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Chapter 1
Introduction to Nanophotonics
1.1 The Mid-Infrared

The mid- to long-wave infrared refers to the spectral range between 3 um and 15 um*. This section of
the electromagnetic spectrum is relevant for both communication and characterization applications
since it contains two atmospheric windows (from 3-5 and 8-12 um) and is home to the
“fingerprint”region’. In particular, the frequencies that fall in the mid-IR match well with the distinctive
molecular vibrations of many materials, making IR-based spectroscopic techniques highly material
specific for unambiguous identification. The IR also offers a spectral range of interest for designing
novel optical devices, including smaller form-factor optical devices (which are needed due to the
intrinsically large free-space wavelengths in the IR) and new emission sources and detectors (which are
needed due to the lack of coherent sources in this frequency band)s.

Both smaller optical devices and designer emission sources and detectors can be achieved by taking
advantage of polaritonic modes that confine light to the surface of a material at deeply sub-diffractional
lengthscales. In general, when operating in the far-field, devices are constrained to dimensions that
accommodate the diffraction limit”, which for the long wavelengths of the IR, translates to bulky optical
components. One way to potentially work around the diffraction limit and achieve systems that are
more compact and offer greater design freedom, is by taking advantage of nanophotonics. Using
nanoscale structuring, it is, for instance, possible to utilize polaritons, which are quasiparticles of light
and oscillating charges, to confine light to deeply subwavelength scales®-0. Likewise, thermal emission
can be potentially designed using polaritonic modes?!''-3. From a fundamental physics standpoint,
thermal emission arises from the random motion of charges when a material is at a temperature higher
than 0K. The random nature of thermal motion means that thermal emission is inherently incoherent,
both in space and time. The spatial incoherence of thermal radiation refers to the fact that the separated
charged particles will yield different current fluctuations'*. The temporal incoherence, on the other
hand, refers to the spectral energy density, or the broadband character of thermal radiation. For devices
where coherence is desired, some degree of either spatial or temporal coherence can be imparted due to
the properties of surface polaritons. The spatial coherence can come from the long propagation length
of resonant surface modes, which allows them to relate spatially distant points along the surface (Figure
1.1). At the resonant frequencies of surface polaritons, these modes can also be co-opted as spectral
filters, and their quasi-monochromatic character brought to the far-field by coupling these into
diffractive modes, giving the emission some temporal coherence?. Understanding the behaviors of these
polaritonic modes is necessary for properly integrating them into usable devices for the IR.
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Figure 1.1. Cross-spectral density function for thermally excited surface modes, showing the long-range
correlation that comes from surface polaritons?s.

1.2 Surface Polaritons

Polaritons arise from the coupling of photons of light with coherently oscillating charges in a material®.
There are multiple types of polaritons that can be formed, including both volume and surface-confined
polaritons, as well as different designations based on the type of charges that couple to light. Surface

polaritons are of particular interest, because their evanescent nature enables the confinement of light to
deeply subwavelength dimensions!.

A Free carriers B Optical phonons

UV-NIR Mid-IR-THz
E 4—2— 8
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Figure 1.2. [llustration of collective oscillations of unbound electrons in metals and semiconductors
responsible for SPPs (A) and lattice vibrations in polar dielectrics responsible for SPhPs (B)'.

1.2.1 Surface Plasmon Polaritons

Surface plasmon polaritons are generated from the interaction between light and free carriers in metals
or semiconductors (Figure 1.2a). When the appropriate interface condition is met, surface plasmon
polaritons can form an evanescent surface wave that extends from the conductive surface into a
dielectric environment. Because surface plasmon polaritons are derived from the free carrier of a
conductive material, the frequency at which these modes are supported will depend on how fast the
carriers can oscillate in response to an incident radiation field. To begin with, unbound electrons, when
exposed to an electromagnetic field, will oscillate in the direction opposing the incident radiation and
can set up a surface screening field that causes high reflection'® (Figure 1.2a). The screening field causes
the material to behave like a mirror, inhibiting the incident radiation from penetrating the material. This
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in turn means the real part of the material’s permittivity will be negative in spectral ranges where these
surface modes are allowed.

Eventually a frequency is hit at which the free electrons can no longer move fast enough to keep up
with the incident electromagnetic field, and the reflectivity drops off (Figure 1.3). For most noble
metals, this cut-off frequency is in the ultraviolet or visible range, which limits their utility in the
infrared. However, SPPs in doped semiconductors can be used in the IR readily. Further, adjusting the
doping density will have the effect of tuning the plasma frequency'”-%, allowing for SPPs that can be
spectrally tailored to a specific application.
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Figure 1.3. Drop off of reflectivity at the plasma frequency for a material with unbound charge
carriers?.

In general the dispersion of SPPs can be well modeled by the Drude formalism, which is written as:
&(w)=e~-(wpY wHiyw)

where e- is the background, or high frequency, permittivity, which accounts for interband transitions at
higher frequencies, w is the frequency of the incident radiation, y is the damping constant for the
plasma oscillation and wp is the plasma frequency. The plasma frequency can be written as

wp=V(Ne?/(m*s0))

with N being the free electron density, e the electron charge, m* the effective mass of the carriers and eo
the permittivity of vacuum.

Surface plasmon polaritons have been exploited for a range of applications that require high
confinement of light and enhanced light-matter interactions (which can be useful for applications such
as chemical sensing? or control of radiative recombination rates?). One of the downsides of SPPs is that
they tend to be lossy!, with high material absorption, making it difficult to guide light over extended
distances or for longer intervals of time. The high material absorption also has the consequence of
creating highly concentrated hot spots?.

1.2.2 Surface Phonon Polaritons

Surface phonon polaritons (SPhPs) (Figure 1.1b) arise from lattice vibrations that can be excited in polar
dielectric materials in a particular frequency range between the longitudinal (LO) and transverse (TO)
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optic phonons!. The TO and LO phonons are degenerate for nonpolar bonds, with both lying at the
gamma point of the Brillouin zone?. This degeneracy is broken for polar bonds, since when the bonds
are polar, the transverse optic phonon will be characterized by an out-of-phase motion of the lattice
where the positive charged atoms move in the direction of the field and the longitudinal optic phonon
will describe the perpendicular motion, where the positive charged atoms moves against the incident
field. The difference in electronegativity between the charged atoms is sufficient to create a net dipole
moment. This results in an anti-crossing within the dispersion relation, with the LO and TO phonon
frequencies becoming spectrally separated®. This spectral gap is termed the Reststrahlen band and it
defines the range where polar dielectric materials can behave as an ‘optical metal” (Figure 1.4) 2.
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Figure 1.4. Dielectric permittivity and reflectivity for a polar dielectric with a Reststrahlen band from 10
THz to 11 THz?.

The IR response of undoped, polar materials, and thus the dispersion of SPhPs, can be well described
using the “TOLO"” formalism, where each atomic vibrational mode is modeled as a dipole oscillator
(Figure 1.5).

&(w)=e~(1+ (wLo*-wro?)/(wTo?-w-iwr'))

Here e- is the background permittivity, wto is the LO phonon frequency, wro is the TO phonon
frequency, w is the frequency of the incident radiation and I' is the damping constant.
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Figure 1.5. Real and imaginary components of the dielectric constant for a Lorentz dipole oscillator 2.

Surface phonon polaritons have much lower optical losses compared to SPP modes!. This is due to the
difference in scattering mechanisms between the two. For SPPs, electron-electron scattering occurs at
relatively fast timescales (with lifetimes of tens of femtoseconds), while for SPhPs scattering is mediated
by the interaction between the oscillating dipoles, and persist much longer (with picosecond lifetimes)e.
Thus, phonon polaritons present advantages over SPPs for applications where narrow linewidths,
longer propagation lengths are desired. However, the lower losses come at the cost of slower group
velocities?.

1.2.3 Momentum Mismatch

Thinking of surface polaritons as solutions to Maxwell’s equations, these can be described as surface
waves that decay exponentially from the surface into the surrounding media. The surface wave, which
remains confined to propagating along the interface, will have a characteristic wave vector, which can
be compared to the wavevector of free space with the following relation

k=koV(emea)/(em+ed)
where em refers to the relative permittivity of the polaritonic medium and sdarefers to the permittivity of
the dielectric environment. Here ko refers to the free-space wavevector of the light responsible for

exciting the polaritonic mode.

A better understanding of the relationship between free-space light and the polaritonic mode can be
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obtained by plotting the frequency-dependence, or dispersion (Figure 1.6). In such a plot, the free-space
light traces a line (the so-called light line). The bulk polariton dispersion remains in agreement with this
line, until this begins to approach the frequencies of the relevant border of either the surface plasmon
frequency or Reststrahlen band. At that point, the bulk polariton dispersion veers away from the light
line, asymptotically approaching the wse or wro frequency. For polar dielectric materials, the splitting of
the degeneracy between the TO and LO optic phonon creates the gap that defines the Reststrahlen
band. At frequencies above the LO phonon, or beginning at the plasma frequency for SPPs, the bulk
dispersion reappears, this time initially matching the LO phonon frequency, or wr, before abruptly
sloping upwards to once more align with the light line.
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Figure 1.6. (a) Surface phonon polariton dispersion®. (b) Surface plasmon polariton dispersion?.

For surface phonon polaritons, these can exist in the frequency gap defined as the Reststrahlen band.
Notably, as Re(em) begins to approach -Re(ed) and the polariton dispersion flattens, the wave vectors
become increasingly large®. Given the inverse relationship between wavevector and wavelength, this
implies increasingly smaller wavelengths, or increasingly compressed light. This is the basis for which
surface polaritons form the foundation of nanophotonics.

The split nature of the polariton dispersion helps distinguish between radiative, or leaky modes, and
those that are evanescent, and confined to the material. Specifically, any modes to the left of the light
line can freely out-couple to vacuum, but those to the right side (higher wavevector) are evanescent in
character. To overcome the momentum mismatch between the light line and the surface polaritons, it is
necessary to increase the wavevector of the incident light, and in doing so tilt the slope of the light line
in order for this to cross the surface polariton dispersion (as shown in Figure 1.6a, where the light
propagating through ZnSe travels according to a tilted dispersion). This can be achieved in a number of
ways (summarized in Figure 1.7). High index materials can be used in a prism configuration, which
takes advantage of the total internal reflection condition. This is possible through both the Kretschmann
and Otto configurations, one of which places the prism in contact with the polaritonic medium
(Kretschmann) (Figure 1.7a), and the other which maintains an air gap between the polaritonic medium
and the prism (Otto configuration)(Figure 1.7b)¢. Alternatively, nanostructuring can be patterned
directly onto the surface of the polaritonic medium (Figure 1.7c)2. This can have the effect of creating a
grating, provided the spacing between the nanostructures is periodic and appropriate in scale relative
to the incident plane waves. With a grating the momentum mismatch is overcome due to Bragg
scattering, which allows the light to couple into diffractive modes. A final approach would be to take
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advantage of individual nanostructures that are of the correct size to induce Mie scattering (Figure
1.7d)¥. In this case the resonant nanoparticle acts as an antenna that allows for localized polaritons to be
excited. This has numerous applications for sensing and chemistry?2.

(b)

f

Figure 1.7. Overcoming the momentum mismatch between free-space light and polaritons is possible
by coupling the light through a high index prism in the Kretschmann configuration (prism in contact
with the polaritonic medium) (a) or the Otto configuration (air gap between the prism and the
polaritonic medium) (b). Alternatively, the light can be slowed down by coupling to diffractive modes
in a grating (c) or with the use of nanostructures (d)e.

1.3 Applications and State-of-the-Art

The highly localized confinement of light associated with surface polaritons make them promising for
designing new devices, including those that take advantage of the coherence length of these surface
modes in order to tailor emission patterns with either spatial or temporal coherence.

1.4 Low symmetry materials

Within materials that support phonon polaritons, there is some distinction in the properties of those
modes based on the symmetry characteristics of the lattice. For certain anisotropic materials, where the
real part of the permittivity at a given frequency has a combination of positive and negative signs for
the principal orthogonal components, the phonon polaritons will exhibit hyperbolic behavior?.
Hyperbolic phonon polaritons (HPhPs) are governed by a hyperboloid shaped isofrequency surface,
which means these can support wave vectors of unlimited magnitude (potentially allowing for extreme
confinement of photons) (Figure 1.9). These isofrequency surfaces can be interpreted as single
frequency three-dimensional representations of the information displayed in the dispersions shown in
Figure 1.6. It follows that an isotropic material with a linear dispersion will trace out a circle (if the x
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axis is extended to cover the entire k«-ky plane) and ultimately a sphere (for kx-ky-kz) (Figure 1.9b). On
the other hand, a hyperbolic material, like hexagonal boron nitride (hBN) (Figure 1.8), has a polariton
dispersion with multiple branches. Translating this into three-dimensional momentum space results in
open hyperbolas with infinitely large wavevectors (from the asymptotic nature of the polariton
dispersion).

a h¥BN 98.7% b hBN nat. ab. c h"BN 99.2%

“Jwy

q(x10°cm™) q(x10°cm™) q(x10°cm™)
Figure 1.8. Dispersion of the hyperbolic material hexagonal boron nitride (hBN).?

The open hyperbola also means the propagation of hyperbolic phonon polaritons will be fixed to a
specific angle for any frequency, because of the unique opening angle associated with that isofrequency
surface®. For these reasons, HPhPs hold great promise for super-resolution imaging techniques, where
the interesting volume confined and fixed angle nature of these can be exploited for hyper-lensing?'.
The ability to direct the propagation of polaritons and tailor emission patterns using structural
anisotropy also has implications for the creation of desired emission profiles based on the symmetry
and orientation of bulk crystals and directing heat transfer along specific crystallographic directions.

Figure 1.9. Schematic of isofrequency surfaces for (a) metals, (b) isotropic materials, (c) type II
hyperbolic materials and (d) type I hyperbolic materials®.



Chapter 2

Introduction to Near-field Radiative Heat Transfer

2.1 Blackbody radiation

A blackbody is a unique material that absorbs all light. While a perfect blackbody does not exist, it can
be approximated by a cavity with a small opening that permits light to enter, but limits the possibility
of the light reemerging after reflecting off of the interior of the cavity, or by certain specially designed
nanostructured materials, like carbon nanotubes. Planck proposed an expression for describing the
spectral energy density of blackbody radiation when such a cavity is in thermal equilibrium?32. Planck’s
law states that

Les(w,T)= (hw3/4n3c?) (1/(exp(hw/keT)-1))

Where c is the speed of light in vacuum, # is Planck’s constant, kg is the Boltzmann constant, w is the
frequency of the light and T is the temperature.
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Figure 2.1. Planck’s distribution at different temperatures®.

The emission spectrum corresponding to a blackbody is a broadband curve with a characteristic peak
wavelength, where the broadband nature of the blackbody spectrum is demanded by the temporal
incoherence that arises from the random thermal motion of charges (Figure 2.1). The spectral position of
the peak is temperature dependent and can be roughly estimated by Wien's displacement law, which
states that A8s=2900/T (um). The inherent temperature dependence of thermal emission is likewise seen
in Stefan-Boltzmann's law (Qss=0(T1# — T3*), where 0=5.6x10 Wm2K-#)3, which provides a
proportionality constant to relate the emissive power of a blackbody with temperature.

This relationship is the result of integrating the emissive power across all wavelengths. Although real
materials do not have the same properties of an idealized blackbody, they can be approximated as so-
called gray body over certain spectral ranges, with broadband emission spectra reminiscent of the
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blackbody spectra, but scaled by the emissivity that corresponds to the ratio of the emission from the
material with respect to a blackbody at the same wavelength, temperature and angle. It follows that a
blackbody in this sense represents the theoretical upper limit of emissive power. While this holds true
for the far-field case, once the contributions from evanescent fields are included it becomes possible to
surpass the blackbody limit'4%>%. This is because, as it was acknowledged by Planck in one of his texts®
that Planck’s law, and by extension Wien’s displacement law and the Stefan-Boltzmann law, are all
valid under the assumption that the separation length between the detector position and the emitting
surface is large with respect to the peak wavelength.

2.2 Heat transfer in the near-field

Any object at a temperature higher than 0 K will experience random thermal motion of its charges. At
the surface of the material, the continuity of field amplitudes from one medium to the next means that
electromagnetic radiation will extend past an interface as evanescent waves'4. Since these evanescent
waves decay exponentially at increasing distances from the surface, they will have little effect on the
thermal radiation observed in the far-field (Figure 2.2). If, however, two materials are brought into close
proximity (such that the tails of their evanescent fields overlap), coupling effects can occur that
dramatically modulate the radiative flux across the gap (Figure 2.3). As thermal radiation is one of the
three mechanisms for heat transfer, this also implies the potential for introducing ultrafast thermal
transport across a gap. When these materials, each of which has attained a local thermal equilibrium at
a specific temperature, are brought into close proximity, heat can transfer from the body at a higher
temperature to the one with lower temperature. Given the wave-like nature of thermal radiation, the
distance between the two objects is a relevant parameter for determining whether the radiation can
tunnel directly across the vacuum gap, or if the distance is sufficient that the phase considerations of the
radiated heat can be neglected. The latter is the purview of geometric optics and radiometry. If the
distance that a thermal wave has traveled is sufficiently large, the energy of incoming rays can be
summed according to a typical ray tracing treatment.

6x10°

—— propagating waves contribution
----- evanescent waves contribution
total contribution
—— vacuum density of states

Density of states

1 1 1
1.0 1.5 2.0x107

Distance to the interface (m)

Figure 2.2. Contributions to radiative heat transfer from propagating versus evanescent waves at
different distances from the emitter material®.
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Figure 2.3. Evanescent extent of a surface mode above the interface3.

Understanding the difference between far-field and near-field radiative thermal transport ultimately
comes down to recognizing the wavelike properties of thermal radiation. For the far-field radiative
transfer equation, the assumption that the energy contribution of all incoming rays that follow a
specified path can be added depends on phase differences being ignored. The conservation of energy
intensity along the line-of-sight of a ray has both a classical and quantum mechanical interpretation, the
first assigning a linear relationship between the absorption and scattering coefficients and the energy
intensity, and the second making explicit the role of energy levels in absorption and emission®.
Depending on whether the incident energy is the correct magnitude to promote an electron to a higher
orbital, or simply causes a general oscillation of the atom’s dipole, the atom will either absorb the
incident energy or will scatter the radiation incoherently.

2.3 Enhancement due to high density of states

Near field radiative heat transfer is theoretically possible across gap sizes much smaller than the peak
wavelength of the blackbody emission spectrum. At this limit, the heat flux is anticipated to be
enhanced by orders of magnitude compared to the black body limit, due to an increase in the photonic
density of states, or channels across which heat can travel®54-4,

The exact origin of the enhancement will depend on the emitter and receiver materials. A material
without any polariton resonances in the IR will primarily be dominated by transverse electric (TE)
modes, since the evanescent waves on the surface of these materials stem from frustrated total internal
reflection®. For polaritonic materials, like polar dielectrics, the dominant contribution will be from
transverse magnetic (TM) modes, since surface polaritons also have an evanescent extent that can
tunnel across the gap, potentially even coupling with surface modes of a similar type on the recipient
material®24. When surface polaritons couple across the dielectric gap they behave as cavity modes, and
so will become more and more surface confined as the gap spacing decreases (Figure 2.4)*.
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Figure 2.4. Contour map showing transmission probabilities for TM modes as a function of radiation
energy and wavevector. Enhancements in the transmission probabilities coincide with the analytical
solution for the dispersion equation of cavity surface phonon polariton mode. Note that these fall to the
right of the light line, making them confined modes.*

Given the lack of spectral overlap between the peak wavelength for thermal emission (given by Wien's
displacement law) and the resonant frequencies of most metals, near-field heat transfer from metal
surfaces is primarily governed by total internal reflection®. However, for some materials their plasma
frequency can be tuned via the addition of dopants or through surface patterning* and SPPs can be
supported in the IR. The level of enhancement to heat transfer offered by SPPs is also hindered by their
losses, which dampen the resonant peaks. One way of compensating for the reduced performance of
bulk plasmonic materials is to thin these down to ultra thin-films '8, which can either be used singly or
incorporated in more complex layered heterostructures?4. These thin films can provide even further
near field heat transfer enhancement than would be seen with bulk emitters/receivers.

2.4 Theoretical models

Radiative heat transfer has been a subject of study almost since the beginning of scientific inquiry.
Research into the way thermal energy is transmitted was greatly accelerated by the first recognition of
the infrared (by William Hershel)¥. A century later Planck proposed his law of blackbody radiation,
which spurred early research in quantum physics. In the mid-20th century this newly developed
quantum mechanics framework allowed for mathematical description of thermal radiation. The most
relevant of these was Rytov’s fluctuational electrodynamics, which accurately related the incoherent
radiation emitted by a material to the random fluctuating currents driven by thermal motion*. This
gave an explicit origin to the observed radiation.

Rytov first presented his work on fluctuation electrodynamics in 1953, where he created an
electromagnetic model for thermal radiation that closely paralleled the Langevin model for Brownian
motion®. The scenario Rytov was concerned with was made up of two parallel plates made of
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dissimilar materials. One plate was set to be a dissipative material and the second was defined as a
mirror with high conductivity. According to Rytov, the thermal radiation emitted from an object is
inherently linked to the random current fluctuations the object experiences. In order to describe the
thermal radiation mathematically, one therefore needs to find solutions for the stochastic macroscopic
Maxwell’s equations, which have been slightly modified to incorporate a random source term in
Ampere’s law. At its simplest, two optically isotropic materials with permeabilities of one can be spaced
slightly apart from one another and the gap filled by vacuum. Knowing the temperature distribution
and the dielectric properties of the materials it becomes possible to solve the radiative heat transfer
based on fluctuation electrodynamics.
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Figure 2.5. (a) Schematic illustration of the fluctuational currents inside the material, which are related
to the incident field using the Green’s dyadic function. (b) Contribution to the total density of states
from propagating modes and evanescent modes?.

While Rytov correctly theorized that the energy flow density from one plate to the other would increase
as the plates came closer to one another, at the time of the paper’s publication there was no immediate
technical relevance and the experiment Rytov proposed would have been difficult to realize with the
experimental methods available. Both limitations were addressed by Emslie in the early 1960s, who was
interested in radiation shields for cryogenic fuels in outer space®. Because of the low temperature
involved, by Wien's displacement law the critical spacing length was actually quite large, with near-
field effects appearing at separation distances of up to 0.15 mm. As the metal foils used in the shields
were brought close together, Emslie saw an increase in heat flux that he attributed to constructive wave
interference effects. He also posited that photon tunneling could play a role, but was unable to quantify
to what extent. The focus on cryogenic temperatures continued with work looking at dielectric plates
with the same fixed refractive index>!. There the authors observed an enhancement of an order of
magnitude with decreasing gap size that they were able to explain now using both wave interference
and tunneling effects.

Building off of Rytov’s early treatment of fluctuation electrodynamics, Polder and Van Hove in 1971
proposed their own theory using thermally driven fluctuating currents in place of the fluctuating
electromagnetic fields used by Rytov®2. For their example system, they again used the parallel-plane
configuration, this time modeled by two chromium half-spaces separated by a vacuum gap. Their
approach allowed them to separately treat each of the four contributions to heat flux (i.e. evanescent
and propagating waves and TE and TM polarizations). In doing so they showed that the dominant
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contribution in the near-field came from the evanescent TM waves.

In general, finding an analytical solution using fluctuation electrodynamics is possible only in limited
cases. For any systems more complex than simple plate-plate or sphere-plate, numerical methods are
employed. The benefit of electromagnetism being a mature field, is that many of the numerical methods
can be co-opted for the purpose of near field radiative heat transfer. The typical numerical methods
used to calculate radiative heat transfer in the far-field include both the discrete ordinates method and
Monte Carlo simulations®>4. If the geometry of the receiver and emitter are fairly simple (with flat
parallel plates being the most common choice) the dyadic Green’s functions method works well¥”. While
DEFG is capable of handling geometries like films, cylinders, spheres, nanorods and simple structured
surfaces, it is not built to deal with arbitrary 3D complex geometries. Other numerical simulation
techniques that have been tried in the past include finite-difference time domain®, finite-difference
frequency domain®, scattering theory (e.g. for one dimensional gratings)>’, Monte Carlo method (for
photonic crystal slabs)®, fluctuating surface current formulation based on boundary element methods
(for complex geometries)® and nonstochastic direct simulations using the Wiener chaos expansion
method (for parallel plates)®.

2.5 Polaritonic Enhancement of NFRHT

Initial evidence of the role of surface polaritons on the enhancement of radiative heat flux came from a
study looking at the spatial distribution of the radiation spectra of SiC, where the authors found that a
sharp, quasi-monochromatic, peak arises that directly coincides from the resonant frequency of surface
phonon polaritons in SiC?.. As the distance away from a source body approaches the near-field limit,
the energy density spectra will switch from resembling the blackbody spectrum derived by Planck, to a
single coherent peak. Aside from a dip where optical phonons are supported, in the far-field, the
Planckian spectrum resembles a Gaussian curve (Figure 2.6). It is in the optical phonon range, where
the large refractive index of the material translates to high reflectivity, that the spectra will change.
Approaching the near-field, the high reflectivity goes from producing weak emission, to enhancing
emission. Ultimately a single dominating peak will exist where the optical phonon modes are possible.
This can be understood by looking at the oscillation amplitudes of the volume elements comprising the
body, as these will have larger amplitudes when in resonance with the phonon modes. At the atomic
scale, both the silicon and carbon have a partial charge, so each acts like a radiating dipole with random
amplitude. Since the near field radiation of a dipole has a 1/r term, it makes sense for the random
fluctuating current density to dominate at short distances, compared with the far field component term
which scales by 1/r.
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Figure 2.6. Electromagnetic energy density of states at varying distances above a SiC surface?.

There have been a number of challenges that have prevented the realization of many of the
configurations proposed in computational papers. For instance, the most widely studied geometry from
the point of view of numerical simulations has been two semi-infinite parallel plates separated by a
nanometric gap®. In practice it is extremely difficult to achieve such a small uniform gap spacing.
Various authors have attempted to use spacer columns or dynamic feedback systems to mitigate plate
bowing and contact. However, in general, more practical has been to look at larger gap sizes (on the
order of microns instead of nanometers)®. Operating at cryogenic temperatures has the benefit that the
relevant thermal wavelength is quite large, meaning that even macroscopic gap sizes will behave as
though they are in the near-field. The downside to low temperatures, however, is that surface phonon
polaritons will be absent, since at such low temperatures these surface modes will not be thermally
occupied.

The initial experimental validations of NFRHT were done using metals, where the enhancement in heat
flux comes primarily from total internal relfection. The radiative heat transfer was first measured
between parallel copper disks, and later chromium plates®5. NFRHT between dielectric materials was
underexplored for a long period of time, since many of the established techniques require conductive
materials. Dielectric plates weren’t experimentally studied in earnest until the 2000s, when Hu et al
measured the SPhP mediated enhancement in heat flux between glass plates with dispersed
polystyrene microsphere spacers (with low thermal conductivity)e®.

2.6 Engineering near-field heat flux

An ultimate goal for the field would be to have enhanced radiative heat flux at desired frequencies. To
this end, various groups have explored ways of enhancing or suppressing heat flux. This can be done
by the choice of the emitter and receiver materials*¢58 layer thickness®”, the addition of surface
nanostructuring®7!, rotation” and external stimuli?2-74.

Pairing dissimilar emitter and receiver materials can be used to both enhance and suppress heat
transfer, depending on the amount of spectral overlap between the resonances involved. Furthermore,
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based on the relative thicknesses of the layers, these can begin to act collectively as a metamaterial,
which can potentially support hyperbolic volume confined modes as well7>.

There is a noticeable thickness dependence that is of relevance for the excitation of the volume confined
HPhPs in both natural materials and metamaterial. In particular, thicker slabs can support higher order
modes.The advantage of hyperbolic modes, which propagate in the bulk while still having an
evanescent extent at the interface, is that they can cover a broad spectral range, making them promising
for broad-band super-Planckian emitters’>’¢. Compared to surface phonon polaritons in thin films, the
enhancement offered by hyperbolic phonon polariton is not as pronounced. That said, hyperbolic
phonon polaritons, in addition to being broadband, offer long penetration depth”’, which is potentially
advantageous when designing actual devices.

Heat flux can also be tuned by relying on surface modes that arise due to some form of periodic
patterning instead of an intrinsic resonance. For instance, authors have looked at leveraging spoof
plasmons supported by metallic nanostructures?®, since the resonance frequencies of these surface
modes will be dependent on the geometry and spacing of the nanostructures. Another example would
be silicon metasurfaces with nanohole arrays which exhibit enhanced radiative heat transfer at room
temperature due to broad-band surface modes that can be excited at room temperature3:. While the
design space available through the use of nanostructuring is large, the enhancements that have been
calculated thus far still fall short of what is achievable simply using thin film planar polar dielectrics.
Notably, though, with gratings heat flux can potentially be modulated by altering the alignment
between structured plates (e.g. aligning grating channels).

Another idea has been to use phase change materials, like VO, since the surface polaritons responsible
for a lot of the observed enhancement in NFRHT are sensitive to the phase of the media”. In other
words, NFRHT mediated by surface phonon polaritons would only be allowed in the case where VOz2 is
in its dielectric phase, with enhanced heat transfer ‘shutting-off” when the transition temperature is
crossed and the material becomes metallic.

2.7 Applications

Radiative heat transfer has been garnering increased attention over recent years due to the potential
implications that enhanced heat flux at small size scales would have on thermal management
applications. While it had been recognized for many years that the behavior of radiative heat would
differ at length scales smaller than the peak radiation wavelength, until the advent of instrumentation
capable of resolving such small length scales, as well as the impetus of technologies that utilized such
interfaces, near-field radiative heat transfer had been relegated to an anomaly.

The unique properties of NFRHT can be applied to the design of radiative thermal diodes™, where
materials with temperature dependent polariton resonances can be used to control the mismatch
between the peak wavelength of the two materials and from there the rectification ratio. One of the
most immediate potential applications for enhanced NFRHT is in the energy conversion achieved by
thermophotovoltaics*8081. Due to the mismatch between the solar radiation spectrum and the band
gaps of solar cell materials, there is an upper limit to the efficiency of solar cells, known as the Shockley-
Queisser limit (i.e. the efficiency of a single-junction solar cell must be less than 41%). This limit
essentially accounts for the fact that only photons with energies at or slightly above the band gap
energy will be efficiently used to generate electricity. Any photons with energies much higher than the
band gap energy will overshoot the band edge, and a penalty will need to be paid in terms of phonons.
Ideally, to overcome the Shockley-Queisser limit one can place an additional material capable of
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absorbing all of the solar radiation spectrum and in turn emitting that radiation at wavelengths
commensurate with the band gap of the solar cell. Taking advantage of the NFRHT for such an
intermediate material would be ideal, since the efficiency would be boosted both by the spectral
selectivity and the additional channels for radiation tunneling.
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Chapter 3
Experimental and Computational Methods
3.1 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is the basis for much of the characterization work that
is done in the mid and far-infrared. The fundamental vibrational frequencies of atomic bonds tend to be
located in the mid-infrared (4000-400 cm), a region easily accessible with most table-top FTIR
spectrometers, where they appear in absorption spectra as peaks in intensity.

From an instrumentation standpoint, the FTIR can be broken into a few necessary components (Figure
3.1). The first of these is a broadband IR source. Typically this is an incoherent incandescent source,
such as a silicon carbide (SiC) globar for mid-infrared or a tungsten filament incandescent bulb for near-
IR. Each radiation source is tuned to a specific temperature based on the frequencies of interest and the
emission profiles produced by the component materials. The next necessary component is a Michelson
interferometer. The Michelson interferometer contains a moving mirror, so that as the light is passed
through the sample chamber, the moving mirror will create an interferogram. Increasing the path
length of the interferometer has the effect of enhancing the spectral resolution, so most tabletop FTIR
instruments are configured to maximize the distance between the mirrors. The application of a Fourier
transform to the interferogram will yield the desired spectrum. As a broadband technique, FTIR allows
for the behavior at multiple frequencies to be sampled simultaneously, which has advantages as far as
speed of collection. It also allows for a consistently high signal-to-noise ratio across a broad spectral
range.

The required Fourier transformation from interferogram to spectrum requires a certain amount of
signal processing, most of which will be built into the software associated with the instrument.

While not an optical element, the sample chamber becomes another important consideration, both as far
as establishing the measurement scheme via the arrangement of the sample, as well as for limiting
contaminants. Many commercial FTIR instruments will have sample chambers that are sealed off and
can be brought under vacuum, or purged with nitrogen gas. This helps to eliminate water vapor and
CO, both of which have vibrational modes that are IR active and could introduce spurious signals in
the collected spectra.

The last major element in an FTIR is the IR detector. Various detector types are chosen for different
experimental needs. The two most common of these are deuterated L-alanine-doped triglycine sulfate
detectors, which do not require cooling, and mercury cadmium telluride (MCT), which need to be
cooled with liquid nitrogen. Trade-offs in terms of detection sensitivity and collection time will dictate
which detector is appropriate for a given scenario.

FTIR measurements can be operated in either reflection, thermal emission or transmission mode. For
both reflection and thermal emission measurements a calibration sample is needed for background
corrections. For reflection measurements a gold mirror can be used. For thermal emission both a gold
mirror and a blackbody sample are needed. A blackbody can be an array of tightly arranged carbon
nanotubes (VACNT), as these have an emissivity close to 1 (¢20.97). Transmission measurements are
slightly different, since no actual calibration sample is used. A reference measurement is still needed,
but this is typically taken by simply measuring the configuration that will be used while the beam path
is empty (i.e. measurement through air).
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3.1.2 Thermal Emission FTIR

Whenever considering the optical properties of a material, there are a set number of ways in which the
material can interact with and alter the incident radiation, with these summing up to 100%. Some of the
light incident on the material can be reflected, some transmitted, some absorbed and potentially some
lost due to scattering. Using FTIR it is possible to get a measure of the percent of incident radiation that
is either reflected or transmitted. The percent of absorbed light cannot be directly quantified. However,
an estimate can be found by subtracting the measured values of reflectance and transmittance.
Alternatively, Kirchoff’s law states that absorptivity is equal to emissivity at the same temperature and
polarization conditions. This sets up thermal emission measurements as a usual route to explore
absorption properties.

Having an incoherent source means that it is difficult to tailor FTIR measurements to discern incident
angle dependent features. This shortcoming can also be overcome to a certain extent by using thermal
emission FTIR spectroscopy, where the emitted radiation from the sample can act as a source, and can
be manipulated as needed to discern emission angle dependence.
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Figure 3.1. Schematic of the beam-path between the external thermal emission rotation stage and the
MCT detector. Figure adapted from Bruker Optics.

Angle resolved thermal emission measurements were collected by affixing a sample to a custom set-up
rotation rig (Figure 3.2). The mount consists of a heating stage with an aperture connected to a Venturi
vacuum. The force of the vacuum is sufficient to hold a small sample onto the vertically oriented
heating stage during the course of the measurements. The rotation rig has multiple micrometers and
servo motors, which allow it to rotate about the surface normal of the sample, as well as towards and
away from the collection optics in order to probe the emission angle dependence. The stage can also be
translated in all three coordinate directions, which allows for precise alignment control. Between the
heating stage and the FTIR a focusing parabolic mirror helps to limit the spot size of the detected solid
angle to 0.5 cm in diameter. The configuration supports the addition of a polarizer in the beam path,
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which allows for different linear polarizations of the emitted radiation to be isolated. A polarizer can be
chosen based on the desired spectral range (i.e. germanium or silicon are typically chosen for the mid-
IR).

Figure 3.2. Schematic illustration of the custom built thermal emission rotation rig.

The emitted radiation, polarized or unpolarized, is then passed into a potassium bromide (KBr)
window and serves as the source for the FTIR (the internal broadband source is disabled in this
configuration). The emission port is purged with nitrogen gas to eliminate excess water vapor or COs.
For background correction a blackbody sample was used that consisted of vertically aligned carbon
nanotubes (VACNT), approximately 500 um tall, that were grown on a silicon substrate using a Fe-
nanoparticle catalyst. These were acquired from Nanotechlabs Inc. and had a measured emissivity of
0.97. The carbon nanotube samples are also temperature sensitive, and raising them above 300C can
result in any iron nanoparticles present oxidizing, so thermal emission measurements should remain
below that temperature. The blackbody sample should be measured at each temperature and angle that
the sample will be measured at. As an alternative, a silicon sample could be used as a reference, since
silicon has relatively flat emissivity at high wavenumbers. To account for the background emission
from the surrounding optics encountered in the beampath, an additional background measurement is
needed that measures the reflection off a gold mirror flipped in front of the heated stage. For any
thermal emission measurement the correction is (Sample-Gold)/((0.97*Blackbody)-Gold).

A cryogenically cooled MCT detector located in the optical bench can be used for detection.
3.1.3 Tape exfoliation and 2D Transfer Microscope

The 2D materials used in this thesis were exfoliated from single crystals using the tape method onto
silicon transfer wafers prepared with a bilayer resist. A homebuilt 2D transfer tool was used to remove
the flakes from the transfer wafer and place these on the appropriate substrates. The open aperture of a
5x objective was used as a visual guide to trace out a circle around the desired flake and MF319
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developer was applied around the incised edge of the disk. After sufficient time, the developer
infiltrated under the bilayer resist and the disks containing the exfoliated flakes floated in DI water.
Sample holders with small rings at one end were treated with poly(methy methacrylate) (PMMA) A8
and baked at 105 C. These were used to catch the floating disk with the exfoliated flakes and again
heated at 105 C. An apparatus with a heating stage and positioning arms was attached to the
microscope. The final substrate for the flakes was attached to the 2D transfer tool with double sided
tape and the sample holders were affixed to the positioning arms and aligned to rest just above the
substrate surface. The substrate was heated to 120 C. As the sample holders were brought close to the
substrate a dental tool was used to tap the PMMA A8 membrane, to encourage this to adhere to the
substrate. Once the membrane color uniformly changed to green, a dental tool was used to carefully
trim along the edge of the ring, releasing the membrane and flake.

3.2 scattering-Scanning Near Field Optical Microscopy and nano-FTIR

From an instrumentation standpoint a nano-FTIR is based on an atomic force microscope design. A
cantilever with a sharp metallized tip at one end is rastered across a sample. By focusing a laser on the
tip apex, as the tip passes along the surface the tip-sample interaction is recorded as backscattered light.
The tip-sample interaction is resonantly enhanced at the appropriate vibrational modes, making it
possible to map the chemical signature of a sample. If a broadband light source is used, for instance a
blackbody emitter on a heated filament or a globar, the near-field amplitude and phase at multiple
successive wavelengths can be compiled to form a spectra for each sample point. nano-FTIR spectra are
similar in nature to far-field FTIR reflection and absorption measurements, which allows for nano-FTIR
measurements to be cross-referenced using the same spectral libraries that have been built up for FTIR
spectroscopy.

The near-field signal initially collected has both a far-field background component and a weak near-
field component from the tip-sample interaction. A series of modifications are needed in order to
separate out the near-field interaction between tip and sample. To begin, the AFM tip is oscillated at a
specific frequency. Since the AFM tip is a relatively large object with respect to the incident laser,
which has a beam with a waist of around 10 micrometers, the tip apex will receive only a portion of the
radiation, with the rest hitting the flank of the tip and creating background scatter. In order to separate
the light scattered off of the side of the tip from the light scattered off the tip apex, the entire cantilever
is jittered harmonically at a certain oscillation frequency. When the tip is jittered at a small tapping
amplitude, the background signal will remain relatively unperturbed, since changes in height of a few
nanometers will have little influence on the scattering of the laser. On the other hand, changes of a few
nanometers in height will be monumental for the tip-sample interaction. This means that the
background will contribute primarily to the lower harmonics of the oscillating frequency and the tip-
sample interaction can be equated with the higher harmonics of the overall signal.

nano-FTIR and s-SNOM can achieve spatial frequencies that are nominally limited only by the radius of
the tip. This is due to the high frequency k vectors that are inversely proportional to the apex radius.
They also have the advantage of operating in a non-contact mode, which eliminates typical issues with
sample and tip damage.
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Figure 3.3. Schematic illustration of the nano-FTIR beampath.
3.2.1 FEL s-SNOM

The Helmholtz-Zentrum Dresden Rossendorf is a user facility containing two free-electron lasers that
operate using the RF driven superconducting linear accelerator (ELBE) housed at the center®2. The
accelerator generates a continuous wave beam containing picosecond electron bunches at a 13 MHz
repetition rate, with these reaching up to 35 MeB in energy®. The timing of the pulses can be altered to
fit the requirements of the experiments, with time delays of 1-25 ps (with corresponding pulse energies
between 0.01-2 u]). . There are three supported modalities. In the first the FEL pulses are spaced every
0.1-36 ms at a repetition rate between 1-25 Hz. The second mode of operation is specifically made
possible by the superconducting accelerator cavities. In this mode the beam is delivered as a continuous
pulse with a repetition rate of 13 MHz#. This capability is rare in other RF-accelerator based IR and THz
FELs. A third modality is also available, with pulsing at 1 kHz using a photoexcited switch. This is
useful for those experiments where low average power, but high pulse power, are needed, as well as for
experiments that require a longer recovery time (> 100ns) in between pulses.

The beam parameters can also be adjusted to tune the average radiation power as appropriate. The
average power of the beam can be as high as 30 W, which becomes the equivalent of a 1 uJ pulse
energy, but can also be lowered by reducing the FEL repetition rate from 13 MHz to 1 kHz®.

There are two FELs, one which covers the range from 4-21 um, and a second that covers 18-280 um®.
These can each be paired with tabletop femtosecond and picosecond lasers for experiments that require
two frequencies (as may be required for pump-probe spectroscopy or time-resolved
photoluminescence).

3.3 Tunable IR Pump-probe TDTR?

The TDTR set-up used consists of a high-repetition rate, femtosecond pulse duration Ti-sapphire
oscillator (Spectra Physics Tsunami), which delivers a train of approximately 90 femtosecond pulses at a
80 MHz repetition rate?. There are two paths for the beam to follow, one of which becomes the pump
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beam and the other the probe beam. These are split using polarization optics. Electro-optical
modulation at 8.8 MHz is used to modulate the pump beam, while the probe beam is delayed by being
redirected by mechanical translation stage. A microscope objective is used to align the time-delayed
probe beam with the pump beam and focus these two onto the sample surface. As the sample changes
temperature, there will be an accompanying change in its optical properties. In particular, the
reflectivity of the sample will change in a well described manner. The change in thermoreflectance is
detected by a photodiode. The received signal is electro-optically modulated, with part used as a
reference signal for lock-in detection at the lock-in amplifier. This will be specific to the pump-probe
delay time.

A2 PBS
80 MHz Oscillator H
Shortpass
N4 pms filter BiBO crystal
Mechanical delay stage
Photodiode A2
Objective lens

Lock-in

amplifier

Longpass filter

Sample

Figure 3.4. Schematic illustration of the two-color TDTR system?.
3.4 Fluctuation Dissipation Theorem3

Under the fluctuation-dissipation theorem, thermal energy drives the randomly fluctuating electrical
currents in the material, which in turn dictate the dielectric properties.

One of the commonly applied analytical approaches to describing near field radiative heat transfer
takes advantage of the Green’s function. This method works well for relatively simple and symmetric
geometries, and has the added benefit of treating the contributions for the different modes separately.

To start, one casts the macroscopic Maxwell’s equations in the frequency domain with random source
currents so that

V x E(r,w)=iwB(r,w)
V x H(r,w)=-iwD(r,w)+](r,w)

With the time convention exp(-iwt) and where E is the complex electric field vector, B is the complex
magnetic field vector, r is the position vector, w is the angular frequency, D is the electric displacement,
H is the magnetic induction and ] represents the free electric currents that arise from the thermally
fluctuating charges.

From fluctuation electrodynamics, the current source is random and both spatially and temporally
incoherent. This means that taking the ensemble average of the current source J at the two relevant
polarizations and locations give a function that includes the imaginary component of the dielectric
function, the Planck distribution and the Kronecker delta function (indicating polarization incoherence),
the Dirac delta function (indicating spatial incoherence) and a delta function for the temporal
incoherence.
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J at a given location, polarization and frequency can be written in terms of a derivative of Brownian
motion dW(r), which introduces the random quality of the fluctuating currents. Part of the definition of
this white noise function is that taking its statistical ensemble average will give 0 and taking the
statistical ensemble average of the white noise function at two separate locations will give the Dirac
delta function describing the spatial incoherence.

From these equation the vector Helmholtz equations for electromagnetic waves can be written as

V x V x E(r,w)-¢(w)(w/c)?E(r,w)=iw o) (r,w)
V x Vx H(r,w)-¢(w)(w/c)H(r,w)= V x J(r,w)

With the two related to one another by
V x E(r,w)=iwuwH(r,w)

Taking the statistical average of the currents gives <J>=0. However, the fluctuation-dissipation theorem
offers a way of writing out the correlations between these currents as

<Ji(r,w)Jm*(1’,w)> = (4/m)e0e”’ (W) WOo(w, T)Simd (r-1")

Where the mean energy of a harmonic oscillator with the zero point contribution is Go(w, T)=hw(¥2
+(1/exp(hw/ksT-1)), * indicates the complex conjugate, dim is the Kronecker delta function for orthogonal
directions I and m, and §(r-1’) is the Dirac delta under the assumption of locality and nondispersive
media. The factor of 4 indicates that only positive frequencies are considered.

To find the radiative heat transfer due to the random currents from object 1 to object 2 it is necessary to
solve Maxwell’s equations (making use of the appropriate boundary conditions imposed by the
objects). Once a solution is obtained for the thermal radiation field surrounding object 2, one can take
the ensemble average of the Poynting vector to find a measure of the energy flux (per unit time per unit
area). This is written

<S(r,w)>=2Re<E(r,w)xH(r,w)>
And integrate the results over the entire surface and for all frequencies.

To express this value in terms of the fluctuating currents the Green dyads can be written out for both E
and H. In other words,

E(r,w)=iwuo [v dr'Gee(r,1",w) J(r',w)
H(r,w)= fv dr'Gme(r, 1, w) ] (1’,w)

There exist certain dyadic Green functions that can be found analytically which will satisfy the
following wave equations

V x V x Gee(r, 17, w)-£(w)(w/c)2Gee(r, 1, w)=15(r-1")
V x V x Gre(r, v, w)-¢(w)(w/c)2Gme(r, 1/, w)=V x [1§(r-1")]

Where I is the identity dyad and § is the Dirac delta source for that configuration. One of the benefits
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one using this formalism is the fact that the Green dyads for most simple geometries (i.e. plate-plate.
Dipole-plate, dipole-dipole, sphere-sphere, sphere-plate and cylinder-cylinder) are well established.

Now the fields correlations can be written incorporating both current correlations and the Green dyads
<Ei(r,w)Hj*(r’, w)>=iwuo<fvdr’ Geeu(r,r’, w)Gmeim®(r,1"’, w) fvdr” Ji(r’,w)Jm* (", w)>

With i and j being spatial directions. Taking advantage of the defined Delta functions in the statistical
correlation function given by the fluctuation-dissipation theorem the above expression can be further
simplified to

<Ei(r,w)Hj*(r’, w)>=i((4€"” (w)w?)/(1c2))Oo(w, T)fvdr’ Geeu(r,r’, ) Gmep* (1,17, w)

The total heat flux <5(r)> is simply a linear combination of the field correlations, which can be calculated
by taking an integral of the ensemble averaged Poynting vector with respect to angular frequency.
Further, taking the integral of the normal component of the total heat flux over the object’s surface
yields the net heat current (i.e. energy flow per unit time).

Perhaps the simplest configuration to which the above framework can be applied is that of two semi-
infinite parallel plates separated by a vacuum gap. First the total heat flux across the gap can be written
as a Landauer type expression of the form

q(T1, T2, d)=fo~(dw/4m2)[O(w,T1)-O(w, T2) fordkk[Ts(w,k)+Tp(w,k)]

Where O(w,T)=hw/[exp(hw/ksT)-1] is the mean energy of the harmonic oscillator minus the zero point
contribution, k is the parallel component of the wave vector and 7 is the transmission probability for the
TE and TM modes. The two transmission probabilities can be expressed separately in terms of their
relevant Fresnel coefficients

T(w,K)=((1- 11 12)(1- 110212))/ | D2 for k<w/c (propagating waves)
T(w,k)=(4Im(ro"")Im(ra*2)exp(-2Im({2)d)/ | D« |2 for k>w/c (evanescent waves)

Where the Fresnel reflection coefficients are given by

1sii=(i-(3)/(§i+Gj)
rpi=(gi-&i{j)/(ii+eidj)

If the evanescent contribution (i.e. k>w/c) the net radiative power per unit area simplifies to the
blackbody limit (i.e. Qss=0(T14-T3*) where 0=5.67x10® W/m2K*), indicating that the enhancement to heat
flux in the near-field comes from the added contribution of evanescent waves.

Where ¢ =V(i(w)w?/c2-k2) is the transverse component of the wave vector for material i and De=1-
ra¥'r.2exp(2i2d) is the Fabry-Perot-like denominator.

One final rearrangement is needed in order to interpret theoretical results in terms of their experimental
counterparts. A heat transfer coefficient (thermal conductance per unit area) for a mean temperature is
introduced as

h(T,d)=limti-121001 (q(T1, T2,d)/(T1-T2) | =fo~(dw/472) 6O(w,T)/ 8T fordkk[zs(w,k)+Tp(w,k)]=fo"dwhe(T,d)
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Where ho, is the spectral heat transfer coefficient.

Chapter 4
Calcite

4.1 Asymmetric thermal emission in bulk calcite through optic axis mediated optical topological
transitions

The polar nature of calcite results in lattice vibrations that can directly couple with infrared light to
form phonon polaritons. In the context of thermal emission, these optical modes can be stimulated
through gratings and nanostructures to design spatially and spectrally coherent thermal radiation
patterns. When the optic axis (OA) is tilted with respect to the crystal surface, the allowed surface wave
solutions to Maxwell’s equations, and hence the permitted polaritonic modes, change. This change
implies that the OA orientation can play a critical role in dictating which modes can be harnessed when
designing a narrowband or angular thermal emitter. Here we explore the angle and polarization
dependence of the bulk far field emissivity of unpatterned calcite crystals when the OA is tilted. We
show that by manipulating the OA orientation via crystallographic off-cut, polarization, and sample
rotation, the emissivity at a given frequency can vary by as much as 0.8 within the spectral ranges that
support phonon polaritons. These results suggest that changing the OA orientation can be used to
precipitate a transformation of the isofrequency surface that defines the allowed electromagnetic modes
for a single frequency, and in doing so alter the thermal emission pattern without the need for complex
lithographic patterning.

The uniaxial crystal calcite (CaCO:s) has traditionally found use in optics as a component in retardation
plates and polarizing prisms, where its strong birefringence enables polarization control in the visible
and near-IR. The structural anisotropy which gives rise to the birefringent properties of the crystal
allows for the formation of phonon polaritons (PhPs). In specific spectral ranges around the optical
phonon frequencies, where the diagonalized permittivity tensors tangential (¢! I) and axial (L) to the
optic axis (OA) differ in sign, the PhP exhibit a hyperbolic dispersion®. Reports have shown that
subdiffractional hyperbolic phonon polaritons (HPhPs) can be supported within calcite nanopillar
resonators® and that tilting the optic axis can lead to spectral regions of negative refraction®, as well as
the emergence of so-called ‘ghost’ phonon polaritons®”. These ghost phonon polaritons simultaneously
exhibit the evanescent character of surface-confined and the propagating character of volume-confined
HPhPs, suggesting that controlling the tilt angle of the optic axis provides an effective tool for dictating
the propagating behavior of light via the introduction of an optical topological transition (OTT)
between an elliptic and a hyperbolic dispersion contour®’.

While HPhPs offer exciting opportunities in nanophotonics, the high-k modes responsible for some of
the exceptional properties of these modes mean that these benefits are confined to the near field due to
the large momentum mismatch with free space light. That said, the far-field response will indeed be
influenced by whether a spectral region is governed by a hyperbolic or an elliptical dispersion. In the
case of the hyperbolic bands, the momentum space relevant for far-field thermal emission will be a
subset of the available modes, defined as those with tangential momenta low enough to out-couple to
free-space. Changes in the topology of the phase space of light from a closed surface (elliptical) to an
open surface (hyperbolic) have been previously identified from far field thermal radiation
measurements, with emissivity dropping from high to low values at the transition frequency?s.
Harnessing this transition could offer a way to design far field thermal emission patterns using bulk
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low-symmetry crystals with multiple cleavage planes, forgoing the need for diffractive outcoupling
through patterned gratings®, nanostructures!'*-2or layered heterostructures®.

Prior studies have shown that OTTs are an effective way to design spectrally selective thermal emitters
using epsilon-near-zero metamaterials®,asymmetric absorption and transmission for quartz crystals
with different surface orientations *%and asymmetric thermal emission of hyperbolic multilayers® .
Given their promise as a design tool for tailoring thermal emission patterns, a necessary next step is to
evaluate the sample parameters that offer control over the OTT response in a single material. In this
paper we provide an experimental demonstration of the multiple degrees of freedom with which the
OA orientation, and thus OTTs, can be manipulated in calcite.

Here we show that reorienting the optic axis through crystallographic off-cut, polarization, and sample
rotation corresponds to a non-trivial rotation of the hyperbolic dispersion. Using mechanical cleavage
to decrease the angle between the OA and surface normal, we can achieve reduced emissivity for the in-
plane modes coincident with enhanced emissivity for the out-of-plane modes. The magnitude of this
change is sufficient to suggest that specific OA orientations bring about an OTT between an elliptical
and hyperbolic dispersion. We see that the same effect can be achieved by instead rotating an
individual sample or restricting the emitted radiation to a specific polarization, with vibrational peaks
again appearing or disappearing at any fixed frequency. Detailing how the change in sampled modes
translates into a far-field emissivity signature will enable simple bulk crystals to be used for tailoring
radiation patterns and emission spectra, as well as establish a point of departure for the creation of
more complex designs incorporating nanostructures or gratings. The ability to define asymmetric
thermal emission patterns in this way has potential use for the control of spontaneous emissions4*,
thermophotovoltaic systems'®, pattern-free thermal modulators* and near-field radiative heat
transfer100-102,

To study the asymmetric emission from bulk calcite crystals, the vibrational normal modes of calcite
samples with differing optic axis configurations were examined. Each unit cell of calcite contains two
formula units of CaCOs that are arranged as an alternating stacking of planar COs? and Ca? ions, with
calcium octahedrally coordinated with oxygen (Figure 1a). Of the 27 vibrational normal modes, those
where Ca? and the COs2 experience translations relative to one another lie at lower frequencies than the
vibrations of COs?* alone. This is due to the difference in strength between the ionic bonding between
Ca? and COs?* and the intramolecular bonding within the COs?*. The Ca? and COs? lattice modes all
fall below 400 cm, and are therefore outside our spectral range of interest. We instead focus solely on
the twelve intramolecular modes, which can be further divided into those that are Raman active (A1g
and Eg modes), IR active (A2u and Eu modes) and optically silent (A and A2gmodes). This leaves Az
and Eu as the only possible IR active vibrational modes relevant to this study. These primary vibrations
of calcite are labeled wro(H! 1), wro(HL) and wto(E! I), with E and H referring to elliptical and
hyperbolic modes, respectively, and | | and L indicating whether the vibration involves an in-plane or
out-of-plane motion (Figure 1g and 1h). The wro(HL) mode is a transverse optic (TO) phonon
characterized as a predominantly out of plane bending (A2u) and is found at 871 cm-'with the matched
longitudinal optic (LO) phonon at 890 cm-!, with the spectral region between these two modes referred
to as the Reststrahlen band (RB)'88103, A second RB extends from wro(H! |) at 1410 cm™ (TO) to its paired
LO at 1550 cm!, with the former being a phoon driven by an in-plane asymmetric stretch (Eu). The final
RB of interest begins at wro(E| ), which appears as an in-plane bending action of the C-O bond (Eu) and
is located at 712 cm' (TO) with its pair at 715 cm! (LO). It is within these RBs that phonon polaritons!,
and thus, the potential for OTTs, can be observed.

Thermal emissivity can be directly related to optical absorption and by extension reflection and
transmission measurements via Kirchoff’s law. This law states that e(w,T, ¥, 8)=A(w,T, ¥, 8), where &
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and A represent the emissivity and absorptivity, respectively, with both being functions of the incident
frequency, w, temperature, T, polarization state, 1, and the angle relative to the surface normal, 6. If the
influence of scattering upon the extinction is disregarded, the fundamental additive nature of light
interactions dictates that 1=R(w)+T(w)+A(w). This correspondence between reflectivity, absorptivity
and emissivity is crucial for engineering thermal emission, as it allows for predictions of which spectral
regions will have high or low emissivity based on their absorptivity. Absorptivity will change if a
material undergoes an OTT, and this change typically signifies a transition between elliptical and
hyperbolic bands 8894104107,

The allowed electromagnetic modes within a given spectral range can be represented using
isofrequency surfaces plotted in momentum space. If a material behaves as an isotropic dielectric, the
electromagnetic modes are defined by a closed sphere, where the size of the sphere is defined by the
fixed magnitude of k for that frequency. For a material that is uniaxially anisotropic, the size of the
principal components of the permittivity tensor is orientation dependent, resulting in an isofrequency
contour that resembles a closed ellipse. In cases of extreme anisotropy, the familiar closed isofrequency
surfaces are replaced with open hyperboloids, which can accommodate arbitrarily large
wavevectors?10, Where the closed isofrequency surfaces describe wavevectors that are limited to
specific magnitudes, hyperbolic isofrequency surfaces instead have a characteristic opening angle for
every frequency, which fixes the angle of the phase velocity and Poynting vector. Since the dielectric
response of a material is derived from its crystal symmetry, the isofrequency surface that describes the
propagation of light will likewise be dictated by the symmetries of the lattice vibrations. This explains
the natural division of the infrared region into bands with elliptical, spherical or hyperbolic responses.

When the isofrequency contour is elliptical, the allowed wavevectors are limited by the extent of the
closed surface and the tangential component of these excited modes retain low enough momenta to out-
couple to free space, leading to high absorption. This constraint is lifted when the isofrequency contour
becomes hyperbolic, where the open hyperboloid surface can sustain wavevectors with tangential
components much larger than can be directly coupled to free space (i.e., larger than ko=w/co). Without
the ability to overcome the momentum mismatch between the medium and free space, light cannot
propagate and is reflected, which coincides with low emissivities'®. For polar dielectric materials like
calcite, the frequency at which the OTT can occur is dependent on the optic phonons of the material. In
calcite the three primary mid-infrared Reststrahlen bands correspond to two that are hyperbolic
(wro(H 1) and wro(HL)) and one which is elliptical (wto(E| I)). Of the two hyperbolic bands, the lower
wro(HL)is Type I and the upper wro(H.L) Type II hyperbolic in character (shaded regions in Figure 1b).
The difference in Type indicates whether a single (two) component(s) of the permittivity tensor is
negative, as is the case for Type I (II) bands. The ordinary and extraordinary contributions will behave
differently in the two cases.

In this work we use far-field emissivity measurements to identify transitions between a hyperbolic and
elliptical isofrequency surfaces and assess whether such a transition can be prompted at a given
frequency. Our chosen samples represent three distinct crystal off-cuts of calcite where the optic axis tilt
angles are commensurate with those explored in the context of the ghost polariton investigations®.
These were confirmed by XRD to have (001), (104) and (100) crystal faces, with each sample being 1 cm
x 1 cm and 3 mm thick and single-side polished. Through the choice of crystallographic off-cut,
polarization, and sample rotation, we explore how the excited vibrational modes depend on the optic
axis orientation in both the in- and out-of-plane directions. The tilt angle of the optic axis effectively
corresponds to an out-of-plane rotation, with the three off-cuts representing three different angles of
rotation (Figure 1c, 1e, 1f). To understand the effect of the in-plane orientation of the OA, a wire grid
polarizer was placed in front of the sample and the collected thermal emission was linearly polarized
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(Figure 1d). Finally, to capture rotation about an out-of-plane angle (0), each sample was secured to a
pivoting heating stage which was used to control the angle of the sample surface with respect to the
collection optics in the variable angle thermal emission rig (Figure 1d).

(G) 10 = P
I . . Y (
A @ EN | D
.08 ‘ \
2 \
§ 07 ! .‘w rlt \\
X f 2064 o p A% T \\
s E ‘, \\
Wos “ \\ |
ey 04 - \\
(001) 3] (00— B |\ /
02 (104)— 1 B 4‘ \J
o I e /
0.1 \ v \J
Wistte {109) y A D H)
00 T T T T T T T T T T
(H) 700 800 900 1000 1100 1200 1300 1400 1500 1600
1.0
09 ik
L 08 A@rED ‘
(104) 2 7 1 ,
2 |
(F) £ 064 ! W ) IT I \ J
== - Wos] o » ‘
Poiga. Ay 044 ‘
Ik < (001) T
TN e 0.3 % ®
024 (104) A S ’L \
0.1 o Tre \./
00 b A Dot
—r—r—Tr—r—T—T—T T
(100) 700 800 900 1000 1100 1200 1300 1400 1500 1600

Wavenumber (cm™)

Figure 4.1. (a) Schematic of calcite unit cell (green for calcium, black for carbon and red oxygen).(b) Real
part of the parallel and perpendicular permittivity components with shaded regions for Type I and
Type II Reststrahlen bands (c) (001) (e) (104) (f) (100) Cleavage planes of the three samples with the
exposed lattice indicating which vibrational modes are accessible (black arrows indicate direction of
emitted radiation). (d) Illustration of thermal emission rotation rig with laboratory coordinates defining
the measured angles. (g) 0° polarization (h) 90° polarization thermal emission for three tilt angles of the
crystal off-cuts.

The first sample configurations explored are those where the angle between the optic axis and the
sample surface was changed, for which the three different crystal off-cuts were used as representative
samples. For the (001) sample the OA is aligned parallel with the surface normal, with the carbonate
ions defined to lie in the plane perpendicular to the OA. The (104) and (100) samples are cut so that the
OA is tilted away from the surface normal, with the (100) sample representing one extreme, and the
(104) sample representing an intermediate case. As the angle between the electric field vector and the
optic axis increases, the | | and L modes follow opposing trends. The emission spectra for (001)
registers lower emissivity values for wro(H! ) and wro(E| I) modes, while the wro(HL) mode is at its
highest in this off-cut (Figure 1g and Figure 1h). The (104) off-cut has an intermediate emissivity
compared to when the optic axis is perpendicular or parallel to the plane. With the intermediate tilt
angle of the (104) sample the wro(HL) mode decreases and the wro(H! ) and wro(E| |) modes both
increase (Figure 1g and Figure 1h). When the crystal is cut along the (100) plane, so that the optic axis is
close to aligned with the surface plane, the wro(H.L) mode continues to decrease and the wro(H!| I) and
wto(El ) modes both increase (Figure 1g and Figure 1h). At a frequency of 1450 cm™! (wro(H| |)) we are
able induce a change in 90° polarized emissivity from 0.995 for (100) to 0.099 (001), while for a
frequency of 875 cm™! (wro(H.L)) we see a change in 90° polarized emissivity from 0.255 for (100) to 0.963
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for (001). The large difference in emissivity at these single frequencies suggests that between the (100)
and (001) off-cuts there is a transition between an elliptical and hyperbolic topology for the wro(HI I)
mode and a transition between a hyperbolic and an elliptical topology for the wro(HL) mode.
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Figure 4.2. Contour plots of unpolarized emissivity for (001) (a), (104) (b) and (100) (c) samples,
measured at 5 degree angle increments.

If instead of comparing three distinct samples, an individual sample is rotated about 0, we observe that
this prompts contributions from vibrational modes based on their in-plane versus out-of-plane
character with respect to the surface orientation. For the (001) surface, when the stage has not been
rotated, the carbonate ions are parallel to the surface plane (Figure 1c), such that both the wro(HI ) and
wro(E| 1) in-plane modes are sampled, while no drop in emissivity is seen for the wro(HL) out-of-plane
phonon (Figure 2a). As the stage is rotated the wro(H.L) appears and its emissivity progressively
decreases with increasing rotation angle (Figure 2a), suggesting that an increasing proportion of the
extraordinary axis is contributing to the measured emissivity. This is consistent with the El |z
polarization of the wro(HL) mode, as the angle between the optic axis and incident E will increase with
0 for the (001) offcut. A distinct behavior is observed for the (104) and (100) offcuts, where the carbonate
ions are canted relative to the surface plane (Figure le and 1d). For these samples, the emissivity
profiles appear relatively insensitive to 0, with distinct bands of low emissivity spanning the range of
angles (Figure 2b and 2c).

Introducing a polarizer in front of the heated sample reveals differences in the magnitude of emissivity
for positive and negative 0. This is not seen for the (001) sample, where the optic axis aligns with the
surface normal (Figure 3a). However, when an arbitrary angle is chosen for the OA, as with the (104)
offcut, the emissivity values for the hyperbolic bands are asymmetric about 0=0° (Figure 3b and 5b).
This can be explained by the shape of the isofrequency contour in these spectral regions (Figure 6). For
the (001) sample the hyperbola is centered around a value of 0 for the imaginary part of k-, but tilting
the optic axis has the effect of tilting this isofrequency surface such that an asymmetry is induced in the
corresponding values of kx (Figure 6). Given the relationship between the imaginary part of the
wavevector and the magnitude of absorption (where high values of Im(k) indicate high absorption),
dissimilar values in kz when crossing from positive to negative kx implies that the emissivity will be
different for positive and negative 0. We see this clearly borne out in our 90° polarized measurements,
where the wro(H.L) band of the (104) sample is both broader and reaches lower emissivity values for
positive O (Figure 5b). We performed numerical simulations based on the transfer matrix method to
validate our experimental results®. We see that the absorptivity contour plots produced by the transfer
matrix method agree well with the experimental emissivity contour plots for all three samples (Figure
3d-f, 4d-f, 5d-f).
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Figure 4.4. Experimental contour plots of 90° polarized emissivity for wro(H!| ) mode of (001) (a), (104)
(b) and (100) (c) samples, measured at 5 degree angle increments. Simulated contour plots of 90°
polarized emissivity for vs mode of (001) (d), (104) (e) and (100) (f) samples, calculated for 5 degree
angle increments. Data for both was interpolated in Origin Labs.
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Figure 4.5. Experimental contour plots of 90° polarized emissivity for wro(HL) mode of (001) (a), (104)
(b) and (100) (c) samples, measured at 5 degree angle increments. Simulated contour plots of 90°
polarized emissivity for v2 mode of (001) (d), (104) (e) and (100) (f) samples, calculated for 5 degree
angle increments. Data for both interpolated in Origin Labs.

Figure 4.6. Schematic illustration of Type Il isofrequency surface for (104).
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To gain a better understanding of the influence of in-plane OA orientation, a wire-grid polarizer was
used to sample linearly polarized light in 30° increments for each OA tilt angle, with the rotation stage
fixed at ©=0°. For the (001) orientation the spectra changed only minimally with polarization angle
(Figure 7a). In this case 0° and 30° polarization led to a modest suppression of the emissivity across the
entire spectral range. The remaining 60°, 90°,120° and 150° polarization conditions produced spectra
with similar intensities. In all the measured spectra an additional peak is visible at 1237 cm-. This is not
one of the reported vibrational modes of calcite, and although weak in most of the measurements, the
peak becomes noticeable at 0° and 30° polarization (Figure 7a).

For the (104) sample, the emissivity for the wro(H| ) mode decreases with increasing polarization angle,
leading to both a smaller amplitude and broader peak (Figure 7b). Additionally for 0° and 90°
polarization the peak takes on an intermediate shape with a slight shoulder, and for 30° and 60°
polarization the emissivity is enhanced and the peak narrows significantly. The shoulder at 0° and 90°
polarization has been explained as arising from the polarization field splitting the wro(H! I) mode into
two orthogonally polarized dipole moments'?”. Each carbonate ion is arranged in the x-y plane and the
symmetric stretch associated with the Eu mode is restricted to that plane. From this perspective, the
displacement vector along the y direction will define TO phonons as expected, but the displacement
vector along the x direction is complicated by the tilted OA, which establishes an offset in the x axis
relative to the surface normal of the crystal. If the light is polarized parallel to the wavevector, the LO
phonons will create an electric field that acts upon the x component of the displacement vector.
Regardless of the polarization of light, the y axis is fixed to be orthogonal to the surface normal, and so
will experience no change. The result is that for light polarized parallel to the wavevector, the tilt in the
OA will shift the low frequency side of the wro(H| |') band to both higher frequency and emissivity
values.

For the wro(HL) mode, the opposite trend is observed, with the emissivity being the lowest for 30° and
60° polarization, and emissivity increasing for the highest polarization angles of 120° and 150° (Figure
7b). As with wro(HI I) the 0° and 90° polarizations produce a peak of intermediate intensity.

In contrast, for the emissivity signature expected for an OTT between elliptical and hyperbolic
isofrequency curves is seen when modifying the polarization in the (104) sample (Figure 7b), where the
wro(HL) peak disappears completely at 150° polarization (i.e. consistent with a transformation to an
elliptical isofrequency contour), and most clearly in the (100) sample (Figure 7c), where the wro(H.)
peak is almost lost and the wro(H | I') peak is entirely suppressed at 90° polarization (Figure). We see
good agreement between our transfer matrix method calculations for absorptivity of the wro(H| |) mode
and our experimental results, though the dip in emissivity at the high frequency side on the wro(HI I)
band for the (100) sample persists at 90° polarization in the simulation (Figure 7f*), while experimental
emissivity goes to one across the entire wro(HI |) spectral range (Figure 7c). This dip in emissivity near
the LO phonon frequency could be an optical effect due to the permittivity crossing zero at this
frequency (Figure 1b).
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Figure 4.7. Emissivity spectra showing polarization dependence for (001) (a), (104) (b) and (100) (c)
Transfer Matrix Method calculations of the polarization dependence of the vs mode for (001) (d), (104)
(e) and (100) (f).

The physical arrangement of atoms within calcite allows it to display an extreme form of birefringence
in certain frequency ranges, with the material behaving like a metal along one crystallographic direction
and like a dielectric along another. This leads to a change in the topology of the isofrequency surface
that defines the allowed electromagnetic modes. While it is well understood that the transition of such
an isofrequency surface from a closed ellipsoid to an open hyperbola can occur in hyperbolic materials,
little research has been done on utilizing the optic axis orientation to take advantage of the associated
change in far-field emissivity. In this work, we employed the rotation of the optic axis of calcite as a
means for inducing such changes and monitoring the influence upon the resulting angle-dependent
thermal emission spectra, paying particular attention to the spectral regions where calcite displays
hyperbolic properties. Our results illustrate that at a given frequency a single sample can transition
between high or low emissivity with changes in orientation, with an unusual asymmetry apparent
when tilting the sample through the normal axis. Both our far-field emissivity measurements and our
transfer matrix method calculations of absorptivity show that the choice of optic axis orientation, both
in-plane and out-of-plane, can cause significant changes in the optical properties that are large enough
in magnitude to suggest an optical topological transition of the isofrequency surface. As a design
parameter, OA orientation will dictate which modes can be further exploited with the addition of
nanoscale patterns, offering improved control over the design of coherent thermal emitters.
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Chapter 5
Beta Gallium Oxide
5.1 Controlling the Propagation Asymmetry of Hyperbolic Shear Polaritons in Beta-Gallium Oxide

The way in which a material will interact with light is strongly influenced by the symmetry of the
crystal, particularly in the mid infrared region, which matches the resonant frequencies of lattice
vibrations. In the mid-IR, it is possible to incite a coupling between light and coherent oscillating
charges in the form of a phonon polariton. One of the ways to control the behavior of such phonon
polaritons is by careful choice and manipulation of the structural anisotropy of the crystal. Using
materials like hBN and MoOs it is possible to support phonon polaritons that obey a hyperbolic
dispersion and show increased light confinement capabilities, as well as a kind of directionality driven
by the shape of their relevant isofrequency contours. Among the possible crystal classes, the monoclinic
structure is defined as having non-equal side lengths, as well as one non-orthogonal angle. This makes
monoclinic crystals an interesting test case for probing the effect of structural anisotropy on phonon
polariton propagation. Prior work showed that in beta-gallium oxide, this asymmetry is manifest in the
shear distortion of the polariton dispersion. Exact characterization of this effect is made complicated by
the few instruments that can access the mid-to-far-infrared spectral regime where these shear polaritons
are supported. In this paper, the authors are successful in capturing real-space images of the
propagation of hyperbolic shear polaritons by taking advantage of the spectral range provided by a
Free-Electron Laser. This was used as the radiation source for a scattering-type scanning near field
optical microscope.

The tie between crystal asymmetry and asymmetry in the optical properties of the material, means that
crystals that possess some form of anisotropy have additional degrees of freedom when it comes to
their interaction with light. This is true for polar materials, where the transverse and longitudinal
optical phonon are split to form a spectral range known as the Reststrahlen band?, across which the
material exhibits high reflectivity.

Phonon polaritons are in many ways analogous to plasmon polaritons, with both arising from a
coupling between light and collective oscillations of charges in the material. In metals and
semiconductors free electrons couple to photons to form plasmon polaritons!'®. In polar dielectric,
instead of free charges, photons can interact with quantized lattice vibrations. The fact that phonon
polaritons derive from lattice vibrations means in turn that by controlling the lattice it is possible to
control the resultant phonon polaritons!'%1, in ways not feasible for plasmon polaritons. This has been
shown, for instance, for hyperbolic phonon polaritons, engendered from crystals with reduced
symmetry. Hyperbolic phonon polaritons behave slightly differently from conventional phonon
polaritons, being both volume confined and propagating at a fixed angle. The unusual open topology of
these modes means that hyperbolic phonon polaritons can theoretically exist with infinite wave vectors,
thus allowing for unprecedented confinement of light'2. These traits have been exploited for the
purposes of wave-guiding®13, polariton refraction'?, hyperlensing!0311211¢ and on-chip reconfigurable
metasurfaces!3115,

Hyperbolic phonon polaritons have been studied in hexagonal materials, like h-BN'!?, but work has also
been done on crystals with lower symmetry. Crystals belonging to the orthorhombic symmetry class
have different values for all three lattice constants, while have angles between the sides that are all
equal to 90 degrees. In orthorhombic materials like MoOs, it has been shown that polariton propagation
can be in-plane hyperbolic as well!16-115,
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In this paper, the crystal symmetry of interest is further reduced to the monoclinic class, where in
addition to three unequal lattice constants, one of the crystal angles is non-orthogonal. For the purposes
of this investigation beta gallium oxide is used.

The monoclinic symmetry means that beta gallium oxide has non-zero off diagonal components to its
permittivity tensor. These cannot be easily diagonalized using rotations of the coordinate system.
However, a specific rotation can be applied that will diagonalize the real component of the dielectric
tensor.

¥(w)=Y arctan ((2Re(exy)(w))/(Re(ex)(w)-Re(eyy)(w))

Leaving only the imaginary component of the off-diagonal tensor elements

€mnz(0))= Smm((u) ix Im(fmn((l))) 0
ix Im(Smn(w)) Smm((,l)) 0
0 0 Szz((l))

The persistent off-diagonal component induces an asymmetry about the rotation axes, which causes the
polariton propagation to appear sheared. Hyperbolic shear polaritons are unusual for the fact that these
respond to changes in incident frequency with changes in both polariton wavelength and propagation
direction'?. In particular, the absence of mirror symmetry means that it is possible to direct light in a
single direction using hyperbolic shear polaritons.

Here the authors capture real-space images of HShPs propagation using scattering type scanning near
field optical microscopy. By tuning the excitation frequency to different values, the hyperbolic axis was
seen to rotate with respect to the crystal axis. By making use of gold launchers of different diameters,
the authors were able to probe different momentum conditions. Each gold disk was patterned onto the
surface of a single-crystal beta gallium oxide sample. The surface orientation was [010]-facing. The
optical phonons of bGO lie primarily between 200-750 cm!, making them inaccessible to conventional s-
SNOM radiation sources. To circumvent this limitation, a broadly tunable, narrow linewidth free
electron laser was implemented as the radiation source for the s-SNOM. The FEL-s-SNOM used has a
frequency range from 4-250 um.

712cm?

Figure 5.1. Real-space imaging of HShPs launching from infrared antenna on the surface of bGO

36



observed via FEL-coupled s-SNOM a) Schematic of FEL-coupled near-field imaging experiment. b)
Experimental near-field image of HShPs launched by a 2 um gold disc by the incident FEL beam
(oriented along the dashed white line) at a frequency of 712 cm. c-d) Finite element modeling of HShP
launched by a 2 um gold disc under similar launching conditions to the experiment (b), in real-space (c)
and Fourier space (d).

Imaging the real-space propagation of HShPs showed that these appear with tilted wavefronts, which
have a defined skew angle relative to the principal axes. The instrument configuration meant that the
FEL source was incident on the sample at 45 degrees off-normal. The direction of incidence is indicated
in the figures by a dashed line. Relative to a central gold disc, the polariton propagation is asymmetric,
with one side exhibiting fringes, while along the opposite side the polariton appears as a ray-like mode.
From the numerical simulations performed, there appears to be an asymmetry in the two arms of the
ray-like mode as well. In particular, fourier analysis on the simulations of the disc-launched HShP show
one bright arm and one dim arm.

Figure 5.2. Dependence on illumination orientation of HShPs in a bulk bGO crystal. a-e) Experimental
near-field images of HShP propagation, launched by a 2 um gold disc at a frequency of 712 cm-!, with
FEL illumination rotated in 45-degree steps, as illustrated by white[SW1] dashed line. ) Finite
element modeling of HShP propagation from gold disc, with illumination conditions similar to (a-e). k-
o) Fourier transforms of (f-j), illustrating the shear asymmetry in the polariton propagation.

Knowing that the FEL illumination source is orientated off-normal, the position of the gold disc relative
to the illumination direction will be important, and could dictate changes in the measured polariton
wavelength. We would expect that this illumination dependence would be even more strongly felt for
crystals whose hyperbolic polariton axis lies in the plane (as for instance with calcite®?). In order to
account for any asymmetry due to the experimental set up, we imaged multiple orientations for the
incidence direction relative to the crystal axes for a fixed frequency of 712 cm-'. From these, we see that
the incidence direction influences the polariton wavelength and intensity. When the incidence direction
is off-ais, the HShP are asymmetric on either side of the gold disc, with one side having a clear fringe-
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like character and the other side appearing ray-like. If the sample is rotated 180 degrees, the polariton
propagates with a clockwise shear tilt on either side. For the case when the incidence direction aligns
with the polarizability axis, the fringe-like propagation is seen on either side, while when the incidence
direction is perpendicular to the polarizability axis, the ray-like propagation is seen on either side. This
is consistent with the shear effect being intrinsically linked to the crystal lattice and not strictly an
artifact from the s-SNOM FEL excitation.

Numerical simulations were performed for the corresponding incidence conditions, and these showed a
clear range of asymmetric propagation of HShPs from the launcher. Converting the simulated field
profiles to Fourier space, clearly shows that the arms of the hyperbola are most unbalanced when the
incidence direction aligns with the clockwise hyperbola arms. The relative intensities of the two arms is
much more evenly matched when the incidence direction aligns instead along the polarizability axis,
with an even further reduction in asymmetry when the incidence direction is along the counter-
clockwise arm. In all three cases the asymmetry appears biased towards the clockwise direction, again
reinforcing that the effect is one due to the shear character of the crystal and not the asymmetry
imposed by changing the excitation source direction. That said, it is difficult to parse out the two
contributing factors, since both incidence direction asymmetry and structural anisotropy will be present
in every measurement.

b) c)

Rinchues of Murctwe
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Figure 5.3. Momentum dependence of HShPs explored through variation of gold resonator size in the
experiments and from analytical calculations. a-c) Experimental near-field images of HShP propagation,
launched by a (6,4,2) um gold disc at a frequency of 720 cm!, with illumination incident from the lower
left corner. d-f) Fourier transform of the experimental images (a-c), with a zero-filling factor = 5[SCK1] .
g-i) Finite element modeling of HShP propagation from gold discs to match experiment (a-c). j-1)
Fourier transforms of (g-i). m) Schematic for extracting the HShP figure of merit (FOM) as a function of
the launcher radius from the k-space dispersion. n) Analytical FOM dependence on the launcher radius
[SW2] [AP3] — extracted by integrating the appropriate momentum for various launcher radii from
dipole simulations. 0) Dependence of FOM on the launcher radius, extracted from Fourier transforms of
the experimental and simulated field profiles (a-c, g-i).

The integration of a free electron laser as the excitation source for the s-SNOM provides a unique
opportunity for us to image polariton wave vectors that are much larger than those contained within
the light cone. For HShPs in particular, this is exceedingly relevant, since theory has predicted that the
asymmetry will be magnified by increasing wave vector magnitude'. The prior work using prism-
coupled measurements was able to show an indication of this trend, but the results were limited by the
technique being ill-suited to handle high wave vectors!?. In this work, we use gold disc antennas of
multiple diameters to excite HShP at different wave vectors.

To begin with, the HShPs are launched by a gold disc with a diameter of 6 um. In this case the HShP
exhibits a tilted wavefront on the lower side, but the ray-like mode is not visible. Decreasing the disc
size first to a diameter of 4 um and then a diameter of 2 um shows the fringes becoming less and less
pronounced and the ray-like mode beginning to dominate. Taking a 2D Fast Fourier Transform of the
experimental image shows that as the HShPs are launched by higher wave vectors, the hyperbolic
dispersion tends towards a single bright branch. This indicates that higher wave vectors permit
increased control over the directionality of propagation. Numerical simulations of launchers of the
same dimensions show similar results.
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Figure 5.4. Frequency dependent rotation of HShP propagation. a) Schematic of the frequency-
dependent rotation of the polariton axis, with hyperbola arms in upper left. b) Plot of the permittivity
rotation angle v (black lines), with TMM calculation of the polariton peaks for the different gold disc
sizes (blue, green, red), marking the opening angle of the hyperbolic dispersion across the HShP range.
Transparency of TMM calculations is given by the peak intensity of Im(rpp) divided by the maximum
peak intensity for a given azimuthal angle. c-e) Rotated polariton axis plotted, as in (a), against c) Near-
field images of HShPs launched by a 1 um diameter gold disc, at varying frequencies (Scale bar =2 pm).
d) Near-field images of HShPs launched by a 2 pm diameter gold disc, at varying frequencies (Scale bar
=5 um). e) Near-field images of HShPs launched by a 4 um diameter gold disc, at varying frequencies
(Scale bar =5 pm). Upper left of c,d,e show the arms of the hyperbolic dispersion as extracted from b.

Another unusual feature of HShPs that was explored briefly in the previous work, is the rotation of the
hyperbola axis incurred by changing the incidence frequency. A calculation of the magnitude of this
angle is shown in figure 4. Also plotted is the opening angle of the hyperbola for each frequency.
Looking across the various momentum conditions imaged experimentally, we see that the propagation
patterns of the HShP align well with what we would predict for each frequency based on the rotation of
the hyperbola axis for that frequency.

Our results show that bGO supports hyperbolic shear polaritons in the far-infrared that can be highly
asymmetric and directional. The real-space images acquired are a first experimental verification of the
tunable propagation of HShPs with respect to rotation and shear that arises due to the non-
diagonalizable permittivity tensor of bGO. Our exploration of the control offered by excitation
frequency, direction and momentum highlight that low crystal symmetry can offer unprecedented
guidance of light at deeply subwavelength scales.
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Chapter 6
Heat Transfer
6.1 Ultrafast evanescent heat transfer across solid state interfaces via phonon-polaritons

The transport of heat across material interfaces can be mediated by phonon scattering events. As lattice
vibrations, the properties phonons are inextricably linked to structure of the crystal, with features such
as bond strength and atom masses dictating the speed with which the lattice can vibrate, and by
extension the speed at which heat can be transported by those phonons. One strategy to achieve heat
transport that exceeds the speed limitations imposed by the material properties alone, is to utilize the
quasiparticles that arise from the interaction between electromagnetic waves and phonons. Phonon-
polaritons, though sometimes referred to as ‘slow-light” due to their group velocity being around one
hundredth of the speed of light, can propagate much faster than can be achieved by phonons alone.

The experimental set-up used consists of a mid-infrared, wavelength tunable probe pulse with
femtosecond resolution. By heating a gold pad, the authors are able to selectively excite the HPhP
modes in hBN, which will act as vehicles for the transport of heat across the interface. The pump beam
is tuned to the visible range. Since the HPhP modes are supported in the IR, the authors are able to
clearly state that the excitation source for the polaritonic modes is the heat energy from the gold pad.
The infrared pump-probe measurement offers picosecond time-resolution, which allows the
redistribution of heat energy to be sequentially mapped as it moves from the heated gold thin film into
a nearly isotopically pure hBN flake. Since phonon-mediated mechanisms of heat redistribution would
take orders of magnitude longer than the measured interfacial cooling, the progression must be
explained by an initial period of ultrasonic thermal transport mediated by HPhPs, which is then
followed by phonon driven diffusion.

Maintaining a vacuum gap that has nanometer scale separation is difficult, and has hindered
experimental validation of NFRHT in even the simplest parallel plate geometries. Replacing the
vacuum gap with a dielectric spacer material should be straightforward to realize, particularly with
growth techniques that permit monolithic growth of layered stacks of different materials.

By showing that thermal boundary conductance is enhanced due to the stimulation of PhPs across an
interface, the authors are able to surpass the intrinsic limitations to heat transfer posed by material
properties. Building upon the idea of polariton mediated heat transport, improved control over
propagation length and direction can be achieved through manipulation of the polaritonic character of
the materials. For instance, reduced symmetry crystals like calcite and bGO allow for in-plane polariton
propagation in a fixed direction, with remarkably long propagation lengths that would relocate heat
quickly away from a hot-spot.

The careful experimental design used here was conceived to clearly distinguish between the heat
transport due to HPhPs thermally excited by the metal transducer and that due to optical phonon
intrinsic to the hBN. The spectral and temporal resolution offered by the infrared pump-probe set-up
meant that the even short time-delay data could be collected, revealing heat transport before phonon-
mediated cooling could begin.

Between any two dissimilar dielectric materials, heat is transported across the interface via phonon
scattering processes'2-122. These are well understood in terms of Bose-Einstein statistics, which indicate
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that the primary contributions will be from acoustic phonons with both high group velocity and low
energy. In general optic phonons, which have much higher heat capacities'? than the acoustic
counterparts, do not participate in thermal boundary conductance to the same extent due to their slow
group velocities.

The objective of the paper is to demonstrate heat transfer across a heterogeneous interface through
launching of hyperbolic phonon polaritons by a hot radiating source, in this case a heated gold pad.
Hyperbolic phonon polaritons are supported across the spectral range known as the Reststrahlen
band?, which is bounded by the TO and LO phonon frequencies. Hexagonal boron nitride (hBN) is a
natural crystal that exhibits hyperbolic behavior 11124, and the Reststrahlen bands and propagation
lengths of the HPhPs in hBN can be tuned via isotopic enrichment?, making it an excellent candidate
material for the proof of concept

The spectral off-set between the pump and probe beams was used to showcase that the HPhP could be
optically excited by an incoherent radiating heat source (in this case gold). The mechanism of excitation
is similar to that described by Greffet et al.?, where surface phonon polaritons were launched from a
diffraction grating. In this case, gold nanostructures serve as the source of radiative evanescent fields,
which can couple to the polaritons in hBN. The authors envision the polariton-mediated broadband
radiative cooling finding use in devices with problematic interfacial resistances, including high power
or high frequency electronic'?®, photonic circuits, memory 126 and thermophotovoltaics®!.
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Figure 6.1. Details of the initial characterization performed on the experimental system. a) The sample
geometry (separation distances i.20um, ii.30um, iii.40um, iiii.50um); b) the measured dR/R measured
signal plotted as a surface.; c) spectral cross sections across the data of a high powered sweep (different
than 1(b)) showing the development at early (left), and late times (right).

h"BN flakes were exfoliated onto a bilayer resist transfer wafer and select flakes were transferred onto a
silicon substrate using a custom built two-dimensional material transfer microscope. Thin gold pads
were deposited using a standard procedure of electron beam lithography, development, electron-beam
deposition and liftoff using n-methyl pyrrolidone (NMP). The resulting gold features were 50 nm thick.

A 520 nm, 200 femtosecond pump beam was focused onto the gold pads to cause the thermal
perturbation responsible for thermally exciting the HPhPs in the underlying hBN. The temperature
change (due to either the transduction of heat from gold into polaritons or optical phonons) was then
measured across time with an IR tunable probe pulse. The frequency of the probe beam was tuned to
cover the entirety of one Reststrahlen band of hBN (from 1355-1610 cm™)®. The HPhPs in hBN are
known to have long propagation lengths (of several microns)!?1%, as well as a Reststrahlen band with
moderate emission at room temperature!?, making hBN a good model system for this experiment.
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Figure 6.2. The time domain response indicating non-standard energy absorption. a) shows two
wavelengths inside(red) and outside(yellow) of the Reststrahlen band noted with the time constant
associated with each decay ; b) showing two different models fit for the temporal response normalized
to the peak of each model; c) visualizations of the stacks used for the different two temperature model
fitting as well as the nature of interfacial heat transport in each.

To begin, the pump beam was tuned to the visible (green), where its energy is insufficient for direct
excitation of charges across the bandgap of hBN. The probe beam was tuned to a frequency of 1450 cm-
1, which falls within the RB of hBN. Thermal excitation and decay for a 116 nm thick hBN flake was
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temporally mapped using the probe beam. At short time-scales (within picoseconds) dR/R is highest
near the TO phonon frequency and within the RB, indicating the role of polaritons in mediating heat
transport. Control measurements with the pump and probe beams both localized to the hBN give a
negligible response. This confirms that the hBN is responding to the heating of the gold pad.

The temporal thermoreflectance data shows that heating of the hBN is delayed with respect to the
heating of the gold, consistent with the idea that the gold first thermalizes in response to the short-pulse
absorption and then begins to radiate heat into the hBN. There is also a noticeable spectral dependence
that matches the different optical branches of hBN. In particular, from 10-100 ps there appear to be
different rise and decay times that are characteristic to specific frequencies. Atlong timescales (greater
than 100 ps) the spectral dependence of the thermoreflectance of hBN is replaced by a broad
distribution that suggests the excited modes are cooling into a thermalized Bose-Einstein distribution.

The observed timescales for cooling are inconsistent with the traditional model for interface heat
transport, which relies on phonon-diffusion/conduction. In such a model, the predicted response would
be around an order of magnitude slower. The picosecond timescale, is however, compatible with the
interpretation that thermal energy is being carried by HPhPs, which have lifetimes of a few
picoseconds??10111.130, T jkewise, the fact that the changes in the magnitude of dR/R align with features of
the Reststrahlen band would support the idea that the thermal radiation from the gold pad launches
HPhPs. Notably, the thermoreflectance changes rapidly near the TO phonon frequency and near 1510
cm?, which has been cited as the frequency where HPhP propagation is most efficient®!.

The thermoreflectivity response of hBN can be attributed to energy coupled radiatively from the gold
into the optical phonon density of states via polariton launching. If the hBN were being heated by
phonon-phonon conduction alone, the timescales required would be much longer. Additional time-
domain thermoreflectance measurements to determine thermal boundary conductance were taken that
agree with the conclusion that at ultrafast timescales, the heat transport is due to polaritonic modes.

The sequence of thermalization events are broken down to an initial ultrafast time scale, where energy
transfers via thermal radiation from the gold to the hBN. In the far-field, the contribution from this
initial radiation would be insignificant due to the low emissivity of gold, but in the near-field, the non-
negligible imaginary component of the dielectric permittivity means that some energy will cross from
the gold to the hBN. The heated gold pad acts as an incoherent dipole moment, which can match the
energy and momentum conditions of the polaritons modes on the hBN and thermally excitate these!'®.
In addition to the HPhPs, the radiating dipole will trigger the TO phonon mode vibrations as well.
Given the group velocity of HPhPs, these will move away from the heat source within picoseconds, in
effect redistributing the heat radially away from the gold in accordance with their propagation
characteristics. At longer timescales, the thermal energy imparted on the HPhP will return to the lattice
through uniform thermalization via conduction.
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Figure 6.3. Three spectral cross sections fitted with and without a prism included in the TM stack. a)
10ps, b) 20ps, c) 45ps, d) Ins.

The spectral dependence of the radiative polaritonic heating is broken down using three different
pump-probe delay times. In the first, the ultrafast timescale data does not match a traditional TMM
model, particularly due to features within the higher frequency range of the RB. A better fit is found by
incorporating direct launching of HPhPs. In the TMM calculation this is simulated by the addition of a
prism (which accounts for the necessary momentum-matching)®!. An order of magnitude improvement
in the model fit is achieved by including the polaritonic effect. At slightly longer timescales (> 10 ps) the
HPhPs thermalize into a Bose-Einstein distribution. At this point, the far-field and near-field optical
models both overlap with the experimental data. At the third timescale (after hundreds of picoseconds),
the thermal energy in the hBN is lost to the underlying silicon via conduction. This last step is well
described by a multi-layer TMM model.
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Figure 6.4. A visualization of the proposed mechanism. Both phonons and ballistic electrons spread
from the hot spot. The electrons begin to radiate as they move and as they deposit the energy they carry
at the interface and edges of the gold pad this radiation escapes and couples to the phonon modes in
hBN launching polaritons.

In conclusion, the authors experimentally validated the idea of ultrafast, polariton-mediated thermal
transport across a solid interface. The speed at which heat is transported by the HPhPs in hBN is
significantly faster than could be achieved with conduction, implying that polaritonic media could be
incorporated into devices that suffer from the accumulation of near local defect-induced hot-spots,
allowing these to maintain safe operating temperatures. This could also translate to benefits for high
power or high frequency devices which experience Joule heating. The ultrasonic heat dissipation
provided by polariton-mediated cooling would mean the heat in such devices could be redistributed
faster than it accumulates.
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