polariton, enabling experimental access to the field enhancement of the
excited polariton mode.

The theoretical advances of this work comprise a transfer matrix formalism for the calculation of light-
matter interaction in arbitrarily anisotropic layered heterostructures. The developed versatile and
robust framework enables the simulation, analysis and prediction of polaritons and their properties in
any multilayer system, constituting a significant contribution to the field of polaritonic nanophotonics.
The formalism is implemented in an open-access computer program, facilitating future studies
towards phonon polariton-based technologies.

By discovering various new phenomena and implementing a new experimental and theoretical
methodology with great potential for future investigations, this work constitutes a comprehensive
study of phonon polaritons in polar dielectric heterostructures. Furthermore, this thesis lays out
perspectives on how to use the developed experimental and theoretical methods for a number of
future studies, bearing great potential to further advance the field of infrared nanophotonics.
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Kurzfassung

Das Gebiet der Nanophotonik zielt darauf ab, die Wechselwirkung zwischen Licht und Materie in
Strukturen mit Grofienskalen weit unterhalb der Wellenlédnge zu verstehen und zu nutzen. Durch das
Einbringen von Licht in Nanostrukturen kénnen die lokalen elektrischen Felder immens iiberhoht
werden, was die Effizienz von Anwendungen wie Solarzellen oder molekularer Sensorik verbessert.
Dariiber hinaus ermdglicht die Nanophotonik die Miniaturisierung optischer Bauelemente und
treibt so die Entwicklung moderner Kommunikationstechnologien und rein optischer integrierter
Schaltkreise voran.

Die grundlegende Anregung, die die Nanophotonik vorantreibt, ist das Oberflichenpolariton, das je
nach Tragermaterial in verschiedenen Typen auftritt. Ein vielversprechender Kandidat fiir Anwendun-
gen bei Infrarotfrequenzen ist das auf polaren Kristallen existierende Oberflachenphononenpolariton
(OPhP). Ein OPhP auf einem einzelnen polaren Kristall weist jedoch mehrere Einschrankungen auf,
die die Anwendung in nanophotonischen Technologien behindern.

Diese Arbeit implementiert geschichtete Heterostrukturen aus verschiedenen Materialien als vielseit-
ige Plattform fiir die Phononenpolaritonen-Nanophotonik und iberwindet so die Einschrankungen
eines herkommlichen OPhP. Durch die Untersuchung einer Vielzahl verschiedener polarer Kristall-
heterostrukturen werden neue Polaritonenmoden mit interessanten Eigenschaften entdeckt, wie etwa
Moden in ultradiinnen Filmen mit immensen Feldverstarkungen, stark gekoppelte Polaritonen bei
Epsilon-nahe-Null-Frequenzen und Wellenleitermoden mit polaritonendhnlichen Eigenschaften.

Dariiber hinaus wird eine neue experimentelle und theoretische Methodik entwickelt, die die system-
atische und umfassende Untersuchung von Phononenpolaritonen in geschichteten Heterostrukturen
beliebig anisotroper Medien ermdglicht. In den durchgefiithrten Experimenten werden die Phononen-
polaritonen durch Prismenkopplung in einer selbstgebauten Otto-Geometrie angeregt, wobei die
Anregungsbedingungen vollstindig gesteuert werden konnen und die charakteristische Luftspalt-
grofle zwischen Prisma und Probe direkt ausgelesen wird. Dieser einzigartige Aufbau erméglicht die
Charakterisierung einer Polaritondispersion bei kritischen Kopplungsbedingungen, wodurch neue
Phononenpolaritonenmoden entdeckt werden konnen.

Als Anregungsquelle wird der Freie-Elektronen-Laser am Fritz-Haber-Institut eingesetzt, der nicht-
lineare optische Spektroskopiemessungen bei infraroten Phonon-Polariton-Frequenzen erméglicht.
Die Ergebnisse umfassen die erste Beobachtung der Erzeugung der zweiten Harmonischen von
propagierenden OPhP und von dem Berreman-Polariton in ultradiinnen Filmen, wodurch die experi-
mentelle Einsicht in die Feldverstarkung der angeregten Polaritonenmode ermoglicht wird.

Die theoretischen Fortschritte dieser Arbeit umfassen einen Transfermatrix-Formalismus zur Berech-
nung der Wechselwirkung zwischen Licht und Materie in beliebig anisotropen geschichteten Het-
erostrukturen. Der entwickelte vielseitige und robuste Formalismus ermoglicht die Simulation,
Analyse und Vorhersage von Polaritonen und ihren Eigenschaften in jedem beliebigen Mehrschicht-
system, was einen wesentlichen Beitrag auf dem Gebiet der polaritonischen Nanophotonik darstellt.
Der Formalismus ist in einem Open-Access-Computerprogramm implementiert, was zukiinftige
Studien in Richtung Phonon-Polariton-basierten Technologien erleichtert.

Durch die Entdeckung verschiedener neuer Phanomene und die Implementierung einer neuen
experimentellen und theoretischen Methodik mit groflem Potenzial fiir zukiinftige Studien stellt diese
Arbeit ein griindliches Werk tiber Phononenpolaritonen in polaren dielektrischen Heterostrukturen
dar. Dariiber hinaus skizziert diese Arbeit Perspektiven fiir die Verwendung der entwickelten
experimentellen und theoretischen Methoden fiir eine Reihe zukiinftiger Studien, die ein grof3es
Potenzial fiir die Weiterentwicklung des Bereichs der Infrarot-Nanophotonik bieten.
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