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Chapter 1
1. Introduction
1.1 Mid- and Long-Wave Infrared Optical Sources
The mid-infrared (MIR) and long-wave infrared (LWIR), which together spans from ~2.5
– 12 µm, is home to a large number of fundamental molecular vibrations as well as two
atmospheric transmission windows (𝜆 ~ 3–5 and 8–12 µm) making this spectral range
technologically vital for many sensing and communication applications. Despite the potential for
technological advancements in the MIR to LWIR, these developments have been hindered by a
lack of suitable optical sources that would make these applications realizable. The incoherent
emission from a thermal emitter, such as a glo-bar, has been the method of choice for broadband
spectroscopic techniques such as Fourier transform infrared (FTIR) spectroscopy. Although FTIR
spectroscopy is widely used and generates high-resolution reflectance and transmission spectra,
this technique is inherently ill-suited for portable, compact use outside of a lab setting. The broad
bandwidth of the incoherent thermal sources used in FTIR poses major drawbacks in other
instances where a light-weight, narrow band, light-emitting-diode (LED)-like, source would be
more useful, for instance in atmospheric and molecular spectroscopy or for IR beacons for military
applications. Further, a narrowband emitter that emits in one of the aforementioned atmospheric
windows with a designed directionality and controlled polarization would prove desirable for free
space communications.
Currently, these requirements can only be met commercially with gas-phase lasers, such as
CO2, with emission wavelengths centered at 𝜆 =9-11 µm1, and quantum cascade lasers (QCLs)2.
However, the large spatial footprint, low wall-to-plug efficiencies, and high costs render these
impractical for portable uses as well as in sensing techniques such as nondispersive infrared
(NDIR) sensing. Recent work has shown that narrowband, polarized, and directional emission can
be realized from a thermal source by controlling the emissive properties of a material. These
devices rely on subwavelength structuring of doped and/or polar semiconductor or insulating
materials in order to tailor the absorptivity through the excitation of localized surface polariton
modes. Further, recently published work has shown that, in some cases, these devices can operate
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from waste heat alone3, thereby increasing their utility for low power applications such as search
and rescue.
1.2 Polaritonics for Infrared Emissivity Control
1.2.1 Surface Plasmon Polaritons and Surface Phonon Polaritons
Polaritons are hybrid light-matter excitations resulting from the strong coupling between
light and a coherently oscillating charge. A wide variety of volume and surface-bound polaritons
exist,4 however the focus of this dissertation will be on propagating and localized surface plasmon
polaritons (SPPs) and surface phonon polaritons (SPhPs) which are supported at the interface
between dielectric (𝑅𝑒(𝜀𝑑 ) > 0) and metallic (𝑅𝑒(𝜀𝑚 ) < 0) materials. Note that the designation
of dielectric and metallic materials is solely based on the material’s optical response to an incident
plane wave and not indicative of the material’s electronic properties. Under p-polarization, the
following polaritonic dispersion relation can be found as a solution to Maxwell’s equations.

𝑘∥ = 𝑘𝑜 √
where 𝑘𝑜 =

2𝜋
𝜆0

=

𝜔
𝑐

𝜀𝑚 𝜀𝑑
𝜀𝑚 +𝜀𝑑

(1)

is the light-line in vacuum, and 𝜀𝑚 and 𝜀𝑑 are the complex dielectric functions

of the polaritonic (metallic) and dielectric materials, respectively. Note that as √𝜀𝑚 𝜀𝑑 ⁄𝜀𝑚 + 𝜀𝑑 >
1 for 𝑅𝑒(𝜀𝑚 ) < 0 the in-plane momentum of a surface polariton only exists at in-plane momentum
larger than what can be accessed from free space. An example SPhP dispersion plot is provided in
fig 1.2a in section 1.2.3 along with multiple methods of overcoming the momentum mismatch
between incident light and polariton modes. Upon excitation by one of these techniques, the
resulting surface wave is propagative in-plane, along the surface of the metallic interface, with an
evanescent field extending out-of-plane into the dielectric medium. As 𝑅𝑒(𝜀𝑚 ) approaches
−𝑅𝑒(𝜀𝑑 ) the in-plane wavevector increases asymptotically, eventually extending to 𝑘∥ → ∞ when
𝑅𝑒(𝜀𝑚 ) = −𝑅𝑒(𝜀𝑑 ) in the lossless case. Since the polaritonic wavelength relates inversely to the
2𝜋

in-plane momentum 𝑘∥ = 𝜆 , the resultant polaritonic wavelength and mode-volume are
𝑠𝑝

compressed to sub-diffractional dimensions. Confining the electric field to sub-diffractional spatial
volumes is exciting for several reasons including providing a method for enhancing light-matter
interactions as well as a route towards scaling down the size of optical components.
2

The first, and arguably most-well studied, quasiparticles we will discuss are SPPs which
arise from the interaction between light and free carrier oscillations in metals and doped
semiconductors. The dielectric function for a plasmonic material can be found by considering the
motion and consequent polarization of a free electron gas of carrier density 𝑁𝑑 driven by an
external AC electric field, known as the Drude-Lorentz model. The resultant complex dielectric
function is

𝜀(𝜔) = 𝜀∞ −

2
𝜔𝑝

𝜔2 +𝑖𝛾𝜔

(2)

where 𝛾 is the drude damping constant, 𝜀∞ is the high-frequency permittivity which correspond to
the background polarizability due to interband transitions, and the plasma frequency 𝜔𝑝 =
√𝑁𝑑 𝑒 2 ⁄𝑚∗ 𝜀0 is dictated by the carrier density. When light is incident on a plasmonic material
with a frequency below the plasma frequency, the free carriers in the material oscillate coherently
in the direction opposite the electric field vector, screening and reflecting the field at the metallic
surface. Put in terms of eq. 2, 𝜀(𝜔) < 0 for 𝜔 < 𝜔𝑝 and therefore the incident field is not permitted
to propagate in the metal and thus decays exponentially. The elevated carrier densities native to
noble metals places the plasma frequency in the NIR-visible-ultraviolet (UV) depending on the
metal. Although these materials have formed the foundation for plasmonics in the visible, the low
plasma frequency tunability and elevated optical losses at lower frequencies diminishes their utility
beyond the NIR. This is more evident when considering the scattering from an idealized metallic
sphere. The Fröhlich condition 𝑅𝑒(𝜀𝑚 ) = −2 can be used to approximate the absorption crosssection of a plasmonic resonator supporting a localized SPP resonance (LSPR).
Doped semiconductors on the other hand, such as n-CdO, have shown great promise as
MIR plasmonic materials due to their lower plasma frequencies which are controllable by doping
during film growth that adds a great deal of design flexibility to MIR plasmonic structures. Further,
the low optical losses in some high-mobility doped TCOs such as n-doped CdO, which can achieve
Hall mobility values exceeding 500 cm2/V-s, can be leveraged to support sharp propagating and
localized SPP resonances with Q-factors as high as 24. The optical properties of this material are
investigated in chapter 2.

3

SPhPs behave in a similar way to SPP modes in that they are the manifestation of light
coupling to a coherent charge oscillation, with the light-matter wavelength compressing to length
scales below the diffraction limit. However, instead of coupling to the oscillation of free carriers
as in a plasmonic film, here light couples to the optic phonons of a polar crystal lattice. The two
types of optic phonons are transverse (TO) and longitudinal (LO) optic phonons, with the former
being IR-active and therefore able to induce the electric field screening seen in plasmonic films.
The TO and LO phonon frequency values for a material are dependent on set, material properties
such as atomic mass, bond strength, and lattice structure and therefore lack the tunability of shown
in plasmonic films of doped semiconductors. For non-polar materials, such as Si, the TO and LO
phonons are degenerate at the Γ-point (𝑘∥ = 0) in the phonon dispersion. However, the restoring
force of the ionic motion in polar materials increases the LO-phonon frequency, lifting the
degeneracy. Using a classical oscillator model, similar to the approach used for free carriers, the
displacement of charged ions of the crystal lattice driven by an external AC field and dielectric
function can be determined as

𝜀(𝜔) = 𝜀∞ (1 +

2
2
𝜔𝐿𝑂
−𝜔𝑇𝑂
2 −𝜔2 −𝑖Γ𝜔
𝜔𝑇𝑂

)

(3)

where 𝜀∞ is the permittivity at frequencies much higher than the phonon resonance, Γ is the
damping rate and 𝜔 𝑇𝑂 and 𝜔𝐿𝑂 are the TO and LO phonon frequencies, respectively. Due to the
strong resonant absorption associated with the TO phonon, the dielectric function increases
significantly as the frequency approaches the TO phonon, the sign of the permittivity is then
flipped at the TO phonon frequency and remains negative until reaching the LO phonon frequency.
In this spectral region between the TO and LO phonon frequencies, known as the Reststrahlen
band, the incident field is screened at the polar dielectric interface by the coherent ionic oscillations
in a similar way as in plasmonic films below the plasma frequency, resulting in a band of high
reflectivity. SPhPs can also be supported in the Reststrahlen band at in-plane wavevectors greater
than the free-space light line. Owing to the long scattering lifetimes of optic phonons (on the order
of picoseconds) that greatly exceed the lifetime of free carriers (tens of femtoseconds) in plasmonic
materials, SPhPs offer exceptionally low optical losses, translating to narrow resonant linewidths.5
However, as was stated before, SPhPs lack the tunability of plasmonic films through doping.

4

Although methods for providing modest perturbations to the optical phonon frequencies in polar
materials have been demonstrated, the values are largely set in place.
1.2.2 Epsilon-Near-Zero Polaritons and Berreman Modes
Epsilon-near-zero (ENZ) polaritons can be induced near the zero crossing of the real
permittivity 𝑅𝑒(𝜀𝑚 ) → 0 in polaritonic films of deeply sub-wavelength thicknesses (𝑡 ≈
𝜆𝑝 ⁄50).6,7 Here, 𝜆𝑝 is the either the plasma wavelength in plasmonic media or the wavelength of
the LO phonon in polar dielectrics. For polaritonic films with thicknesses greater than the material
skin depth, the dispersion (in air) is asymptotic at 𝑅𝑒(𝜀𝑚 ) = −1, as discussed above (blue line in
Fig. 1.1a, red line in Fig. 1.1c). If the film thickness is decreased to below the skin depth strong
coupling occurs between polaritons supported on the opposing interfaces of the thin film, which
hybridize into high- and low-frequency branches (blue and red lines in Fig. 1.1b), with the former
blue-shifting to above the 𝑅𝑒(𝜀𝑚 ) = −1 condition (blue line in Fig. 1b, green line in Fig. 1.1c).
Since surface polaritons can only exist when 𝑅𝑒(𝜀𝑚 ) < 0, as the thickness is decreased further the
mode will become less dispersive and continue to blue shift until becoming asymptotic at
𝑅𝑒(𝜀𝑚 ) ≈ 0 (blue line in Fig. 1.1c). These novel excitations are associated with an extreme
enhancement of the electric field, due to conservation of the normal displacement field
𝜀𝑎𝑚𝑏 𝐸𝑎𝑚𝑏 = 𝜀𝐸𝑁𝑍 𝐸𝐸𝑁𝑍 , enabling control over light-matter interactions such as resonant perfect
absorption and strong nonlinear interactions.8,9 The Berreman mode is also supported in deeply
subwavelength films.7 However, unlike the ENZ mode, which requires additional in-plane
momentum (see section 1.2.3) in order to be excited, the dispersion of this mode exists inside the
free-space light cone (point ‘A’ in Fig. 1.1c) and can therefore couple to free-space. The dispersion
relationship of Berreman and ENZ modes supported in a thin films can be calculated by
considering a thin film (𝜀2 ) separating two semi-infinite dielectric media (𝜀1 - top, 𝜀3 - bottom)
illuminated under p-polarization.7

1+

𝜀1 𝑘𝑧3
𝜀3 𝑘𝑧1

= 𝑖 tan(𝑘𝑧2 𝑑) (

𝜀2 𝑘𝑧3
𝜀3 𝑘𝑧2

+

𝜀1 𝑘𝑧2
𝜀2 𝑘𝑧1

)

2
Here, 𝜀𝑖 is the complex dielectric function, 𝑑 is the film thickness, and 𝑘𝑧𝑖
= 𝜀𝑖

1, 2, 3

5

(4)
𝜔2
𝑐2

− 𝑘∥2 where 𝑖 =

Figure 1.1: Dispersion relation for an optically a) thick and b) thin film. As the film thickness is decreased to below
the skin depth the surface polariton dispersion splits into upper (blue) and lower (red) branches due to strong
coupling. [from ref. 6] c) Dispersion relation of three films of varying thicknesses with ENZ frequency at 𝜔𝐿 . The
oblique line is the light line in air and horizontal lines are 𝑅𝑒(𝜀𝑚 ) = −1 and 𝑅𝑒(𝜀𝑚 ) = 0, as labelled. [from ref.7]

1.2.3 – Coupling to Polaritons
As stated above, a solution to the SPP and SPhP dispersion relation can only be found
outside the light cone in air and therefore these modes cannot be coupled to with a planewave from
free space. There are however several techniques of ‘slowing down’ the incident light and
overcoming the momentum mismatch. One common method of coupling to polariton modes in
films is through prism-coupling, otherwise known as attenuated total reflectance (ATR)
measurements. ATR measurements utilize the resultant evanescent wave from total-internalreflection from the backside of a high refractive index prism. With control over the incident angle,
the achievable in-plane momentum range extends to 𝑘∥ = 𝑛𝑝𝑟𝑖𝑠𝑚 𝑘0 sin 𝜃, allowing the polaritonic
dispersion to be probed to the light line within the prism (see Fig. 1.2a). There are two
configurations of ATR measurements of interest here: the Kretschmann and Otto configurations,
which are depicted in Fig. 1.2b and 1.2c, respectively.10–12 Kretschmann configuration ATR
measurements are performed with the sample in contact with the prism, with the polariton mode
being excited on the opposing side of the film (typically into air). In Otto measurements, an air
gap separates the prism from the sample and the polariton is excited in the gap between the prism
and the sample. Both configurations offer benefits and drawbacks, which have been discussed
elsewhere.13
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Figure 1.2: a) Polaritonic dispersion of polar dielectric semiconductor. The dispersion in a) can be probed using ATR
measurements in the b) Kretschmann or c) Otto configuration. Alternatively, a d) grating could also be used to
diffractively couple to a propagating surface polariton. e) Localized surface polaritons can also be supported in
deeply-subwavelength resonators. [from ref.13].

Another approach of exciting polaritonic modes is through diffractive coupling. Here the
periodicity of a grating structure (see Fig. 1.2d) along the film supplies the auxiliary momentum
necessary to couple to the propagating polariton mode (𝑘∥ = 𝑘0 sin 𝜃 +

2𝜋
Λ

𝑚) where Λ is the

period of the grating and 𝑚 is an integer. The periodicity of the grating folds the SPP or SPhP
dispersion into the first Brillouin zone, therefore permitting coupling from free space. The
dispersion relation of SPhPs in SiC using grating coupling is displayed in Fig. 3b in the next
section.
The final technique for coupling to surface polaritons from free space is by exciting
localized surface polaritons in particles of sub-wavelength dimensions. These can be individual
particles, as shown in Fig. 1.2e, such as sharp metal coated atomic-force microscope tips in the
context of scattering-type scanning near-field optical microscopy or arrays of resonant antenna
structures. Arrays of resonant antennas have been used in a number of applications such as surface
enhanced infrared absorption (SEIRA)14,15 and for producing narrowband thermal emission.16,17
Unlike the other methods described above, here the resonant frequency stays nominally constant
with changing incident angle. The resonance is, however, dependent on the size and shape of the
structure. Therefore, by plotting the fundamental dipole resonance position as a function of inverse
structure size, the polaritonic dispersion can be mapped.
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1.3 Engineering Far-Field Thermal Emission
At non-zero temperatures excess thermal energy in a material sets electrons and atomic
nuclei into oscillatory motion, generating fluctuating dipole currents. These fluctuating currents
produce radiation within the material that can escape into the far-field as thermal emission. The
spectral radiance of an ‘ideal’ thermal emitter, referred to as a blackbody, is given by Planck’s
law18:

𝐿𝐵𝐵 (𝜔, 𝑇) =

ℏ𝜔3

1

4𝜋3 𝑐 2

𝑒 ℏ𝜔⁄(𝑘𝐵𝑇)−1

(5)

where 𝑐 is the speed of light in air, ℏ is Planck’s constant, 𝑘𝐵 is the Boltzmann constant, 𝜔 is the
frequency of the emitted light, and 𝑇 is the temperature of the blackbody. As the temperature of
the body increases, the peak of the spectral radiance shifts to higher energy in accordance to Wien’s
displacement law, which states 𝜆𝑝𝑒𝑎𝑘 𝑇 ≈ 2898 𝜇𝑚 ∙ 𝐾, placing the peak emission wavelength
within the MIR for temperatures ranging from ~300 to 1400 K.
For a real material the spectral radiance is given as 𝐿(𝜔, 𝑇, 𝜃) = 𝜀(𝜔, 𝑇, 𝜃)𝐿𝐵𝐵 (𝜔, 𝑇),
where 𝜀(𝜔, 𝑇, 𝜃) is the emissivity of the material surface. Conventional thermal emitters, such as
glo-bars and filaments, possess high and nominally non-dispersive emissivities. Therefore, the
emitted radiation is broadband with low angle sensitivity, making them useful for room lighting
and as an incoherent broadband light source, as is required in FTIR. However, the broadband, nondirectional emission from these traditional sources is less useful for many applications where either
narrow band, polarized and/or spatially coherent light is needed. Narrowband emission can
however be achieved by engineering the emissivity of the material surface and/or choosing
materials with spectral emissivities that vary strongly with frequency. Kirchhoff’s law states that
in thermal equilibrium (and in the absence of scattering) the absorptivity and emissivity of a
material are the same 𝜀(𝜔, 𝑇, 𝜃) = 𝛼(𝜔, 𝑇, 𝜃).19 Therefore, by modifying the absorptivity
(𝛼(𝜔, 𝑇, 𝜃) = 1 − 𝑅(𝜔, 𝑇, 𝜃) − 𝑇(𝜔, 𝑇, 𝜃)) of the surface through nanostructuring the emissive
properties can in turn be modified. In the next section we discuss spatial coherence and how it can
be engineered in thermal emitters.
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1.3.1 Spatially Coherent Thermal Emission
The spatial coherence of a wave is the measure of its ability to interfere with a spatially
translated version of itself. For an emitter, the spatial coherence dictates the degree of directionality
of the emission. The coherence of a wave with an electric field 𝐸(𝑟) at position 𝑟 can be
characterized using a first-order correlation function.20

𝑔(𝑟, 𝑟 + 𝛿𝑟) =

〈𝐸 ∗ (𝑟)𝐸(𝑟+𝛿𝑟)〉
√𝐼 (𝑟)𝐼(𝑟+𝛿𝑟)

(6)

where 𝐼(𝑟) is the intensity and 〈⋯ 〉 indicates statistical averaging. From the correlation function,
the spatial coherence length 𝐿𝑐 (𝜔) can then be calculated by determining the position where
𝑔(𝑟, 𝑟 + 𝛿𝑟) decays by 1/𝑒. Emitters with low coherence lengths, such as traditional thermal
emitters, emit isotropically. On the other hand, those with a high coherence length can produce
highly directional radiation. Using the correlation function to determine the coherence length can
often be non-trivial, therefore in most cases the coherence length is estimated from the angular
dispersion as 𝐿𝑐 (𝜔) ∝ Δ𝜃 −1. From this expression, a narrow angular resolution for emission at a
given frequency is associated with a long coherence length.
The seminal work of Greffet et. al.21 demonstrated that by patterning a grating on the
surface of SiC, spatial coherence of thermal emission can be achieved by outcoupling thermally
excited SPhP modes supported at the SiC interface (Fig. 1.3b).21 Since then, there has been plenty
of excitement in realizing other platforms for directional thermal emission. Some recent examples
include Berreman mode supporting films which exhibit absorption that is highly angular and
polarization-dependent (Fig. 1.3a). Another example is thermal emission from tamm plasmon
devices which has been shown to exhibit a parabolic angular dispersion.22 Tamm plasmon thermal
emitters will be the subject of chapter 6. Fabricating antenna arrays with a non-uniform phase
profile on SiC focusing of thermal emission has been proposed theoretically (Fig. 1.3c).23 Finally,
strong coupling between propagating (dispersive) SPhPs and localized (non-dispersive) SPhP
modes has been demonstrated as method of controlling the emission profile of a SiC surface (Fig.
1.3d). 24
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Figure 1.3: a) Thermal emission from Berreman modes in planar multilayer CdO films. [from ref. 25] b) Spatialcoherence of thermal emission realized though out-coupling of thermally-excited SPhP modes on a SiC surface. [from
ref. 21] c) Schematic of thermal emission focusing from SiC surface using bullseye pattern. [from ref. 23] d) Strong
coupling between a ZFLO and localized and propagating SPhPs for controlling thermal emission. [from ref. 24]

1.4 Dissertation Overview
The objective of this dissertation is to realize novel approaches towards achieving spectral
and spatial control over thermal emission. In Chapter 2, the optical properties of CdO thin films
are extracted by a combination of VASE and FTIR techniques. The exciting properties of CdO
enable the demonstrations presented in later chapters. We also extract the dielectric function from
a HfS2 crystal using FTIR micro-spectroscopy. This group III TMDC is a promising material for
potential applications within the FIR and THz. In Chapter 3, the focus is shifted to polaritonic
strong coupling in multilayer films. Two systems are investigated in this chapter, first we
experimentally investigate SPP-ENZ strong coupling in multilayer CdO films. We then
theoretically study SPhP-ENP and SPP-ENZ-ENP strong coupling in multilayer III-V
semiconductor heterostructures. In Chapter 4, we illustrate how strong coupling in multilayer
resonators supporting monopole-ENZ hybrid modes can be used to control the spatial coherence
of thermal emission. In Chapter 5, we characterize a NIREM consisting of an ENZ modesupporting CdO layer deposited onto a PSS. The PSS allows for the efficient outcoupling of the
ENZ mode to free space, therefore enabling high, narrowband emissivity. The device was designed
to emit at one of the molecular vibrational frequencies of CO2. A proof-of-concept CO2 detection
experiment is performed, showing similar performance to conventional detection schemes. In
Chapter 6, an inverse design technique is employed to design aperiodic Tamm plasmonsupporting films with broadly tunable emissivity. Here we experimentally demonstrate Tamm
plasmon thermal emitters featuring single and multiple peak emission with significant control over
10

the spectral positions and linewidths. Further, we explore more advanced designs which are
capable of matching to non-trivial target spectra, such as achieving a strong match to the absorption
spectra of a greenhouse gases, and also achieve extremely high Q-factors. In Chapter 7, we use
ATR measurements to investigate the optical properties of homoepitaxial HMMs consisting of
alternating layers of high- and low- doped CdO. Two method of tunability are provided: carrier
densities and filling fraction are presented. Finally, in Chapter 8 a brief conclusion and a
discussion of potential future research avenues are provided.
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Chapter 2
2. Extraction of the Dielectric Functions of n-doped Cadmium Oxide and Hafnium
Disulfide using Ellipsometry and FTIR Spectroscopy
2.1 Interaction of Light with Semiconductor Films
Light can interact with a semiconductor in a number of ways. Most notably, photons of a
sufficiently large energy can trigger electronic transitions in the material, resulting in interband
absorption. The onset of interband transitions in the absorption spectrum of a material, known as
the absorption edge, occurs at the bandgap energy (𝐸𝑔 ) which is dictated by the electronic band
structure. However, the optical properties of a semiconductor are not governed solely by its
electronic band structure. For example, infrared light can interact with the optic phonons of a polar
material, resulting in absorptive and reflective features infrared spectra. The phonon dispersion
represents the fundamental vibrations of the crystal lattice and is governed by the bond strengths
and atomic masses of the constituent atoms. Introducing free carriers, through doping, can also
significantly alter the optical properties of a semiconductor, resulting in metallic-like behavior, i.e.
high reflectivity, below the plasma frequency and increased optical losses.
Although the underlying physics of these interactions differ, what they have in common is
that the incident light is coupling to a charge oscillation within the material. For light with a
frequency larger than the bandgap (usually in the visible-ultraviolet), light couples to the bound
electron oscillations (electric dipole transitions) within the atoms. Well below the bandgap, the
incident oscillating field can excite vibrational oscillations (phonons) in the lattice by displacing
ions from their equilibrium positions. Finally, in doped semiconductors (and metals), light can
drive free-charge oscillations, a result of the unbound nature of the free electrons (or holes). We
will discuss each of these oscillations in greater detail later in this chapter. Although, these
represent some of the most common interactions between light and semiconductors this is by no
means a comprehensive list.
2.1.1 The Dielectric Tensor
The dielectric tensor of a material contains all information regarding its first-order optical
response. As such, determining the dielectric tensor (dielectric functions along a particular
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direction) components of a material are of immense interest for optical, polaritonic, and
optoelectronic applications. A number of experimental techniques have been employed in order to
extract the components of a dielectric function, such as ellipsometry or reflectance/transmission
measurements. These methods will be included in the discussion of a later section in this chapter.
Here, we provide a brief derivation and discussion of the dielectric tensor and its relationship to
the oscillators mentioned above.
A dipolar oscillator (such as the ones mentioned in the previous section) contributes to the
linear polarization 𝑷(𝒌, 𝜔) of a semiconductor induced due to the presence of an electromagnetic
field 𝑬(𝒌, 𝜔):
𝑷(𝒌, 𝜔) = 𝜀0 𝜒
⃡(𝒌, 𝜔)𝑬(𝒌, 𝜔)

(1)

The polarization and applied electric field are linked by the second-rank electric susceptibility
tensor 𝜒⃗(𝒌, 𝜔), which describes all linear processes of the medium. Here, we assume that the
applied field intensity is low and therefore the probability for higher-order (non-linear) effects is
insignificant. If non-linear effects were present, the electric susceptibility would be a function of
the electric field intensity. In eqn. 1, 𝒌 and 𝜔 are the wavevector and frequency and 𝜀0 is the
permittivity of free space. It is more typical to consider the electric displacement field which relates
to both the electric field and polarization:
𝑫(𝒌, 𝜔) = 𝜀0 𝑬(𝒌, 𝜔) + 𝑷(𝒌, 𝜔)
= 𝜀0 𝜀⃗(𝒌, 𝜔)𝑬(𝒌, 𝜔)

(2)
(3)

where 𝜀⃗(𝒌, 𝜔) is the dielectric tensor which relates to the electric susceptibility as:
𝜀⃗(𝒌, 𝜔) = 𝜀𝑖𝑗 (𝒌, 𝜔) = 1 + 𝜒𝑖𝑗 (𝒌, 𝜔)

(4)

Later in this chapter we describe how the elements of this dielectric tensor can be extracted
through ellipsometry and FTIR reflectance measurements. In these studies, the samples we are
interested in (CdO thin films and HfS2 crystals) have relative dimensions (thickness) much larger
than the wavelength of the incident light. Therefore, it reasonable to assume that the interacting
photon wavevector 𝒌 is zero and non-local effects can be ignored. We will abbreviate the dielectric
tensor accordingly to 𝜀⃗(𝜔).
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In its most general form, the dielectric tensor for a medium can be expressed as a 3x3
matrix where each matrix element contains the dielectric function along a given Cartesian axis in
response to an applied field along the same or along a different direction.
𝜀11 (𝜔) 𝜀21 (𝜔) 𝜀31 (𝜔)
𝜀𝑖𝑗 (𝜔) = [𝜀12 (𝜔) 𝜀22 (𝜔) 𝜀32 (𝜔)]
𝜀13 (𝜔) 𝜀23 (𝜔) 𝜀33 (𝜔)

(5)

As an example, the element 𝜀11 (𝜔) describes the optical response along direction 1 to an applied
field directed along direction 1. Element 𝜀21 (𝜔) describes the optical response along direction 1
to an applied field directed along direction 2, and so on. In the majority of cases, however, the
dielectric tensor can be simplified to only the terms along the diagonal.
𝜀11 (𝜔)
0
0
𝜀22 (𝜔)
0 ]
𝜀𝑖𝑗 (𝜔) = [ 0
0
0
𝜀33 (𝜔)

(6)

The elements 𝜀11 (𝜔), 𝜀22 (𝜔), and 𝜀33 (𝜔) correspond to the dielectric functions along the
x, y, and z directions. For materials with highly symmetric crystal structures, such as cubic
systems, the optical properties are expected to be isotropic along all crystal axes, and therefore
𝜀11 (𝜔) = 𝜀22 (𝜔) = 𝜀33 (𝜔). Optically isotropic materials are commonly used in infrared optical
components (polarizers, prisms, windows, etc.) due to their lack of polarization insensitivity. Some
examples include CaF2, which has a face-centered cubic structure, or silicon and germanium,
which both have a diamond crystal structure. At room temperature CdO has a rocksalt crystal
structure, which is symmetric along all crystal directions and therefore is modeled as isotropic in
the following sections. The crystal structures of group IV and VI TMDCs, for example MoS226,
HfS227, and HfSe227, are hexagonal, resulting in a dielectric tensor that is uniaxial. Materials with
uniaxial optical properties have one tensor component that differs from the other two. For example,
TMDCs and other 2D materials, such as hBN28 and graphene, are in-plane isotropic, however, the
out-of-plane (along the c-axis) dielectric function differs from the in-plane components 𝜀11 (𝜔) =
𝜀22 (𝜔) ≠ 𝜀33 (𝜔). Uniaxial anisotropy is not limited to 2D materials and is observed in numerous
bulk crystals, such as several polytypes of SiC.24,29,30 Further, uniaxial anisotropy can be
engineered in artificial metamaterials by growing films composed of alternating layers each
featuring a sub-wavelength thickness.31–33 Materials with optical properties that differ along all
14

crystal directions 𝜀11 (𝜔) ≠ 𝜀22 (𝜔) ≠ 𝜀33 (𝜔) possess biaxial anisotropy. For example, near- and
far-field studies of the biaxial material α-MoO334, which has an orthorhombic crystal structure,
have yielded the exotic properties of phonon-polaritons in this material that result in the in-plane
hyperbolicity reported in the natural crystal. Lastly, the dielectric tensors of materials with less
symmetric crystal structures, such as the monoclinic β-Ga2O335 and triclinic ReS236 and ReSe2,37,38
have non-zero off-diagonal elements. Determining these off-diagonal terms is beyond the scope
of this chapter.
2.2 Experimental Techniques for Extracting Semiconductor Dielectric Functions
Several methods have been employed to extract the complex dielectric functions of
semiconductor materials. In this section, we provide a short overview of two common techniques
and discuss their unique benefits and drawbacks. The first approach is to measure the reflection
and/or transmission spectra of the material while the second is to use variable angle spectroscopic
ellipsometry (VASE). The post-processing steps following either measurement technique is the
same: build a physical oscillator model that describe the absorptive processes and use least-squares
fitting to determine the approximate dielectric function of the material. In section 2.3 we will
discuss some of the common building blocks (oscillators) of these models. It is not uncommon to
either combine these two approaches or to supplement with other analytical techniques, such as
Raman spectroscopy, Hall effect measurements, or X-ray diffraction, profilometry, or atomic force
microscopy to determine sample thickness. This reduces the degrees of freedom and ultimately the
potential correlations between parameters within the model fit.

Figure 2.1: a) Schematic defining the plane of incidence (P) and polarized wave amplitudes (𝐴𝑠 , 𝐴𝑝 , 𝐵𝑠 𝑎𝑛𝑑 𝐵𝑝 ).
[from ref 39] b) Schematic of variable angle reflectance instrument (Pike Technologies) for large-scale FTIR
measurements. c) Light path of Cassegrain objective for microscope FTIR measurements. [from ref 13]
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2.2.1 Reflection and Transmission Spectra
Perhaps the simplest approach for determining the frequency-dependent optical properties
of a material is to collect polarized reflection and/or transmission spectra. In the infrared, these
spectra are typically collected using FTIR spectroscopy, whereas in the visible-UV these
measurements are performed using UV-Vis spectroscopy. Here we will focus our discussion on
measurements performed in the IR. Conventional FTIR utilizes a broadband light source (typically
a SiC glowbar) that is highly emissive throughout the IR. Light from the broadband source then
passes through a Michelson interferometer and is directed to either the sample compartment
located inside of the bench, or to the IR microscope for measuring small-scale samples. The light
is then reflected from or transmitted through the sample and collected at the detector. For a more
detailed description of FTIR spectroscopy, as well as the trade-offs between different detectors see
Folland et. al13.
For both reflection and transmission measurements a reference/background spectrum is
collected and the sample spectrum is normalized to the reference spectrum by dividing 𝑅, 𝑇 =
𝑠𝑎𝑚𝑝𝑙𝑒/𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒. For reflectance measurements, the reference spectrum is collected from a
metal mirror (usually Au) that provides near 100% reflection throughout the IR. The reference
spectrum for transmission measurements is performed in air or vacuum. Polarized, angle-resolved
reflection and transmission measurements can be performed in the FTIR sample compartment
using a variable-angle reflection or transmission rig, such as those available from Pike
Technologies. This approach is best for large-scale, uniform films deposited onto a planar
substrate.
The collected reflection and/or transmission spectra can then be used to extract the complex
dielectric function by comparing to the calculated Fresnel reflection coefficients. Expressed in
terms of permittivity the s- and p- polarized complex reflection coefficients of light incident on
medium 𝑗 from medium 𝑖 are:
𝑘𝑧,𝑖 −𝑘𝑧,𝑗

𝑟𝑠,𝑖𝑗 = 𝑘

𝑧,𝑖 +𝑘𝑧,𝑗

𝑘𝑧,𝑗 𝑘𝑧,𝑖
−
𝜀𝑧,𝑗 𝜀𝑧,𝑖

, 𝑟𝑝,𝑖𝑗 = 𝑘𝑧,𝑗
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𝜀𝑧,𝑗

𝑘
+ 𝑧,𝑖
𝜀𝑧,𝑖

(7) and (8)

where 𝜀(𝑖,𝑗) is the complex dielectric function of the respective layer and 𝑘𝑧,(𝑖,𝑗) = √𝑘 2 𝜀(𝑖,𝑗) − 𝑘𝑥2 .
Note that the angle of incidence is accounted for through 𝑘𝑥 . In equations 7 and 8 it is assumed
that the 𝑖 − 𝑗 interface bisects two half spaces, and therefore film 𝑗 is assumed to have an infinite
thickness. However, for real films a summation over partial waves due to multiple reflections from
the backside of the finite-thickness film must be taken into account. This can be calculated through
the geometric summation:

𝑟𝑖𝑗𝑘 =

𝑟𝑖𝑗 +𝑟𝑗𝑘 exp(2𝑖𝑘𝑧,𝑗 𝑑𝑗 )
1+𝑟𝑖𝑗 𝑟𝑗𝑘 exp(2𝑖𝑘𝑧,𝑗 𝑑𝑗 )

(9)

where 𝑑𝑗 is the thickness of the film, and 𝑟𝑖𝑗 and 𝑟𝑗𝑘 are the Fresnel coefficients for the front and
back interfaces, respectively. Equation 9 therefore takes into account the reflection between the
film and the substrate (𝑘). Further, the reflectance coefficient for a multilayer stack with an
arbitrary number of layers can be calculated by starting at the furthest-most interface and working
backwards to the interface at which the light is first incident. The transmission coefficients can
then be calculated as 𝑡𝑠,𝑝 = 1 + 𝑟𝑠,𝑝 and the reflected and transmitted power calculated as 𝑅𝑠,𝑝 =
2

|𝑟𝑠,𝑝 | and 𝑇𝑠,𝑝 = 1 − 𝑅𝑠,𝑝 , respectively. Knowing the varying contributions to the optical response
of the material (i.e. phonons or free-carriers) a model can be built and the dielectric function
extracted by using least squares-fitting software such as WVASE, which is frequently used for the
fitting of ellipsometric data, to fit to the measured spectra. Note that this method can be used to
model both isotropic and anisotropic materials, as the relative influence of the components of the
dielectric tensor are dependent on the angle of incidence and polarization.
In addition to the simplicity in collecting these measurements, another advantage of using
FTIR spectroscopy is that these measurements are operated under an N2 atmosphere. Further, some
FTIR instruments, such as the Bruker Vertex 70v, can be operated under vacuum, thus eliminating
spectral artifacts that arise from fluctuations in atmospheric gases that strongly absorb infrared
light, such as H2O and CO2. Therefore, angle-resolved FTIR reflectance measurements can be
successfully employed to extract the dielectric function across a wide spectral range, as has been
shown in previous literature and in the following sections.40
Perhaps the biggest advantage that the FTIR technique has over VASE is that by coupling
the FTIR with an IR microscope, the collection area can be reduced significantly. Using an IR
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microscope, the collection area is now only restricted by the diffraction limit and therefore the
minimum collection area is a function of the spectral range of interest. This adds more flexibility
and opens the door to the measurement of small-scale samples such as exfoliated 2D materials.41
Microscope-based FTIR has been demonstrating as an approach for extracting the dielectric
function materials with isotropic, uniaxial, and biaxial optical responses. For example, this is the
approach we take in section 2.5 in order to extract the dielectric functions of HfS2. Further, this is
the approach taken to extract the dielectric function of α-MoO3.34

2.2.2 Spectroscopic Ellipsometry
The polarization state of light incident upon a material is not conserved upon reflection.
The change in the polarization of the reflected light is dependent on the optical properties of the
material. Ellipsometry measurements determine this shift in the polarization state by relating the
ratio of reflected, linearly-polarized electric field amplitudes (𝐵𝑝 ⁄𝐵𝑠 ) to the ratio of incident,
linearly-polarized electric field amplitudes (𝐴𝑝 ⁄𝐴𝑠 ). Figure 2.1a shows a schematic of an
ellipsometry measurement where linear p- and s- polarized light with equal magnitudes are
incident upon the surface of a sample. Here, p- polarized light and s- polarized are oriented parallel
and perpendicular to the plane of incidence, respectively. Upon reflection, the ratio of polarized
field amplitudes shifts and the value 𝜌 can be determined as

𝜌=

𝐵𝑝
)
𝐵𝑠
𝐴𝑝
(𝐴 )
𝑠

(

(10)

However, this can be expressed in terms of the p- and s- polarized reflection coefficients
𝑅𝑝 = 𝐵𝑝 ⁄𝐴𝑝 and 𝑅𝑠 = 𝐵𝑠 ⁄𝐴𝑠 which are more convenient to determine experimentally. Then 𝜌
can instead be expressed as the ratio of the p- and s- polarized Fresnel reflection coefficients which
relate to two ellipsometric parameters, 𝜓 and Δ, through the following expression:

𝜌=

𝐵𝑝
)
𝐵𝑠
𝐴𝑝
(𝐴 )
𝑠

(

=
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𝑅𝑝
𝑅𝑠

= tan(𝜓) 𝑒 𝑖Δ

(11)

In this expression, 𝜓 and Δ represent the amplitude and phase difference between the two
polarizations, respectively. Combined, these two quantities enable VASE as a comprehensive
approach towards quantifying the optical response of films and substrates featuring isotropic and
anisotropic crystal structures.
To this date, instruments have been constructed for performing VASE measurements from
the THz42,43 through to the UV. Infrared (IR)-VASE utilized an FTIR source and IR detector,
usually a DLaTGs for mid- to near-IR or helium-cooled bolometer for far-IR, to study optical
properties throughout the IR. One of the benefits of ellipsometry is that this technique is not reliant
on references or background measurements, such as an Au-coated substrate for FTIR reflection
measurements. This reduces the number of potential non-idealities associated with slight
differences in experimental conditions between measurements and also reference standards that
are non-ideal. However, VASE is limited in utility to large-scale samples. Therefore, at this point,
VASE is not suitable for determining the dielectric function of materials that require a small
collection area, such as 2D materials. For these materials, it is more appropriate to utilize polarized,
microscope measurements as is described in the previous section and as we perform in section 2.5.
Here, we have only provided a brief discussion of ellipsometry. There are, however, more in-depth
discussions provided elsewhere.39
2.3 Modelling of Common Light-Matter Interactions in Semiconductors
In this section we provide some of the common oscillators employed to model the dielectric
function of a material. These sections will be referenced in sections 2.4 and 2.5, wherein we discuss
the various interactions comprising the dielectric functions of n-doped CdO and HfS2, respectively.
It is convenient to view the overall dielectric response of a material as a linear summation of the
frequency-dependent contributions from individual oscillators. For example, as we demonstrate in
section 2.4, the dielectric function spanning the FIR-UV for n-doped CdO is a combination of
phonon, free carrier, and interband absorption processes.
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Figure 2.2: a) Real and imaginary permittivity near the optic phonons of undoped-InAs calculated using the TOLO
function.[ref 44] b) Contribution of free carriers to the dielectric function of a doped CdO film (𝑁𝑑 = 3𝑒20 𝑐𝑚−3 )
calculated using the Drude model. c) Contribution of bandgap absorption to the dielectric function of CdO (𝑁𝑑 =
1𝑒20 𝑐𝑚−3 ).

2.3.1 Tauc-Lorentz Model
The Tauc-Lorentz model has been used to account for absorption due to interband
transitions and extract the optical constants of several doped semiconductors including n-doped
CdO films and nanoparticles. This parameterized model, developed by Jellison and Modine45,46,
combines the 3D Tauc joint density of states for a direct bandgap semiconductor with the
imaginary part of the Lorentz model for a collection of non-interacting atoms.
′ (𝜔)
𝜀𝑇𝐿 (𝜔) = 𝜀𝑇𝐿
+ 𝑖[𝜀𝑇′′ (𝜔)𝜀𝐿′′ (𝜔)]

(12)

The Tauc contribution to the imaginary permittivity above the bandgap is given by:
𝜔−𝜔𝑇 2

𝜀𝑇′′ (𝜔) = 𝐴𝑇 (

𝜔

) Θ(𝜔 − 𝜔 𝑇 )

(13)

Here, 𝐴𝑇 is the Tauc amplitude and 𝜔 𝑇 is the optical bandgap. 𝜔 is the photon frequency and the
Heavyside function (Θ(𝜔 − 𝜔 𝑇 )) is equal to zero for 𝜔 < 𝜔 𝑇 and one for 𝜔 > 𝜔 𝑇 . This ensures
that the imaginary permittivity below the bandgap is zero. The imaginary part from the Lorentz
oscillator model is expressed as:
𝜀𝐿′′ (𝜔) = 𝐴𝐿

𝜔𝑜 𝜔𝐶
2
2
(𝜔 −𝜔𝑜2 ) +𝜔2 𝐶 2

(14)

where 𝐴𝐿 is the amplitude of the Lorentzian, 𝐶 is the broadening, and 𝜔𝑜 is the center frequency.
The product of 𝜀𝑇′′ (𝜔) and 𝜀𝐿′′ (𝜔) results in the Tauc-Lorentz imaginary permittivity:
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′′ (𝜔)
𝜀𝑇𝐿
=

𝐴𝑇𝐿 𝜔𝑜 𝐶(𝜔−𝜔𝑇 )2 Θ(𝜔−𝜔𝑇 )
2

(𝜔2 −𝜔𝑜2 ) +𝜔 2 𝐶 2

𝜔

(15)

Here, 𝐴𝑇𝐿 is the total Tauc-Lorentz amplitude (𝐴𝑇𝐿 = 𝐴𝑇 𝐴𝐿 ). Note again that due to the Heavyside
function the imaginary permittivity from the Tauc-Lorentz model is zero below the bandgap.
Therefore, absorption within the bandgap and intraband absorption cannot be accounted for using
the Tauc-Lorentz model alone. Knowing the imaginary dielectric function, the real part can be
calculated using the Kramers-Kronig relation:
2

∞ 𝜉𝜀 ′′ (𝜉)

′ (𝜔)
𝜀𝑇𝐿
= 𝜀∞,𝑇𝐿 + 𝜋 𝑃 ∫𝜔

𝑇

𝜉 2 −𝜔2

𝑑𝜉

(16)

The high-frequency permittivity (𝜀∞,𝑇𝐿 ) describes the contribution to the real dielectric
function well above the bandgap and 𝑃 indicates that the Cauchy principal value of the integral is
to be taken. The full expression for the real part of the permittivity has been calculated and can be
found elsewhere. For a single Tauc-Lorentz oscillator there are a total of five fit parameters: 𝜀∞,𝑇𝐿 ,
𝐴𝑇𝐿 , 𝐶, 𝜔𝑜 , and 𝜔 𝑇 . In several cases, a single Tauc-Lorenz oscillator is sufficient for reproducing
the absorption above the bandgap. However, to model the interband absorption of materials with
more complicated band structures additional oscillators may need to be employed. The values of
𝜀∞,𝑇𝐿 and 𝜔 𝑇 will be the same for all oscillators, therefore each new oscillator requires three
additional fit parameters: 𝐴𝑇𝐿,𝑛 , 𝐶𝑛 , and 𝜔𝑜,𝑛 , where 𝑛 refers to the 𝑛𝑡ℎ oscillator. Figure 2.2c
displays the resultant real and imaginary parts of a single Tauc-Lorentz oscillator.

2.3.2 Free Carrier Absorption
The Drude model has been employed in the past to model the near-IR – mid-IR complex
dielectric functions of highly-doped semiconductors,47 as well as most metals.48 While the residual
polarizability from interband transitions dictates the scaling of the real part of the dielectric
function within the IR, for doped semiconductors, such as CdO, this spectral range is dominated
by free-carrier effects. The influence of free-carriers can be modelled using the Drude formalism:
𝐴

𝐷
𝜀𝐷𝑟𝑢𝑑𝑒 (𝜔) = − 𝜔2+𝑖𝛾𝜔
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(17)

In this equation, 𝐴𝐷 is expressed as 𝐴𝐷 = 𝜀∞ 𝜔𝑝2. As is stated above, 𝜀∞ is the real
permittivity at frequencies far above the plasma frequency. The magnitude of 𝜀∞ is a result of the
background polarizability of the lattice due to interband transitions at much higher frequencies.
Therefore, if the spectral range of interest were truncated to below the band edge absorption, such
that interband absorption were not considered in the model, 𝜀∞ would represent the contribution
from interband absorption to the real part of the permittivity. The imaginary part is driven by the
free-carrier damping (𝛾), which is inversely related to the corresponding scattering lifetime.
Alternatively, the free-carrier damping can be expresses as being inversely related the optical
mobility 𝛾 = 𝜇

𝑒
𝑜𝑝𝑡 𝑚

∗

, therefore a large mobility translates to low optical losses. The plasma

frequency 𝜔𝑝 = √𝑁𝑑 𝑒 2 ⁄𝑚∗ 𝜀∞ 𝜀0 increases with the square root of the electron carrier density
√𝑁𝑑 , with 𝜀0 and 𝑚∗ representing the permittivity of free space and effective mass, respectively.
Note, that below the plasma frequency the real permittivity is negative and therefore an incident
electric field would be ‘screened’ at the interface resulting in high reflectivity.
Due to the correlation between 𝑁𝑑 and 𝑚∗ in calculating the plasma frequency, these values
cannot be determined from least-squares fitting simultaneously. However, the carrier density can
be determined through alternative techniques, such as Hall effect measurements, in order to
decrease the number of fit parameters.
2.3.3 Infrared Active Phonons in Polar Semiconductors
Phonons, the collective excitation of the atoms in a crystal lattice, fall into two general
categories: acoustic and optical phonons. Optical phonons, as opposed to acoustic phonons,
intersect the Γ-point (𝑘 = 0) in the phonon dispersion and therefore (in some cases) can be excited
with light. Whether an optical phonon mode can interact directly with light, referred to as an
infrared (IR)-active mode, is governed by the ionicity of the bonds in the crystal and the selection
rules which can be derived from group theory. However, a discussion of these selection rules is
beyond the scope of this section.
In a polar dielectric, the bonds are ionic in character. The restoring force of the ionic charge
motion associated with the LO phonon lifts the degeneracy with the TO modes at the Γ point.49
This increases the LO phonon frequency, resulting in a spectral band between these two optic
phonon energies that is referred to as the Reststrahlen band. The frequencies at which these phonon
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modes fall is related to the masses of the atoms in the crystal. Polar crystals with heavier elements
tend to have phonon frequencies at lower frequencies, whereas lighter elements tend to have higher
frequency phonon modes. Again, the TO-LO splitting is governed by the ionicity of the bonds.
Therefore, for covalent crystals, such as Si and Ge, the TO and LO phonons are not IR-active and
the TO-LO degeneracy is not lifted.
Within the Reststrahlen band, polar materials are highly reflective, resulting from the
charge screening of the oscillating polar crystal lattice. Just as light can couple to free charge
oscillations in metals and doped semiconductors (SPPs), light can also couple to optic phonons in
polar lattices. These excitations, known as surface phonon polaritons (SPhPs) are also of keen
interest for IR nanophotonics.5,49–51 This results from the real part of the permittivity becoming
negative between the TO and LO phonon frequencies. In contrast to Drude response, for this socalled ‘TOLO oscillator model’ the real part of the permittivity disperses rapidly, becoming
progressively more positive with increasing frequency until the TO phonon frequency, resulting
in ultra-high refractive indices due to the strong resonant absorption associated with the TO
phonon.29,52–54 For perspective, near the TO phonon in SiC, the index of refraction can exceed 20
(Highest reported 𝑛 = 21.84).16,54–57 At the TO-phonon frequency, the sign of the permittivity is
flipped and remains negative (and highly dispersive) until the LO-phonon frequency. For a single
IR-active phonon, the permittivity can be derived from a simple harmonic oscillator model
resulting in the so-called ‘TOLO’ oscillator:
𝜔 2 −𝜔 2

𝑇𝑂
)
𝜀𝑇𝑂𝐿𝑂 (𝜔) = 𝜀∞,𝑇𝑂𝐿𝑂 (𝜔2 𝐿𝑂
−𝜔2 −𝑖𝛾𝜔

(18)

𝑇𝑂

where 𝜔𝐿𝑂 and 𝜔 𝑇𝑂 correspond to the LO and TO phonon frequencies, respectively. The high
frequency permittivity 𝜀∞,𝑇𝑂𝐿𝑂 defines the real part of the dielectric function at frequencies above
the LO phonon frequency. Note that in the case where the Drude and TOLO terms must be taken
into account that the high-frequency term for both oscillators would be the same.
Although equation 18 has been successfully utilized to model the permittivity of several
polar materials, such as hBN and SiC, this approximation fails when anharmonic phonon coupling
must be taken into effect. In this case the TO (𝛾𝑇𝑂,𝑖 ) and LO (𝛾𝐿𝑂,𝑖 ) phonon damping for the same
phonon branch (𝑖) would not be assumed to be the same, as in equation 18. This is true of materials
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with multiple phonon modes that are close in frequency, such as in perovskites and alkali
halides.58,59 A more general representation of the TOLO oscillator that allows for independent TO
and LO damping has been derived as
𝜔2

−𝜔2 −𝑖𝜔𝛾𝐿𝑂,𝑖

𝜀(𝜔) = 𝜀∞,𝑇𝑂𝐿𝑂 ∏𝑛𝑖 𝜔2𝐿𝑂,𝑖 −𝜔2−𝑖𝜔𝛾
𝑇𝑂,𝑖

𝑇𝑂,𝑖

(19)

Note that when 𝛾𝑇𝑂,𝑖 = 𝛾𝐿𝑂,𝑖 , this reduces to the simple harmonic oscillator model. In order
for this model to be physical it is necessary that the condition ∑𝑛𝑖(𝛾𝐿𝑂,𝑖 − 𝛾𝑇𝑂,𝑖 ) > 0 be met,
otherwise the imaginary permittivity well above the LO phonon frequency would become
negative. In addition to modelling multiple phonon materials, equation 19 has been used to model
the absorption due to two-phonon processes in MnO, MgO, and NiO.60 In section 2.5 we will also
demonstrate how this model can be used to reproduce TOLO and two-phonon absorption features
in HfS2.
2.4 Dielectric Function of n-doped CdO Thin Films
Transparent conducting oxides (TCOs) are most commonly utilized in applications
requiring high optical transmittance and low electrical resistivity. This unique combination of
optoelectronic properties is achieved by semiconductor materials possessing visible to UV
bandgaps and high defect and/or extrinsic dopant concentrations, with the associated impurity
close to the conduction band edge.61,62 In recent years, TCOs have also found utility as potential
alternative plasmonic materials for nanophotonic applications within the NIR to MIR, due to the
lower optical losses in reference to gold and most doped semiconductors in this spectral range.63,64
Although CdO has been known as a TCO for over a century65, recent work has
demonstrated n-doped CdO as a unique plasmonic material with broad spectral tunability and
exceptionally low optical losses, surpassed only by graphene.63 These properties result due to the
low effective mass (𝑚∗ ranging from 0.12 – 0.26 in epitaxially-grown films with carrier densities
ranging from 𝑁𝑑 ≈ 1019 − 1020 𝑐𝑚−3) and high electron mobilities (𝜇 > 300 cm2/V-s between
𝑁𝑑 ≈ 1019 − 1021 𝑐𝑚−3).63 Interestingly, it has been demonstrated that 𝜇 actually increases with
increasing carrier density over a broad range of accessible doping levels, reaching a maximum
value of almost 500 cm2/V-s at 𝑁𝑑 ≈ 5 × 1019 𝑐𝑚−3.63 Multiple aliovalent dopants have been
employed to exhibit this novel behavior including Dy3+63, In3+66, Y3+67, and F-68, each of which
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have atomic radii similar in size to either Cd2+ or O2-. This allows for substitutional, aliovalent
cation (e.g., Dy3+ for Cd2+) or anion (e.g., F- for O2-) doping while minimizing lattice strain, and
thus, carrier scattering. Very high-quality CdO film growth has recently been demonstrated using
high-power impulse magnetron sputtering (HiPIMS).67 This technique uses a pulsed (1-10 µs short
pulses) DC plasma in order to attain extremely large power densities (≥ kW/cm2) and therefore
high sputter rates and high density films, all while maintaining low surface roughness.69,70
Surprisingly, HiPIMS deposition offers comparable doping precision, carrier mobility, and even
improved material quality in comparison to CdO grown via molecular beam epitaxy (MBE), while
allowing for potential scalability.
While traditional approaches for plasmonic applications in the near-IR have utilized noble
metals, with applications realized in surface plasmon resonance (SPR) biosensing71–73, enhanced
vibrational spectroscopies such as surface enhanced Raman scattering (SERS)74–76, SEIRA14,15,77,
and optical metasurfaces such as planar lenses,78–80 there are significant drawbacks to using metals
for MIR plasmonics.81 First, metals have large, fixed carrier densities resulting in static plasma
frequencies that fall within the visible to ultraviolet regime, complicating their applications to
longer wavelengths. Further, fast electron-electron scattering at these large carrier densities brings
about high Drude losses, which are exacerbated in the MIR. These losses, combined with
extremely large negative permittivity values in this spectral range, render noble metals impractical
for applications requiring narrow resonant features such as chemical sensing82 or narrow-band IR
sources.17 In contrast, CdO films are capable of supporting relatively sharp (Q-factors calculated
here from the dielectric function to be as high as 24, 5 – 10x larger than gold in the MIR

83,84

),

frequency tunable resonances in the MIR, including highly-absorptive SPP and ENZ modes, all
without the need for nanostructuring. Careful in-situ control over 𝑁𝑑 during film growth has also
opened the door to monolithic, multilayered films that exhibit metamaterial-like optical properties
such as multi-frequency thermal emission. Similar multilayer films have also been used to
demonstrate the potential for strongly coupled polaritonic systems, as will be explained in chapter
3.
Before CdO can be adopted for advanced applications, it is imperative that an accurate
dielectric function be established and a full understanding of the various contributions controlling
this function. This is especially pertinent for CdO, as the carrier density-driven modifications of
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the bandgap, effective mass and high-frequency permittivity ensure that the dielectric function
employed must be extracted from a film with similar doping levels, unless appropriate trends can
be identified. While prior work examined the NIR dielectric function of non-epitaxial,
polycrystalline CdO films85, accurate experimental MIR dielectric functions for highquality/extreme-mobility (i.e., grown by MBE or HiPIMS), CdO films have yet to be reported.
Here, we experimentally measure the UV to FIR optical properties of epitaxial In:CdO thin films
on MgO substrates (grown via HiPIMS) as a function of free-carrier density (1.1 × 1019 𝑐𝑚−3 –
4.1 × 1020 𝑐𝑚−3 and extract their corresponding dielectric functions. We utilize both V-VASE
and IR-VASE to measure the optical response and utilize these measurements to extract the
complex dielectric function. Through this effort, we extend the focus beyond the NIR to include
the UV and visible as well as the MIR to FIR, thereby accommodating the optical properties within
the various IR atmospheric windows. In past work, high carrier densities (𝑁𝑑 > 5 × 1020 𝑐𝑚−3)
were achieved by using dopant densities as high as 10 𝑚𝑜𝑙%, potentially leading to the formation
of secondary phases.86 In comparison, the carrier densities of the films in this study remain below
the dopant solubility limit. All films are epitaxial, phase pure, with consistently narrow x-ray
linewidths and low surface roughness values.63,67,68 In addition to extracting the complex dielectric
functions, we also compare the optical properties of these high-quality, In:CdO films with values
reported in past work for polycrystalline, non-epitaxial In:CdO films. Finally, to supplement
visible- and IR-VASE measurements, which provide ellipsometric data above 333 𝑐𝑚−1, we
utilized FTIR spectroscopy to extend the measured range to 150 𝑐𝑚−1, allowing us to also
determine the effects of low-energy phonons on the FIR dielectric function. Combined, these
techniques allow for a complete characterization of the polarization-dependent reflection and
transmission coefficients, and thus the tunable carrier density-dependent factors comprising the
dielectric response of In:CdO from the UV to the FIR.
2.4.1 Fitting Procedure for Ellipsometric and FTIR Data
In this section we discuss our approach of extracting the complex dielectric function of nCdO films from ellipsometric and FTIR measurements. We initiated the dielectric function fitting
by focusing on the VASE measurements (Figure 2.3) in the MIR spectral range, which is
dominated by free-carrier effects that can be modeled by the Drude oscillator model and at the
focus of the high potential of this material for nanophotonic experiments and applications. Within
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the Drude model, we initially set the effective mass to be a value falling in the range of those
reported in the literature. for such highly doped CdO films. This allowed us to fit the corresponding
ellipsometry spectra using only the high-frequency permittivity, carrier density and mobility as
fitting parameters. The former was initially set to previously reported values and was restricted to
the range between 4.5-5.5, and the carrier density and mobilities were allowed to vary within the
prior reported ranges for this material. While the film thickness can be determined from
ellipsometric measurements, in order to reduce the number of free fitting parameters, we
implemented X-Ray reflectivity (XRR) which provides film thickness measurements with
accuracy on the order of the X-ray wavelength (Cu K: 1.54 Å). It is important to note that the
film thicknesses were chosen such that they were significantly larger (> 150 nm) than the threshold
for supporting ENZ polaritons. This was done in order to ensure that the extracted dielectric
function was representative of the bulk behavior and to avoid the additional thickness dependence
of such ENZ modes upon the dielectric function, as was recently reported for tin-doped indium
oxide.87 The CdO films were modelled in WVASE using two CdO layers, a thin carrier
depletion/accumulation layer on top of a bulk layer, on an MgO substrate. In the fit the total
thickness (thin layer + bulk layer) of the film was initially set to the value determined from XRR.
To account for the thickness of the thin layer, which is not certain, each layer thickness was
allowed to vary by ± 5%.
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Figure 2.3: Representative experimental a) 𝜓 and b) 𝛥 spectra and corresponding least-squares fits for a In:CdO film
with a carrier density of 4.1 × 1020 𝑐𝑚−3 at 60° (black) and 70° (red) incident angles. The vertical black dotted line
represents the extracted plasma frequency of the film (𝜔𝑝 = 5,218 𝑐𝑚−1 ).

As the plasma frequency and plasma damping constants are only dependent upon the ratio
𝑁

of carrier density to effective mass (𝜔𝑝 ∝ √ ∗𝑑 ) and the product of effective mass and optical
𝑚
𝑒𝑓𝑓

∗
mobility (𝛾 ∝ (𝑚𝑒𝑓𝑓
𝜇𝑜𝑝𝑡 )−1), respectively, this ratio and product were then treated as fixed

parameters. Following the preliminary fitting procedure, we used the carrier density extracted from
Hall effect measurements and input this into the ratio to extract the effective mass at this carrier
density.
𝜔𝑝,𝐻𝑎𝑙𝑙 = 𝜔𝑝,𝑓𝑖𝑡 →

𝑁𝐻𝑎𝑙𝑙
∗
𝑚𝑒𝑓𝑓

𝑁

= 𝑚𝑓𝑖𝑡
∗

(20)

𝑓𝑖𝑡

∗
Here, 𝑚𝑓𝑖𝑡
is the effective mass value set for MIR ellipsometric fitting and 𝑁𝑓𝑖𝑡 is the resultant fit

value for carrier density. 𝑁𝐻𝑎𝑙𝑙 is the carrier density measured using Hall effect measurements and
∗
𝑚𝑒𝑓𝑓
is the true effective mass. We then used the calculated effective mass from this ratio as the

known in the product dictating the damping constant to extract the optical mobility value.
∗
∗
𝛾𝑓𝑖𝑡 = 𝛾𝑑 → 𝑚𝑓𝑖𝑡
𝜇𝑓𝑖𝑡 = 𝑚𝑒𝑓𝑓
𝜇𝑜𝑝𝑡
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Optical mobility values were compared with prior literature as well as to the values extracted from
our Hall effect measurements to verify they were in reasonable agreement. Following this, the fit
was performed once more using these newly extracted values to validate that the fit remained in
agreement. The surface accumulation/depletion layer was determined to have a negligible effect
on the MIR optical properties. Thus, in order to cut down on the number of fit parameters, the
Drude oscillator was not included for this thin surface layer within this spectral range.
Following the fit of the ellipsometric data in the MIR, we then turned our focus to the FIR
spectral range. Here, we utilized FTIR spectroscopy in order to supplement our VASE
measurements, which provide ellipsometric data above 333 cm-1. Polarized reflectance of the CdO
films were measured at two angles (60o and 70o) from 150 cm-1 to 5000 cm-1, spanning both the
FIR and MIR, thereby providing spectral overlap with the ellipsometric data. A Drude oscillator
equipped with the carrier density extracted from Hall effect measurements (𝑁𝐻𝑎𝑙𝑙 ) and those
∗
extracted from our MIR ellipsometric fitting (𝑚𝑒𝑓𝑓
, 𝜇𝑜𝑝𝑡 ) was included along with a TOLO

oscillator term for fitting the impact of the polar ionic lattice. The spectral positions for the CdO
TO and LO phonon frequencies were initially set to 262 cm-1 and 523 cm-1, which correspond to
previously-reported values, and were only allowed to vary within the fit over a narrow range (± 2
cm-1). The TO and LO phonon damping constants were then determined by fitting the reflectance
data fitting. The TOLO fit parameters are set to be identical for both the bulk and the surface
charge CdO layers. We then take the TOLO fit values from the reflectance measurements and
incorporated them back into the ellipsometric fits. Thus, this resulted in a combined model
incorporating both the TOLO and Drude oscillators in our ellipsometric fit, thereby allowing for
the NIR-FIR CdO dielectric function to be finalized.
Following the finalization of the near-, mid- to far-IR fitting, we added a Tauc-Lorentz
oscillator to both the bulk and surface charge CdO layers in order to model the band-edge
absorption in the UV-VIS. Here, we restricted the fitting range to above 10,000 cm-1 (UV-VIS
spectral range). The Tauc-Lorentz function took the place of the high frequency permittivity value
we were using for the MIR and FIR fitting, so in order to avoid correlation between the TaucLorentz fitting parameters and the TOLO amplitude (high-frequency permittivity), the TOLO
oscillator was disabled while modeling the UV-VIS. The four fitting parameters in the TaucLorentz function are the optical bandgap (𝐸𝑔 ), center energy (𝐸𝑛 ), broadening (𝐶), and amplitude
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(𝐴). The optical bandgap value was first approximated using the Burstein-Moss88 relation along
with previously reported values, and was allowed to vary by ± 0.3 eV.
2.4.2 Effects of Free Carriers on UV to visible dielectric function of n-CdO
From the finalized ellipsometric fits (Fig. 2.3) it is possible to extract the real and imaginary
parts of the dielectric function. This procedure was performed for three films featuring carrier
densities (Hall mobilities) of 6.6 × 1019 cm-3 (426 cm2/Vs), 1.4 × 1020 cm-3 (389 cm2/V∙s), and
4.1 × 1020 cm-3 (312 cm2/V∙s). The corresponding real and imaginary parts of the dielectric
functions from 15,000 to 30,000 cm-1 (0.667 to 0.333 µm) are provided in Fig. 2.5a. The central
energy of the absorption features corresponds to the CdO conduction band edge, which is observed
to blueshift with increased carrier density due to the donor behavior of In dopants in CdO. As the
carrier density increases, the conduction band electron population is elevated, which subsequently
raises the Fermi energy, consistent with the Moss-Burstein effect.88,89 The resultant 𝐸𝑔 values of
the CdO films are shown in Fig. 2b along with the previously reported values by Liu et. al.

85

provided for comparison, illustrating that this observed effect is general to CdO films independent
of growth method. The optical bandgap values were determined by first calculating the extinction
coefficient (𝜅) from the extracted dielectric functions. The absorption coefficient (𝛼 =

4𝜋𝜅
𝜆

) can

then be calculated and 𝐸𝑔 approximated by extrapolating 𝛼 2 to zero (Fig. 2.4a). Plots of 𝛼 2 vs.
photon energy are provided in Fig. 2.4b. The peak amplitude and broadening of the real dielectric
function also follow a similar trend, implying increased absorption and loss around the band edge
energy as the carrier density is increased.
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Figure 2.4: a) Plots of absorptivity (𝛼 2) squared vs. photon energy. The optical bandgap is determined by
extrapolating the asymptotic region of 𝛼 2 to zero. b) Real permittivity (𝜀′) as a function of 1⁄(𝐸 2 + 𝛾 2 ) where 𝛾 is
the drude damping. The high-frequency permittivity (𝜀∞ ) can be determined by fitting the linear region of this
relationship and determining the x-intercept.

These shifts in band edge energy and absorption impact the background polarizability of
the lattice and therefore the extracted high frequency permittivity (𝜀∞ ) of the Drude function which
describes the dielectric function in the MIR. At low enough energies, sufficiently below the optical
′ (𝜔)
bandgap, 𝜀𝑇𝐿
takes the constant value of 𝜀∞ . As the band edge absorption shifts to higher

energy with increasing 𝑁𝑑 , the high frequency permittivity is observed to decrease from 5.5 to 5.1
in our films (Fig. 2.5c). This inverse relationship between the high frequency permittivity and
lowest-energy interband transition, known as Moss’s rule, has been well-documented across many
semiconductors.90 High-frequency permittivity values were obtained by plotting real permittivity
as a function of (𝐸 2 + 𝛾 2 )−1, where 𝐸 = ℏ𝜔 is photon energy and 𝛾 is Drude damping which will
be discussed in the following section, and determining the x-intercept (Fig. 2.4a).
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2.4.3 Effects of Free Carriers on the IR dielectric function of n-CdO
As was stated in our discussion of the Drude model in section 2.3.2, the plasma frequency
𝜔𝑝 = √𝑁𝑑 𝑒 2 ⁄𝑚∗ 𝜀∞ 𝜀0 increases with the square root of the electron carrier density √𝑁𝑑 , with 𝜀0
and 𝑚∗ representing the permittivity of free space and effective mass, respectively. The √𝑁𝑑
scaling of 𝜔𝑝 can be discerned from the experimentally obtained values of 𝜔𝑝 in Figure 2.6a. From
the dielectric functions provided in Fig. 4a, we extracted corresponding 𝜔𝑝 of 2584 𝑐𝑚−1
(6.6 × 1019 𝑐𝑚−3), 3680 𝑐𝑚−1 (1.4 × 1020 𝑐𝑚−3), and 5215 𝑐𝑚−1 (4.1 × 1020 𝑐𝑚−3),
respectively. The values of 𝜔𝑝 for the other CdO films in this study are reported in Fig. 2.6a. The
relative rate of this scaling is dictated by the effective mass (𝑚∗ ) which, for In:CdO, ranges from
0.11 − 0.26𝑚𝑜 for 𝑁𝑑 ~ 1 × 1019 – 4 × 1020 𝑐𝑚−3, consistent with the non-parabolic conduction
band model.91,92
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ℏ2

𝑚∗ = 𝑚𝑜∗ √1 + 2𝐶 𝑚∗ (3𝜋 2 𝑁𝑑 )2⁄3

(22)

𝑜

Here 𝑚𝑜∗ is the effective mass at the base of the conduction band, 𝐶 is a nonparabolicity
fitting parameter, and 𝑁𝑑 is assumed to be the carrier density measured in Hall effect
measurements, 𝑁𝐻𝑎𝑙𝑙 . Electron mobility was also determined through Hall effect measurements
(𝜇𝐻𝑎𝑙𝑙 ). These values differ from optical mobility (𝜇𝑜𝑝𝑡 ) values that were extracted through
ellipsometric fitting. Note that Fig. 2.6b includes the effective mass values for two sample sets:
high-quality HiPIMS CdO films (black squares) and highly-doped, polycrystalline films grown
using MBE (purple triangles). Interestingly, our reported values of 𝑚∗ in Fig. 2.6b demonstrate
excellent continuity with these samples reported in previous work85, illustrating that the growth
quality appears to have little to no effect on the carrier-density-dependent effective mass of
In:CdO. Effective mass has also been shown to be independent of crystallinity in other highmobility TCOs, such as H:In2O3.93 We provide a fit to the combined 𝑚∗ data, resulting in fitting
parameter values of 𝐶 = 0.69 ± 0.08 𝑒𝑉 −1 and 𝑚𝑜∗ = 0.10 ± 0.01𝑚𝑜 . The excellent agreement
across sample sets and two orders of magnitude in carrier density justifies the use of this fit for
approximating the effective mass of In:CdO with great accuracy. This can be compared to the fit
provided in Liu et. al., which resulted in 𝐶 = 0.49 ± 0.19 𝑒𝑉 −1 and 𝑚𝑜∗ = 0.13 ± 0.03𝑚𝑜 for
highly-doped films alone (𝑁𝑑 > 5𝑥1020 𝑐𝑚−3 ).85,94

b

a

Figure 2.6: a) Plasma frequency 𝜔𝑝 and b) effective mass 𝑚∗ of doped CdO films as a function of carrier density.
Previously reported values for both 𝜔𝑝 and 𝑚∗ from Liu et. al.85 are also shown for comparison. A fit to the data using
Eq. 5 is also provided (red curve).
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From Eq. 17 in section 2.3.2, it is clear that the free carrier damping rate, defined as 𝛾 =
𝑒
𝜇𝑜𝑝𝑡 𝑚∗

, is directly related to the imaginary part of the permittivity and therefore provides a

convenient figure of merit for determining loss in polaritonic materials.54,95,96 Using the extracted
values of 𝑚∗ and optical mobility (𝜇𝑜𝑝𝑡 ), the damping rate was calculated for each film as a
function of carrier density and is reported in Fig. 2.7b. As was stated previously, 𝜇 (both optical
and Hall values) is observed to increase in CdO up to 𝑁𝑑 ~5 × 1019 𝑐𝑚−3, however CdO maintains
consistently high electron mobilities even at carrier densities exceeding this value. Thus, the
resulting low damping rates are shown to decrease over a broad range of carrier densities (and
therefore, plasma frequencies), even in the region of decreasing electron mobility.
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Hall electron mobility and carrier damping (𝜸) as a function of carrier density in In:CdO films.

As these excellent CdO transport properties are widely beneficial for a variety of
nanophotonic applications including chemical sensing82,97, narrow-band thermal emitters25, and
non-linear optics8, quantifying the loss and comparing to state-of-the-art polaritonic materials is
of distinct interest. A more insightful FOM can be found in the modal Q-factor, which is widely
implemented in photonic resonators and can be predicted from the extracted dielectric function
as:95
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g (cm-1)

5 4.5

𝑄=

𝑑𝜀′
𝑑𝜔
2𝜀 ′′

𝜔

(23)

From this expression it can be seen that the Q-factor for a localized SPP is inversely
proportional to the imaginary part of the dielectric function, while it is directly proportional to the
frequency dispersion of the real part. Thus, to achieve high Q, the material losses must be low
and/or the rate of change in the dielectric constants must be high. While Q-factors in excess of 100
are routinely observed in SPhP resonators41,54,82,98,99, the much slower dispersion of plasmonic
materials, coupled with the faster scattering of free carriers with respect to optical phonons5,51,
naturally limits plasmonic cavities to values below 44, with typical values falling below 20.48
However, as the rate of dispersion doesn’t vary significantly between plasmonic materials (thanks
to the Drude model), it is the imaginary part of the dielectric function that predominantly
determines Q for such materials. Therefore, considering a spherical resonator allows for an
insightful comparison between materials: an analytical solution exists for the Mie scattering from
such a structure, with resonance occurring at the Fröhlich condition [𝑅𝑒(𝜀) = −2𝜀𝑎 ]. 100 Here, 𝜀𝑎
is the real part of the permittivity for the ambient environment, which for air will result in the
polaritonic resonance condition occurring at 𝑅𝑒(𝜀) = −2. To our knowledge the highest reported
Q-factor for noble metal resonators in the MIR is 20-25, as demonstrated with hollow silver
nanotubes on a silver backplane.101 Thus, the Q-factor for In:CdO at the Fröhlich condition,
calculated here from the dielectric function to reach up to 24, is on par with that of noble metal
resonators in the MIR and ~3-4 times higher than other TCOs, such as AZO102, ITO103, and
GZO104. This is demonstrated in Table 2.1, which compares the optoelectronic properties of CdO
to other TCOs for films doped to achieve 𝜆𝑝 = 1.55 𝜇𝑚. Note, the carrier mobility of CdO is an
order of magnitude larger than that of other TCOs, resulting in significantly lower Im(𝜀) and
enhanced Q-factors.
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Table 2.1: Comparison of optoelectronic properties of TCOs used in MIR plasmonics.
Material

Effective

𝑵𝒅 for 𝝀𝒑 =

Carrier

𝑰𝒎(𝜺) at

𝑸 (eq. 23) at

Propagation

Mass

𝟏. 𝟓𝟓 µm

Mobility

[𝑹𝒆(𝜺) = −𝟐]

[𝑹𝒆(𝜺) =

FOM (𝑭𝑶𝑴 ≈

[𝒎∗ ⁄𝒎𝒐 ]

[𝒙 𝟏𝟎𝟐𝟎 𝒄𝒎−𝟑 ]

[𝒄𝒎𝟐 ⁄𝑽 − 𝒔]

for Film of 𝑵𝒅

−𝟐] for Film

in Column 3

of 𝑵𝒅 in

𝝎𝒑
𝜸

) for Film of

𝑵𝒅 in Column 3

Column 3
ITO105

0.38

6.76

36

0.88

6.5

8.5

Ga:ZnO106

0.38

6.79

30.96

0.79

7.3

7.3

Al:ZnO107

0.38

6.75

47.6

0.59

9.5

11.2

H:In2O3 93

0.28

5.46

118

0.37

18

22

In:CdO

0.27

5.36

285

0.20

24

48

While Eq. 23 provides the means to compare plasmonic materials over a broad spectral
range, it is typically more instructive to normalize the spectral dispersion in Q to the real part of
the permittivity to eliminate the inherent spectral shifts in 𝜔𝑝 between materials as a function of
carrier density. This has been provided in Fig. 2.8, which shows the range of Q-factor values at
the Fröhlich condition for In:CdO along with the corresponding values for three other TCOs: ITO
(red) 105, Al-doped (AZO, purple) 107, and Ga-doped (GZO, light blue) zinc oxide106 as a function
of 𝜔𝑝 (from 1500 − 4500 𝑐𝑚−1). The dielectric functions for each TCO were calculated using
Eq. 17. For AZO, GZO, and ITO the effective mass was calculated using eq. 23 and the
corresponding values of 𝑚𝑜∗ and 𝐶,108 whereas the value listed in Table 2.1 was used for H:In2O3.
A constant value for the carrier mobility (provided in Table 2.1) was assumed for ITO, AZO, GZO,
and H:In2O3 however for CdO the mobility values were interpolated using the data provided in
Fig. 2.7b. From Fig. 2.8, it is clear that consistent with the analysis of spherical particles, In:CdO
is anticipated to exhibit Q-factors that are at least ~4 times higher than other common TCOs across
a broad range of permittivity values and thus nanostructure shapes and sizes. In practice, the
assumption of constant mobilities with increasing carrier densities in the other TCOs is not realistic
and presumably overestimates the Q factors possible at high carrier density values. Further, the
values for In:CdO actually compare favorably to measured values for silver (𝑄~20 − 25 in MIR),
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which still represents the highest quality noble metal for plasmonic applications. In addition, due
to the consistently high carrier mobility and rapidly increasing effective mass, the Q-factor is
actually found to increase at a much faster rate in CdO than for other TCOs at elevated doping
levels. Increasing Q-factors with doping density have been reported previously in LSPRs
supported by In:CdO nanoparticles within the near-infrared.109 As was mentioned above, the
increase in Q-factor is a result of the value of 𝐼𝑚(𝜀) at the Fröhlich condition, which diminishes
with increased 𝑁𝑑 . Note, the imaginary permittivities at the condition 𝑅𝑒(𝜀) = −2 for the CdO
films with carrier densities of 6.6 × 1019 𝑐𝑚−3, 1.4 × 1020 𝑐𝑚−3, and 4.1 × 1020 𝑐𝑚−3 films
(Fig. 2.7a) were determined to be 𝐼𝑚(𝜀) = 0.67, 0.45, and 0.31, respectively. The measured Qfactor values are also provided in Fig. 2.8 for the films in this study, verifying this trend.

Figure 2.8: Quality-factor (eq. 23) calculated at the Fröhlich condition (𝑅𝑒(𝜀) = −2) for several TCOs across a
range of 𝜔𝑝 (and therefore 𝑁𝑑 ). The dielectric function for each material was calculated using the Drude model with
the effective mass determined using Eq. 17. Values for 𝑚𝑜∗ and 𝐶 for other TCOs were found in literature.93,108 Data
points correspond to calculated Q-factor values from the extracted dielectric functions of the films in this study,
demonstrating excellent agreement with the values calculated using the Drude model.
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2.4.4 Influence of Optic Phonons on the FIR dielectric function of n-CdO
As with other polar dielectric materials, the TO-phonon of CdO is associated with a net
dipole moment and is IR active. In undoped polar semiconductors and dielectrics, the TO phonon
induces strong dispersion in the real part of the permittivity that dominates the IR dielectric
function.110 To examine the polar phonon contribution to the IR dielectric function, FIR reflectance
measurements were performed at 60o angle of incidence on all three CdO films using a Bruker
Vertex 70v FTIR spectrometer in tandem with a DLaTGS detector. This was required as the optic
phonons of CdO occur at frequencies beyond those sampled by the IR-VASE system (>333 𝑐𝑚−1).
The strong absorptive nature of the TO phonon, which occurs at 266 cm-1, is distinct in the
reflectance spectra for the unintentionally doped CdO (Figure 2.9, red curve). The center frequency
of this absorptive resonance agrees well with previously reported values for the CdO TO phonon
using other measurement techniques.111 However, the relative intensity, with respect to the
baseline reflectance, decreases as carrier density increases. This is demonstrated in the reflectance
spectra in Fig. 2.9. Here the absorption resonance caused by the TO phonon is easily discernable
in the unintentionally doped (1.4 × 1019 𝑐𝑚−3) and low-doped (6.6 × 1019 𝑐𝑚−3) CdO films, but
is not observable in the higher carrier density (1.4 × 1020 𝑐𝑚−3 and 4.1 × 1020 𝑐𝑚−3) films. This
is consistent with the concept of the free-carrier contribution dominating the dielectric function
with increased carrier density, where the higher carrier densities result in the real part of the
dielectric function exhibiting larger negative values at the TO phonon frequency, thereby screening
out the otherwise strong phonon absorption. This results in the reflection spectra flattening in the
spectral region near the TO phonon, as shown in Fig. 2.9. The high reflectance above ~400 𝑐𝑚−1 is
induced by optic phonons in the MgO substrate. Modeling the Lorentzian lineshape of the TO
phonon absorption observed in Fig. 2.9 using the TOLO formalism for a single TO-LO pair (Eq.
18) enables the extraction of the spectral position and damping (phonon scattering rate) of the TO
phonon within the various films. However, to perform this fitting, three of the four key values
dictating the Lyddane-Sachs-Teller relationship must be known, with the fourth derived from this
relation.49 As for even the unintentionally doped CdO films there exists sufficient free-carriers to
preclude the observation of a distinct, highly reflective Reststrahlen band, a previously-reported
value for the LO phonon frequency from IR absorption measurements was employed as a starting
value in the fitting process,112 while the TO phonon and damping were derived from the reflectance
spectra, and the high-frequency permittivity extracted from the prior Drude fits.
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Figure 2.9: Low-energy FTIR reflectance of four CdO films with varying levels of doping; unintentionally doped
(1.4 × 1019 𝑐𝑚−3 ), moderately doped (6.6 × 1019 𝑐𝑚−3 ), and highly doped (1.4 × 1020 𝑐𝑚−3 and 4.1 ×
1020 𝑐𝑚−3 ) measured at an angle of incidence of 60o.

From the above referenced data, the phonon contribution to the FIR dielectric function can
be derived, which are provided in Fig. 2.10a for the three films originally introduced in Fig. 2.5a
and 2.7a. A Lorentzian lineshape can clearly be observed in the imaginary part of the dielectric
function for all samples, regardless of 𝑁𝑑 . However, the scaling of the 𝜔𝑝 due to free carriers is
evident in the FIR, resulting in a more negative real part and larger imaginary part of the
permittivity with increased carrier density. The TOLO contribution to the dielectric function in the
absence of free-carrier and bandgap effects is also displayed in Fig. 2.10a. A Transfer-MatrixMethod (TMM)113 calculation of the reflectance for a 200 nm CdO film using this TOLO-only
dielectric function grown on a MgO substrate is presented in Fig. 2.10b and compares well with
the FIR FTIR measurement of the unintentionally doped (1.4 × 1019 cm−3) film shown in Fig.
2.9.
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Figure 2.10: Far-IR dielectric functions for a) three CdO films with varying levels of doping as well as the isolated
TOLO contribution (Drude and Tauc-Lorentz oscillators turned off). b) Transfer-Matrix-Method reflectance
simulation of a 200 nm CdO film with the TOLO-isolated dielectric function from a) on an MgO substrate.

2.4.5 Combined Dielectric Function
While we have presented the various contributions to the dielectric function of CdO within
three distinct spectral ranges and described the salient features governing these effects separately,
the combined spectral response is of course the primary goal of this work. Taking the three key
contributions from Eq. 15 and 16 (Tauc-Lorentz), 17 (Drude) and 18 (TOLO) together, the unified
dielectric function can be described as follows:
2
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Using the above relations, with interpolated values derived from the films discussed here, the
dielectric function of In:CdO extending from the visible to the FIR spectral range may be derived
for arbitrary carrier density and mobility, which we expect will prove useful for accurate
nanophotonic simulations that use In:CdO building blocks.
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2.4.6 Conclusions
With the ever-expanding interest into realizing advanced nanophotonic and optoelectronic
concepts within the MIR spectral regime, the low optical losses and broad spectral tunability
associated with CdO and other TCOs is of increasing interest. However, for the true potential of
CdO for a variety of applications to be validated, predictive modeling of advanced optical or
electrooptic components must be undertaken. This requires an accurate dielectric function, which
we have provided here over the spectral range from 150 – 33,333 cm−1 (66 – 0.3 µm). A multioscillator model describing the near-UV-FIR complex dielectric function for doped CdO was
extracted using spectroscopic ellipsometry, FIR FTIR spectroscopy, and dielectric function
modeling using the WVASE program, implementing a least-squares fitting routine. Seven HiPIMS
CdO films with varying levels of doping were characterized, giving insight into the role of free
carriers not only upon the Drude term (through spectral shifting of the plasma frequency and
effective mass and changes to carrier mobility), but also upon the bandgap related interband
transitions and in determining the relative role of the optic phonons at FIR frequencies. Using our
extracted permittivity values, the prior assertions of CdO as one of the lowest loss MIR plasmonic
materials for the 3-5 µm and 8-12 µm atmospheric windows were validated. This has implications
for next generation IR sources17, hot-carrier-based detectors and waveguides. Although the Drude
term is the dominant feature of the extended CdO dielectric function, it is useful to include optic
phonons and interband transitions into the model to further explain the ellipsometric line shapes at
low and high frequencies, respectively, and to provide context as to the origin of the background
permittivity outside of the spectral range of these resonant modes. The model of the VASE data
resulted in highly accurate fits, with the analysis presented here aiding in the demonstration of
CdO-enabled next-generation nanophotonic and optoelectronic devices, while also providing an
underlying physical description of the key properties dictating the dielectric response.

2.5 Dielectric Function of HfS2 Crystals
HfS2 is a group IV TMDC with a hexagonal unit cell. IR and Raman demonstrations have
revealed that the in-plane TO and LO phonon frequencies of HfS2 are 166 cm-1 and 318 cm-1,
respectively.27,114 Past studies utilizing second-order Raman115 and absorption116 measurements
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have been used to gain more information about the out-of-plane phonon frequencies. However, to
our knowledge, the out-of-plane dielectric function has yet to be reported. In this section, we
provide a brief description of the process of extracting the in- and out-of-plane components of the
dielectric function of HfS2 using FTIR micro-spectroscopy measurements.
2.5.1 Extracting HfS2 Dielectric Function using FTIR micro-spectroscopy
The HfS2 sample is a free-standing layered crystal (pictured in Figure 2.11c), making it not
ideal for large-scale measurement techniques such as bench FTIR measurements and ellipsometry.
The large collection area of these techniques results in significant thickness non-uniformity that is
difficult to model. Here, FTIR micro-spectroscopy was used as this allows for the collection area
to be decreases significantly, therefore reducing the non-idealities associated with the other
methods. Two spots on the sample were measured and the fitting parameters are provided in Table
2.2. We modelled the optical response of HfS2 using a uniaxial dielectric tensor with single TOLO
functions being used to model the dielectric function along the in- and out-of-plane axes.
Reflectance spectra were collected using a Hyperion 2000 microscope equipped with a long
working distance IR objective (Pike, 10x, 0.28NA) and grazing angle objective (GAO) (Bruker,
55˚). Therefore, reflectance spectra were collected at normal incidence and at a steep angle of
incidence (55˚), allowing for the in- and out-of-plane components of the HfS2 dielectric function
to be determined.
We began the fitting procedure by collecting a reflectance spectrum well above the
Reststrahlen band using the 10x objective (Figure 2.11a). The microscope apertures were set to
300 x 300 µm, significantly decreasing the collection area for these measurements. From these
measurements we were able to determine the in-plane high-frequency permittivity and the
thickness of the sample in that area. In this fit, a previously reported value of the high-frequency
permittivity was used as an initial value (𝜀∞ = 6.2). Note that although we were able to
significantly decrease the thickness non-uniformity, there is still some slight non-uniformity
present. This is evident in the collected spectrum. The reflectance of a HfS2 crystal with a constant
thickness would exhibit Fabry-Perot fringing. However, when the thickness of the crystal is
slightly non-uniform, the amplitude of the Fabry-Perot fringing will decrease as the frequency
increases (as is seen in Figure 2.11a). This non-ideality can however be accounted for in the model
using WVASE.
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Knowing the thickness and in-plane high-frequency permittivity we then measured the spolarized reflectance in the FIR using the GAO objective (Figure 2.11b). From these
measurements we were able to extract the remaining values of the in-plane permittivity: 𝜔 𝑇𝑂,(𝑥,𝑦) ,
𝜔𝐿𝑂(𝑥,𝑦) , 𝛾𝑇𝑂,(𝑥,𝑦) , and 𝛾𝐿𝑂,(𝑥,𝑦) . These values are provided in Table 2.2. Finally, we measure the
p-polarized reflectance at the same location using the GAO objective (Figure 2.11d). The
previously extracted values for the in-plane dielectric function are incorporated into our model,
allowing us to focus on the out-of-plane contribution. Note, although our model is successful in
matching the overall shape of the reflectance measurements, there are additional absorptive
features that are not accounted for in our model. We attribute this to two-phonon absorption, which
will be discussed in the next section.

Figure 2.11: a) Measured and fit b) Transfer-Matrix-Method reflectance simulation of a 200 nm CdO film with the
TOLO-isolated dielectric function from a) on an MgO substrate.
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2.5.2 Modelling Two-Phonon Absorption in HfS2 Crystals
As was stated in the previous section, additional absorptive features are observed in the
polarized reflectance spectra that are not attributed to the first-order optic phonon response. In
order to understand the origin of these features we performed transmission measurements at
normal incidence using a very thin, relatively flat sample (𝑡 = 9.9 𝜇𝑚), which are provided in
figure 2.12a. Here, we are measuring at normal incidence and therefore only the in-plane
contribution to the dielectric function is considered. In these measurements, we see additional
features at 350 cm-1, 470 cm-1, 505 cm-1, and 550 cm-1 that cannot be accounted for by a single
TOLO model (Figure 2.12a, dashed line). Similar features have been observed at these frequencies
in two-phonon absorption measurements of HfS2 crystals. We then modelled each of the twophonon absorption peaks using the anharmonic TOLO function, as has been used in prior work
(Figure 2.12a, black solid line). Although the two-phonon absorption features are prominent in the
transmission spectrum, their resultant contribution to the dielectric function very weak in
comparison to first-order optic phonons (Figure 2.12b and 2.12c).

Figure 2.12: a) Two fits to measured (red line) transmission. The dashed line shows a fit ignoring the contribution of
two-phonon absorption. The solid black line is a fit that takes the two-phonon absorption into account. b) Dielectric
function of HfS2. c) Contribution of two-phonon absorption in the dielectric function of HfS2.
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Table 2.2: Fit Parameters from HfS2 Extracted from Reflectance Fitting

Spot

s1

s2

Thickness (nm)

21700 ± 302

23302 ± 496

ωTO (cm-1 ) (x, y)

160 ± 0.22

159.5 ± 0.18

ωLO (cm-1 ) (x, y)

314.48 ± 0.67

317.17 ± 7.4

γTO (cm-1 ) (x, y)

5.35 ± 0.5

7.26 ± 0.5

γLO (cm-1 ) (x, y)

15 ± 0.92

18.2 ± 1.1

ε∞ (x, y)

6.2 ± 0.16

6.13 ± 0.3

ωTO (cm-1 ) (z)

183 ± 6.2

179 ± 8.2

ωLO (cm-1 ) (z)

307.35 ± 0.78

305.8 ± 0.82

γTO (cm-1 ) (z)

4 ± 2.2

4±2

γLO (cm-1 ) (z)

13.3 ± 1.35

16.9 ± 2.2

ε∞ (z)

9.59 ± 0.97

10.5 ± 1.2

Thickness Non-uniformity (%)

3.07 ± 0.05

1.23 ± 0.45

First Reflection (%)

83 ± 0.5

86.45 ± 0.6

2.5.3 Conclusion
In this section we have outlined how FTIR micro-spectroscopy can be used to extract the
dielectric function of non-ideal samples, such as HfS2 crystals. Using the dielectric function that
we have extracted here, calculations seeking to determine HfS2 resonator geometries for supporting
confined SPhPs are currently underway. These structures will be fabricated at Vanderbilt and
measured using far-field and near-field techniques. In the future we will also employ the same
approach in order to determine the dielectric function of other group IV TMDCs, such as HfSe2.
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Chapter 3
3. Polaritonic Strong Coupling in Multilayer Semiconductor Films
3.1 Coupling Between Light and Matter
It is well-established that the radiative properties of an emitter are heavily influenced by
the environment in which it is embedded. This was first outlined in the seminal work of Purcell in
1946 that demonstrated that the spontaneous emission rate of an emitter can be engineered by
altering the access to photonic states, i.e. enhancing the local density of states (LDOS).117 In the
decades that followed there was a lot of research focused in enhancing the interaction between
light and matter to the point where the coupling strength (𝑔) exceeds the losses within the system,
placing the system in the strong coupling regime. This was first demonstrated by Haroche et. al.
in 1983, where Rabi oscillations were observed between a concentration of Rydberg atoms and a
microwave cavity.118 Since then, there have been numerous demonstrations of strong coupling
within a variety of optical systems, for example exciton-cavity coupling resulting in excitonpolariton condensates119, polaritonic strong coupling in films and nanostructures12,24,120,121,
superconducting circuits122, and optomechanical systems123.
As a simple example, we consider the coupling between a single emitter and a cavity. The
coupling strength between the emitter and a single cavity mode can be found through the
expression
𝑔(𝒓, 𝜔) = 𝝁 ∙ 𝑬(𝒓, 𝜔)

(1)

Where 𝝁 is the dipole moment of the emitter and 𝑬(𝒓, 𝜔) is the local electric field. The coupling
strength is directly related to the rate of energy transfer between the emitter and the cavity, referred
to as the Rabi frequency Ω = 2𝑔. This value is critically important since, when compared against
the losses and/or fundamental frequency of the system, it determines the coupling regime of the
system. In this chapter, we first give a brief review of the most commonly explored coupling
regimes: weak and strong coupling. More in-depth reviews of light-matter coupling can be found
elsewhere.124,125 We then detail strong coupling within two planar, multilayer systems: SPP-ENZ
coupling in multilayer CdO films and SPhP/SPP-ENP-ENZ coupling in III-V heterostructures.
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3.1.1 Weak Coupling Regime
Within the weak coupling regime, the linewidths of the resonances are larger than the
coupling strength. The dispersion of coupled oscillators within the weak coupling regime would
intersect in 𝜔 − 𝑘 as opposed to spectrally splitting into hybrid eigenstates and therefore the
individual oscillators would remain separate entities. If we again consider the cavity-emitter
example from the previous section, in the weak coupling regime the emitter will radiate into the
cavity mode which will subsequently radiate preferentially to free space due to the low Q-factor.
The energy in this system is therefore not reversible as the cavity will emit to free space at a greater
rate than will be transferred back to the emitter. This makes the weak coupling regime
advantageous for a number of applications such as enhancing the emission rate of a single-photon
emitter or the output from low-threshold lasers. However, the application space is not limited to
enhancing the emission output of a quantum emitter, other instances of weak coupling include
SEIRA14,77,126, SERS74,127, and Fano interference.126,128
3.1.2 Strong Coupling Regime
When the coupling strength between two modes is sufficiently high, exceeding the
linewidth of the individual resonances, the modes enter the regime of strong coupling. The
resultant dispersive behavior manifests as a spectral splitting into two hybrid eigenstates (𝜔+ and
𝜔− ), with the amplitude of the splitting being directly related to the coupling strength (Ω = 2𝑔 =
𝜔+ − 𝜔− ).125 The two modes can no longer be described discretely but as a single hybrid system
with energy being exchanged coherently and reversibly between the two eigenstates. Methods of
exploiting and controlling this extreme light-matter interaction has been the interest of a host of
prior works. Some previous demonstrations include J-aggregates and dye-molecules stronglycoupled with propagating polaritons129, ENZ modes coupled with propagating and localized SPPs
and SPhPs12,120, and strong coupling between localized and propagating SPhP modes in SiC
resonators on a SiC substrate.121 Further, 3-mode polariton strong coupling has recently been
demonstrated by Lu et. al. between the zone-folded LO-phonon and propagating and localized
SPhP modes supported by 4H-SiC pillars patterned into a 4H-SiC substrate.24 Surface polaritons
(SPPs and SPhPs) are also the result of strong light-matter coupling; for SPPs the matter
component is the oscillation of free charge whereas for SPhP the matter components are the optic
phonons. Other examples include coupling between cavity photons and excitons and the
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vibrational130–132 and electronic states133–135 of molecules, strong coupling between light and
superconducting qubits136, and intersubband transitions within cavities137,138. Strong coupling
between cavity photons and exciton states has led to the formation of exciton-polariton
condensates which is an attractive potential platform for realizing coherent emission.119 A more
comprehensive list of strong coupling demonstrations can be found in literature.
Several models have been used to describe the coupling between light and matter, the first
being the Rabi model which is a simple model describing the interaction between a single mode
of a cavity and a single two-level system (quantum emitter). The Dicke model extends the Rabi
model to multiple emitters. Other examples include the Jaynes-Cummings and the TavisCummings models, which apply the rotating wave approximation to the case of a single and
multiple emitters, respectively.125 A discussion of when this approximation is appropriate is
beyond the scope of this section. Another powerful model is the Hopfield model which is a
generalized version of the Rabi model that can be used to describe the interaction between two
coupled harmonic oscillators. The broad generalizability of this model has made it useful for
describing the coupling between light and collective excitations in a number of different quantum
and classical systems. In this dissertation we use the Hopfield model to analyze the strong coupling
within multiple systems. First, later in this chapter we use the Hopfield model to calculate the
hybrid dispersion of SPP-ENZ modes supported in multilayer CdO films. Then in the next chapter
the Hopfield model is used to study strong coupling between localized SPP resonances supported
by InAs nanostructures and the ENZ mode supported by a polar material. Hamiltonian for a
coupled two-oscillator system is
ℋ = ℋ𝑎 + ℋ𝑏 + ℋ𝑖𝑛𝑡
ℋ = ℏ ∑𝒌∥ 𝜔𝒌𝑎∥ 𝑎̂𝒌†∥ 𝑎̂𝒌∥ + 𝜔𝒌𝑏∥ 𝑏̂𝒌†∥ 𝑏̂𝒌∥ + 𝑔 (𝑎̂𝒌†∥ 𝑏̂𝒌∥ + 𝑎̂𝒌∥ 𝑏̂𝒌†∥ )

(2)
(3)

where 𝜔𝒌𝑎∥ and 𝜔𝒌𝑏∥ are the energies of oscillators 𝑎 and 𝑏, respectively, and 𝑎̂𝒌∥ and 𝑎̂𝒌†∥ are
annihilation and creation operators. Here we have ignored the diamagnetic term (ℋ𝑑𝑖𝑎 ) of the
Hamiltonian as it is negligible in the strong coupling regime. However, this approximation breaks
down when the coupling strength exceeds the fundamental energy of the system (𝜂 > 𝑔/𝜔𝑜 ), a
coupling regime referred to as the ultrastrong coupling regime. The Hamiltonian can be
diagonalized using the Hopfield-Bugoliubov procedure139 resulting in the Hopfield matrix
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ℳ𝒌∥ = [

𝜔𝒌𝑎∥

𝑔

𝑔

𝜔𝒌𝑏∥

]

(4)

The subscript 𝒌∥ denotes that the Hopfield matrix is calculated at each value of in-plane
momentum. Then, the eigenvalues and eigenvectors of the Hopfield matrix yield the hybrid
dispersion 𝜔𝒌𝑖 ∥ and Hopfield coefficients 𝑎𝒌𝑖 ∥ and 𝑏𝒌𝑖 ∥ .
[ℳ𝒌∥ −

𝑎𝒌𝑖 ∥
𝑖
𝜔𝒌∥ ] ( 𝑖 )
𝑏𝒌∥

=0

(5)

The Hopfield coefficients act as a relative mixing fraction of constituent modes in each branch of
the hybrid dispersion. Here, we have focused on the simplest case: two coupled harmonic
oscillators within the strong coupling regime. However, the Hopfield model can be expanded to
an arbitrary number of coupled oscillators by expanding the Hopfield matrix.
3.2 SPP-ENZ Strong Coupling in Multilayer CdO Films
Optical fields can be concentrated to length scales far below the diffraction limit through
the excitation of propagating and localized surface polariton modes. Establishing methods of
controlling the polaritonic dispersion of these light-matter excitations has been of great interest
recently as the non-zero group velocity (𝑣𝑔 =

𝜕𝜔
𝜕𝑘

) and high confinement make surface polaritons

useful for a broad range of nanophotonic applications including thermal emissivity control and
sensing, as well as in-plane nano-scale waveguiding and information transfer.
One promising platform for realizing control over the polaritonic dispersion is multilayer
CdO films. Control over the carrier density during film growth has opened the door to realizing
multilayer, homoepitaxial CdO heterostructures capable of exhibiting a wide range of exciting
behaviors such as multifrequency narrowband thermal emission from multilayer CdO stacks25 and
modal strong coupling between SPP and ENZ modes. Despite the homogeneity of the crystal
structure, the elevated carrier densities and carrier density driven changes to the Fermi energy and
effective mass confines carriers to their constitutive layers.40,140 SPP-ENZ strong coupling has
been realized in bilayer CdO films wherein an ENZ-supporting CdO film is grown on top of a
thicker SPP supporting CdO film featuring a larger carrier density. Here, hybrid SPP-ENZ modes
are observed with spatial and dispersive characteristics of the individual modes. Notably, these
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hybrid states inherit the strong spatial confinement of the ENZ mode and extended propagation
length of the SPP modes, overcoming the challenges associated with the discrete modes.
Past studies were successful in outlining the degree to which the SPP-ENZ strong coupling
in these bilayer CdO films is influenced by the constitutive modal properties. For example,
Runnerstrom et. al.120 provided two tuning knobs for modifying the SPP-ENZ coupling (and thus
the SPP-ENZ hybrid dispersion): the oscillator strength of the ENZ mode and spectral overlap of
the SPP and ENZ modes. The former is tunable by controlling the ENZ layer thickness, while the
latter through the control of the carrier density of one or both layers. However, an accounting of
the dielectric environment and modal separation and their effect on the polaritonic coupling
conditions have yet to be considered. In the following, we outline the effects of the dielectric
environment and spatial separation on the coupling strength and k-space tuning of the SPP-ENZ
anti-crossing position in multilayer CdO films. Namely, we explore the effects of incorporating an
unintentionally-doped (UID, 𝑁𝑑 ≈ 4𝑥1019 𝑐𝑚−3) CdO layer as both a spacer layer between the
SPP and ENZ layers, as well as a top coating layer on the bilayer films (see Figures 3.1a and 3.1c).
These results are compared to simulated results using both TMM and a Hopfield model.
In this study the thickness and carrier density of the SPP and ENZ layers are kept nominally
constant across all samples (SPP layer: 300 nm, 𝑁𝑑 ≈ 2.5𝑥1020 𝑐𝑚−3 and ENZ layer: 50 nm,
𝑁𝑑 ≈ 1𝑥1020 𝑐𝑚−3 ). Carrier density and electron mobility values were extracted using Hall effect
measurements and layer thicknesses were determined using X-ray reflection measurements
between each layer growth. Knowing these values, the MIR dielectric function was calculated for
each layer using the Drude formulism equipped with a non-parabolicity effective mass model.40
Knowing the dielectric function for all layers, the corresponding dispersion relationship for a
multilayer CdO film can be calculated using TMM as we do later.
For an SPP mode supported at the interface of a single CdO film with a thickness larger
than the evanescent skin depth, the dispersion relation can be calculated (dashed red line in figures
3.1c and 3.1d) simply as
𝜀

𝜀

𝑘∥ = 𝑘𝑜 √𝜀 𝑆𝑃𝑃+𝜀𝑎𝑚𝑏
𝑆𝑃𝑃
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𝑎𝑚𝑏

(6)

Here, 𝜀𝑆𝑃𝑃 is the dielectric function of the SPP-supporting CdO layer (𝑁𝑑 ≈ 2.5𝑥1020 𝑐𝑚−3),
𝜀𝑎𝑚𝑏 is the permittivity of the ambient dielectric environment above the film. The in-plane
wavevector and wavenumber in vacuum are represented by 𝑘∥ and 𝑘𝑜 , respectively. However, if
the thickness of the CdO film is far lower than the evanescent skin depth (𝑑𝐸𝑁𝑍 <

𝜆𝑃
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) the film is

capable of supporting an ENZ mode. As is discussed in chapter 1, these ENZ modes are associated
with a large enhancement and localization of the electric field magnitude to the film volume, which
is sub-diffraction in scale. This high-degree of spatial localization corresponds with a spectral
dispersion that is nominally flat (see dashed black line in Figures 3.1c and 3.1d) and group velocity
which is nearly zero.

Figure 3.1: a) Schematic of SPP-ENZ strongly-coupled CdO film with UID CdO layer used as spatial separation
between SPP and ENZ layers. b) TMM-calculated dispersion of bilayer (𝑡𝑆𝑝𝑎𝑐𝑒𝑟 = 0 𝑛𝑚) and 𝑡𝑆𝑝𝑎𝑐𝑒𝑟 = 50 𝑛𝑚. c)
Schematic of SPP-ENZ strongly-coupled CdO film with UID CdO layer deposited as a coating layer. d) TMMcalculated dispersion of bilayer (𝑡𝐶𝑜𝑎𝑡𝑖𝑛𝑔 = 0 𝑛𝑚) and 𝑡𝐶𝑜𝑎𝑡𝑖𝑛𝑔 = 50 𝑛𝑚. Note that in both cases, the SPP-ENZ
anticrossing occurs at the intersection between the uncoupled SPP and ENZ dispersions.
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As was stated above the carrier density of CdO can be varied during HIPIMS deposition
allowing for the realization of multilayer, homoepitaxial CdO films. By growing an ENZsupporting CdO film on top of an SPP-supporting CdO film, placing the ENZ layer within the
evanescent extent of the SPP mode, a distinct modification to the modal dispersion can be
achieved. Namely, if the ENZ dispersion spectrally overlaps with the SPP dispersion, an anticrossing emerges at the (𝑘∥ , 𝜔) position that the uncoupled modes would otherwise intersect (red
circles in Fig. 3.1c and 3.1d), signifying strong coupling between the two modes. As was stated
above, the spectral splitting can be altered in these bilayer CdO films by controlling the carrier
density and/or thickness of the ENZ CdO film.
The dielectric environment also plays a critical role in the behavior of polaritonic modes.
From eq. 6 it is evident that for SPP modes the in-plane wavenumber becomes asymptotic when
approaching the 𝜀𝑆𝑃𝑃 = −𝜀𝑎𝑚𝑏 condition. Therefore, an increase in the real part of the ambient
permittivity results in a redshift of this asymptotic condition (blue and green dashed lines in
Figures 3.1b and 3.1d, respectively). Further, the increased ambient refractive index reduces the
𝜔

slope of the free-space light line ( 𝑘 = 𝑛

𝑐

𝑎𝑚𝑏

) leading to a decrease in the phase velocity of the SPP

mode. As the evanescent decay of the SPP mode 𝐸𝑧 ∝ 𝑒 −𝑘𝑧 𝑧 where 𝑘𝑧 = √𝑘𝑜2 𝜀𝑎𝑚𝑏 − 𝑘∥2 is heavily
dependent on the in- and out-of-plane momentum, the modified dispersion ‘squeezes’ the
electromagnetic energy into smaller mode volumes. A simple method of perturbing the local
dielectric environment above a polaritonic film is to coat the surface with a thin (with respect to
the evanescent decay), high-index dielectric layer, resulting in an elevated effective ambient
permittivity (𝜀𝑎𝑚𝑏 = 𝜀𝑒𝑓𝑓 ) which takes into account the contribution from the coating and air. This
approach was previously employed by Li et. al. to alter the dispersion of SPhPs supported by a
quartz film coated in Ge3Sb2Te6 (GST).141
Similarly, by coating the surface of a bilayer CdO film with a thin layer (𝑡𝐶𝑜𝑎𝑡𝑖𝑛𝑔 = 50 𝑛𝑚)
of UID CdO the SPP-ENZ hybrid dispersion can be tailored, as is displayed in Figure 3.1d. The
carrier density of the ‘coating’ layer is 𝑁𝑑 ≈ 4𝑥1019 𝑐𝑚−3 , placing the plasma frequency well
below the energies at which the SPP and ENZ modes are supported. Thus, the permittivity of the
coating layer is positive and approaching the magnitude of 𝜀∞ at frequencies around the SPP-ENZ
anti-crossing. Note that this film is slightly dispersive, however this is easily accounted for in our
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TMM calculations by incorporating the full frequency-dependent dielectric function for all layers
across the entire spectral range.40 The shift in the SPP-ENZ dispersion is a result of the hybrid
nature of the SPP-ENZ modes but can be best understood by considering the uncoupled SPP and
ENZ modes separately. Adding a 50 nm coating layer induces a slight spectral shift to the
uncoupled ENZ mode however this shift is very small with respect to the ENZ modal linewidth
(Δ𝜔𝐸𝑁𝑍 ⁄𝛾𝐸𝑁𝑍 ≪ 1) due to the high volume confinement/low evanescent extent of the ENZ mode6
(see section 3.2.6). In contrast, the dispersion of the SPP mode is heavily influenced by the 50 nm
coating layer (green dashed line in Fig. 3.1d), as was discussed above, becoming asymptotic at
lower frequencies. Now the uncoupled SPP and ENZ modes intersect at higher momentum,
shifting the anti-crossing in the SPP-ENZ hybrid dispersion from 𝑘∥ ⁄𝑘𝑜 ≈ 1.12 for the bilayer
film to 𝑘∥ ⁄𝑘𝑜 ≈ 1.22 for the coated film. The 50 nm coating layer does not significantly alter the
spectral splitting of the bilayer film, with simulation results showing an increase from Ω =
516 𝑐𝑚−1 for the bilayer film to Ω = 517 𝑐𝑚−1 for the coated film. This is due to the decreased
mode volume and increased ENZ absorption with increased coating layer thickness, which will be
discussed later.
Alternatively, the UID CdO layer can be grown in-between the SPP and ENZ CdO layers,
providing spatial separation between the two modes instead of being used as a coating layer for
the bilayer CdO film. For a given ‘spacer’ thickness (for example, 𝑡𝑆𝑝𝑎𝑐𝑒𝑟 = 50 𝑛𝑚 as is shown
in figure 3.1a) the ambient dielectric environment above the SPP layer is identical to that of a
coated-bilayer film with the same coating thickness (𝑡𝐶𝑜𝑎𝑡𝑖𝑛𝑔 = 50 𝑛𝑚). Therefore, the spacer
layer induces the same redshift to the uncoupled SPP mode and shifts the SPP-ENZ anti-crossing
to the same position in k-space (𝑘⁄𝑘𝑜 ≈ 1.22) that is shown for the coating layer sample (Fig.
3.1b). Note that as with the coating layer, the spacer layer has very little effect on the spectral
position of the ENZ mode (Section 3.2.6). However, the spatial separation of the SPP and ENZ
layers reduces the modal overlap and hence the coupling strength. For example, from the calculated
dispersion provided in figure 3.1b the spectral splitting reduces from Ω = 516 𝑐𝑚−1 for the bilayer
film to Ω = 403 𝑐𝑚−1 for when a 50 nm spacer layer is introduced.
3.2.1 Impact of Coating and Spacer Layer Thickness on the SPP-ENZ Dispersion
In order to explore the dependence of the CdO coating layer thickness on the SPP-ENZ
dispersion, we grew four CdO bilayer films and coated three with a thin layer of UID CdO
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(𝑡𝐶𝑜𝑎𝑡𝑖𝑛𝑔 = 25, 50, and 84 𝑛𝑚). We left one of the bilayer films uncoated (𝑡𝐶𝑜𝑎𝑡𝑖𝑛𝑔 = 0 𝑛𝑚) to
use as a control sample. All films were grown epitaxially on r-Al2O3 substrates and, as is stated
above, maintain epitaxy throughout the multilayer stack. An illustration of the sample geometry is
displayed in Fig. 3.2f. Although the targeted thickness and carrier densities of the SPP and ENZ
layers are constant across all samples, there are minor differences in SPP and ENZ carrier densities
between samples (± 1𝑥1019 𝑐𝑚−3 ). Further, the bilayer CdO film is Y-doped, whereas the three
coated samples are In-doped which will result in small differences in the effective mass.67 We
account for these slight variances and discuss the effects on the coupling strength in section 3.2.3.
We then performed ATR measurements in the Kretschmann configuration in order to extract the
SPP-ENZ dispersion of each film and compared these results with TMM-calculated 𝑅(𝑘∥ , 𝜔)
(contour plots in Figure 3.2f) maps and the eigenfrequencies (𝜔𝑘±∥ ) calculated using the Hopfield
model (solid lines).
The measured SPP-ENZ dispersion of the bilayer CdO film (figure 3.2a) displays a
splitting into upper and lower branches, with the upper (lower) branch exhibiting a large (small)
group velocity 𝑣𝑔 . With the introduction of a 25 nm CdO coating layer (figure 3.2d) the group
velocity in both the upper and lower branches is reduced, a result of the perturbed ambient
permittivity above the film. The group velocity is reduced even further when the coating thickness
is increased to 84 nm. In all cases, the measured dispersion agrees favorably with the calculated
dispersion using TMM and the Hopfield model. In addition, the intersection of the uncoupled
modes (dashed lines in figure 3.2) shifts to higher in-plane momentum as the coating layer
thickness increases, resulting in the anti-crossing in the hybrid dispersion shifting as well. Finally,
although the coating layer induces spectral detuning of the SPP mode, shifting the 𝜀𝑆𝑃𝑃 = −𝜀𝑎𝑚𝑏
condition to a lower frequency and reducing the spectral overlap of the SPP and ENZ modes, the
decrease in SPP mode volume and increase in ENZ absorption results in an increase in the coupling
strength, and therefore spectral splitting, as the coating layer thickness increases.
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Figure 3.2: a) Hybrid SPP-ENZ polaritonic dispersion for a bilayer CdO film. The polaritonic dispersion of a trilayer
film with a 25 nm and 84 nm UID CdO coating layer (see f)) are displayed in b) and c). The polaritonic dispersion of
a trilayer film with a 25 nm and 75 nm UID CdO spacer layer (see g)) are displayed in d) and e). The contour plot
was calculated using TMM. The dashed blue lines are the uncoupled SPP and ENZ modes and the solid lines are the
hybrid dispersion calculated using the Hopfield model. The measured dispersion is included as data points.

3.2.2 Impact of Spatial Separation on the SPP-ENZ Dispersion
In order to determine the impact of spatial separation on the SPP-ENZ dispersion, ATR
measurements were performed on three additional samples that were grown with UID CdO
‘spacer’ layers (geometry is shown in figure 3.2g) of varying thicknesses (𝑡𝑆𝑝𝑎𝑐𝑒𝑟 = 25, 50,
and 75 𝑛𝑚). Similar to what was observed for the coating layer samples, the introduction of a 25
nm spacer layer (Fig. 3.2d) results in a reduction in the group velocity of both branches in the SPPENZ dispersion and decreased even further as 𝑡𝑆𝑝𝑎𝑐𝑒𝑟 increases to 75 nm (Fig. 3.2e). Further, the
SPP-ENZ anti-crossing shifts to higher in-plane momentum as the spacer layer thickness is
increased. However, the spectral splitting between the SPP and ENZ modes decreases as the spacer
layer thickness increases to 25 and 75 nm, a result of the reduced spectral and spatial overlap as
the SPP mode decays exponentially in the spacer layer. Note that for the thick spacer/coating
samples in Fig. 3.2c and 3.2e there is a clear inflection in the polaritonic dispersion at low
frequencies and in-plane momentum, which is due to dispersion in the UID CdO layer. As the
carrier density of the UID CdO layer is 𝑁𝑑 ≈ 4𝑥1019 𝑐𝑚−3 and the thickness is deeply
subwavelength, this layer also exhibits ENZ behavior, however, at a frequency far below
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(𝜔𝐸𝑁𝑍(𝑈𝐼𝐷) ≈ 2125 𝑐𝑚−1 ) the ENZ mode supported in the ‘ENZ layer’. This is discussed further
in the section 3.2.5, where we outline our approach for to calculating the dispersion using the
Hopfield model.
3.2.3 Impact of Spatial Separation on the SPP-ENZ Coupling Strength
From the dispersion relation provided in Fig. 3.2 it is evident that the placement of the ENZ
layer within the multilayer CdO stack is a critical factor in controlling the SPP-ENZ coupling
strength. In order to track how the coupling strength changes across samples we calculated the
spectral splitting (Ω𝑠𝑝𝑙𝑖𝑡𝑡𝑖𝑛𝑔 ) at the anti-crossing position from the measured polaritonic dispersion
for each of the films. As was stated above, there is a slight variance in the ENZ and SPP layer
carrier densities across samples. Since the coupling strength is dependent on the SPP-ENZ spectral
overlap, we have accounted for these slight differences by first normalizing the spectral splitting
to the ENZ frequency (

Ω𝑠𝑝𝑙𝑖𝑡𝑡𝑖𝑛𝑔
𝜔𝐸𝑁𝑍

) of each film. We then compared the measured coupling strength

to calculated values using the TMM for multilayer films with an SPP layer carrier density of 𝑁𝑑 =
1.9𝑥1020 𝑐𝑚−3 (Fig. 3.3a and 3.3b, red line) and 𝑁𝑑 = 2.5𝑥1020 𝑐𝑚−3 (Fig. 3.3a and 3.3b, blue
line), respectively. For these calculations the ENZ and UID CdO layer carrier densities were kept
constant at 𝑁𝑑 = 1.1𝑥1020 𝑐𝑚−3 and 𝑁𝑑 = 4𝑥1019 𝑐𝑚−3, respectively.
When the UID CdO layer is used as a coating layer, the normalized spectral splitting is
shown to increase from 0.125 to 0.17 as the coating layer thickness is increased to 100 nm (Fig.
3.3b). This increase can be attributed to the aforementioned decrease in SPP mode volume as well
as an increase in ENZ modal absorption. The rate at which the evanescent electric field decays
above the SPP layer is dictated by the ambient effective permittivity as 𝐸𝑧 ∝ 𝑒 −𝑘𝑧 𝑧 where 𝑘𝑧 =
√𝑘𝑜2 𝜀𝑒𝑓𝑓 − 𝑘∥2 . For the bilayer sample, the ENZ layer is adjacent to the SPP layer and therefore
spatially overlaps with the exponentially-decaying SPP field at the field maximum. The same is
true for the coating layer samples, however the thickness of the coating layer leads to an increase
in 𝜀𝑒𝑓𝑓 above the SPP film and therefore shorter exponential decay of 𝐸𝑧 . Alternatively, if the film
is viewed as a 1-D open cavity with out-of-plane field confinement, the shift of the anti-crossing
to higher in-plane momentum observed in the SPP-ENZ dispersion is analogous to a compression
of the SPP mode volume. For the coated samples the ENZ layer is in direct contact with the SPP
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layer, therefore the spatial overlap of the SPP and ENZ modes remains high even as the SPP mode
volume diminishes.
The increase in 𝜀𝑒𝑓𝑓 is a hindrance on the coupling strength for the spacer layer samples.
The spacer layer spatially separates the ENZ mode from the SPP film, placing it further out in the
evanescent extent of the SPP mode. Therefore, the rate at which the evanescent field decays within
the spacer plays a significant role in decreasing the coupling strength with increased spacer layer
thickness. Indeed, the normalized spectral splitting was shown to decrease from ~0.14 to ~0.1 for
increased spacer layer thicknesses out to 100 nm. Note that the coupling strength does not increase
(decrease) linearly with coating (spacer) layer thickness, which is due in part to the relationship
between the ambient permittivity and UID CdO layer thickness and the nonlinear dispersion of the
SPP mode. For both the spacer and coating layer samples the data extracted from our
measurements agrees well with values from TMM calculations of the SPP-ENZ dispersion.
Further, the SPP layers for the bilayer and 50 nm spacer samples are from the same growth and
therefore have identical carrier density (𝑁𝑑 ≈ 1.9𝑥1020 𝑐𝑚−3 ) and thickness values. The same is
true for the remaining samples (𝑁𝑑 ≈ 2.5𝑥1020 𝑐𝑚−3 ). Due to the lower carrier density in the
bilayer and 50 nm spacer samples, the spectral overlap between the SPP and ENZ modes within
these films120, and thus the coupling strength, is expected to be lower as is shown in Fig. 3.3.
Another significant factor driving the SPP-ENZ coupling strength is the ENZ modal
absorption. Although the electric field of an ENZ mode is volume-confined, the magnitude of the
electric field and modal absorption is largely dependent on the dielectric environment above the
ENZ-supporting film (𝜀𝐸𝑁𝑍 𝐸𝐸𝑁𝑍 = 𝜀𝑎𝑚𝑏 𝐸𝑎𝑚𝑏 ). Therefore, an increase in the ENZ absorption is
expected with the introduction of the coating layer but not the spacer layer (See section 3.2.6).
This can be viewed, equivalently, as an increase in the oscillator strength of the ENZ mode with
increased ambient permittivity, similar to what was observed in bilayer SPP-ENZ films as the
thickness of the ENZ layer was increased. This is also illustrated in Fig. 3.3c, which shows a 1-D
profile of the electric field magnitude for a 50 nm ENZ film as a function of the ambient
permittivity above the film. These field profiles were calculated using CST Studio Suite at an
incident angle of 60˚ with a purely real ambient permittivity (𝜀𝑖𝑚𝑎𝑔 = 0).
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Figure 3.3: Spectral splitting at SPP-ENZ anti-crossing normalized to the ENZ frequency as a function of a) spacer
layer thickness and b) coating layer thickness. c) Linear profile of the z-oriented electric field magnitude |𝐸𝑧 |2 as a
function of ambient effective index.

3.2.4 Electric Field Profiles of SPP-ENZ Modes in Trilayer CdO Films
In order to further understand the behavior of SPP-ENZ hybrid modes in these multilayer
films we calculated (using CST Studio Suite) the upper and lower branch electric fields (𝐸𝑧 )
oriented out-of-plane for the bilayer, 50 nm spacer and 50 nm coating samples at the anti-crossing
positions (𝑘⁄𝑘𝑜 ≈ 1.12, 1.22, and 1.22, respectively). The SPP and ENZ layer carrier densities
(𝑁𝑑 = 2.5𝑥1020 𝑐𝑚−3 and 1.1𝑥1020 𝑐𝑚−3, respectively) and thicknesses (300 and 50 nm,
respectively) were consistent across all simulations. Note that the modal behavior exhibited in the
bilayer film remains consistent with the introduction of the spacer or coating layer, meaning that
𝐸𝑧 in the upper (Fig. 3.4a, 3.4b, and 3.4c) and lower branch (Fig. 3.4d, 3.4e, and 3.4f) retains its
symmetric and anti-symmetric character, respectively. As was mentioned above, the SPP-ENZ
anti-crossing is pushed to higher in-plane momentum with the introduction of the UID layer,
however occurring at the same position for the spacer and coating layer samples due to the identical
dielectric environment leading to a compression of the in-plane polaritonic wavelength. In the
lower band the polaritonic wavelength decreases by 9.2% and 5.9% for the spacer and coating
layers, respectively, when compared with the bilayer sample. For the upper band the polaritonic
wavelength decreases by 5.6% and 7.2% for the spacer and coating layers, respectively. The slight
disparity in polaritonic wavelengths is due to the difference in coupling strength between the
spacer and coating samples, resulting in resonant positions that differ in energy. The penetration
depth is also shown to decrease between the bilayer and trilayer samples, concentrating the electric
field to reduced spatial regions. For the lower (upper) branch the penetration depth is 833 nm (703
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nm) for the bilayer sample, this however decreases by 20% (18%) and 19% (22%) for the spacer
and coating layer samples, respectively.

Figure 3.4: Out-of-plane electric field (𝐸𝑧 ) calculated at the anticrossing condition for the bilayer film (a), d)), trilayer
film with 50 nm spacer layer (b), e)), and trilayer film with 50 nm coating (c), f)). a), b), and c) show 𝐸𝑧 in the upper
branch and d), e), and f) show the fields in the lower branch.

3.2.5 Hopfield Model for SPP-ENZ Coupling in Dispersive Environment
The SPP-ENZ coupled system can also be described using the Hopfield model. This
approach has been used to calculate the hybrid dispersion in previous studies of polaritonic strong
coupling.12,24 For our purposes, we are interested in a simple two-mode coupled system with
eigenfrequencies 𝜔𝑞± given by
2

𝜔𝑘±∥

=

𝜔𝑘𝑆𝑃𝑃 +𝜔𝑘𝐸𝑁𝑍 ±√(𝜔𝑘𝐸𝑁𝑍 −𝜔𝑘𝑆𝑃𝑃 ) +4𝑔2
∥

∥

∥

2

∥

(7)

Here 𝜔𝑘𝑆𝑃𝑃
and 𝜔𝑘𝐸𝑁𝑍
are the frequencies of the uncoupled SPP and ENZ modes, respectively. The
∥
∥
coupling strength 𝑔 is determined phenomenologically whereas the dispersion relations of the
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uncoupled modes were calculated. The dispersion of the ENZ mode can be approximated using
the expression
𝜔𝑘𝐸𝑁𝑍
= 𝜔𝑝 [1 −
∥

𝑘∥ 𝑑
4

𝛾

]−𝑖2

(8)

Where 𝜔𝑝 and 𝛾 are the plasma frequency and Drude damping of the ENZ layer, respectively, and
𝑑 is the thickness. In calculating the hybrid mode dispersion, we are only concerned with the real
part of 𝜔𝑘𝐸𝑁𝑍
. For the bilayer CdO film, the SPP dispersion 𝜔𝑘𝑆𝑃𝑃
can be calculated using equation
∥
∥
6 or TMM. However, for the trilayer films the SPP dispersion needs to take into account the
dispersion in the effective ambient environment above the film. Therefore, we have used TMM to
calculate the uncoupled SPP dispersion for all of the films.
For the bilayer film, the reflectance map was calculated in the Kretschmann ATR
configuration for a single 300 nm CdO film with a carrier density of 𝑁𝑑 = 2.5𝑥1020 𝑐𝑚−3. Then,
𝜔𝑘𝑆𝑃𝑃
was extracted by tracking the reflectance minima as a function of in-plane momentum. For
∥
the trilayer films, the dispersive dielectric environment above the SPP layer is accounted for by
adding a UID layer on top of the SPP layer. An anticrossing is observed in the resultant dispersion
(figure 3.5a) at the plasma frequency of the UID layer (2125 𝑐𝑚−1), with the dispersion splitting
into upper and lower branches. The upper branch was then used as 𝜔𝑘𝑆𝑃𝑃
in equation 7 to calculate
∥
the SPP-ENZ eigenfrequencies 𝜔𝑘±∥ of the trilayer film. The dispersion of the uncoupled SPP and
ENZ modes used to calculate the hybrid dispersion in figure 3.5b are displayed as dashed lines.
Since all that changes between the spacer and coated samples is the stacking order of the ENZ and
UID layers, the dielectric environment above the SPP layer in the spacer and coating samples with
identical UID layer thicknesses is assumed to be the same.
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Figure 3.5: (a) Calculated dispersion of 300 nm CdO film (𝑁𝑑 = 2.5𝑥1020 𝑐𝑚−3 ) coated with a 75 nm UID CdO
layer. The strong coupling between the SPP mode and the ENZ mode supported by the UID CdO film
(𝜔𝐸𝑁𝑍 ~2125 𝑐𝑚−1 ) results in splitting into upper and lower branches. The upper branch (dashed line) is then used
as the uncoupled SPP dispersion 𝜔𝑘𝑆𝑃𝑃
when calculating the hybrid dispersion in (b). The calculated dispersion of a
∥
trilayer film with a 75 nm UID CdO spacer layer is provided in (b).

3.2.6 Effects of Ambient Permittivity on ENZ Modal Absorption
Although the ENZ electric field is volume-confined, the magnitude is directly related to
the real permittivity of the ambient dielectric environment (𝜀𝐸𝑁𝑍 𝐸𝐸𝑁𝑍 = 𝜀𝑎𝑚𝑏 𝐸𝑎𝑚𝑏 ). Therefore,
the incorporation of the UID CdO layer on top of an ENZ-supporting CdO layer results in an
increase in the ENZ absorption (Figure 3.6a) at a constant angle. There is a slight spectral shift
with increased UID CdO layer thickness, however this shift is very small with respect to the ENZ
linewidth (Δ𝜔𝐸𝑁𝑍 ⁄𝛾𝐸𝑁𝑍 ≪ 1). If the same calculation were performed with the UID CdO layer
below the ENZ layer, the ENZ absorption and frequency would remain nominally the same (Figure
3.6b).
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Figure 3.6: (a) Geometry of CdO film with UID CdO layer below the ENZ layer. (b) Geometry of CdO film with UID
layer above ENZ layer. (c) and (d) contain the TMM-calculated ATR spectra at 60˚ for the CdO film displayed in (a)
and (b), respectively.

3.2.7 Conclusions
Here we have exploited the high carrier confinement and exceptionally low losses in ndoped CdO films in order to illustrate the effects that introducing UID CdO as a dielectric spacer
or coating layer has on the SPP-ENZ dispersion. Namely, how the dielectric environment and
modal separation dictates the in-plane momentum of the anticrossing position and coupling
strength. Although we rely on UID CdO as a ‘dielectric’ layer, this analysis could potentially be
extended by incorporating other dielectric materials. Further, by leveraging the dynamic
permittivity of phase change (VO2 or GST) or ferroelectric materials as a spacer or coating layer
dynamic tunability over the polaritonic dispersion could potentially be realized. The platform
we’ve studied is purely plasmonic, however the analysis provided is still of interest and translates
intuitively to a much wider set of planar and non-planar coupled systems making the work
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presented here of great utility in the realization of a number of novel applications of stronglycoupled systems.

3.3 Three Mode Strong Coupling in III-V Semiconductor Heterostructures
III-V semiconductors are a widely studied class of materials that have been utilized in
quantum well structures142, plasmonics47, and hyperbolic metamaterials143. Due to their polar
lattices, these materials support SPhP modes between the TO and LO phonon frequencies (within
the Reststrahlen band). Further, at film thicknesses far below the polariton wavelength, these films
support volume-confined epsilon-near-pole (ENP) and ENZ modes near the TO and LO phonon
frequencies, respectively. In this section we demonstrate that SPhP-ENP and SPP-ENP-ENZ
strong coupling can be achieved in bilayer InAs-GaSb and InAs-AlSb films. Further, we provide
multiple methods of tuning the hybrid dispersion within these III-V heterostructures.

3.3.1 Tuning of SPhPs in InAs through LO Phonon-Plasmon Coupling
Introducing dopants into a polar dielectric crystal results in coupling between the LO
phonon and free carrier plasma.144,145 This effect is referred to as the LO phonon-plasmon coupling
(LOPC) effect and has been observed in several material systems including GaN, SiC, and InP.
The LOPC effect results in a change to the effective polarizability of the crystal, and therefore the
dielectric function, that can be modeled by using a combined Drude-Lorentz term.146
𝜔 2 −𝜔 2

𝜔2

𝑇𝑂
) − ∑𝑗=𝑒,ℎ 2 𝑝,𝑗
𝜀(𝜔, 𝑁𝑗 ) = 𝜀∞ (1 + 𝜔2 𝐿𝑂
−𝜔2 −𝑖𝜔𝛾
𝜔 +𝑖𝜔Γ
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𝑜 𝑚𝑗 𝑚𝑜

and 𝑗 = 𝑒 and 𝑗 = ℎ refer to contributions from electrons and holes,

respectively. At low doping levels the Reststrahlen band is effectively extended by blue shifting
the zero-crossing of the real permittivity while introducing a slight increase in damping Γ due to
carrier-carrier scattering. However, at high carrier densities the Drude component dominates the
optical response, as was seen near the optic phonons of CdO in section 2.4.4, resulting in
𝑅𝑒[𝜀(𝜔, 𝑁𝑗 )] < 0 and an elevated 𝐼𝑚[𝜀(𝜔, 𝑁𝑗 )] across the entire spectral range. In this section we
demonstrate how the SPhP mode dispersion can be modified in InAs by introducing Si-dopants.
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In section 3.3.4, the carrier tunability of the SPhP dispersion will be employed to demonstrate
strong coupling between SPhPs, ENZ, and ENP modes (discussed in the following section) modes
within InAs-GaSb and InAs-AlSb films.
Propagating SPhP modes are supported at the interface of undoped InAs films between the
TO (211 cm-1) and LO (237 cm-1) phonon frequencies. These modes can be observed in Otto
configuration ATR measurements, as is shown in the calculated reflectance maps in Figure 3.7.
Kretschmann configuration measurements could also potentially be employed if the appropriate
substrate material were used, however in order to reduce strain at the InAs-substrate interface the
substrate must be lattice matched with the InAs. It is common to use GaAs as a substrate, as we
have implemented here. However, GaAs is very dispersive within the spectral range of interest
making Kretschmann configuration measurements challenging and even impossible within the
GaAs Reststrahlen band which spans from 𝜔 = 268 − 292 𝑐𝑚−1. In Otto configuration, since the
SPhPs are excited in the air-gap separating the film and prism, with a sufficiently thick InAs layer
(𝑡𝐼𝑛𝐴𝑠 = 6 𝜇𝑚) the influence of the substrate can be substantially decreased within the InAs
Reststrahlen band.
Using TMM, a p-polarized reflectance map showing the SPhP dispersion of a 6 𝜇𝑚
undoped InAs film on a GaAs substrate was calculated (Figure 3.7a). This calculation was
performed in the Otto configuration (geometry in Figure 3.7d) using a diamond prism (𝑛~2.4)
which is highly transmissive throughout the FIR. The dispersion follows the relation expressed in
equation 6, becoming asymptotic at 𝑅𝑒[𝜀𝐼𝑛𝐴𝑠 (𝜔, 𝑁𝑗 )] = −1. In addition to the SPhP mode
supported at the InAs interface, an SPhP mode is also present within the GaAs Reststrahlen band.
This is due to 𝑅𝑒[𝜀𝐼𝑛𝐴𝑠 (𝜔, 𝑁𝑗 )] > 0 in this spectral range when dopants are not present and
therefore, an SPhP mode is also supported at the InAs-GaAs interface. If Si-dopants are introduced
during the InAs film growth such that the plasma frequency 𝜔𝑝 = 900 𝑐𝑚−1, the zero-crossing of
the real dielectric function blue shifts. This shifts the asymptotic condition (𝑅𝑒[𝜀𝐼𝑛𝐴𝑠 (𝜔, 𝑁𝑗 )] =
−1) to higher frequency, allowing SPP modes to be supported at higher frequencies. Further, the
negative real permittivity of InAs within the GaAs Reststrahlen band forbids the SPhP at the InAsGaAs interface from being supported (Figures 3.7b and 3.7f).
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Due to the long wavelength within the FIR (250 𝑐𝑚−1 = 40 𝜇𝑚), the evanescent fields
from the prism and SPhP extend 10s of microns. Therefore, in order to achieve near-critical
coupling to the SPhPs (and therefore efficient SPhP absorption) at the InAs-air interface the gap
between the prism and the InAs in Figures 3.7b and 3.7c was set to 40 𝜇𝑚. Critical coupling to an
SPhP mode in Otto configuration is dependent on several factors such as the resonant frequency,
incident angle, and Q-factor of the SPhP mode. When 𝑑𝐺𝑎𝑝 < 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 the evanescent SPhP field
would leak out through the prism leading to a reduction in the absorption and Q-factor. Conversely,
when 𝑑𝐺𝑎𝑝 > 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 the overlap of the evanescent field from the prism would not sufficiently
overlap with the SPhP field, decreasing the absorption and increasing the Q-factor. This is
demonstrated in the reflectance maps provided in figures 3.7e and 3.7f, showing the gap
dependence at a single incident angle (𝑘 = 1.05𝑘𝑜 ) for undoped and Si-doped InAs, respectively.
At low gap distances, the SPhP linewidth for both films are broad, however the linewidth decreases
significantly as the gap distance increases. Finally, the evanescent extent of both the prism and
SPhP fields compresses as the in-plane momentum is increased. Therefore, 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 decreases as
the dispersion moves away from the free-space light line.
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Figure 3.7: a) Real permittivity within the Reststrahlen band of undoped InAs and Si:InAs (𝜔𝑝 = 900 𝑐𝑚−1 ). b) TMM
reflectance map of undoped 5 𝜇𝑚 InAs film on GaAs substrate in Otto configuration (geometry in d)) with an air gap
𝑑𝐺𝑎𝑝 = 40 𝜇𝑚. The dashed lines denote the TO and LO phonon frequencies of InAs and GaAs. c) TMM reflectance
map of 5 𝜇𝑚 Si:InAs film on GaAs substrate. Air gap dependent calculations at a constant incident angle (𝑘 =
1.05𝑘𝑜 ) for undoped InAs and Si:InAs are provided in e) and f).

3.3.2 Epsilon-Near-Pole Modes in Polar Dielectrics
From the Lorentz term in equation 9, it is clear that in the absence of optical losses (𝛾 → 0)
there is a singularity in the real permittivity at the TO phonon frequency 𝑅𝑒[𝜀(𝜔)] → ∞. In real
materials, the optical losses set a finite upper limit on 𝑅𝑒[𝜀(𝜔)], however in polar dielectrics where
optical losses are low this upper limit is often very large. For example, 𝑅𝑒[𝜀(𝜔)] in undoped InAs
exceeds 675 at the TO phonon frequency. Therefore, the real and imaginary permittivity becomes
extremely dispersive at frequencies around the TO phonon.
In addition to supporting an ENZ mode at the LO phonon frequency, subwavelength
thickness polar dielectric films also support an additional absorptive mode that coincides with the
peak in 𝐼𝑚[𝜀(𝜔)] known as the ENP mode. Previous studies of ENP modes supported by
metamaterials, which can be engineered to have an effective dielectric function with a similar
Lorentzian lineshape to polar dielectrics, have shown that these modes exhibit extremely high,
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omnidirectional, polarization-insensitive absorption within the free-space light cone making them
an exciting potential platform for narrowband thermal emitters.147 This is in contrast to natural and
artificial media that support the Berreman mode which is polarization-sensitive and angle-sensitive
(within the free-space light cone).
Similar to SPhP modes supported at the surface of polar dielectrics, the subject of the
previous section, both the ENP and ENZ modes of a polar dielectric can be observed in Otto
configuration ATR measurements. To demonstrate this, we calculated the reflectance maps of two
thin (250 𝑛𝑚) III-V polar dielectric layers, GaSb and AlSb, on top of a 5 𝜇𝑚 thick, highly doped
(𝜔𝑝 = 2500 𝑐𝑚−1) InAs layer. We used a GaAs substrate, just as we did in the calculations in the
previous section. Not only are GaSb and AlSb epitaxially-matched to InAs, the phonon frequencies
of these materials are only slightly higher than the phonon frequencies of InAs. Therefore, through
the LOPC effect, the zero-crossing of InAs can be blue-shifted by introducing Si-dopants. This
opens the door to realizing strong coupling between the InAs SPhP modes and the ENP and ENZ
modes of GaSb and AlSb. In the calculations provided in figure 3.8, a highly-doped InAs layer
was used in order to provide a reflective backplane for the GaSb and AlSb layers (geometry in
figure 3.8d) and prevent interactions with the SPhPs.
The electric field associated with ENP and ENZ modes is concentrated within the film
volume and the evanescent field does not extend nearly as far as SPhP modes. So, in order to
efficiently couple to these modes, the film needs to be much closer to the prism (5 𝜇𝑚 in the
calculations here). Outside of the free-space light cone, the ENP and ENZ modes maintain their
polarization insensitivity and sensitivity, respectively. Therefore, the ENZ mode is observed only
in p-polarization whereas the ENP mode is observed in both s- and p-polarizations. This is
confirmed in the p-polarized reflectance map (Figure 3.8b) of the GaSb film which shows two
absorptive features at ~230 cm-1 and ~241 cm-1 corresponding with the ENP and ENZ modes,
respectively. In s-polarization, however, only the feature at ~230 cm-1 is observed. Similarly, the
p-polarized reflectance map of the AlSb film shows ENP and ENZ modes at ~316 cm-1 and ~340
cm-1, respectively, with only the ENP being observed in s-polarization.
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Figure 3.8: a) Real and imaginary permittivity of GaSb and AlSb. 44 b) p- and c) s-polarized TMM reflectance map
calculated in Otto configuration (geometry in d)) of GaSb thin film on highly doped InAs (𝜔𝑝 = 2500 𝑐𝑚−1 )
substrate. e) p- and f) s-polarized TMM reflectance map calculated in Otto configuration (geometry in d)) of AlSb thin
film on highly doped InAs substrate.

3.3.3 SPhP-ENP and SPP-ENP-ENZ Strong Coupling in InAs-GaSb and InAs-AlSb Films
In the previous two sections we have discussed tunable SPhP modes in InAs and ENP and
ENZ modes in GaSb and AlSb independently. Here, we combine these two systems by including
a thin GaSb or AlSb layer adjacent to the InAs layer (geometry in Figure 3.9c and 3.9f). Due to
the spatial and spectral overlap of the ENP and ENZ modes in the GaSb or AlSb layers and the
SPhP modes supported by the InAs, strong coupling is achieved between all three modes. This
system offers large tunability over the resultant dispersion through changes to the InAs plasma
frequency and the GaSb/AlSb layer thicknesses. Finally, since the dressed states of the hybrid
system are linear combinations of the constituent modes (see section 3.1.2), the evanescent extent
of each mode can be related to the modal fraction. Therefore, in Otto configuration the critical
coupling gap distance can be related to the Hopfield coefficients of the hybrid modes. Although
we provide a cursory example of the changes in critical coupling lengths in section 3.3.1, a full
analysis employing the Hopfield model will be the subject of future work.
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3.3.4 InAs Plasma Frequency Dependence
The ENP and ENZ modes occur at the TO and LO phonon frequencies of a polar dielectric,
respectively. Therefore, in order for achieve strong coupling between SPhPs supported by the InAs
and the ENP and/or ENZ modes of GaSb or AlSb the phonon frequencies must overlap with the
Reststrahlen band of the undoped InAs or the extended negative permittivity region of Si:InAs.
The TO phonon of GaSb falls within the Reststrahlen band of undoped InAs whereas the LO
phonon frequency falls just above it. Therefore, the SPhP supported by the undoped InAs is
expected to couple to the ENP mode but not the ENZ mode of GaSb in the InAs-bilayer system.
Indeed, in the calculated reflectance map displayed in figure 3.9a, an anticrossing is observed near
the GaSb TO phonon, signifying SPhP-ENP strong coupling, whereas the ENZ mode remains
uncoupled. However, if the plasma frequency of the InAs is increased to a point that the zerocrossing of the InAs permittivity is higher than the ENZ mode frequency (Figure 3.9b), an
additional anticrossing emerges in the dispersion near the GaSb LO phonon frequency, signifying
strong coupling between the SPP, ENP, and ENZ modes.
The TO and LO phonons of AlSb are both at frequencies above the InAs Reststrahlen band.
Therefore, the SPhP-ENP-ENZ interaction would be minimal due to the lack of spectral overlap
between the SPhPs supported by the undoped InAs and the ENP and ENZ modes supported by the
AlSb. However, increasing the plasma frequency of the InAs to 1500 cm-1, and therefore placing
the real permittivity zero-crossing above the AlSb LO phonon frequency, results in a splitting into
three SPP-ENP-ENZ hybrid states with two anticrossings emerging at the AlSb TO and LO
phonon frequencies. In the next section we will discuss the effects that changes to the GaSb/AlSb
layer has on the polaritonic dispersion.
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Figure 3.9: TMM reflectance showing (a) SPhP-ENP dispersion in undoped InAs-GaSb film and (b) SPP-ENP-ENZ
dispersion in Si:InAs-GaSb film in Otto configuration (geometry in (c)) with an air gap 𝑑𝐺𝑎𝑝 = 30 𝜇𝑚. The dashed
lines denote the TO and LO phonon frequencies of GaSb. (d) TMM reflectance showing (a) uncoupled dispersion in
undoped InAs-AlSb film and (b) SPP-ENP-ENZ dispersion in Si:InAs-AlSb film in Otto configuration (geometry in
(f)) with an air gap 𝑑𝐺𝑎𝑝 = 20 𝜇𝑚. The dashed lines denote the TO and LO phonon frequencies of AlSb.

3.3.5 AlSb Thickness Dependence
In the previous section we demonstrated the broad tunability of the SPhP-ENP-ENZ
dispersion of InAs-GaSb and InAs-AlSb heterostructures that is afforded through changes to the
InAs plasma frequency. Here we focus on the role that the top layer thickness plays in the hybrid
dispersion. In previous studies of SPP-ENZ coupling in bilayer CdO films and SPhP-ENZ
coupling in SiC-AlN heterostructures, it was reported that the Rabi splitting scales with the square
root of the ENZ layer thickness √𝑑𝐸𝑁𝑍 . This is analogous to strong coupling demonstrations of
involving multiple emitters wherein the Rabi splitting scales with the concentration of the emitter
(J-aggregates, quantum dots, atoms) as Ω ∝ √𝑁.148 Here, we note a similar relationship between
the Rabi splitting and the thickness of the ENZ and ENP supporting layer, however in a system
where three-mode strong coupling is observed as opposed to two-mode strong coupling.
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Using TMM, we calculated the SPP-ENP-ENZ dispersion of InAs-AlSb bilayers where the
AlSb thickness was varied from 0 to 750 nm. Although we focus only on InAs-AlSb bilayer films
here, these results are readily translatable to the InAs-GaSb system. The plasma frequency of the
InAs was set such that the zero-crossing in the InAs dielectric function occurs above the AlSb LO
phonon. Therefore, the uncoupled SPP dispersion (Figure 3.10a) will overlap with both the
uncoupled ENP and ENZ dispersions (Figure 3.10a) resulting in a splitting into lower, middle, and
upper polariton branches (Figures 3.10b, c, and d). From observation of the calculated reflectance
maps, it can be inferred that as the AlSb thickness is increased the spectral splitting between all
three modes is increased. This is most evident in the lower polariton dispersion which is shown to
redshift away from the AlSb TO phonon frequency as the AlSb thickness is increased. A decrease
in the linewidths of the middle and upper branches is also observed, which is most likely a result
of a decrease in the SPP contribution in these two modes. Note again that the critical coupling
condition changes throughout the polaritonic dispersion. Since the dispersion was calculated at a
constant gap distance (𝑑𝐺𝑎𝑝 = 15 𝜇𝑚), this would result in additional linewidth broadening in
some regions of the polaritonic dispersion. Due to the strong coupling, the three hybrid states
exhibit characteristics of the constituent, uncoupled modes with the weighting of each of the
contributions (Hopfield coefficients) of each mode changing at different points along the
dispersion. Implementing a Hopfield model in order to gain further understanding of the SPPENP-ENZ hybrid system and provide quantitative changes in Rabi splitting will be the subject of
future work.
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Figure 3.10: (a) Calculated TMM dispersion of SPPs in uncoated Si:InAs (𝜔𝑝 = 1500 𝑐𝑚 −1 ). The calculated
dispersion of InAs-AlSb bilayer films with AlSb thicknesses of 250 nm, 500 nm, and 750 nm are provided in (b), (c),
and (d). The geometry of the simulations is provided in (e).

3.3.6 Conclusions
Here, we provided an initial study of SPhP-ENP and SPP-ENP-ENZ strong coupling in IIIV polar semiconductor heterostructures. The tunability of the plasma frequency allows for the
SPhP or SPPs supported by the InAs to be tuned throughout the Reststrahlen bands of both GaSb
and AlSb. Due to the strong coupling between the modes, the hybrid modes take on characteristics
of the constituent modes. As was stated in the previous section, future theoretical work will be
placed on incorporating a Hopfield model in order to provide a quantitative analysis of the coupling
strengths and modal weightings (Hopfield coefficients). As the relative weighting of each of the
polariton branches results in varying evanescent extents (and therefore critical coupling
conditions) we will then perform gap-dependent calculations at several angles in order to relate
the coupling condition to the Hopfield coefficients. These simulation results will be compared
against measurement results from InAs-GaSb and InAs-AlSb films grown using MBE. Finally, by
incorporating a low-index dielectric as a dielectric coating, these films can be grown in the socalled ‘pseudo-Otto’ configuration. Here, instead of an air-gap providing the separation between
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the prism and film, a dielectric layer is grown on top of the samples and placed directly in contact
with the prism. As, with this method we will have precise control over the dielectric film thickness,
this may prove to be a more controlled and promising route towards studying the nature of the
hybrid modes in these structures.
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Chapter 4
4. Theoretical Investigation of Monopole – ENZ – ENP Strong Coupling in III-V
Heterostructure Resonators for Controlling Spatial Coherence of Thermal Emission
4.1 Monopole Resonances
Monopole antennas have been utilized in radio communications for over a century. Recent
work has shown that these antennas can be scaled down to sub-diffractional length scales by
coupling light to charge oscillations at the surface of polaritonic resonators. Monopole resonances
are supported in resonators on a substrate with a negative real permittivity (typically the same
material as the antenna) and derive their name from the mirror symmetry of the electric field across
the resonator. Due to the lack of charge neutrality within the resonator, these modes are dark at
normal incidence. However, at off-normal angles of incidence an image charge forms within the
substrate that mirrors the ‘point – like’ charge distribution of the antenna, satisfying charge
neutrality. Therefore, isolated monopole antennas are often modeled as a dipole resonator with a
length that is twice the height of the antenna. Monopole modes have been investigated in localized
SPP and SPhP – supporting structures, exhibiting large local electric field enhancements and Qfactors.98,149,150
When monopole-supporting resonators are brought within close proximity (in resonator
arrays with modest fill-fractions 𝑓 =

𝑅𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟 𝑡𝑜𝑝 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎

), the negative–permittivity

substrate facilitates substantial interpillar coupling by mediating charge transfer between adjacent
pillars. This results in several interesting effects. For instance, an enhancement in the monopole
absorption is observed up until the interpillar gap is reduced to some critical separation, implying
that this may correspond to a critical coupling condition. At gap distances below this critical
coupling condition, the absorption and Q-factor diminish significantly due to quenching of the
fields. Further, due to the alignment of the dipoles along the longitudinal axis of the pillars, the
monopole resonance blue shifts as the interpillar gap decreases.98,150 This is in contrast with
transverse dipole resonances that are also supported in these structures, which red-shift as the
interpillar gap decreases. Transverse dipole resonances are also more localized and therefore
exhibit far less interpillar coupling than their longitudinal counterparts. Finally, the interpillar
coupling relaxes the locality of the monopole mode resulting in long-range correlations across the
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resonator array. In the previous section we discussed how long-range order is necessary for
achieving spatially coherent thermal emission. Indeed, previous theoretical studies of localized
SPhPs supported by SiC resonators on a SiC substrate have shown that the monopole resonance
disperses with increased in-plane momentum (incident angle).150
Prior works have realized spatially coherent thermal emission by momentum matching to
propagating surface modes through diffractive coupling.21,24 In these cases, although the thermal
emission is highly directional, the emitted power at the desired wavelength/angle is diminished
due to light being emitted across a rainbow of wavelengths. For example, in polar materials like
SiC, this results in the device thermally emitting throughout the Reststrahlen band, with the
wavelength of emission being linked to the angle of emission through the grating equation:
𝑘 sin 𝜃 = 𝑘∥ + 𝑛

2𝜋
Λ

. Here, 𝑘∥ is the in-plane momentum of the propagating mode, 𝑛 is the

diffractive order, and Λ is the grating period. The angular dispersion of the monopole resonance is
instead due to near-field coupling between individual resonators supporting localized
resonances.151 Therefore, the angular dispersion is constricted in comparison to the gratingcoupled devices and tunable through changing the electric field overlap of adjacent pillars.
In the following section, we investigate the angular dispersion of monopole resonances
supported by Si:InAs resonators on a Si:InAs backplane. We used Si:InAs as this material has a
widely tunable plasma frequency and relatively low optical losses throughout the FIR and MIR.
Further, Si:InAs is a III-V material with a zinc-blende crystal structure and can therefore be grown
epitaxially adjacent to other III-V materials such as AlSb and GaSb, allowing for more advanced
resonator designs and design freedom. We take advantage of this later in the chapter, where we
observe SPP monopole-ENZ strong coupling in multilayer InAs-AlSb and InAs-GaSb resonators.
We then demonstrate how this strong coupling can be utilized to control the spatial coherence of
thermal emission.
4.1.1 Monopole Resonances in Si:InAs Resonators
Localized SPhP modes are supported by sub-diffractional, undoped InAs resonators within
the corresponding Reststrahlen band, the spectral range of negative real permittivity between the
TO and LO phonon frequencies. These localized modes include transverse dipole resonances that
can be excited at normal incidence and longitudinal resonances, such as the monopole mode, which
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require that the electric field be oriented out-of-plane in order to be excited. Monopole modes are
therefore polarization sensitive and forbidden by symmetry at normal incidence. Introducing Sidopants to the InAs during film growth results in coupling between the LO phonon and free charge
plasma through the so-called LOPC effect, effectively extending the region where the material
exhibits a negative real part of the permittivity in accordance with the Drude-Lorentz model. More
details are provided in section 3.3.1 of chapter 3. Consequently, as the plasma frequency of the
InAs is increased, the spectral range where localized polaritonic resonances are supported is
expanded. However, with the introduction of free charge carriers the resonances become
plasmonic, as opposed to being phononic in character. The change in the real permittivity of the
pillar and substrate also shifts the frequencies of the localized resonances. Therefore, a monopole
mode supported by an InAs pillar on an InAs substrate blueshifts as the plasma frequency is
increases (Figure 4.1d), even though the geometry of the unit cell remains constant (geometry in
Figure 4.1c). Finally, as was mentioned in the previous section, the monopole resonance is highly
dispersive with changes to the interpillar gap. This is confirmed in the calculated p-polarized
reflectance map provided in Figure 4.1a, which shows that the monopole resonance blue shifts
from 375 cm-1 to 312 cm-1 as the gap is decreased from 1 to 4 µm. Note that in previous works that
employed the monopole resonance as a non-dispersive localized mode, the gap distance was
sufficiently large as to limit the interpillar coupling (𝑃 ≈ 6 − 7 𝜇𝑚)24,121, resulting in significantly
reduced angular dispersion. This is in contrast with the transverse dipole resonances supported by
these structures, which are nominally non-dispersive over most ranges of gap sizes.151
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Figure 4.1: a) Calculated p-polarized reflectance map of doped InAs (𝜔𝑝 = 1500 𝑐𝑚−1 ) resonator array at angle of
incidence of 22˚ showing the gap-dependent dispersion of the monopole resonance. The geometry of the array is
displayed in c). b) s- and p-polarized reflectance of undoped InAs pillar array with 𝐺 = 1.5 𝜇𝑚. The monopole and
transverse dipole resonances are labeled. d) Monopole frequency for array with 𝐺 = 2.5 𝜇𝑚 as a function of InAs
plasma frequency. b) and d) were also calculated at 22˚.

In the previous section it was stated that the angular dispersion of the monopole resonance
is a result of near-field coupling between adjacent resonators. In order to determine the relationship
between the interpillar coupling and the angular dispersion, calculations of the angle-dependent
reflectance of doped InAs (𝜔𝑝 = 1500 𝑐𝑚−1) resonators were performed for arrays with three
interpillar gaps: 𝐺 =1.5, 2.5, and 3.5 µm. Since the interpillar gap also governs the monopole mode
frequency, the dispersion for each gap distance was normalized to the extrapolated monopole
frequency at 𝑘∥ = 0. The monopole absorption for the 𝐺 =3.5 µm array exhibits an angular
dispersion that is parabolic in shape (Figure 4.2a), blue shifting at high incident angles. The angular
dispersion of the 𝐺 =2.5 µm and 𝐺 =1.5 µm arrays share a similar dependence on incident angle
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as the 𝐺 =3.5 µm array, however dispersing faster as the interpillar gap is reduced (Figure 4.2a).
The increased slope of the angular dispersion is attributed to the increased interpillar coupling
mediated by the metallic substrate. Note that at high incident angles there is a slight inflection in
the 𝐺 =1.5 µm array angular dispersion which is due to coupling between the monopole and
higher-order resonances. In the absence of these higher-order resonances the dispersion would
follow the same shape as the 𝐺 =2.5 µm and 𝐺 =3.5 µm dispersion. For validation, we calculated
the current density at the base of the InAs pillar for all three gap distances (Figure 4.2b). These
current density distributions were normalized to the current density at the edge of the InAs pillar
(similar to the calculations performed by Chen et. al.98). For all three interpillar gaps, the
normalized current density is shown to decay exponentially from the edge of the pillar. However,
the rate of decay and saturation point (minimum in the current density distribution) shows a strong
dependence on the interpillar gap distance.

Figure 4.2: a) Angular dispersion of monopole resonance supported by doped InAs at interpillar gap distances of
𝐺 = 1.5, 2.5, 𝑎𝑛𝑑 3.5 𝜇𝑚. In order to compare the relative shift in the monopole resonance as a function of angle, the
resonance frequency was normalized to the extrapolated value at 0˚. b) Current density (𝐽(𝑥)) extending from InAs
resonator (edge of resonator: x=0 nm) of monopole resonance at 25 nm below substrate surface. The current density
was normalized to the maximum current density (resonator edge). 2D calculation of current density of monopole
resonance is provided in c).

4.1.2 Monopole – ENZ – ENP Strong Coupling in Si:InAs-AlSb Resonator Arrays
The large electric field enhancement, small mode volumes, and high Q-factors associated
with the monopole mode result in large Purcell enhancement making these modes potentially
useful for a number of spectroscopic applications, such as SERS74,127 and SEIRA14,15. When an
absorber with a large oscillator strength, such as an ENZ supporting film or a MQW structure
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supporting ISB transitions, is placed within the local electric field, strong coupling between the
monopole and the oscillator can be realized. Here, we achieve such strong polaritonic coupling
between the monopole mode supported by the InAs structure and the ENZ and ENP modes
supported by a thin AlSb film. III-V polar materials, such as AlSb, are lattice matched to InAs and
can therefore be grown adjacent to InAs to form multilayer heterostructures with minimal interface
strain. This has been used in the past to realize tunable, MIR hyperbolic metamaterials consisting
of alternating layers of Si:InAs and GaSb and Si:InAs and AlSb. At thicknesses far below the
polariton wavelength, AlSb films support highly absorptive, non-dispersive ENP and ENZ modes
near the TO and LO phonon frequencies, respectively.
In section 3.3, it was demonstrated that by growing a thin AlSb or GaSb layer adjacent to
an SPP-supporting, Si-doped InAs layer, and therefore within the evanescent decay of the SPP
mode, strong coupling can be achieved between the SPP supported by the Si:InAs layer and the
ENP and ENZ modes supported by the AlSb or GaSb. We take a similar strategy here in order to
achieve strong coupling between a localized SPP resonance and the ENZ mode of AlSb. On
resonance, the monopole mode exhibits a large, electric field aligned along the length of the pillar.
By placing a thin (100 – 200 nm) AlSb layer at the base of the InAs pillar, strong overlap of the
monopole electric field and the AlSb layer is achieved. Note, from the discussion of ENZ modes
provided in chapter 1, that the orientation of the local electric field is critical in exciting the ENZ
mode. Since the orientation of the electric field associated with the monopole mode is aligned
along the pillar, and therefore normal to the AlSb interface, the monopole mode couples efficiently
to the ENZ mode. The plasma frequency of the Si:InAs can be judiciously tuned such that the
entire AlSb Reststrahlen band fits within the spectral range of negative permittivity of the Si:InAs.
Therefore, the monopole resonance can be tuned through the entire AlSb Reststrahlen band by
changing the interpillar gap, interacting with both the ENZ and ENP modes. The absorption of the
ENP mode is angular and polarization insensitive, therefore it is observed in both s- and ppolarization. However, strong coupling is only observed in p-polarizations due to the polarization
sensitivity of the monopole resonance. The coupling between the monopole and ENZ resonances
results in a splitting in the gap-dependent reflectance map at the AlSb LO phonon frequency
(Figures 4.3a and 4.3b). The InAs plasma frequency was also chosen such that the uncoupled
monopole absorption is large throughout the AlSb Reststrahlen band. If the plasma frequency were
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set too high, the interpillar gap would be need to be large near the AlSb Reststrahlen band resulting
in a reduction in the monopole and ENZ absorption (and therefore coupling strength).
Prior studies of SPP-ENZ coupling in CdO bilayer films and SPhP-ENZ coupling in SiCAlN films have shown that the coupling strength 𝑔 increases with the ENZ layer thickness as
√𝑑𝐸𝑁𝑍 . This is similar to cavity – emitter/absorber strong coupling demonstrations where the
coupling strength is proportional to the concentration of the emitter.148 In order to determine
whether a similar relationship would be expected in these InAs-AlSb bilayer resonators, we
calculated the p-polarized reflectance for resonator arrays across a range of interpillar gaps (𝐺 =
1 − 4 𝜇𝑚). These calculations were performed at an angle of incidence of 22˚ (𝑘∥ ⁄𝑘𝑜 ~ 0.37) and
the resonator diameter and height were set at 1 and 1.5 µm, respectively. Here, we set the resonator
height and plasma frequency such that the uncoupled monopole dispersion only slightly overlaps
with the TO phonon in order to minimize the impact of the ENP mode. However, in order to
accurately describe the behavior of the hybrid modes it is necessary that all three modes are
considered. If the height of the pillar were increased, the monopole dispersion would redshift
resulting in increased spectral overlap with the ENP mode. We then fit to these numerical results
using a three-mode Hopfield model in order to extract the coupling strengths. A similar approach
has been taken to model the interaction between multiple electronic or vibrational states of
molecules or MQW structures placed in a cavity.131,133 The Hopfield matrix of the three-mode
system is
𝜔𝐺𝑀𝑃
ℳ𝐺 = [ 𝑔0
𝑔1

𝑔0
𝜔𝐺𝐸𝑁𝑍
0

𝑔1
0 ]
𝐸𝑁𝑃
𝜔𝐺

(1)

where 𝐺 denotes that ℳ𝐺 pertains to the gap-dependent dispersion. The gap-dependent dispersion
of the monopole, ENZ, and ENP modes are denoted as 𝜔𝐺𝑀𝑃 , 𝜔𝐺𝐸𝑁𝑍 , and 𝜔𝐺𝐸𝑁𝑃 , respectively. The
coupling strength between the monopole and ENZ is 𝑔0 and the coupling strength between the
monopole and ENP modes is 𝑔1 . It was assumed that the ENP and ENZ modes would couple to
the monopole resonance but not with each other due to the spectral separation of the uncoupled
modes. The coupling strengths are then determined phenomenologically from a fit to numerical
calculations. The bare monopole dispersion 𝜔𝐺𝑀𝑃 was calculated numerically for the InAs pillar on
an InAs substrate without the AlSb layer. It was also assumed that 𝜔𝐺𝐸𝑁𝑃 and 𝜔𝐺𝐸𝑁𝑍 occurs near the
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TO and LO phonon frequency and exhibited little gap-dependence. The dispersion of the hybrid
polariton states can then be calculated from the eigenproblem
𝛼𝐺𝑖
[ℳ𝐺 − 𝜔𝐺𝑖 ] (𝛽𝐺𝑖 ) = 0
𝛾𝐺𝑖

(2)

where 𝛼𝐺𝑖 , 𝛽𝐺𝑖 and 𝛾𝐺𝑖 are the Hopfield coefficients denoting the relative weighting of the monopole,
ENZ, and ENP modes, respectively. Three hybrid eigenmodes 𝜔𝐺𝑖 are expected to emerge as a
result of the monopole-ENZ-ENP coupling, splitting into upper (UB), middle (MB), and lower
(LB) branches. Here it is assumed that the dispersion of the bare and hybrid modes are real.
Using the three-mode Hopfield model we then extracted the coupling strengths by
comparing to numerically-calculated reflectance maps. In Figure 4.3, we only plot the UB and MB
as the LB is not observed within this range of gap sizes. For AlSb thicknesses of 100 and 200 nm
(Figures 4.3a and 4.3b, respectively), the analytically calculated dispersion agrees very well with
the numerical calculations, validating the three-oscillator model used here. The extracted coupling
strength is shown to increase from 14 cm-1 for the 100 nm AlSb film to 18 cm-1 for the 200 nm
AlSb film. It is clear that although the coupling strength increases with increased AlSb layer
thickness, it deviates from the √𝑑𝐸𝑁𝑍 dependence (dashed gray line in Figure 4.3d) that was
observed in SPhP-ENZ and SPP-ENZ films. We attribute this to the interaction with the interaction
between the hybrid monopole-ENZ modes with the ENP mode. Finally, we would like to note that
although here we are interested in studying hybrid modes in InAs-AlSb heterostructure resonators,
due to the tunability of the plasma frequency of InAs, this analysis can easily be transferred to
systems featuring other III-V materials, such as GaSb taking the place of AlSb, provided epitaxial
growth or deposition of high quality films is possible.
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Figure 4.3: Calculated reflectance maps for the structure shown in c) with AlSb thicknesses of a) 𝑡𝐴𝑙𝑆𝑏 = 100 𝑛𝑚 and
b) 𝑡𝐴𝑙𝑆𝑏 = 200 𝑛𝑚. The plasma frequency of the InAs is 𝜔𝑝 = 1500 𝑐𝑚−1. The blue dashed line represents the
dispersion of the uncoupled monopole mode 𝜔𝐺𝑀𝑃 , whereas the grey dashed lines are the ENP and ENZ dispersion
(labelled on figure). The upper (UB) and middle (MB) branches of the hybrid dispersion are shown as solid blue lines.
The coupling strength 𝑔0 is displayed as a function of AlSb thickness in d).

The mode hybridization is further confirmed by observing the electric field profiles of the
hybrid modes. As is described in the previous section, the electric field associated with the
monopole resonance is mirror symmetric across the InAs resonator (Figure 4.4b, bottom panel).
The ENZ modes, exhibits an extremely large enhancement of the electric field within the ultrathin
film bulk. Strong coupling results in a splitting into upper (symmetric, Figure 4.4b, top panel) and
lower (anti-symmetric, Figure 4.4b, middle panel) states, with both modes exhibiting
characteristics of the constituent modes. For example, the field profiles of both hybrid modes are
mirror symmetric across the resonator (monopole mode) and exhibit extremely high field
concentration within the AlSb layer (ENZ mode). However, the electric field associated with the
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upper (lower) branch is in-phase (out-of-phase) with the electric field within the ENZ layer, owing
to the symmetric (anti-symmetric) nature of the modes.

Figure 4.4: a) Energy hybridization model of strong coupling between a monopole mode and the ENZ and ENP
modes. Strong coupling between the monopole mode, ENZ mode, and ENP mode results in a splitting into three hybrid
modes. b) Electric fields oriented along the z-direction for the upper (UB, top panel) and middle (MB, middle panel)
branches and the uncoupled monopole resonance (bottom panel).

4.1.3 Impact of SPP – ENZ Strong Coupling on Angular Dispersion
The hybrid modes of a strongly coupled system take on the properties of the constituent
modes. For a given branch of the hybrid dispersion, the relative mixing of the constituent modes
can be found by taking the absolute value of the Hopfield coefficients. In the monopole-ENZ-ENP
system we are studying here, the value of these coefficients is a function of the geometry of the
unit cell and the angle of incidence (𝑘∥ ). Therefore, assuming that the pillar height and diameter
are kept constant, the Hopfield coefficients of the monopole-ENZ-ENP dispersion are expected to
change as the gap between pillars changes (Figures 4.5b and 4.5c). As was stated in section 4.1.1,
the monopole mode is angularly dispersive as a result of near-field coupling between pillars
whereas the ENZ and ENP modes are non-dispersive. Therefore, the angular dispersion of the
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monopole-ENZ-ENP hybrid modes is expected to be related to the mixing fractions of the discrete
modes.
In order to determine the effect of monopole-ENZ-ENP strong coupling on the angular
dispersion, we calculated the angle-dependent reflectance of the InAs-AlSb structure from Figure
4.3c with 𝑡𝐴𝑙𝑆𝑏 = 100 𝑛𝑚 at three gap distances 𝐺 = 1.5, 2.5, and 3.5 𝜇𝑚. Here, we again only
focus on the UB and MB of the hybrid dispersion. We then normalized the absorption frequencies
of the UB and MB modes to the extrapolated absorption frequency at normal incidence (Figures
4.5d and 4.5e). From these calculations we observed a distinct difference in the behavior of each
band as the gap distance, and therefore the Hopfield coefficients at 𝜃 = 22°, was modified. At
small interpillar gaps, the mixing fraction of the UB is dominated by the contribution of the
monopole resonance |𝛼𝐺𝑈𝐵 |2 (See Figure 4.5c). However, as the gap distance is increased, the
monopole contribution decreases and the ENZ contribution |𝛽𝐺𝑈𝐵 |2 increases, crossing at 𝐺 ≈
2.1 𝜇𝑚. In the angular dispersion, this translates to a decrease in the angular dispersion of the UB
with increased gap distance (Figure 4.5d). Note that for the 𝐺 = 1.5 𝜇𝑚 mode in the UB, that there
is a slight inflection at high angles of incidence, which is due to strong coupling between the UB
and the high-frequency, higher-order modes (See Figure 4.1b above). However, in the absence of
the coupling with higher-order resonances, the slope of the 𝐺 = 1.5 𝜇𝑚 dispersion exceeds that of
the larger gap sizes. Contrarily, the behavior of the MB in the dispersion is more ENZ-like at low
gap distances, with |𝛽𝐺𝑀𝐵 |2 being significantly higher than the contribution from the monopole
|𝛼𝐺𝑀𝐵 |2 and ENP contribution |𝛾𝐺𝑀𝐵 |2. However, as the gap distance increases, |𝛽𝐺𝑀𝐵 |2 decreases
as the gap distance increases, which is in stark contrast to the behavior of the UB. Indeed, the
calculated angle-dependent absorption of the MB at varying gap distances verifies that as the gap
distance increases, so does the angular dispersion (Figure 4.5e).
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Figure 4.5: a) Calculated reflectance map from Fig. 4a (𝑡𝐴𝑙𝑆𝑏 = 100 𝑛𝑚). b) and c) display the Hopfield components
of the middle (MB) and upper (UB) of the hybrid dispersion displayed in a). d) displays the angular dispersion of the
UB at three different gap distances 𝐺 = 1.5, 2.5, 𝑎𝑛𝑑 3.5 𝜇𝑚 (marked in a) as red, grey, and blue dashed lines,
respectively). e) displays the angular dispersion of the MB at the same three gap distances. The resonant frequency
was normalized to the resonant frequency at normal incidence in order to account for the differences in spectral
positions of the modes.

4.1.4 Conclusions
In this chapter, we demonstrated that tunable monopole – ENZ – ENP coupling can be
realized in bilayer doped InAs-AlSb pillars on an InAs backplane. Although we do not explore the
carrier density dependence of the InAs on the coupling strength here, this would also have a
significant impact on the hybrid dispersion. This, along with changes to the pillar geometry such
as increasing the pillar height, can result an increase in the spectral overlap of the monopole and
ENP mode, allowing for the role of the ENP mode in the three-mode dispersion to be better
understood. It would also be interesting to investigate methods of enhancing the near-field
coupling between resonators, potentially increasing in the angular dispersion of the uncoupled
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monopole resonance. Finally, the analysis provided here can be extended to other material systems.
For example, by decreasing the InAs plasma frequency and replacing the AlSb with GaSb, which
has lower frequency optic phonons, similar behavior would be expected. Another example would
be multilayer CdO structures where a thin, ENZ-supporting CdO layer is placed between a highdoped CdO pillar and backplane (Figure 4.6b). Initial simulations reveal that these bilayer CdO
structures exhibit strong coupling between the monopole supported by the high-doped pillar and
the ENZ mode supported by the ENZ layer (Figure 4.6c and 4.6d). Here, an ENP mode would not
be supported due to the Drude dielectric function of CdO, however the ENZ mode frequency is
tunable throughout the MIR by changing the ENZ layer carrier density.

Figure 4.6: a) Calculated reflectance map of the structure in b) when 𝑡𝐸𝑁𝑍 = 0 𝑛𝑚 at 22˚ showing the dispersion of
the monopole resonance supported by CdO resonators. Calculated reflectance maps of the structure in b) where
𝑡𝐸𝑁𝑍 = 50 𝑛𝑚 and c) 𝑁𝐸𝑁𝑍 = 6𝑥1019 𝑐𝑚−3 and d) 𝑁𝐸𝑁𝑍 = 8𝑥1019 𝑐𝑚−3 . A clear anticrossing is observed in the
gap-dependent dispersion for both carrier densities.
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Chapter 5
5. Narrowband Infrared Emitting Metamaterials for Filterless Non-dispersive Gas Sensing
5.1 Introduction
For many industrial and manufacturing applications detecting and identifying low concentrations
of harmful gases and byproducts are performed using NDIR sensors. These simple devices utilize
a broadband IR emitter, thermopile detector and a spectrally narrow bandpass filter tuned to a
vibrational resonance of the analyte of interest. However, such filters are expensive to fabricate
and limit the NDIR to operation at only a single frequency, unless filter wheels are employed,
which expand the size and complexity of the device considerably. Here, we create a nanophotonic
infrared emitting metamaterial (NIREM) fabricated from thin films of doped CdO grown on
patterned sapphire substrates (PSS) that exhibit narrowband thermal emission. By coupling a
sufficiently narrow linewidth emitter with a simple broadband detector such as a thermopile, the
functionality of the NDIR sensor can be replicated without the need for the narrow bandpass filter.
Unlike many metamaterial-based emitters, our device emits both p- and s-polarized light with nearunity emissivity at angles ranging from 0° to 40° off the surface normal without complicated and
expensive lithography steps. As a proof of concept, we implement this NIREM for CO2 gas
detection within an FTIR spectrometer, demonstrating performance comparable with a
conventional blackbody/filter combination. This demonstrates that the NIREM concept can
provide a suitable plug-and-play replacement for NDIR devices as they can be implemented in a
form-factor commensurate or significantly reduced in comparison to the current state of the art. In
principle, by incorporating multiple NIREM dies tuned to emit at different frequencies, multiple
vibrational modes could be sequentially detected, making the approach amenable to identification
and quantification of complicated molecules within a single NDIR configuration.
Molecular sensing plays a critical role in a variety of applications such as chemical and industrial
manufacturing, oil and gas exploration and extraction, defense and security, as well as
environmental safety. Many schemes exist for the detection of chemical species, and for gases with
characteristic absorption bands within the infrared, optical spectroscopy is commonly used and
has advantages over other techniques.152 Typically, this is achieved through exploitation of the
Beer-Lambert law; a reduction in the transmission of IR light resonant with a molecular vibrational
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absorption over a defined cross-sectional area and path length is directly proportional to the
concentration of that molecule. This inherently implies that for infrared detection there is a need
for either a spectroscopic solution, such as FTIR spectroscopy, or a single frequency
excitation/detection scheme. In the case of the latter, a number of potential solutions arise: 1)
implementation of a broadband light source and detector pair, with a narrow bandpass filter (see
Fig. 5.1a), 2) implementation of a narrow band detector with a broadband source153,154, or 3) use a
narrow band source with a broadband detector (Fig 5.1b). The first solution is the basis for NDIR
gas sensors that are widely implemented in industry due to their device simplicity.155 A platform
supporting both a narrow band source and detector pair, such as the MEMS-based sensor designed
by Lochbaum et. al.156, is another potential solution. However, these come with the inherent
limitation of only operating at a single fixed frequency, and the inclusion of sufficiently narrow
bandpass filters results in significant increases in cost. Multiple frequencies can be measured via
NDIR through the incorporation of a filter wheel featuring multiple bandpass filters, however, this
significantly increases the cost, size and complexity of the device. In such dual narrow bandwidth
approaches the signal-to-noise ratio is enhanced resulting in similar sensitivity and selectivity to
conventional methods in a significantly smaller device. However, the single narrow bandwidth
resonance supported by the emitter and detector precludes multifrequency operation and typically
comes with significant increases in design complexity and expense. Thus, ideally, an NDIR
approach would implement a simple, inexpensive, narrowband source or detector to eliminate
these challenges, while still maintaining the standard form factor and sensitivity of commercial
NDIR systems.

5.2 Filterless Non-dispersive Infrared Sensing using CdO NIREM
One obvious solution to eliminate the need for a narrow bandpass filter within NDIR
designs is to integrate a similarly narrow bandwidth detector. Such systems have been
demonstrated using a broad range of materials, for instance graphene resonator designs and
plasmonic resonant structures.153,157 However, this requires extensive nanoscale lithographic
fabrication, resulting in increases in cost and complexity, while in many cases also limiting the
absorptivity of the device. A similar, but arguably more powerful approach is to integrate Bragg
mirrors in order to resonantly enhance detection, but this requires the accurate growth of thick
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mirror layers.153 Alternatively, one could utilize a narrow band source, for example by
incorporating an IR laser, however, within the molecular fingerprint window (500-3500 cm-1) this
requires QCLs or gas lasers13, both of which have large electrical power requirements. While it is
possible to make extremely sensitive gas sensors using these devices, such solutions are less
palatable for most industrial settings where low cost and compact solutions are absolutely required
for commercial viability. Mid-infrared LEDs have become increasingly more appealing for such
applications; however, these devices still have low output power and relatively broadband
emission, which results in a high probability of cross-talk with other absorbing gases. Recently,
photonic crystals158–160, polaritonic3,16,17,21 and metamaterial161,162 designs have been employed to
control thermal emissivity and realize narrow-band IR sources.163 These NIREMs have been
designed to exhibit linewidths approaching that of the molecular vibrations themselves

17,151

,

illustrating the potential for targeted and sensitive measurements. Recently, such metamaterials
implementing the so-called perfect absorber geometry164,165 were demonstrated for an advanced
NDIR approach, illustrating similar sensitivity to CO2 as commercial devices, without the
requirement of the aforementioned bandpass filter.166 Yet, in that work electron beam lithography
was required to fabricate the metallic nanostructures necessary to stimulate the localized SPP
resonances within the MIR, the spectral range for which this device was designed.
Here we demonstrate that our NIREM concept overcomes each of the previously
mentioned challenges, enabling a potential plug-and-play platform for direct replacements of
current NDIR devices. This is realized through the narrowband, near-unity absorption of both pand s-polarized light (>0.95 from 0-40° off the surface normal) facilitated via epsilon-near-zero
(ENZ) modes6,7 within thin films (<150 nm) of n-type, In-doped CdO (In:CdO) grown on patterned
sapphire substrates (PSS). A side and top-view schematic of the coated PSS structure is shown in
Fig. 1d. These modes can be spectrally tuned from approximately 2-10 µm free-space wavelengths
(5,000 – 1,000 cm-1) in CdO via doping9,40,67, allowing these devices to target essentially the full
fingerprint region. Similarly, narrowband single and multifrequency thermal emission has been
demonstrated in ultrathin, Berreman-mode-supporting CdO films and multilayer stacks,
respectively.25 However, in flat films these Berreman excitations couple only to p-polarized light
and exhibit highly off-normal emission angles, with the emissivity peaking near the Brewster
condition (~65°). By growing the ENZ CdO film upon a PSS, the thermal emission is no longer
restricted to angles around the Brewster angle, instead resulting in ENZ-polariton modes that emit
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over a hemisphere, with the strongest emission occurring around the surface normal. If illuminated
at normal incidence, scattering from the conical structures of the PSS results in the excitation of
the ENZ mode in the CdO film. Reciprocally, through Kirchhoff’s law, the cylindrical symmetry
of the PSS cones allows for the out-coupling of both s- and p-polarized emission from the thermal
excitation of the ENZ mode. While the periodicity of the PSS structuring does induce some angular
dispersion in the spectra, this is primarily observed at the steepest angles, and thus induces minimal
influence upon the NDIR response normal to the surface. Finally, we provide a proof-of-principle
experiment illustrating the detection of CO2 using the NIREM device demonstrating similar
sensitivity to that of a broadband emitter used in a standard NDIR detector. These experiments
illustrate the potential for the NIREM devices as a direct IR source replacement for the broadband
emitter in conventional NDIR devices. This enables the elimination of the bandpass filter as well
as offering the opportunity to realize next generation devices offering multi-frequency detection
(through depositing multiple films on the same sample, or multiple die combined into a single
NDIR architecture) within the same gas cell.

Figure 5.1: a) Schematic of conventional NDIR sensor. b) Proposed NIREM-enabled NDIR sensor design. c)
Perspective view and cross-section of 120 nm In:CdO film deposited onto 110 nm Au-coated flat sapphire substrate.
The same layer thicknesses were deposited onto the PSS substrate sample depicted in d). Here we provide a
perspective and top-view of the PSS sample, with geometry labeled.
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5.2.1 Fabrication of CdO NIREM Device
In:CdO was deposited using reactive high power impulse magnetron sputtering (RHiPIMS) from a metallic cadmium target. Doping was achieved through RF co-sputtering from a
metallic indium target. After deposition, samples were annealed at 700˚C in an O2 atmosphere.
PSS substrates were sourced from Precision Micro-Optics Inc. We then collected SEM images of
the CdO PSS emitter using a Zeiss Merlin SEM in order to determine the geometry of the
hexagonal lattice and conical structures (Fig. 5.2a). This also allowed us to determine the
alignment of the hexagonal lattice with respect to the overall sample in order to align the polar
angle along the [112̅0] axis during angle-dependent thermal emission measurements.

Figure 5.2: a) Schematic of cut of showing cone height and layer thicknesses. b) SEM image of the CdO-coated flat
substrate sample. SEM images of coated CdO on PSS samples at d) normal incidence and e) 22˚ angle of incidence.
In f) we provide an SEM image of a milled CdO film grown on a metal backplane in order to show the columnar
growth.

5.2.2 Angle – Resolved Thermal Emission of CdO NIREM
Our NIREM device is based on the strong absorption of the Berreman and ENZ-polariton
modes within thin films of polaritonic media. The Berreman mode, along with the ENZ polariton
mode that is its sub-diffractional counterpart, are the result of strong coupling between surface
polaritons supported on the opposing interfaces of a thin film.7 Thin films of In:CdO on the order
of 120-nm thick (Figure 5.1c) support both Berreman and ENZ modes, with the former being
accessible from free-space and providing near-unity absorption of p-polarized light at angles near
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the Brewster angle.25 The ENZ dispersion exists outside of the free-space light cone, requiring
auxiliary momentum in order to be accessed. The Berreman/ENZ modal dispersion is discussed
and calculated in chapter 1. In our work we observe strong emission from such a 120-nm thick
𝑁𝑑 = 5.8 𝑥 1019 𝑐𝑚−3 In:CdO film that is derived from this dispersion relation, as discussed
below. The experimentally measured and numerically calculated emission from our thin film CdO
are shown in Figures 5.3a and 5.3c, respectively. As the emission spectra provided in Figure 5.2a
is unpolarized, an emissivity at close to 0.5 implies near-unity absorption of p-polarized light
through Kirchhoff’s law, at an angle of approximately 70° (see polarized thermal emission spectra
in section 5.2.4). However, such steep emission angles are non-ideal for NDIR applications, as the
majority of the light will be emitted towards the gas cell wall, rather than being directed towards
the detector. Adjustments could be made to account for this off-normal emission from the flat film,
such as the incorporation of a wedge to direct the emission towards the detector, yet this would
inherently reduce the collected power and/or require high numerical aperture collection optics to
overcome. Furthermore, the possible collected power is still limited to below 50% as the Berreman
mode only couples to p-polarized light. Thus, for the NDIR application an alternative device
design is required if such challenges are to be overcome.
To enable strong thermal emission of both p- and s-polarized light, designs exploiting
different types of physics have been employed. One method broadly implemented in the perfect
absorber geometry is to utilize a cross-shaped polaritonic resonator, whereby each arm of the cross
can couple to the orthogonal polarization states. When combined with a dielectric spacer and
metallic back plane, perfect absorption can be realized.164,165 Indeed, this was the geometry utilized
by Lochbaum et al.156,166 for demonstrating a narrowband emitter and detector for an advanced
NDIR scheme. However, as noted above, for such structures to provide polaritonic resonances in
the mid-IR, advanced lithographic tools and typically costly plasmonic metals are required.
Alternatively, one could envision realizing nanostructures through growth of a polaritonic medium
on a periodically textured surface. However, this approach has not been employed for such a device
due to the challenges associated with epitaxy on such a non-planar surface. This would inherently
result in an increase in defect density and a propensity to form polycrystalline, rather than single
crystal epitaxial films, which in turn result in increases in optical loss. As was discussed in chapter
2, CdO offers substantial benefits as it has been previously demonstrated that for highly doped
CdO maintains high electron mobilities (𝜇 > 300 𝑐𝑚2 /𝑉 − 𝑠) at plasma frequencies throughout
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the IR.63 Furthermore, this material offers a propensity for high-quality growth via HiPIMS on
non-planar structures and metal films while maintaining the low loss tangents that highlight the
promise of this material.9,67

Figure 5.3: a) Angle-dependent thermal emission measurements of the flat CdO film sample shown in e). b) Angledependent thermal emission measurements of the CdO on PSS sample shown in f). c) and d) display the simulated
angle-dependent absorption spectra for the flat CdO and CdO on PSS samples, respectively. The feature seen at 2349
cm-1 in a) and b) is due to absorption from ambient CO2.

Due to the requirement of NDIR sensors to be inexpensive, any structured surface must be
one that can be realized via scalable, low-cost methods on large-area substrates. Patterned sapphire
substrates offer such a template as the structured surface is the result of wet chemical treatment in
H2SO4 at elevated temperatures (~240 °C) or plasma-based dry etching techniques167, and are
commercially available at up to 8-inch wafers at low cost. For the purpose of testing the spectral
and spatial emissivity of an ENZ CdO film when grown on such a PSS substrate, a 120-nm thick
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n-type In:CdO film was grown via HiPIMS on a PSS substrate that had first been coated with a
110-nm thick sputtered gold layer. A schematic of the PSS cone cross-section along with scanning
electron microscope (SEM) images of the coated structure are provided in Fig. 5.2 of section 5.2.1.
Note that the layer thicknesses and material stacking order are identical for the CdO flat film and
PSS samples. The PSS substrates used consisted of a periodic array (pitch 𝑝 = 3.02 µ𝑚) of
circular-base (𝑏 = 2.4 µ𝑚) conical structures with an uncoated height of 1.58 µm. A top-view
schematic of the gold/CdO-coated structure is depicted in Fig 5.1d. Note, in contrast to the flat
Berreman-supporting film (Fig. 5.3a and 5.3c), when the same film is grown on the PSS, several
significant modifications are realized (Fig. 5.3b and 5.3d, respectively). First, as noted above, the
structuring of the film results in near-unity emissivity (absorptivity) at near-normal incidence up
to approximately 40° off-normal (Fig. 5.4a). The symmetric, conical shape of the structures also
enables out-coupling of both p- and s-polarized light on resonance with high efficiencies. Further,
the emission along the sidewalls of the cones is partially directed back towards the substrate and
adjacent cones, resulting in reabsorption into the ENZ mode and emission enhancement at nearnormal emission angles. As the angle is increased away from the surface normal, a significant
narrowing of the resonant mode is observed due to interference between the dispersive diffractive
and non-dispersive ENZ resonant modes as can be seen in Fig. 5.3b, as well as in the contour plot
presented in Fig. 5.4c. The slight difference in emission frequencies between the flat film and PSS
sample is a result of the Berreman/ENZ origin of these modes. Due to the anti-crossing at the
intersection7 of the plasma frequency and light line in air the Berreman mode is excited slightly
above and ENZ-polariton just below the plasma frequency in polaritonic films, with the magnitude
of this shift being dependent upon the film thickness. The resonant frequencies are therefore
slightly offset from the plasma frequency, but in opposite directions spectrally. Also, note that the
measured emission and simulated absorption (Figs. 5.3a and 5.3c, respectively) of the planar film
exhibits a slight blue shift at high emission angles. This is due to the corresponding blue shift of
the Berreman mode as the dispersion approaches the light line from the left (𝑘⁄𝑘𝑜 < 1). This is in
contrast to the non-dispersive thermal emission from the PSS sample, which is the result of the
excitation of the ENZ-polariton mode described above. These angle-dependent thermal emission
measurements were performed using a motorized, angle-resolved thermal emission rig that was
built in-house and coupled to the existing Bruker Vertex 70v FTIR spectrometer. The measured
baseline emissivity is slightly elevated at high emission angles (80°), which is due to the collection
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of the emission from the hot plate behind the sample. At these large emission angles the spot size
(5 mm) was slightly larger than the projection of the sample. A detailed description of the FTIR
thermal emission measurements are provided in the methods section and a schematic of the thermal
emission setup is provided in the supporting information.

Figure 5.4: Polar peak emissivity plots for the a) CdO on PSS and b) CdO flat film samples. The black line represents
the measured angle-dependent, unpolarized emissivity and red line is the simulated angle-dependent, unpolarized
absorption. Contour plots showing the measured emissivity of the CdO PSS NIREM and CdO Berreman film are
displayed in c) and d).

The origin of the spectral narrowing is indicative of interference between the ENZpolariton and the diffractive mode resulting from the periodic patterning101,168,169 of the PSS
template. Indeed, such Fano-like interactions have been reported in a broad range of periodic arrays
of polaritonic resonators.14,126,170,171 To validate this claim, three-dimensional, finite-elementmethod electromagnetic simulations of the ENZ CdO layer on a PSS substrate were performed
using CST Studio Suite. Here a dielectric function model previously reported by our group40 and
the sample geometry presented in Fig. 5.1d were implemented in order to determine the angledependent absorption spectra displayed in Fig. 5.3d. Calculations of the angle-dependent
absorption of the structure (Fig. 5.3d) agree well with our experiments (Fig. 5.3c). However, there
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are very slight differences between the measured emission and simulated absorption peak positions
for both the planar film (Figs. 5.3a and 5.3c) and PSS film (Figs. 5.3b and 5.3d), which is due to
the dielectric function employed for simulations not exactly matching that of this specific CdO
film. From Fig. 5.3b and 5.3d it can be seen that the dispersive, diffractive mode effectively tunes
through the ENZ polariton resonance, which maintains a nominally constant frequency, granting
no indication of strong modal coupling. Note again that due to Kirchhoff’s law that these
absorption spectra can be compared directly to the measured angle-dependent emissivity spectra.
The simulated spectral position of the diffractive mode is included as black squares overlaying the
measured emissivity contour plot (Fig. 5.4c) showing excellent agreement between measured and
simulated values.

Figure 5.5: a) Z-oriented electric field (𝐸𝑧 ) and Poynting vector (𝑆⃗) of ENZ mode (2550 cm-1). b) Z-oriented 𝐸𝑧 and
𝑆⃗ of diffractive mode (3000 cm-1). Both field profiles were simulated at a 20° angle of incident.

The origin of these resonant features as diffractive in nature is confirmed through
comparison of the spectral dispersion at different grating pitches, with the diffractive mode shown
to red shift as the pitch is increased (Fig. 5.5 in section 5.2.3). Additionally, cross-sectional field
profiles of the z-oriented electric field (𝐸𝑧 ) as well as the Poynting vector (𝑆⃗) at the ENZ condition
(2550 𝑐𝑚−1) and at the peak of the diffractive order for angles of 20° (3000 𝑐𝑚−1 ) are provided
in Figs. 5.5a and 5.5b, respectively, showing distinctly different resonant behavior. At the ENZ
resonance (Fig. 5.5a), a strong confinement of the electromagnetic fields are observed within the
ENZ layer, with a clear dipolar character in the phase across the resonant structure. Further, the
magnitude of 𝑆⃗ is relatively small (|𝑆𝑚𝑎𝑥,𝐸𝑁𝑍 | = 3.3𝑥1012 𝑊 ⁄𝑚2 ) both inside and outside of the
CdO layer, with an orientation matching that of the incident wave. However, at the diffractive
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resonance, the mode is identified as having a strong in-plane momentum, as indicated by the
alignment and magnitude of 𝑆⃗ (|𝑆𝑚𝑎𝑥,𝐷𝑖𝑓𝑓 | = 7.0𝑥1013 𝑊 ⁄𝑚2) above the sample, and fields
coupled between adjacent resonators consistent with a diffractive mode. However, while the
presence of the diffractive modes induces some angular dispersion in the spectral emissivity, this
is predominantly at steep angles in the spectral region of interest (𝜔 ≈ 2550 𝑐𝑚−1), and thus, at
angles within +/- 40° off normal the emission spectra is still peaked at the ENZ condition with
near-unity emissivity (Fig. 5.4a and Fig. 5.4c). This diffractive order can be tuned spectrally by
depositing an identical CdO film on a PSS featuring a different pitch. Thus, it is possible to design
a CdO on PSS structure in which the grating resonance is non-interacting with the ENZ emission
at larger off-normal angles or one featuring a strong overlap with the ENZ resonance at normal
incidence as is shown in Fig. 5.7.
5.2.3 Patterned Sapphire Substrate Pitch Dependence
Due to the wavelength-scale pitch (𝑝 = 3.02 𝜇𝑚) of the PSS structure, the thermal
emission spectra exhibit a highly dispersive mode that we attribute to the excitation of a diffractive
order. We justify this by examining the 𝐸𝑧 and 𝑆⃗ profiles, which are provided in Fig. 5.5 in section
5.2.2. Here we provide additional justification through simulation results illustrating the pitchdependence of the spectral position for this dispersive mode. Due to the hexagonal pattern of the
PSS, approximating the system as a simple 1D grating does not fully reproduce the spectral
position of the diffractive mode. Instead, the PSS must be viewed as a 2D photonic crystal with
the diffractive order corresponding to the lowest energy mode lying within the free-space light
cone of the photonic dispersion.
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Figure 5.6: Contour plots displaying the simulated angle-dependent p-polarized absorption for a) 𝑝 = 2.8 𝜇𝑚, b)
𝑝 = 3.02 𝜇𝑚, and c) 𝑝 = 3.2 𝜇𝑚. d) Topview of CdO on PSS sample with pitch labeled. e) Spectral dispersion of
diffractive mode for three pitches shown in a), b), and c).

Using CST studio suite, we performed numerical calculations (Fig. 5.6) of the p-polarized,
angle-dependent absorption for CdO on PSS structures featuring three pitches (𝑝 = 2.8, 3.02 and
3.2 𝜇𝑚). In these simulations, the base diameter (𝑏 = 2.4 µ𝑚) and height of the cones (ℎ =
1.58 µ𝑚), as well as the Au and CdO layer thicknesses remained constant. Additional details about
these simulations are provided in the methods section. For all three pitches, in addition to the ENZ
absorption centered at 𝜔𝐸𝑁𝑍 ≈ 2550 𝑐𝑚−1, there is a diffractive resonance that tunes towards
lower frequencies with increased angle of incidence. For clarity, we provide the spectral position
of this diffractive mode alone, in Fig. 5.6e, revealing a clear spectral dependence on the PSS pitch.
Namely, a decrease (increase) in the PSS pitch results in a blueshift (redshift) in the spectral
location of the diffractive mode. Alternatively, at the same frequency (𝜔) the diffractive mode is
shifted to higher in-plane momentum (larger incident angle) as the pitch decreases. This is
consistent with diffractive coupling using a grating, wherein the additional in-plane momentum
provided by the grating is inversely dependent on the pitch (𝐺 = 2𝜋⁄𝑝).
The measured, angle-dependent thermal emission of the fabricated CdO PSS (Fig. 5.3 and
5.4) shows that the diffractive mode for 𝑝 = 3.02 µ𝑚 originates (Γ-point, 0˚) at a frequency greater
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than the ENZ frequency and tunes through the ENZ mode at higher emission angles. The spectral
overlap of the modes results in an interference effect that significantly decreases the emission
linewidth. From the simulation results provided in Fig. 5.6, we have determined that the spectral
position at a given angle redshifts as the pitch increases. Therefore, it is conceivable that by
increasing the PSS pitch such that the diffractive mode at the Γ-point overlaps with the ENZ
emission, that this interference effect and spectral narrowing could in principle be realized at 0˚.
Indeed, simulation results reveal (Fig. 5.7) that a significant narrowing of the absorption linewidth
can potentially be achieved at normal incidence by increasing the PSS pitch to 𝑝 = 5 𝜇𝑚.
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Figure 5.7: Simulated p-polarized absorption spectra detailing the pitch dependence at normal incidence for the CdO
on PSS sample. As the pitch is increased and diffractive mode redshifts through the ENZ mode, the interference effect
leads to a reduction in absorption linewidth.

5.2.4 Polarized Thermal Emission
As was stated in the main text, CdO films of deeply subwavelength thicknesses support
both Berreman and ENZ modes where 𝑅𝑒[𝜀𝐶𝑑𝑂 (𝜔)] ≈ 0. In planar films on an unstructured
substrate (Fig. 5.8e) Berreman and ENZ modes can only be supported in p-polarization, with the
former being accessible from free space. Reciprocally, through Kirchhoff’s law, only p-polarized
thermal emission is expected to be generated from CdO planar films through the thermal excitation
of the Berreman mode. Since the Berreman mode is unable to couple to s-polarized emission, the
maximum unpolarized thermal emission that can be harnessed from the sample is limited to 50%.
However, by depositing an identical CdO film on a PSS, as we have done here (Fig. 5.8f), the
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momentum mismatch between free space light and the ENZ polariton mode can bridged, enabling
both s- and p-polarizations to be absorbed/emitted. It is important to reiterate that in the flat CdO
film that only the Berreman mode can be accessed from free space, whereas the ENZ mode can be
coupled from free space only if the wavevector of the incident light can be increased as is observed
in the CdO films grown on the PSS, giving rise to our nanophotonic infrared emitting metamaterial
(NIREM) samples. The dispersion relation for these excitations is discussed later in section III of
the supporting information. Therefore, the total emissivity of the PSS sample can in principle reach
a value of 1, in contrast to the 0.5 limit appropriate for the flat film.
In order to confirm the polarization response of the flat and PSS CdO emitters, we
performed polarized, angle-dependent thermal emission measurements of a 120 nm CdO film
(𝑁𝑑 = 5.8 𝑥 1019 𝑐𝑚−3) deposited onto a flat, Au-coated (110 nm) sapphire substrate (Fig. 5.8a
and 5.8c) and a PSS also featuring the same thickness Au film (Fig. 5.8b and 5.8d). These
measurements are detailed in the methods section and a schematic of the beam path is provided in
Fig. 5.12. The unpolarized thermal emission from these samples are provided in Fig. 5.3 and 5.4
of the main text. The thermal emission from the flat film exhibits a significant polarization
dependence as expected. In p-polarization (Fig. 5.8c), the thermal emissivity climbs from 𝜖 ≈ 0 to
nearly 𝜖 ≈ 0.8 (𝜖 ≈ 0.4 for unpolarized measurements) at the plasma frequency as the angle of
emission is increased from 0˚ to 80˚, with the strongest emission occurring near 70°. However, in
s-polarization (Fig. 5.8a) the emissivity remains consistently-low and featureless, even as the
emission angle is increased. In contrast, the CdO-coated PSS sample is strongly emissive for both
polarizations, with the emission peaking at the ENZ frequency (𝜔𝐸𝑁𝑍 ≈ 2550 𝑐𝑚−1) in both in
both s- and p-polarization. Further, the radiation pattern is completely changed, with the thermal
emission most strongly observed at angles between 0° (normal to sample surface) and 40°. This is
due to the symmetry of the PSS pattern, which allows the ENZ mode to be out-coupled in both
polarizations. Further, the dispersive, diffractive resonance present in the unpolarized
measurements (Fig. 5.3 and 5.4) is evident in both polarizations as well.
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Figure 5.8: a) and c) show the s- and p-polarized thermal emission from the CdO on PSS sample depicted in e). b)
and d) show the s- and p-polarized thermal emission spectra for the CdO flat film sample depicted in f).

Based on the near-unity, narrow bandwidth thermal emission resulting from the CdO PSS
structure, and the redirection of both p- and s-polarized light within a radiation pattern directed at
angles within 40° of the surface normal, it is clear that there is a high potential for this CdO-based
NIREM device for advanced NDIR approaches. To validate this supposition, we implemented the
external thermal emission input of our Bruker Vertex 70v FTIR spectrometer, integrating the
thermal emission (250 °C) from the CdO-PSS device at the surface normal as the source. This was
passed through the interferometer and a short-path gas cell from Pike Technologies and detected
using an MCT detector. The sample compartment, which housed the gas cell, as well as the rest of
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the FTIR were kept under N2 purge. Once the gas cell was adequately purged, CO2 gas was passed
through the cell using calibrated gas cylinders with 400 or 50 ppm of CO2 in N2. To enable direct
comparison with a more traditional blackbody-based NDIR approach, these results were compared
with similar measurements performed using a vertically-aligned carbon nanotube (VACNT) array
blackbody (NanoTechLabs, Inc.) reference as the source. For more details about the gas cell
measurements, see the methods section.
The mid-infrared spectrum of CO2 consists of two molecular vibrational modes
corresponding to the anti-symmetric stretching modes at 2349 cm-1 and 3756 cm-1.172 As the
collected spectra from the NIREM device is peaked at 2550 cm-1, with a radiation pattern suitable
for directing the light towards the detector, it is anticipated that this device would be well suited
for sensitive detection of CO2, targeting the absorption at 2349 cm-1. In a conventional CO2 NDIR
gas sensor the presence of CO2 results in a drop in the transmitted power through the chamber at
this 2349 cm-1 absorption. Although we are not measuring this drop in integrated power from the
broadband detector directly, FTIR allows us to determine the change in absorption at 2349 cm -1
when CO2 is introduced into the gas cell. Using the experimental setup outlined in the previous
paragraph and detailed in the methods section, we were able to validate this hypothesis as the
NIREM device demonstrated similar sensitivity to CO2 gas at both 50 and 400 ppm (Fig. 5.9) as
the blackbody source. It should be noted that even at the lowest concentration of the CO2
calibration gas that was commercially available (50 ppm), we still detected over 1.5% absorption.
This would imply that with this non-optimized geometry that over an order of magnitude further
reduction in CO2 concentration should still be detectable in such a 15-cm cell as used here. From
this comparison it is clear that although the CO2 absorption at 400 ppm is roughly equivalent for
both sources, at 50 ppm it is slightly suppressed for the NIREM source, differing by just under
0.6% from the VACNT, however, such a difference is within the error of our measurements.
Details regarding our error analysis can be found in the section 5.2.6. Although these
measurements were performed under a N2 purge, there is still the possibility of background CO2
fluctuations, which can cause slight deviations in the absorption magnitude. We would like to also
note the aforementioned ~200 cm-1 spectral detuning of the NIREM emission center frequency
from the CO2 absorption. Thus, with further optimization of the ENZ emission center frequency
with respect to the CO2, a potential increase in sensitivity could be anticipated. Another point that
should be raised is that the spectral linewidth of the NIREM emitter highlighted here is sufficiently
102

broad that some spectral overlap would occur with other gases of interest featuring vibrational
modes in the spectral vicinity of CO2, for instance N2O. However, it is critical to point out that the
device featured here by no means is representative of the narrowest CdO-based ENZ
emitter/absorber linewidths reported, as values as narrow as 307 cm-1 having been detailed
previously.25 For such narrower emission devices, this spectral overlap would be absent and thus
the concept of filterless NDIR with our simple, low-cost NIREM emitter accessible. Furthermore,
by implementing more advanced detection schemes, such as differential or modulated
spectroscopies, or by further optimizing the ENZ resonance to the center frequency of the CO2
absorption and increasing the PSS pitch to induce a narrowing of the emission linewidths,
increased selectivity, and potentially sensitivity, can be realized. We discuss potential routes
towards achieving further reductions in the emission linewidth from our NIREM source in section
5.2.5.

Figure 5.9: Absorption spectra at 250° C comparing the performance of our CdO on PSS narrowband emitter to a
blackbody at CO2 concentrations of 400 and 50 ppm. Our narrowband emitter performs comparably to the blackbody
sample even at low CO2 concentrations (50 ppm).

5.2.5 Spectral Bandwidth of CdO NIREM Source
Although our device is successful in detecting trace concentrations of CO2, we would like
to point out that the emission linewidth of the CdO NIREM does not only overlap with this
molecular absorption, but also with absorption peaks associated with other common gasses, such
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as CO and N2O (Fig. 5.10). As was state in the text, CdO ENZ absorber/emitter linewidths have
been reported to be as low as 307 cm-125 so the device reported here does not represent the
narrowest possible absorption/emission linewidth. From the SEM images collected of the CdO
NIREM on PSS devices, the top surface of the films appears rough, presumably resulting in
significant increases in scattering-based losses, thereby broadening the linewidth with respect to
prior state-of-the-art. Similar surface roughness is also observed in CdO grown on metallic films
such as Au (Fig. 5.2b), as this results in a columnar growth (Fig. 5.2f). Thus, one alternative
approach would be to replace the metallic film with a CdO layer with carrier density well in excess
of the CdO ENZ emitting layer. As the plasma frequency of such a highly doped layer will be well
in excess of the emitting layer, this would serve the same highly reflective role that the metal layer
currently serves. As such columnar growth is not observed in growth on sapphire or CdO, the
losses would be anticipated to be significantly reduced. Another approach is through optimizing
the PSS periodicity, as is described in section 5.2.3, whereby further narrowing of the emission
linewidth at normal incidence could also be potentially achieved. In this optimized geometry the
spectral overlap with non-targeted molecular absorption bands would no longer be present.
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Figure 5.10: Normal (0˚) incidence thermal emission from CdO on PSS sample, showing spectral overlap with CO 2,
N2O, and CO absorption.172
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5.2.6 Error Analysis of CO2 Detection
Using the procedure provided in the methods section, ten CO2 transmission measurements
were performed in succession using our CdO NIREM at CO2 concentrations of 100 ppm and 200
ppm. From each set of measurements, we were then able to calculate the average CO2 absorption
and standard deviation at each concentration. This allowed us to determine the influence of
ambient CO2 and temperature fluctuations on the CO2 transmission measurements. The average in
the standard deviation within the CO2 absorption band (~2325 – 2375 cm-1) was calculated to be
0.09 and 0.11 for 100 ppm and 200 ppm, respectively. Therefore, the noise floor due to temperature
and CO2 fluctuations remains consistent for both concentrations. If we were to increase the number
of measurements used in our error analysis, we believe that the average standard deviation values
for each concentration would converge.

Figure 5.11: Absorption spectra illustrating the error analysis performed at CO2 concentrations of 100 ppm and 200
ppm for our CdO NIREM. The solid lines show the average (𝐴̅) of 10 absorption spectra performed at 250°C. The
dashed lines show the average shifted by the standard deviation (𝜎𝐴 ).
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5.3 Conclusions
Here we have demonstrated the use of n-type In:CdO thin films grown on a PSS template
offers several key advantages as mid-IR thermal emitter sources over thin flat CdO films discussed
previously.25 This results from the structured surface enabling near-unity emissivity of both p- and
s-polarized light from the Berreman/ENZ-polariton modes, while redirecting the light from the
Brewster angle (~65°) observed for flat films into a radiation pattern featuring >0.9 emissivity
throughout the solid angle defined by ± 40° off-normal. This NIREM device therefore offers a
narrowband, near-perfect absorber with directional emission suitable for replacement of a
broadband blackbody source and bandpass filter pair typically employed within NDIR sensor
platforms. The periodicity of the PSS template was observed to induce a strong diffractive mode
that results in a large spectral narrowing at highly off-normal emission angles (>40°), however,
this was demonstrated to have minimal impact upon the emission peak at the Berreman condition
at shallower angles and thus negligible impact upon the performance within an NDIR
configuration. However, in advanced designs this diffractive coupling could be employed for
reducing the radiated power at off-normal angles, further improving the spatial coherence and
efficiency of the thermal emission. We further validate the performance of our NIREM device for
such an NDIR application, observing similar sensitivity to trace level concentrations (50 ppm) of
CO2 gas as a blackbody currently employed in NDIR technologies. Our results therefore imply
that such NIREM devices could provide a designer IR source for plug-and-play replacement of the
blackbody/bandpass filter combo, thereby reducing NDIR device cost, complexity and potentially
extending its functionality. The elimination of the bandpass filter offers the potential for realizing
multiple NIREM devices within a single die, enabling serial detection of several molecules within
the same gas cell, without requiring the inclusion of a bulky and expensive filter wheel or multiple
NDIR devices. Furthermore, by using this approach, one could also envision advanced NDIR
concepts whereby multiple vibrational resonances of more complicated analytes could be detected,
thereby extending the NDIR concept from the current state of the art that is limited to simple
molecules such as CO2, CO and CH4, to one compatible with more complicated gases such as
biological and chemical warfare agents, chemical byproducts, or environmental contaminants.
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Chapter 6
6. Design of Wafer-Scale and Lithography-Free Tamm Plasmon Thermal Emitters with
Broad Functionality using Gradient Descent Regression Optimization
6.1 Introduction to Tamm Plasmons
It is well known that the electron and phonon band structures of a material are a result of
the translational symmetry of the crystal lattice. The band structures are split into regions of
allowed and forbidden transitions, with the forbidden regions referred to as the band gap. Recent
advancements in material growth methods and fabrication techniques have made it possible to
engineering translational symmetry in multilayered and/or periodically structured materials. For
example, MBE can deliver precise multilayer film growth that is useful for growing multi-quantum
well structures. Other examples include one-dimensional (1D) photonic and phononic crystals that
can be realized through wavelength-scale periodic modulation of the refractive index and bulk
density, respectively. Just as with natural crystals, these artificial crystals possess a bandgap in
their respective dispersion where light (photonic crystal) or acoustic (phononic crystal) waves are
not allowed to propagate.
A break in the translational symmetry of a crystal gives rise to bound states within the
bandgap. Finite crystals break translational symmetry at the crystal interface, resulting in the
formation of surface states. One example of these surface states is referred to as a Tamm state
which was first predicted by Igor Tamm in relation to electronic states bound to the surface of a
crystal. They have since been investigated in other natural and artificial crystals such as electron
plasmas, electronic, vibrational, and optical systems. Optical Tamm states, referred to as Tamm
plasmons (TPs), have received significant attention recently as a promising platform for infrared
photonic applications, such as narrowband absorbers and thermal emitters.173,174 For one, the TP
dispersion falls within the light cone in air and therefore can readily couple to free space, bypassing
the need for expensive and time-consuming lithographic and etching steps. Further, TP excitations
generally exhibit much narrower resonance linewidths (and therefore higher Q-factors) than
conventional plasmonic devices. By incorporating quantum wells into TP-supporting films, strong
coupling has been achieved between TPs and intersubband transitions, which has been proposed
as a promising platform for lasing. In this chapter, we outline an approach towards achieving
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narrowband thermal emission with arbitrary spectral control through the inverse design of
aperiodic TP films. First, however, in the following section we provide an intuitive model for
understanding how these novel excitations arise in simple TP-supporting film.
6.1.1 Planar Tamm Plasmon Films for Narrowband Thermal Emission
As has been mentioned throughout this thesis, nano and microstructuring materials has
been a popular method of altering the thermal photonic DOS and therefore the emissivity of a
polaritonic surface. For this application, SPhPs and SPPs have seemingly contrasting benefits and
drawbacks. For one, due to the long scattering lifetimes (on the order of ~1 ps) of optic phonons,
SPhPs are associated with narrow resonant linewidths and therefore high Q-factors. However,
SPhPs are bound to the spectral range of negative real permittivity spanning between the TO and
LO phonons which are dictated by the crystal structure and therefore exhibit little-to-no tunability.
SPPs, on the other hand, exhibit wide spectral tunability through carrier density-driven changes to
the dielectric function. However, plasmonic materials are notoriously plagued with elevated
optical losses, as electron-electron scattering rates are on the order of 1 fs. Therefore, the prospect
of achieving absorption/emission features of sufficiently narrow linewidths for sensing
applications is inherently low without invoking complicated resonator designs.
There are two additional shortcomings of using patterned surfaces to control thermal
emission that diminish the utility of this approach: (i) fabricating devices consisting of resonator
arrays is oftentimes a multi-stage process requiring expensive and time-consuming lithographic,
etching and film deposition steps limiting the scalability of a potential device and (ii) as the quasinormal mode frequencies are governed by the geometry of the repeating unit cell, achieving
arbitrary multi-resonant absorption/emission spectra is not trivial without resorting to complicated
resonator geometries which can be computationally expensive to design. In this chapter, we outline
an alternative approach towards achieving narrowband thermal emitters which overcomes all of
the aforementioned challenges through the inverse design of aperiodic TP films.
6.1.2 Theory of Tamm Plasmons at Metal – 1D Photonic Crystal Interfaces
TP modes can form between two dissimilar distributed Bragg reflectors (DBRs) or between
a DBR and a metal film so long as phase matched condition is met at interface.22,175,176 In other
words, in order for a TP state to exist within the bandgap of the DBR, the reflection phase of the
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two mirrors (along opposing directions) must be equivalent but differ in sign (𝜑1 + 𝜑2 = 0). From
this condition it is clear that a metal-metal interface would not support a TP mode due to
𝑠𝑔𝑛(𝜑𝑀𝑒𝑡𝑎𝑙 ) = −𝜋 at both interfaces.
There are two geometries for supporting TPs at a metal-DBR interface: the metal-on-top
geometry (Fig. 6.1e) and metal-on-bottom geometry (Fig. 6.1c). In our work, we utilized the metalon-bottom DBR-metal geometry where alternating layers of AlOx and Ge are grown on top of a
doped CdO film. As was previously mentioned, TPs are supported at the phase-matched condition
between the metal and the DBR. Therefore, one could determine whether or not a TP mode would
be supported at a metal-DBR interface by calculating the Fresnel reflection coefficients directed
toward the DBR and toward the metal (see Fig. 6.1d and 6.1f). There are several techniques for
calculating the reflection coefficients of a multilayer structure, such as the TMM which we use in
our inverse design calculation. However, for this simple explanation I will rely on an impedance
model as this method is conceptually more intuitive due to its connection to circuit theory. Further,
through the lumped element model approach this analysis can be easily extended to TP-supporting
films featuring a metasurface in place of the un-structured metal film.
The characteristic p-polarized wave impedance in a material with a complex dielectric
function 𝜀𝑛 is given as

𝑍𝑛 =

𝑘𝑧,𝑛
𝜔𝜀𝑜 𝜀𝑛

(1)

where 𝑘𝑧,𝑛 = √𝑘𝑜2 𝜀𝑛 − 𝑘𝑥2 is the propagation constant along the z-direction, 𝜔 is the frequency,
and 𝜀𝑜 is the permittivity of free space. From equation 1 it is evident that utilizing a doped
semiconductor as opposed to noble metals as the metal layer results in additional design flexibility
due to the tunability of the optical impedance. Noble metals possess a high, fixed carrier density
and therefore the dielectric functions of these materials are also fixed. Alternatively, as was shown
in chapter 2, the plasma frequency of n-doped CdO is widely tunable throughout the IR granting
additional flexibility to the design of TP-supporting films. This is demonstrated further in section
6.2.3.
Now that we have calculated the characteristic impedances of each material, we can now
calculate the total lumped impedances of the DBR and metal films. Figures 6.1d and 6.1f show the
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equivalent circuit model representation of a TP film in the metal-on-bottom and metal-on-top
geometries. To calculate the lumped impedance of the DBR, starting at the dielectric layer furthest
away from the CdO-DBR interface (CdO-on-top: bottom layer; CdO-on-bottom: top layer) the
impedance of each layer can be calculated using a recursive method. The impedance of an
individual layer with a finite thickness is given as
𝑍

+𝑖𝑍𝑛 tan (𝑘𝑧,𝑛 𝑑𝑛 )

𝑍𝑛,𝑛+1 = 𝑍𝑛 𝑍𝑛+1
+𝑖𝑍
𝑛

𝑛+1 tan (𝑘𝑧,𝑛 𝑑𝑛 )

(2)

where 𝑑𝑛 is the layer thickness and 𝑛 is an index denoting the layer number in the stack. 𝑍𝑛+1 is
the total impedance behind the layer, so when calculating the impedance of the first layer of the
DBR in the CdO-on-bottom geometry 𝑍𝑛+1 = 𝑍𝑎𝑖𝑟 . In the CdO-on-top geometry, 𝑍𝑛+1 =
𝑍𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 for the first layer in the DBR. The total impedance of the DBR (𝑍𝐷𝐵𝑅 ) is then solved
for by progressing through the remaining layers in the stack. The impedance of the CdO layer
(𝑍𝐶𝑑𝑂 ) is calculated the same way, however only for one layer.

Figure 6.1: a) Simulated reflectance (solid line) of CdO-on-bottom structure displayed in c). TP modes are supported
when 𝐼𝑚[𝑍𝐷𝐵𝑅 ] (red line) is equal to −𝐼𝑚[𝑍𝐶𝑑𝑂 ] (blue line). Note as well that a dip in DBR reflectance (dashed line)
corresponds with the zero-crossing of 𝐼𝑚[𝑍𝐷𝐵𝑅 ]. b) Simulated reflectance of the CdO-on-top TP structure displayed
in e). The equivalent circuit model representation of the structures in c) and e) are displayed in d) and f), respectively.

110

With the calculated lumped impedances 𝑍𝐷𝐵𝑅 and 𝑍𝐶𝑑𝑂 seen from the DBR-CdO interface
looking in opposing directions (See arrows in Figures 6.1d and 6.1e) we can now model the TP
films as simple AC equivalent circuit (Figures 6.1d and 6.1e) with source and load impedances.
Note that the designation of source or load is dependent on the geometry. For example, 𝑍𝐶𝑑𝑂 takes
the role of the load (source) impedance in the CdO-on-bottom (CdO-on-top) geometry. From
circuit theory, the maximum active power is dissipated by the load at the conjugate impedance
∗
matched condition 𝑍𝐷𝐵𝑅 + 𝑍𝐶𝑑𝑂
= 0. In TP films, this translates to a TP mode being supported

when 𝐼𝑚[𝑍𝐷𝐵𝑅 ] = −𝐼𝑚[𝑍𝐶𝑑𝑂 ], and absorption maximized when also 𝑅𝑒[𝑍𝐷𝐵𝑅 ] = 𝑅𝑒[𝑍𝐶𝑑𝑂 ].
Alternatively, this reduces to the phase-matched condition mentioned above 𝜑𝐷𝐵𝑅 + 𝜑𝐶𝑑𝑂 = 0,
which can be calculated from the complex Fresnel coefficients 𝜑𝐷𝐵𝑅/𝐶𝑑𝑂 = 𝐴𝑟𝑔(𝑟𝐷𝐵𝑅/𝐶𝑑𝑂 ),
where 𝑟𝐷𝐵𝑅/𝐶𝑑𝑂 = (𝑍𝐷𝐵𝑅/𝐶𝑑𝑂 − 𝑍𝑎𝑖𝑟 )⁄(𝑍𝐷𝐵𝑅/𝐶𝑑𝑂 + 𝑍𝑎𝑖𝑟 ).
The total simulated reflectance of the CdO-on-bottom TP film (|𝑟𝑇𝑎𝑚𝑚 |2) at normal
incidence is displayed as a black line in figure 6.1a. The optical bandgap of the DBR (gray dashed
line) manifests as a region of high, uniform reflectance, spanning from 1410 cm-1 to 3295 cm-1.
This TP film supports two TP modes, one at 1210 cm-1 and the other at 1884 cm-1, corresponding
with the intersections of 𝐼𝑚[𝑍𝐷𝐵𝑅 ] (red line in figure 6.1a) and −𝐼𝑚[𝑍𝐶𝑑𝑂 ] (blue line in figure
6.1a). The CdO thickness (600 nm) is above the evanescent skin depth and therefore the CdO layer
impedance is close to that of the characteristic impedance. This, along with the high carrier density
(and therefore high plasma frequency) results in low transmission through the film. Thus, the large
dip in reflectance at the TP mode frequency is associated with an equivalently large peak in
absorption (𝐴 = 1 − 𝑇 − 𝑅). Further, as was discussed in section 6.1.1, these modes are associated
with a high Q-factor in comparison to traditional plasmonic devices. For the metal-on-bottom film
in figure 6.1c, which is not an optimized system but simply used as an example, the simulated Qfactor is 34. The absorption and Q-factor can both be further optimized by tuning the parameters
of the TP system. For example, in section 6.2.2 we experimentally realize a CdO-based TP films
that achieves Q-factors as high as 135. Further, in section 6.3 we demonstrate that Q-factors as
high at 10,000 can potentially be achieved by including more dielectric layers and using low loss
dielectric materials in the DBR.
A TP structure in the CdO-on-top geometry with an identical DBR and CdO carrier density
supports two TP modes at similar frequencies (1187 cm-1 and 1816 cm-1 in figure 6.1b) to those in
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the CdO-on-bottom film. In this geometry there is an optimum thickness for maximizing the TP
absorption, too thin and the light would transmit through the CdO upon back-reflection, reducing
absorption and increasing radiative losses (and therefore lowering the Q-factor). On the other hand,
if the CdO layer is too thick, the incident light would not be able to transmit through the CdO,
therefore severely limiting the absorption. Previous studies have reported on how perfect
absorption in metal-on-top TP films can be achieved through the balancing of radiative and nonradiative losses.177 Another thing to note is that since the spectral positions of the TP modes occur
at the impedance matched condition, and the impedance of the CdO layer is impacted by the CdO
layer thickness, the spectral position of the TP modes within a single photonic bandgap can be
tuned by changing the CdO layer thickness.
6.1.3 Angular Dispersion of Tamm Plasmons
The angular dispersion of TP modes is parabolic in shape, with the resonant frequency
blue-shifting as the incident/emission angle is increased away from the Γ-point (0˚). Figures 6.2a
and 6.2b show the polarized reflectance maps, calculated using TMM, of the metal-on-top and
metal-on-bottom structures from figures 6.1e and 6.1c, respectively. In both geometries and
polarizations, the TP mode dispersion follows the characteristic parabolic distribution. However,
the s- and p- polarized dispersion differ slightly from one another, with the p- polarized absorption
being slightly more dispersive at higher incident angles than the s- polarized absorption.
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Figure 6.2: a) Polarized, angle-resolved reflectance calculated (using TMM) for the CdO-on-top structure displayed
in figure 6.1e. b) Polarized, angle-resolved reflectance calculated for the CdO-on-bottom structure displayed in figure
1c.

6.2 Designer Tamm Plasmon Films using Gradient Descent Optimization
Despite the advantages offered by Tamm plasmon polariton-wavelength-selective emitters
(TPP-WS-EMs), realizing designs for novel applications is hampered due to challenging design
requirements. The traditional brute-force design strategy, i.e., performing a sweep of the device
parameters, cannot be employed because of the extremely large parameter space. As an example,
optimizing a 9-layer-aperiodic-DBR would require at least 109 separate calculations, costing a total
of 2,700 hours assuming 10 simulations per second, and this time would grow exponentially with
the addition of more layers to the DBR. For this reason, there has been substantial recent research
focused on using inverse design techniques, such as Bayesian optimization178, to design
narrowband TPP-WS-EMs at desired wavelengths and linewidths (Q-factors). Yet, the
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optimization efficiency in these demonstrations is still poor, requiring 24-day simulation times on
a cluster even for one single structure while also restricting the design flexibility. Additionally,
these demonstrations were limited to single wavelength operation. However, for some applications
having an emitter that produced thermal radiation at multiple desired wavelengths would be
advantageous. To our knowledge, designing thermal emitters targeting multiple, arbitrary
wavelengths at high Q-factors has yet to be reported. In this chapter, we demonstrate an inverse
design algorithm based on stochastic gradient descent (SGD) that overcomes all of these
challenges. The optimized Tamm plasmon thermal emitter consisted of an aperiodic DBR
deposited onto an n-doped CdO film. The DBR consisted of alternating layers of Ge and AlOx.
Using the SGD algorithm, the layer thicknesses of the DBR and the carrier density of the CdO
were determined independently and efficiently, with the total optimization time taking only
minutes on a consumer-grade desktop. The SGD algorithm is described in more detail in the
following section.
Experimentally, we demonstrate inversely designed TPP-WS-EMs targeting frequencies
of interest for various applications, such as filterless NDIR. For example, we design and
characterize a TPP-WS-EM with a single emission peak that is spectrally collocated with one of
the principal absorption peaks of CO2. Further, we realize a TPP-WS-EM that exhibits multi-peak
thermal emission wherein the peaks in emissivity match with two principal absorption features of
N2O. In addition, we demonstrate broad control over the emission frequency and linewidth, with
single-peak, high-Q emission being supported in the LWIR and MIR. In section 6.3, we illustrate
the power of the TPP-WS-EM platform and our SGD algorithm by providing designs suitable for
a wide range of applications. Some examples include single peak emission from the LWIR to
telecommunication (1.55 µm), ultra-high Q-factors (over 10,000), multi-peak (>2 peaks) designs
for free-space communication, and near exact matches to the absorption spectra of molecules with
non-trivial absorption spectra, such as dimethyl methylphosphonate (DMMP). Our design takes
full advantage of the broad tunability of the CdO plasma frequency through doping, which greatly
increases the design flexibility. Further, the use of CdO also makes the fabrication CMOS
compatible.179 The combination of our algorithm and material advancements enables costeffective, wafer-scale, and lithography-free TPP-WS-EMs for numerous applications, including
NDIR, sensing, free-space communications and IR beacons desired for search and rescue.
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6.2.1 Designing Aperiodic Tamm Plasmon Films using Gradient Descent Optimization
As stated in the previous section, this work employs an SGD-based inverse design
technique to determine individual layer thicknesses and CdO carrier density for a TPP-supporting
heterostructure consisting of a CdO base layer capped with a DBR of alternating Ge and AlOx
layers. The SGD optimization process is initiated by assigning the maximum number of layers to
the DBR, with the thicknesses of each layer and the carrier concentration for the CdO film being
randomly initialized. Using the TMM, the absorption spectrum of the designed structure (DS) is
calculated and compared to the input target spectra (TS), resulting in a scalar 𝑒𝑟𝑟𝑜𝑟. The error is
expresses as a combination of mean-squared difference (MSE, the first term) and mean absolute
difference (MAE, the second term) terms:
2

⃗⃗⃗⃗⃗⃗ − ⃗⃗⃗⃗⃗
⃗⃗⃗⃗⃗⃗ − ⃗⃗⃗⃗⃗
𝑒𝑟𝑟𝑜𝑟 = 𝑚𝑒𝑎𝑛 {𝑟𝑎𝑡𝑖𝑜1 ∙ (𝐷𝑆
𝑇𝑆) + 𝑟𝑎𝑡𝑖𝑜2 ∙ |(𝐷𝑆
𝑇𝑆)|}

(3)

where 𝑟𝑎𝑡𝑖𝑜1 and 𝑟𝑎𝑡𝑖𝑜2 are hyperparameters that can be modified for different targets. While
the MSE regulates the algorithm to focus on spectral ranges where the difference between DS and
TS is greatest, MAE weighs the difference at every frequency equally. Note that the such a
combination of error is commonly employed in deep learning field, and some techniques to modify
the 𝑒𝑟𝑟𝑜𝑟 can be very powerful for designing TPP-WS-EMs, such as the weighted sampling
technique. During each iteration, the 𝑒𝑟𝑟𝑜𝑟 will be back-propagated to find the gradient over the
vector (𝑡⃗) via SGD, which represents the fit parameters of the system so here the thicknesses of
each layer and the carrier concentration of CdO. The gradient will be used to update 𝑡⃗ upon each
iteration in the inverse design protocol:
𝑛−1

⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝑛−1 )

𝜕𝑒𝑟𝑟𝑜𝑟
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⃗⃗⃗⃗⃗
𝑡 𝑛 = ⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝑡 𝑛−1 − 𝑠𝑡𝑒𝑝
⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
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𝜕𝑡
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(4)

Figure 6.3: a) The designable parameters (thickness and carrier density) of the TPP-WS-EMs are randomly
initialized, and the spectra of the designed structure (DS) is compared with the target spectrum. The thickness is
updated by calculating the gradient over the difference (𝑒𝑟𝑟𝑜𝑟) through the TMM. b) Following the gradient, the
𝑒𝑟𝑟𝑜𝑟 is minimized through iterations, and the structure is optimized. The photo of a fabricated TPP-WS-EM is
included to show the scale. The layer thickness of this optimized structure is labeled in the schematic.

Initially, the absorption spectrum of the randomly initialized structure (red solid line Figure 6.3b)
differs significantly from the target spectrum. After several iterations, the 𝑒𝑟𝑟𝑜𝑟 decreases and the
structure is optimized as the designed spectrum converges towards the target (solid 𝑟𝑒𝑑 → 𝑏𝑙𝑢𝑒 →
𝑔𝑟𝑒𝑒𝑛 → 𝑝𝑢𝑟𝑝𝑙𝑒 lines in Figure 6.3b). Unlike traditional gradient descent calculations employed
in commercial software, and previous publications, the SGD used here reduces the possibility of
getting trapped at a local minimum and improves the optimization performance.180–182
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6.2.2 Demonstration of Arbitrary Spectral Control of Tamm Plasmons
In this section we experimentally demonstrate the power of our SGD optimization
technique by designing and characterizing TPP-WS-EMs that exhibit a wide range of unique
spectral features. The designed and as-grown DBR layer thicknesses and CdO carrier densities of
every TPP films are tabulated below.
Table 6.1: Parameters of designed and as-grown films

7 layer (Fig. 6.4a)

3 layer Fig. (6.4d)

3 layer (Fig. 6.4c)

5 layer (Fig. 6.4d)

High-Q MIR

LWIR

CO2 NDIR

N2O NDIR

Designed
[nm]
Ge

Asgrown
[nm]

264

Designed
[nm]

Asgrown
[nm]

Designed
[nm]

Asgrown
[nm]

Designed
[nm]

Asgrown
[nm]

228
Air

AlOx

356

540
Air

Air

Ge

671

755

468

560

AlOx

293

200

559

290

Ge

598

627

499

540

270

250

525

450

AlOx

178

198

829

440

430

590

585

268

Ge

304

208

315

400

656

641

412

644

CdO 𝑵𝒅
3.5e+20

0.7e+20

3.6e+20

1.7e+20

-3

[cm ]

First, we demonstrate an inversely designed TPP-WS-EM that exhibits a single, high-Q emission
peak (Figure 6.4a) targeting 2650 cm-1, placing this emission peak within one of the atmospheric
transmission windows (2000 – 3300 cm-1) which is important for free-space communications. We
model the target spectrum as a flat line with a single, sharp absorption peak at 2650 cm-1 which
the resultant spectrum of the designed structure matched very well (Figure 6.4a). The
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experimentally measured resonance is centered at 2721 cm-1 with a Q-factor of 128 because of the
difference between designed and fabricated layer thicknesses, which agrees well with the
calculation based on as-grown thicknesses. Such a Q-factor (128) is on-par with surface phonon
polariton resonators (~100-400)41,54,99. Although our experimental Q-factor was limited to 128 in
this work, this is not a fundamental limitation of but due to the reduced number of DBR layers (7
total layers) and the material loss of evaporated AlOx. In section 6.3 we demonstrate that Q-factors
over 10,000 are achievable by exchanging AlOx for a material with lower losses (such as ZnSe)
and increasing the number of dielectric layers.
There are two atmospheric transmission windows within the IR, the previously mentioned
window spanning from 2000 – 3300 cm-1 and another found in the LWIR (800 - 1250 cm-1). To
demonstrate the broad spectral tunability of our CdO-based TMM-EMs, we also inversely
designed a TPP-WS-EM with a single, near-unity emission peak at 1250 cm-1 using the same
strategy mentioned above (Q-factor = 16). The target spectrum, the calculated spectra based on the
designed and as-grown thicknesses, and the experimentally measured emission spectrum show
extraordinary agreement (Figure 6.4b). Additionally, despite differences between the as-grown
and designed thicknesses, the discrepancy in the spectra is minimal, indicating the robustness to
certain range of fabrication error.
Beyond free-space communications, the MIR is of great interest for the unique absorption
fingerprint spectra of molecules. Thus, one application of WS-EMs is filterless NDIR gas
sensing156,166,183 which was described in the previous chapter. To demonstrate the potential of our
inversely designed TPP-WS-EMs for NDIR applications, we designed a sample that supports a
single peak in emissivity that spectrally overlaps with one of the anti-symmetric stretching modes
of CO2 (2349 cm-1) with a minimal number of dielectric layers (only 3 here) to reduce the
fabrication complexity. While the designed TPP-WS-EM exhibits a peak in emissivity centered at
2350 cm-1 with a Q-factor of 40, the actual measured emissivity is centered at 2360 cm-1 with a Qfactor of 21 (Figure 6.4c), again showing great agreement.
So far, we have demonstrated designs of TPP-WS-EMs with only a single, tunable peak in
emissivity. However, there most gases feature multiple spectral vibrational modes that define the
molecular fingerprint. For example, N2O exhibits two primary absorption peaks at 1280 and 2230
cm-1. In the filterless NDIR configuration, it is ideal that the gas of interest absorbs all light at
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these, and only these frequencies. Thus, the light emitted by the WS-EM must be tailored to match
both the vibrational frequencies and linewidths. Yet, to our knowledge WS-EMs matching more
than one vibrational bands of a molecule have yet to be demonstrated. Owing to the flexibility of
our inverse design approach, we are able to use the absorption spectrum of N2O as the target
spectrum in order to design a TPP-WS-EM that reproduces the absorptive features. Here, we use
five dielectric layers for our design, yielding two absorption peaks centered at 1300 and 2200 cm1

(Figure 6.4d), closely matching the amplitude, frequencies, and FWHMs of both the molecular

resonances. However, due to the thicknesses of the DBR dielectric layers not matching the design
exactly, the experimentally measured emissivity are slightly shifted (1361 and 2361 cm-1) from
the target spectra (Figure 6.4d). We would like to stress that the limitation of growth in our
demonstration is caused by differential heating between the substrate stage and quartz crystal
microbalance (QCM) used to monitor the film thickness during growth which becomes more
severe for aperiodic structure growth, as we cannot calibrate the tool for all the thicknesses.
However, within commercial systems such targets can be matched much more accurately. As such,
this is not a fundamental limitation of our approach, but of the deposition tool used to grow these
samples.
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Figure 6.4: The inverse-design algorithm was employed to realize TMM-EM structures featuring a) single, high Qfactor emission in the MWIR, b) single emission mode in the LWIR, and resonant emission designed for NDIR sensing
of c) CO2 and d) N2O. The target spectra are plotted as blue dashed lines, while the emissivity experimentally
measured at 150°C is plotted as red lines. Blue and red dashed curves are calculated absorption spectra of inversely
designed and as-grown thickness, respectively.

6.2.3 Advantages of CdO in Design of Tamm Plasmon Thermal Emitters
So far, we have demonstrated the remarkably high degree of freedom in designing the
emissivity of TPP-WS-EM devices using inverse design. As was outlined in section 6.1.2, these
structures owe their broad spectral tunability to two things: the aperiodicity of the DBR and the
use of a doped semiconductor with a controllable dielectric function as the metal layer. The
aperiodicity of the DBR allows for significant control over the photonic band structure, with the
parameter space being limited only by the number of allowed layers of the DBR. Another reason
is that the optical impedance of the CdO layer is not restricted by a fixed dielectric function as is
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the case for a noble metal. This additional tuning knob allows for more advanced TPP-WS-EM
designs to be realized, such as matching to complex absorption spectra. To illustrate this point, we
used our SGD algorithm to design a CdO-based TPP-WS-EM that closely matches the absorption
spectrum of the nerve agent DMMP (Figure 6.4a, black line). The parameters of this film can be
found in Appendix A. We then attempt to match the absorption spectrum of DMMP by designing
a TPP-WS-EM where gold is used in place of the CdO. In both cases the maximum number of
DBR layers was set a 29. Also, here we replace the AlOx with ZnSe (𝑛 ≈ 2.4) as it is far less
dispersive within this spectral range and therefore exhibits lower optical losses. Due to the
differences in the metal layer optical impedances, the resultant DBR layer thicknesses ended up
differing significantly. Our optimization technique was able to design a CdO-based emitter DBR
that matched the absorption spectrum quite well (Figure 6.5a, red line). However, when the tunable
CdO is replaced with gold, the matching of the complex vibrational spectra is severely diminished
while using the same number of dielectric layers (Figure 6.5a, blue line). Since the only difference
between the two systems is the metal layer (CdO vs. gold), we attribute the dramatically improved
spectral control to the tunability of CdO plasma frequency, which can be tuned between ~1200
cm-1 to 7800 cm-1 (8.33 to 1.28 µm) by controlling the dopant concentration.184
The CdO plasma frequency also sets an upper limit on the frequency range where Tamm
plasmons can be supported and can therefore be used as a low-pass filter for thermal radiation.
Since the permittivity of the CdO becomes positive above the plasma frequency, the sign of the
reflected phase is no longer −𝜋, which is required to achieve phase matching at the DBR-CdO
interface. Therefore, a Tamm plasmon would not be supported in the DBR photonic bandgaps
above the CdO plasma frequency. A more detailed explanation of the conditions where Tamm
plasmons are support is provided in section 6.1.2. In order to demonstrate the high-frequency
filtering that is enabled by CdO, we grew two TPP-WS-EMs consisting of an identical DBR (in
same growth) grown on two different CdO layers featuring different plasma frequencies, i.e., 2700
cm-1 (red curve) and 4300 cm-1 (blue curve) (Figure 6.5b). The plasma frequency of the low-doped
film is denoted in the figure by a black dashed line. The emissivity spectra of the two TPP-WSEM films differ in a number of different ways. First, both TPP-WS-EMs support highly-emissive
Tamm plasmon modes within DBR photonic bandgap spanning from ~1000 - 2000 cm-1 (gray line
in Figure 6.5b), however the peak position within the photonic bandgap blueshifts with increased
CdO carrier density. Stronger absorption is observed at the photonic band edge at a lower energy.
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Note that this is not a Tamm plasmon mode, however it is still observed as an absorptive/emissive
feature in the reflectance/emission spectrum due to the losses within AlOx. Finally, since Tamm
plasmons are not supported above the plasma frequency of the CdO, an additional Tamm plasmon
is observed at 3500 cm-1 in the emissivity spectrum of the high-doped CdO TPP-WS-EM that is
not observed in the emissivity spectrum of the low-doped CdO TPP-WS-EM spectrum. Therefore,
the carrier density of the CdO acts as a spectral filter, cutting off high-frequency Tamm plasmon
resonances that would otherwise be supported if a metal with a higher carrier density were used.

Figure 6.5: a) TPP-WS-EM designs targeting at DMMP spectra with CdO and gold as metal layers. b) The emissivity
(reflectance) of the same DBR on CdO of different carrier densities (sapphire substrate). The plasma frequency of
CdO with a carrier density of 7𝑥1019 𝑐𝑚−3 (4.3𝑥1020 𝑐𝑚−3 ) is displayed by the vertical dashed line (above 4000
cm-1).

6.2.4 NDIR Gas Sensing Using Tamm Plasmons
With the aforementioned TPP-WS-EM films, we are able to experimentally validate the
potential for filterless NDIR applications. In such a set up the TPP-WS-EM only emits at the
frequency where the gas has strong absorption, so the integrated transmitted power change
measured by the broadband detector reflects the concentration of the gas of interest. Although we
are not directly measuring this drop in integrated power from the broadband detector, FTIR allows
us to determine the transmitted power at each frequency point in the absorption when the gas is
introduced into the gas cell (see Appendix B for a description of gas cell measurements), and
change in the integrated power can be calculated. With such a methodology, we first test the TPPWS-EM designed for CO2 sensing (Figure 6.4d). By integrating the emitted power between 1500
122

cm-1 and 3000 cm-1 we determine that the power change from 0 to 50 ppm of CO2 is 0.3%. Note
that the averaged absorption between 2232 and 2397 cm-1, which is the absorption band of CO2,
is 0.75%, and such an absorption rate comes from the gas cell optical length (15 cm) and gas
concentration. Therefore, even with such a proof-of-concept sample, which only contains threedielectric-layers, we are still able to approach the fundamental limit.

Figure 6.6: Measured absorption spectra of CO2 at different concentration overlapped with the emission profile of
TPP-WS-EM at 250˚C. The shadowed region is the absorption band of CO 2, determined from a NIST dataset.

6.3 Conclusions
Despite the limited precision of individual layer thicknesses during film growth and the
material losses associated with the AlOx, our experimental results demonstrate the power and
potential of inversely designed TPP-WS-EMs, making them suitable for a variety of applications.
In these demonstrations we have designed and grown samples with very few DBR layers (< 7).
However, to demonstrate further the potential of the inverse design of TPP-WS-EMs, we expand
the design capabilities by utilizing a Ge/ZnSe DBR with 29 layers on a bilayer of CdO. Therefore,
the ‘metal’ layer becomes a bilayer film with a more tailorable optical impedance. This additional
design freedom allows for the realization of Tamm plasmon modes supported at a single frequency
with Q-factors varying from 26 to 10,127 (Figure 6.7a). Here, we not only calculate record high
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Q-factors for Tamm plasmons but demonstrate that an extremely large range of Q-factors can be
realized. We also illustrate a multi-peak design, exhibiting three emission peaks with significantly
varying linewidths: one broad (Q-factor=25) peak and two sharp (Q-factor = 37 and 145) peaks.
This sort of variable WS-EM designs can be of interest for free-space communication at several
channels with different bandwidths, and spectral barcoding, yet has not been demonstrated or
proposed presumably due to the significant design challenges this entails. Although the task is
extremely challenging, the emissivity spectrum of our TPP-WS-EM can be matched to the target
exceptionally well, with only minor discrepancies (Figure 6.7b). Again, owing to the widely
tunable plasma frequency of CdO, a TPP-WS-EM with absorption peaks spanning from
telecommunication to the LWIR can be realized. Here, we show a single design featuring three
isolated emissivity peaks at LWIR (1200 cm-1), MIR (2700 cm-1) and telecommunication (1.55
µm) wavelengths simultaneously (Figure 6.7c), again demonstrating unprecedented spectral
control. Finally, we emphasize the potential of TPP-WS-EMs in more advanced NDIR
applications. As an example, we realize an inversely designed TPP-WS-EM that matches the
absorption spectrum of the greenhouse gas NO (Figure 6.7d) with a great deal of accuracy. Note
that exceptional matching is achieved to both the positions of the main features as well as the
amplitudes, with undesirable features being greatly suppressed. Although we only provide a match
to NO in the figure here, we employed the same approach to match the absorption spectra of other
greenhouse gases such as CO, O3, NH3, and CH4. The parameters of the designed films in figure
6.7 as well as the designs for the greenhouse gases listed above can be found in appendix A.
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Figure 6.7: a) EMs targeting at single frequency with different Q-factors. b) multiple-peak TPP-WS-EM. c) One TPPWS-EM featuring absorption at LWIR, MWIR and telecommunication simultaneously. d) Matching the absorption
spectrum of NO gas for filterless NDIR.

In conclusion, we experimentally validate the broad functionality of TPP-WS-EMs enabled
by the combination of inverse design and tunability of CdO plasmon frequency. With the SGD,
the structure of the TPP-WS-EMs can be designed efficiently (minutes on a consumer-grade
desktop) with high freedom. Equipped with the optimization method, we experimentally
demonstrated TPP-WS-EMs for filterless NDIR of CO2 and N2O, free-space communication in
the MIR (Q=128) and LWIR (Q=16), with excellent agreement between experiments and
simulations. Further, we propose designs for numerous applications from the LWIR to
telecommunication (1.55 µm) wavelengths, including single-peak emission with various Q-factors
(from 28 to 10,000), multi-peak emission for free-space communication and NDIR for gas with
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extremely complicated absorption spectra, demonstrating deterministic spectral control.
Empowered by our algorithm and the tunability of CdO, the TPP-WS-EMs shows a singularly
wide functionality, and they can be fabricated at low-cost at wafer-scale, providing a costeffective, wafer-scale and lithography-free solution for numerous applications in the MIR. Future
work will be focused on optimizing the material growth process in order to increase the precision
of individual layer thicknesses and realize some of the more advanced designs provided in Figure
6.7. We will also investigate potential routes towards active tunability of these Tamm plasmon
devices by incorporating phase change and ferroelectric materials into the DBR stack or by actively
tuning the carrier density of the metal layer.
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Chapter 7
7. Spectroscopic Investigation of Hyperbolic Resonances in Monolithic, Homoepitaxial
CdO Superlattices

7.1 Introduction
One of the primary goals of nanophotonics is confining the free-space wavelength to
dimensions far below the diffraction limit. Past work on dielectric metasurfaces has relied on highindex185–188 and dispersive materials161 in order to confine light sub-wavelength scale Mie
resonators. However, here the wavelength, and therefore the resonator dimensions, is diffractionlimited as the wavevector (𝑘 = 2𝜋⁄𝜆) is constrained by the closed isofrequency contour, with a
maximum amplitude dictated by the real part of the permittivity 𝑅𝑒[𝜀].
Alternatively, one could achieve further confinement of light by coupling to surface polariton
modes in materials with a negative real permittivity. Examples include metals and doped
semiconductors, which support both propagating and localized SPP modes at the material-air
interface at frequencies less than the plasma frequency. However, the maximum SPP wavevector,
and therefore optical confinement, is limited by the elevated imaginary permittivity of plasmonic
materials. Polar dielectrics also exhibit a negative permittivity between the TO and LO phonon
frequencies, a spectral region referred to as the Reststrahlen band. SPhPs are supported within this
spectral range which exhibit narrower linewidths that SPPs due to the long scattering time of optic
phonons. The optical field confinement (decreased mode volume) provided by SPP and SPhPsupporting films and structures have been used to increase the coupling strength to emitters and
absorbers, enhancing emission/absorption rates and achieve modal strong coupling as was
discussed in chapter 3.
In extremely anisotropic materials where the in- and out-of-plane components of the
permittivity tensor are opposite in sign, the isofrequency contour becomes an unbounded
hyperboloid (Fig. 7.1a and 7.1b) with a dispersion given by
𝑘𝑧2
𝜀𝑥,𝑦

+
(𝜔)
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2
𝑘𝑥,𝑦

𝜀𝑧 (𝜔)

= 𝑘𝑜2

(1)

𝜔

where 𝑘𝑜 = 𝑐 , 𝜀𝑥,𝑦 (𝜔) and 𝜀𝑧 (𝜔) are the in- and out-of-plane components of the dielectric
tensor, and 𝑘𝑥,𝑦 and 𝑘𝑧 are the propagation constants oriented in- and out-of-plane. For simplicity
we assume uniaxial symmetry, therefore the in-plane dielectric tensor components are equivalent.
Due to the shape of the isofrequency contour, these materials are referred to as hyperbolic, and
sometimes as indefinite, materials. The hyperbolic modes supported by these materials exhibit
extreme confinement of the optical field to the film volume, a result of the unbounded dispersion.
The extreme confinement of light achieved using hyperbolic modes can opens the door to
applications such as sub-diffraction and high-resolution imaging as well as sub-diffraction optical
lithography. The magnitude of the wavevector is limited only by the optical losses (in natural
hyperbolic materials), therefore if 𝐼𝑚[𝜀] → 0, the magnitude of the wavevector |𝑘| → ∞.
There are two types of hyperbolic modes: Type I and Type II.31 Type I hyperbolic modes
are supported when one tensor component is negative (𝜀𝑧 (𝜔) < 0) and the other two are positive
(𝜀𝑥,𝑦 (𝜔) > 0), whereas Type II hyperbolic modes are supported when two tensor components are
negative (𝜀𝑥,𝑦 (𝜔) < 0) and one is positive (𝜀𝑧 (𝜔) > 0). Unlike conventional materials that have
elliptical isofrequency contours and therefore no restriction on propagation direction, hyperbolic
modes propagate within the material at a fixed angle (see inset of Figure 1a). This is due to the
⃗⃗ fields being tangential to the isofrequency surface (insets of 7.1a and
electric 𝐸⃗⃗ and magnetic 𝐻
7.1b). The resultant Poynting vector 𝑆⃗ and group velocity (𝑣𝑔 ) are then oriented orthogonal to the
isofrequency surface, and therefore are oriented at a fixed angle with respect to the z-axis.

Figure 7.1: Isofrequency contour of a) Type I and b) Type II hyperbolic media. The arrows in the insets indicate the
directions of the electric (E) and magnetic (H) fields, the Poynting vector (S), the momentum (k) and the group velocity
(𝑣𝑔 ) of the HP modes. Reprinted from [ref 41].
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In natural hyperbolic materials, the optical anisotropy is a result of a lack of symmetry in
the crystal structure leading to phonon modes that are non-degenerate along different crystal axes.
Therefore, the Reststrahlen bands along different crystal axes are offset from one another.
Arguably the most widely studied natural hyperbolic materials is hBN, which has been studied
using both near-189,190 and far-field10 techniques. Optical anisotropy can also be engineered through
the fabrication of hyperbolic metamaterials (HMMs). There are two common HMM structures: 1)
superlattices consisting of alternating dielectric and metallic layers191 and 2) dielectric matrices
embedded for metallic rods192. In both cases the dimensions of the unit cell (layer thicknesses and
rod geometry and periodicity, respectively) must be far smaller than the free space wavelength.
Hyperbolic phenomena arise in these structures as a result of coupling between the SPPs at each
metal film/structure interface, resulting in collective, propagative modes within the volume of the
film.
The extreme anisotropy in these materials opens the door to demonstrating interesting
optical phenomena such as negative refraction32, sub-diffraction imaging190, waveguiding and
focusing189,193, and a large photonic density of states (PDOS) enhancement.194,195 This PDOS
enhancement can be utilized to engineer the spontaneous emission of a quantum emitter, such as
the emission from interband transitions supported by MQW structures.196 It can also be used to
engineer thermal emission. For example, theory has shown that HMMs are capable of achieving
Super-Planckian thermal emission in the near-field197,198 which is attractive for enhancing the
performance of thermophotovoltaic (TPV) devices. Further, an enhancement in the PDOS would
also enhance the emission into the far-field which, if occurring within the atmospheric
transparency bands (3 − 5 𝜇𝑚 and 8 − 14 𝜇𝑚), could be useful for radiative cooling. In this
chapter we demonstrate that monolithic, homoepitaxial (interfaceless) HMMs can be grown by
modulating the carrier density of CdO during film growth.

7.2 CdO Hyperbolic Metamaterials
HMMs utilizing traditional metals are capable of supporting hyperbolic modes within the
visible and NIR. However, due to the fixed, high carrier densities of these metals, the real
permittivity (𝜀𝑚 ) becomes highly negative in the MIR. The large mismatch between |𝜀𝑚 | and the
permittivity of commonly used relatively non-dispersive dielectrics (|𝜀𝑑 |) leads to hyperbolic
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resonances not being able to be supported in these metal-dielectric superlattices. In addition, the
elevated imaginary permittivity of metals in the MIR results in high optical losses, diminishing
their utility in this spectral range. In HMMs, these losses manifest as increased linewidths and a
reduction of the maximum achievable in-plane wavevector (𝑘∥ ) in the hyperbolic dispersion.
Consequently, a lot of attention has been placed on finding alternatives to traditional metals
for HMMs in the MIR to FIR. One option that has been proposed is to utilize polar dielectrics,
such as SiC, which behave optically as a metal between the TO and LO phonon frequencies (the
Reststrahlen band). The low optical losses of these materials allow for hyperbolic modes to be
supported at large values of 𝑘∥ resulting in an extreme compression of the polaritonic wavelength
and high PDOS. However, as is discussed in chapter 1, the TO and LO phonon frequencies are set
by fundamental properties of the crystal lattice and exhibit little tunability. Further, TO and LO
phonon frequencies occur in LWIR to FIR and are therefore inaccessible within the 3 – 5 µm
atmospheric transparency band, which is important for potential radiative cooling applications.
Further, SPhP-based HMMs would not be efficient for TPV applications which require high
temperatures and thermal emission from ~1 – 3 µm.
Doped semiconductors have been investigated recently as another strong candidate for IR
HMMs due to their relatively low optical losses and tunable IR plasma frequencies. One of the
proposed advantages of semiconductor-based HMMs is that one could take advantage of the
enhanced PDOS associated with HMMs by imbedding MQWs with ISTs (or other devices) within
the hyperbolic bands of the HMMs resulting in a significant enhancement in the emission output.196
To this date there have been several reports of HMMs that rely on the heteroepitaxial growth of
doped (metal) and undoped (dielectric) semiconductor layers, including Si-doped binary and
tertiary III-V semiconductors32,143, as well as TCOs such as lattice-matched doped ITO and In2O3.
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However, in order suppress scattering and strain-induced losses, the options for layer and

substrate materials in these HMMs is limited to those that are lattice-matched, dramatically
reducing the design flexibility. Further, due to the extremely small effective masses (and/or optical
mobilities) of these materials, these structures often suffer from high Ohmic losses at elevated
carrier densities.
The requirement of lattice matching between metal-dielectric layers can be relaxed by
creating a single material HMM, where the superlattice consists of alternating doped/undoped
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layers of the same material. This allows for greater potential design flexibility and wavelength
coverage while also simplifying the growth process. In these single material HMMs the carrier
confinement within as-grown layers is enabled by band bending at the doped/undoped layer
‘interfaces’. This is contrasted with the doped semiconductor HMM heterostructures where carrier
confinement is ensured by sharp changes in the optical bandgap. Single material HMMs were first
demonstrated using alternating layers of doped and undoped InAs.199 However, due to constraints
on the plasma wavelength of InAs (and other III-V semiconductors), these structures are not
capable of supporting hyperbolic modes at wavelengths below 5.5 𝜇𝑚 leaving a large portion of
the MIR (including the 3 – 5 µm atmospheric transparency window) and NIR uncovered.47 Further,
Poisson calculations of these structures reveal high carrier diffusion between layers, with the
carrier distribution deviating significantly from the ideal square wave distribution. Thus, the
performance of the devices differed from what would be anticipated using effective medium theory
(EMT).
Another exciting candidate for realizing single-material HMMs is n-doped CdO. For one,
the plasma frequency of CdO has been shown to be tunable throughout the MIR and into the NIR
(2 − 9 𝜇𝑚) through control over the carrier density during film growth40,184, all while maintaining
consistently high mobility values (𝜇𝐻𝑎𝑙𝑙 = 300 𝑐𝑚2 ⁄𝑉 − 𝑠) as is described in detail in chapter 2.
Further, investigations of the thermal transport properties of CdO superlattices have revealed that
despite the lack of interfaces, the thermal conductivity can be modelled assuming sharp interfaces
between high and low doped layers.140 These measurements (coupled with Poisson calculations)
imply that the carrier confinement is extremely high in multilayer CdO films. For this reason,
multilayer CdO films have shown to be a promising platform for realizing a number of exciting
optical effects, such as SPP-ENZ strong coupling and multi-frequency thermal emission from
multilayer ENZ-supporting CdO films. Finally, high-quality CdO film growth can be achieved
through HIPIMS sputtering, with the optical properties surpassing those of MBE-grown CdO
films.
In this chapter we demonstrate that monolithic, homoepitaxial CdO HMMs are a powerful
platform for realizing tunable hyperbolic modes from the NIR through the MIR. By controlling
the carrier densities and layer thicknesses during film growth we achieve a high degree of
tunability over both Type I and Type II hyperbolic modes, and achieve significant compression of
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the free-space wavelength. First, however, in the following section we discuss the EMT which,
due to the high carrier confinement of these CdO HMMs, is successful in modelling the optical
response of these structures.
7.2.1 Effective Medium Theory – 1D Metamaterials
A 1D metamaterial consisting of alternating, subwavelength thickness layers (𝑘𝑥,𝑦 , 𝑘𝑧 ≪
1/𝑡𝑚,𝑑 ) can be treated as a homogenous medium with a uniaxial dielectric tensor by employing an
EMT. By controlling the layer thicknesses and individual layer properties (carrier density for
doped semiconductors) the anisotropic optical response of these 1D metamaterials can be
engineered. The effective in- and out-of-plane permittivity for an HMM with arbitrary number of
layers (𝑖) with unit cell fill fraction 𝑓𝑖 and dielectric function 𝜀𝑖 (𝜔) is can be determined from the
following expressions.200
𝜀𝑥,𝑦 (𝜔) = ∑𝑖 𝑓𝑖 𝜀𝑖 (𝜔)

(2)

𝜀𝑧−1 (𝜔) = ∑𝑖 𝑓𝑖 𝜀𝑖−1 (𝜔)

(3)

It is most common for planar HMMs to utilize a simple two-material unit cell (metal and
dielectric). For these systems the effective in and out-of-plane permittivity simplifies to
𝜀𝑥,𝑦 (𝜔) = 𝑓𝜀𝑚 (𝜔) + (1 − 𝑓)𝜀𝑑 (𝜔)
𝜀𝑧 (𝜔) = 𝑓𝜀

𝜀𝑚 (𝜔)𝜀𝑑 (𝜔)
𝑑 (𝜔)+(1−𝑓)𝜀𝑚 (𝜔)

(4)
(5)

Where 𝑓 = 𝑡𝑚 /(𝑡𝑚 + 𝑡𝑑 ) is the filling fraction of the metal layer. 𝜀𝑚 (𝜔) and 𝜀𝑑 (𝜔) are the
dielectric functions of the metal and dielectric layers, respectively.
For the monolithic CdO HMMs, the layer with the higher plasma frequency (carrier
density) acts as the ‘metal’ and the layer with the lower plasma frequency acts as the ‘dielectric’.
Here it is assumed that the carrier distribution throughout the material follows a square wave
function. The dielectric functions of the high and low doped layers are calculated using the Drude
model along with previously reported values of the high frequency permittivity and effective mass.
From the calculated effective dielectric functions, the resultant optical response can be divided
into four different regions: effective metallic (𝜀𝑥,𝑦 (𝜔) & 𝜀𝑧 (𝜔) < 0), effective dielectric
(𝜀𝑥,𝑦 (𝜔) & 𝜀𝑧 (𝜔) > 0), Type I (𝜀𝑥,𝑦 (𝜔) > 0 & 𝜀𝑧 (𝜔) < 0), and Type II (𝜀𝑥,𝑦 (𝜔) < 0 & 𝜀𝑧 (𝜔) >
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0) hyperbolic. For a CdO HMM with a particular combination of carrier densities, at frequencies
less than the low-doped layer plasma frequency, the effective permittivity is negative in all
directions regardless of the filling fraction. In this effective metal regime, the CdO HMM is
capable of supporting propagating SPP modes at the CdO-air interface. Conversely, at frequencies
above the plasma frequency of the high-doped layer the effective dielectric function is always
positive regardless of the filling fraction. However, between the two plasma frequencies the optical
behavior is dependent on the fill fraction. When the high and low-doped layer thicknesses are equal
(𝑓 = 0.5), the real part of the effective dielectric functions cross through zero (and therefore
change signs) at the same frequency, resulting in no spectral separation between the Type I and II
hyperbolic bands. If the low-doped layer is thicker than the high-doped layer (𝑓 < 0.5) a region
of effective dielectric behavior opens up between the two hyperbolic bands. Alternatively, if the
high-doped thickness is greater than the low-doped film thickness (𝑓 > 0.5) a similar spectral band
of metallic behavior opens up between the hyperbolic bands. This is illustrated in effective
dielectric functions and phase diagram provided in figure 7.2c.

Figure 7.2: EMT-calculated in- (𝜀𝑥,𝑦 ) and out-of-plane (𝜀𝑧 ) real permittivity of CdO HMMs with 𝑓 = 0.3 (red line),
𝑓 = 0.5 (black line), and 𝑓 = 0.7 (blue line) are displayed in a) and b), respectively. The carrier densities of the high
and low-doped CdO layers are 𝑁𝑑 = 3𝑥1020 𝑐𝑚−3 and 𝑁𝑑 = 3𝑥1019 𝑐𝑚−3 . c) Phase-diagram of a CdO HMM with
the high and low-doped CdO layers of 𝑁𝑑 = 3𝑥1020 𝑐𝑚−3 and 𝑁𝑑 = 3𝑥1019 𝑐𝑚−3 . The dashed lines are the filling
fractions of the dielectric functions displayed in a) and b).

The accuracy of EMT is a reliant on the individual layer thicknesses being much thinner
than the polaritonic wavelength. Therefore, in the absence of carrier diffusion, quantum, and
nonlocal effects, the thinner the individual layers of the superlattice the less the optical response
deviates from EMT. For example, the reflectivity map in figure 7.3a shows the dispersion of the
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CdO HMM described in figure 7.2 with 𝑓 = 0.5 calculate using EMT. Owing to the low optical
losses of CdO, the hyperbolic modes extend to very large in-plane wavevectors (reciprocally to
extremely small polaritonic wavelength). If the effective medium were replaced with an equivalent
superlattice composed of 200 nm thick high and low doped CdO layers. Although the response at
low in-plane momentum is equivalent to the calculated dispersion of the effective medium, as the
dispersion extends to higher in-plane momentum (and polaritonic wavelength approaches the
thickness of the individual layers) the response deviates from the dispersion calculated using EMT.

Figure 7.3: a) Calculated reflectance maps for the structure shown in c) using EMT. b) Calculated reflectance map
of the structure in c) where 𝑡 = 200 𝑛𝑚.

7.2.2 Attenuated Total Reflectance Measurements of CdO Hyperbolic Metamaterials
As is described in section 1.2.3, there are two configurations for ATR measurements:
Kretschmann and Otto configuration. When using these techniques to excite surface polariton
modes it is necessary that there be a metal-dielectric interface at which the mode is supported. In
Kretschmann configuration the mode is launched on the film interface opposite the prism, whereas
in the Otto configuration the mode is supported in a dielectric gap between the prism and the film.
Of course, when taking into account films grown on substrates, which are often dielectric, a real
measurement could be a combination of both techniques.
Hyperbolic modes, on the other hand, are supported in the film bulk rather than at the
surface. For this reason, the evanescent extent of these modes is very small and coupling to
hyperbolic modes using the Otto configuration can only be done in very close proximity to the
HMM film surface. However, past work from our group has shown that hyperbolic polaritons in
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hBN flakes can be observed by placing a prism directly in contact with the flake using a Pike ATR
objective (Ge Prism).10 In the following sections we have taken a similar approach and measured
the CdO HMMs with the film directly in contact with the prism. Further, by employing an angledependent ATR rig (Pike Veemax) equipped with multiple prisms, CaF2 (𝑛~1.4 in MIR) and ZnSe
(𝑛~2.4 in MIR), we were able to map the polaritonic dispersion from 𝑘∥ ⁄𝑘𝑜 = 1 to 1.8.
Index matching liquid (IML) (𝑛 = 1.78 𝑎𝑡 𝜆 = 589 𝑛𝑚, Cargille) was used between the
prism and the film in order to ensure that optical contact was met. The refractive index of the IML
in the MIR can be calculated from the Cauchy dispersion formula 𝑛 = 𝐴 + 𝐵⁄𝜆2 + 𝐶 ⁄𝜆4 , with
the coefficients 𝐴, 𝐵, and 𝐶 can be found in data sheets provided by Cargille. The IML consists of
sulfur suspended in a diiodomethane solution. For this reason, there is polarization-insensitive IR
absorption associated with the diiodomethane that overlaps with our experimental data. In some
cases, these absorption features can be easily normalized out by taking the ratio 𝑅𝑝 ⁄𝑅𝑠 , such as
what was done in chapter 3 when measuring the dispersion of SPP-ENZ hybrid films. This was
allowed because no polaritonic response was expected in s-polarization and therefore the only
absorption in s-polarization would be due to the IML. However, since at low filling fractions the
HMM behaves as a dielectric, it is expected to support s-polarized waveguide-like modes that
overlap in frequency with p-polarized modes. Therefore, we were not able to avoid these
absorption features when plotting the dispersion for these hyperbolic films. Figure 7.4, shows a
spectrum of the IML with sapphire and Au as the backplane.

Figure 7.4: a) Kretschmann ATR measurement of the IML with a sapphire (black) and Au (red) backplane b) Diagram
of measurement.

135

7.2.3 Role of CdO Hyperbolic Metamaterial Thickness
In order to determine the tunability of these CdO HMMs, several films of varying carrier
densities, fill fractions, and overall thicknesses were grown and characterized using polarized ATR
measurements as described in the previous section. The parameters of these films are summarized
below in Table 7.1. The focus of this section will be on verifying the hyperbolic behavior within
these CdO HMMs and discussing the role of the overall HMM thickness on the hyperbolic modes.
In the sections that follow, we will demonstrate tunability through changes to the carrier densities
and relative thicknesses of the low- and high-doped layers.
Table 7.1: Parameters of CdO HMM Films

High –
Sample #

Low –

High –

Low –

Doped

Doped

Filling

Thickness

Thickness

Fraction

[𝒏𝒎]

[𝒏𝒎]

Overall

Doped 𝑵𝒅

Doped 𝑵𝒅

[𝒄𝒎−𝟑]

[𝒄𝒎−𝟑]

1 (Y)

𝟐. 𝟒𝒙𝟏𝟎𝟐𝟎

𝟗𝒙𝟏𝟎𝟏𝟗

50

50

0.5

1

2 (In)

𝟑𝒙𝟏𝟎𝟐𝟎

𝟑𝒙𝟏𝟎𝟏𝟗

100

100

0.5

1

3 (In)

𝟑𝒙𝟏𝟎𝟐𝟎

𝟑𝒙𝟏𝟎𝟏𝟗

100

100

0.5

1.5

4 (In)

𝟑𝒙𝟏𝟎𝟐𝟎

𝟑𝒙𝟏𝟎𝟏𝟗

140

60

0.7

1

5 (In)

𝟑𝒙𝟏𝟎𝟐𝟎

𝟑𝒙𝟏𝟎𝟏𝟗

60

140

0.3

1

(Dopant)

Thickness
[𝝁𝒎]

The in- and out-of-plane dielectric functions of a CdO HMM stack with alternating
3𝑥1019 𝑐𝑚−3 (low-doped) and 3𝑥1020 𝑐𝑚−3 (high-doped) layers (2 and 3 from Table 7.1) and a
fill fraction of 𝑓 = 0.5 can be calculated using EMT (see figure 7.2). Note that the resultant
dielectric function is significantly different than what would be expected if the carrier densities of
the individual layers were simply averaged instead. Namely, if the optical properties of the
homogenous film were an averaging of the contributions of the individual layers then the dielectric
tensor would be isotropic with all components following the Drude dispersion, resulting in the film
supporting an SPP mode alone. Instead, the engineered anisotropy results in Type II and Type I
hyperbolic resonances being supported from 2450 cm-1 to 3750 cm-1 and 3750 cm-1 to 4600 cm-1,
respectively.
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The hyperbolic behavior of these modes is evident from their polaritonic dispersion, which
we have measured using angle-resolved ATR measurements (Figure 7.5a). Here, we again observe
five modes. First, we see one Type II hyperbolic mode with a dispersion that blueshifts slightly at
high in-plane momentum. If the dispersion were expended to even higher momentum, additional
higher-order modes are expected to emerge similar to what is shown in Figure 7.3a of the previous
section. Although we were able to observe the lowest order Type II mode begin to blue shift, we
were unable provide sufficient auxiliary momentum to excite higher-order Type II hyperbolic
modes in ATR measurements. However, by patterning these HMM films into arrays of resonators
a further compression of the free-space wavelength and observation of high-order Type II modes
can be observed. This will be the subject of future work. We also see four Type I modes, which
disperse negatively with increased in-plane momentum.
Owing to the waveguide-like nature of hyperbolic modes, the propagation direction and
frequency of hyperbolic modes are both tied to the thickness of the hyperbolic medium. Therefore,
by changing the overall thickness of the CdO HMM, while keeping the fill fraction and carrier
densities the same, the Type I and II modal locations are expected to shift within their respective
bands. Indeed, this is what we observed in ATR measurements (Figure 7.5a) of a CdO HMM with
an identical unit cell to the 1.5 𝜇𝑚 film, but with an overall thickness of 1 𝜇𝑚 (2 from Table 7.1).
The direction that the Type I and Type II modes shifts with increased overall thickness is consistent
with the group velocity of the different modes. Note that as the carrier densities of the constituent
layers and fill fraction of these two films are the same, the phase diagrams (and ultimately the
dielectric tensor) of these two films are identical. Therefore, the spectral locations and ranges of
the Type II and Type I bands are not expected to change. In addition to the spectral shifts observed
in the polaritonic dispersion, the thinner film is also shown to support one fewer Type I mode
which is consistent with the thickness dependence calculated using TMM.
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Figure 7.5: a) Dispersion of film in c) with 𝑡𝐻𝑀𝑀 = 1.5 𝜇𝑚. b) Thickness dependence at constant angle
(𝑘∥ ⁄𝑘𝑜 = 1.37). The contour plots were calculated using TMM and the data points are from measurements.

7.2.4 Carrier Density Tunability of CdO Hyperbolic Metamaterials
In this section we will determine the role of the individual layer carrier densities in setting
the ranges of the Type II and Type I hyperbolic bands. In order to explore the carrier density
dependence on hyperbolic dispersion, two HMMs were grown (1 and 2 in Table 7.1) with identical
overall thicknesses and fill fractions (1 µm, 𝑓 = 0.5), but with varying individual layer carrier
densities. The low- and high-doped layer carrier densities and thicknesses are defined in Table 7.1.
Again, at this fill fraction the bandwidth of the Type II and Type I hyperbolic bands is maximized
since there is no region of effective dielectric (𝑓 < 0.5) or metallic (𝑓 > 0.5) response between
the bands.
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In the limit as 𝑓 → 0, both the in- and out-of-plane components of the dielectric tensor will
take on the dielectric function of the low-doped (‘dielectric’) layer alone 𝜀𝑥,𝑦 (𝜔) = 𝜀𝑧 (𝜔) =
𝜀𝑑 (𝜔). Therefore, in this limit the film does not exhibit hyperbolic behavior and the metal-todielectric transition frequency is set by the plasma frequency of the low-doped layer. At non-zero
fill fractions, the plasma frequency of the low-doped layer instead denotes the transition from the
effective metal to the Type II hyperbolic regime (see Figures 7.6c and 7.6d). Therefore, by
increasing (decreasing) the low-doped layer carrier density this transition will occur at a higher
(lower) frequency. Note that this transition is set by the low-doped plasma frequency alone, and is
therefore not impacted by the high-doped layer plasma frequency. The onset of Type II hyperbolic
modes is identified by a highly absorptive feature in the spectral dispersion due to the large PDOS
at the effective metal-Type II phase boundary (See reflectance maps in Figure 7.6a and 7.6b). As
was discussed in the previous section, as 𝑘∥ is increased these modes will blue shift, a result of
𝑣𝑔 > 0 for Type II modes, and higher-order modes will emerge in the polaritonic dispersion. As
the carrier density is increased in the low-doped layer from 3𝑥1019 𝑐𝑚−3 to 9𝑥1019 𝑐𝑚−3 , the
transition from effective metal to Type II hyperbolic blueshifts from 1750 𝑐𝑚−1 to 3000 𝑐𝑚−1.
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Figure 7.6: a) Dispersion relation of sample #2 from table 7.1 (𝑁 = 3𝑒19⁄3𝑒20 𝑐𝑚−3 ). a) Dispersion relation of
sample #1 from table 7.1 (𝑁 = 9𝑒19⁄2.4𝑒20 𝑐𝑚−3 ). Contour plots are from TMM calculations and the measured
values are included as data points overlaying the contour plots.

If instead 𝑓 → 1, all dielectric tensor components would converge to the high-doped layer
dielectric function 𝜀𝑥,𝑦 (𝜔) = 𝜀𝑧 (𝜔) = 𝜀𝑚 (𝜔) and therefore the transition from metal to dielectric
would occur at the high-doped layer plasma frequency (see phase diagram in Figure 7.2c).
However, as the fill fraction is decreased the high doped layer plasma frequency would instead
mark the transition from the Type I hyperbolic band to dielectric behavior. Therefore, the high
frequency cut off of the Type I band is not impacted by the low-doped layer plasma frequency and
can be controlled independently by changing the carrier density of the high-doped layer. This is
verified in our ATR measurements where the upper bound of the Type I band is shows a strong
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correlation to the high-doped layer carrier density, increasing from 4250 cm-1 for sample #1
(Figure 7.6b), to 4750 cm-1 for sample #2 (Figure 7.6a). Note that at large (small) fill fractions the
outsized influence of the high (low)- doped layer results in Type II (Type I) hyperbolic modes not
being supported.
For an HMM film with 𝑓 = 0.5, the transition from Type II to Type I hyperbolic bands
marks the frequency at which the in- and out-of-plane components of the dielectric tensor change
in sign. Therefore, the frequency of this transition can easily be determined by calculating the
frequency of the zero crossing of the in-plane dielectric function 𝜀𝑥,𝑦 (𝜔) = 0. From equation 4, it
is clear that this condition is met at an average of the low- and high-doped layer plasma frequencies
𝜔𝑝(𝑥,𝑦) = 0.5[𝜔𝑝,𝑑 + 𝜔𝑝,𝑚 ]. At fill fractions above and below 𝑓 = 0.5, both hyperbolic bands
contract giving way to an effective metal or effective dielectric band, respectively. These regions
will be discussed further in the following section.
Finally, the individual layer thicknesses within all of the fabricated CdO HMMs are deeply
subwavelength while also being much thicker that the carrier depletion/accumulation layer (~5
nm) that forms at the CdO interfaces. Therefore, the hyperbolic behavior of the CdO HMM films
is not impacted by the change in layer thickness seen here. Samples #2 (Figure 7.6a) was grown
with 10 individual layers with thicknesses of 100 nm, giving a total thickness of 1 µm. Sample #1
(Figure 7.6b), on the other hand, had an overall thickness that was the same (1 µm) but consisted
of 20 total layers with thicknesses of only 50 nm. In both cases, the measured dispersion agrees
very well with TMM calculations of a CdO HMM with a dielectric function calculated using EMT.
We discussed the breakdown in EMT as a result of increased layer thicknesses in section 7.2.1.
7.2.5 Filling Fraction Tunability of CdO Hyperbolic Metamaterials
In the previous section we demonstrated that broad spectral tunability of hyperbolic
behavior can be achieved in CdO HMMs through changes to the individual layer carrier densities.
Namely that the lower bound of the Type II and upper bound of the Type I hyperbolic bands can
be controlled by tuning the low-doped and high-doped CdO layer carrier densities. Although the
carrier densities differed between samples, the overall film thickness and the fill fraction were kept
constant (𝑓 = 0.5). Therefore, as described in the previous section, there was a direct transition
from Type II to Type I hyperbolic bands at the average plasma frequency of the two layers
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(𝜔𝑝(𝑥,𝑦) = 0.5[𝜔𝑝,𝑑 + 𝜔𝑝,𝑚 ]). However, when the low- and high-doped layer thicknesses are not
equal, a spectral range of anisotropic dielectric or anisotropic metallic behavior opens up within
the dispersion of the HMM. In this section we discuss the properties of these two regions. Note
that there is a cut off for Type II hyperbolic modes at high fill fractions (𝑓 > 0.92) and for Type I
hyperbolic modes and low fill fractions (𝑓 < 0.08) which is due to optical losses within the HMM.
In the absence of losses, both hyperbolic bands would extend across the phase diagram and
therefore be supported for all fill fractions besides 𝑓 = 0 and 𝑓 = 1.
The out-of-plane dielectric function of a CdO HMM is represented by a single Lorentzian
that manifests between the plasma frequencies of the two individual layers, very similar to the
dispersive behavior near the optic phonons of polar dielectrics. The Type II hyperbolic band is a
result of the increasing, positive region of 𝜀𝑧 (𝜔) overlapping with a negative range of 𝜀𝑥,𝑦 (𝜔).
When the low-doped layer thickness is greater than the thickness of the high-doped layer, the
Lorentzian in 𝜀𝑧 (𝜔) blueshifts whereas the zero crossing of 𝜀𝑥,𝑦 (𝜔) redshifts, resulting in the
emergence of an effective anisotropic dielectric region. Within this region, the HMM film supports
both s- and p-polarized slab waveguide modes. Further, frequency tunable Mie resonances can
potentially be supported in subwavelength resonators fabricated using focused ion beam milling
or a lithographic approach. Huygens modes could potentially be supported in these structures
through careful control over the aspect ratio, resulting in near-unity absorption/emissivity as has
been shown for 3C-SiC resonators in the highly dispersive spectral range just below the TO
phonon.161
In order to confirm the expected dielectric behavior within CdO HMMs with 𝑓 < 0.5, we
grew a sample with a low-doped carrier density of 3𝑥1019 𝑐𝑚−3 and thickness of 140 nm, and
high-doped layer carrier density of 3𝑥1020 𝑐𝑚−3 and thickness of 60 nm (Sample #5 from table
7.1). Therefore, the carrier densities of the individual layers and the overall HMM thickness is the
same as sample 2, however the fill fraction is reduced to 𝑓 = 0.3. We then collected the s- and ppolarized dispersion using ATR. In p-polarization, the absorption feature at the effective metalType II transition occurs at nominally the same frequency as what was seen in the 𝑓 = 0.5 film,
as expected. We also observe 1 Type I hyperbolic resonances, 1 fewer than the 𝑓 = 0.5 due to the
reduction in the bandwidth. In s-polarization, we observe one dielectric resonances within the
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spectral range separating the hyperbolic bands. (Figure 7.7a) The hyperbolic and dielectric
resonances are labelled on the figure.

Figure 7.7: a) s- (black line) and p- (red line) polarized ATR measurements showing resonances supported in the
dielectric regime of a CdO HMM with 𝑓 = 0.3. The effective dielectric function of this film is displayed in c). b) p(red line) polarized ATR measurements showing resonances of a CdO HMM with 𝑓 = 0.7. The response between the
Type II and Type I hyperbolic band is featureless (besides the absorption from the IML). The effective dielectric
function of this film is displayed in d).

If instead the thickness of the high-doped layer were larger than the thickness of the lowdoped layer, there would be a region within the dispersion of effective metallic behavior separating
the Type II and Type I band. In this region, hyperbolic and dielectric resonances would not be
supported. However, for sufficiently thin films (𝑡𝑓𝑖𝑙𝑚 < 1 𝜇𝑚), propagating SPP modes are
supported at the HMM-air interface. These can be observed in ATR measurements where the
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HMM film is face-up and the substrate is in contact with the prism (see section 7.2.6). If instead
the film was measured with the HMM in contact with the prism, the effective metallic region of
the dispersion would be featureless (Figure 7.7b). Here we measured an HMM with the same
overall thickness (1 𝜇𝑚) and low- and high-doped layer carrier densities, but with a fill fraction of
𝑓 = 0.7 (Sample #4 in table 7.1). The behavior within the Type II and Type I hyperbolic bands
remains nominally the same as for the 𝑓 = 0.3 film (See Figure 7.7a), however as was stated before
the effective metal regime (spanning from 3100 cm-1 to 4450 cm-1) is featureless.
7.2.6 Surface Plasmon Polariton – Hyperbolic Plasmon Polariton Strong Coupling
Throughout this chapter we have been measuring these CdO HMM films in Kretschmann
configuration ATR measurements by placing the HMM directly in contact with the prism
(substrate facing away from the prism). If instead the ATR measurements were performed with
the substrate in contact with the prism (CdO facing away from prism, Figure 7.8d), an interesting
change to the resultant dispersion is observed. Namely, in addition to supporting volume-confined
hyperbolic modes the CdO HMM also supports an SPP mode at the HMM-air interface. In an
isotropic system where 𝜀𝑥 , 𝜀𝑦 , 𝜀𝑧 = 𝜀∥ , the dispersion of this mode would follow that expected of
an SPP mode 𝑘∥ = 𝑘𝑜 √𝜀

𝜀∥

. However, due to the anisotropy of the CdO HMM, strong coupling

∥ +1

is observed between the SPP and Type II hyperbolic modes with an anticrossing emerging at the
effective metal-Type II phase boundary (Figure 7.8). A similar interaction is expected in the ATR
configuration used in the other sections of the chapter (prism-CdO HMM-substrate), however due
to the decreased slope of the light line in the sapphire substrate the spectral overlap of the SPP
mode with the hyperbolic modes would be decreased and the anticrossing would occur at much
higher momentum.
We provide an example of SPP-Type II hyperbolic strong coupling in Figure 7.8, where an
anticrossing is observed in the calculated polaritonic dispersion of a CdO HMM film with an
overall thickness of 500 𝑛𝑚. For the films studied earlier in this chapter, the upper branch in the
polaritonic dispersion (within the Type II band) is easily observed whereas the lower branch (in
the effective metal regime) is weak. This is due to the bare SPP mode being difficult to excite in
such a thick film (> 1 𝜇𝑚), therefore by decreasing the overall thickness of the film to 500 𝑛𝑚,
both branches are easily discernable in the polaritonic dispersion (Fig. 7.8b).
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Figure 7.8: a) Dispersion calculated in face-down geometry (c)). b) Calculated dispersion in the face up geometry
(d)).

7.3 Conclusions
In this chapter single-material, homoepitaxial CdO HMMs were grown and characterized
using ATR measurements. These HMMs were shown to be highly tunable throughout the MIR
through changes to the layer thicknesses and carrier densities. In the Kretschmann configuration
measurements we employed to study these films, we are limited by the optical contact between the
prism and the sample. Therefore, for the measured range of in-plane wavevectors only one Type
II hyperbolic mode was observed. In order to extend the higher in-plane momentum, and therefore
achieve additional compression of the free-space wavelength, confined hyperbolic modes in
patterned HMMs will be investigated. Initial simulation and experimental results indicate that this
would result in multiple higher-order Type II resonances being supported. A study of these 3Dconfined modes in all-CdO HMMs is currently underway.
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Chapter 8
8. Conclusions and Future Directions
8.1 Conclusions
The goal of this dissertation was to demonstrate novel approaches towards achieving both
spectral and spatial control over thermal emission. My hope is that the work presented here can be
used as a tool for future students working on similar projects. In Chapter 2, we outlined multiple
methods of extracting the optical properties of materials that would be useful for polaritonic
applications. More specifically, we utilized VASE and FTIR measurements to determine the
carrier density-driven changes to the dielectric function and optical properties of n-doped CdO.
We then used FTIR micro-spectroscopy to determine the dielectric function of HfS2. This
technique allowed us to restrict our collection area, therefore limiting the non-idealities that would
be present in bench FTIR measurements. Determining accurate dielectric functions is incredibly
important for modelling polaritonic structures making this analysis very useful for future students.
In Chapter 3 we shift our focus to polaritonic strong coupling in multilayer films. Here, we
demonstrate that by taking advantage of the high degree of carrier confinement in as-grown CdO
multilayer films that an UID CdO layer can be used to provide spatial separation between an SPPsupporting CdO layer and an ENZ-supporting CdO layer. The UID layer can also be incorporated
as a coating layer, perturbing the dielectric environment above a CdO bilayer film and increasing
the ENZ absorption. This grants additional tunability over the SPP-ENZ dispersion which we
outline in Chapter 3. We also provide a theoretical study of SPhP-ENP and SPP-ENZ-ENP strong
coupling in InAs-GaSb and InAs-AlSb heterostructures and discuss the impacts of the InAs carrier
density and GaSb/AlSb thickness on the hybrid dispersion. In Chapter 4, we provide a theoretical
study of strong coupling between the monopole, ENZ, and ENP modes in InAs-AlSb nanostructure
arrays. In this chapter we also determine the effects strong coupling has on the angle-resolved
absorption, and therefore through Kirchhoff’s law the angle-dependent thermal emission.
In Chapter 5, we characterized the angle-dependent thermal emission of a NIREM
consisting of an ENZ-supporting CdO layer deposited onto a PSS. Here, we demonstrated that the
PSS allows for the efficient outcoupling of the ENZ mode to free space, therefore enabling high,
unpolarized and narrowband emission directed normal to the surface. The device was designed for
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filterless NDIR sensing of CO2, emitting at one of the molecular vibrational frequencies of CO2.
We then provide a proof-of-concept CO2 detection experiment, demonstrating that our NIREM
performs similarly to the conventional NDIR scheme (Blackbody plus filter). In Chapter 6, we
used a stochastic gradient descent optimization technique to design aperiodic Tamm plasmonsupporting films with broadly tunable emissivity. Here, we experimentally demonstrate Tamm
plasmon thermal emitters featuring single and multiple peak emission with significant control over
the spectral positions and linewidths, even with DBR stacks with very few layers (≤ 7). We
demonstrate that these emission peaks can be designed to overlap spectrally with peaks in the
absorption spectra of gases such as CO2 and N2O, and can therefore be used for filterless NDIR
demonstrations. Further, we explore more advanced designs which are capable of matching to nontrivial target spectra, such as achieving a strong match to the absorption spectra of a greenhouse
gases, achieving extremely high Q-factors (> 10000), and multi-peak spectra with significantly
different Q-factors. Finally, in Chapter 7 we investigated hyperbolic behavior in homoepitaxially
grown CdO superlattices. We also demonstrated significant tunability over the hyperbolic modes
through changes to the carrier densities of the CdO layers and the filling fraction. Using
Kretschmann configuration ATR measurements we observed both types of hyperbolic modes as
well as dielectric, waveguide-like modes in the dielectric regime of a CdO HMM with a low filling
fraction. In all cases, the hyperbolic behavior agreed very well with EMT calculations.
8.2 Future Directions
In Chapter 3 (section 3.3), we provided a theoretical study of SPhP-ENP and SPP-ENZENP strong coupling in InAs-AlSb and InAs-GaSb heterostructures. These calculations were
performed in the Otto configuration at a constant air gap distance. However, as was stated in
chapter 3, the evanescent extent of the hybrid modes is dependent on the in-plane wavevector
being probed within the polaritonic dispersion. Put another way, the evanescent extent of the
hybrid modes is tied to the mixing fractions (Hopfield coefficients) of the hybrid modes. Therefore,
a multi-angle, gap-dependent study would be an interesting next step in understanding the
character of the hybrid modes.
In Chapter 4, we provided a theoretical study of strong coupling between a monopole mode
supported by an InAs pillar on an InAs substrate and the ENZ and ENP modes of a thin AlSb layer.
Due to the angular dispersion of the monopole mode and the nominally non-dispersive behavior
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of the ENP and ENZ modes, the strong coupling between the modes allows for control over the
angular dispersion of the hybrid modes. The immediate next step would be to demonstrate this
concept experimentally. Further, as was stated in the chapter 4, this analysis can be easily extended
to other material systems such as SiC and AlN which have overlapping Reststrahlen bands, InAs
and GaSb, and multilayer CdO films. Finally, InAs-AlSb and InAs-GaSb heterostructures have
been used in the past to achieve multiple quantum wells. It is conceivable that these structures can
be imbedded into the InAs pillar, taking the place of the single AlSb layer. Due to the large
oscillator strength associated with intersubband transitions, strong coupling can potentially be
achieved between the monopole and intersubband transitions granting control over the radiation
pattern.
Finally, in Chapter 6 we realized a powerful approach of achieving lithography-free,
widely tunable, narrowband thermal emitters through the inverse design of aperiodic Tamm
plasmon films. Although we experimentally and theoretically realized significant control over the
emissivity, we were only focused on emission directed normal from the film surface. In the future,
we would like to extend our focus to engineering the full angular emission profile, allowing us to
demonstrate control over the spatial coherent of the thermal emission from these structures. To
this effort, we seek to utilize concepts from metasurface design in order to achieve additional
control over the radiation pattern of thermal emission by structuring the metal film in the metalon-top geometry. We will also investigate potential routes towards active tunability of these Tamm
plasmon devices by incorporating phase change and ferroelectric materials into the DBR stack.
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Appendix A
Parameters of Tamm Plasmon Films Designed Using Inverse Design
A.1 Matching the absorption spectra of O3, CH4, and NH3
In chapter 6 we demonstrated TPP-EMs that matched the absorption spectra of N2O, NO,
and DMMP nerve agent. In those examples, we used the absorption spectrum itself as the target
spectrum. However, in most cases matching to the exact shape of the absorption peaks adds
unnecessary complexity and realizing an emitter with emission lobes at the absorption frequencies
is sufficient. Further, in some cases the absorption features cannot be matched if the absorption
spectrum is used as the target. For example, the absorption spectra of O3 features a slope in the
absorption and CH4 and NH3 feature numerous sharp peaks. However, if instead we use envelope
spectra that encapsulates the sharp peaks or adjust for the slope in the absorption, we can match to
the absorption peaks with great success. The parameters (film thicknesses and CdO carrier
densities) of these films are provided in section A2.

Figure A1: a) Matching CO. (b-d) Matching the envelope spectra of O3, CH4, and NH4 respectively.
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A.2 Parameters of Tamm Plasmon Emitters
Here we provide the parameters of the advanced TPP-EM designs from Figures 6.5, 6.7,
and A1. As was described in chapter 6, these designs consisted of a 29 layer DBR deposited on a
CdO bilayer. In all of the designs, the first and last layers in the DBR are Ge. The arrays below
contain the thicknesses of all of the layers starting with the Ge top layer and ending with the top
layer in the CdO film. The CdO carrier concentration is constrained between 0.2 and 12.0 e+20
cm-3, which is the range that has been demonstrated in literature. The layer thickness is constrained
between 3 nm and 2500 nm. The substrate is fixed to CdO with the carrier concentration of 12.0
e+20 cm-3 (plasma frequency=7800 cm-1), so that we ensure there is no transmission.
High-Q in Fig. 6.7a:
[705

681

543

854

787

872

1073

1415

1491

1120

1133

1902

1702

2396 2563

2146

2051

2066

2447

2630

2141

1979

2351

2430

1945

2291

2308 2460

1920

2500 (C.C.=1.02e+20 cm-3)]

Multi-peak in Fig. 6.7b:
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LWIR to telecommunication in Fig. 6.7c:
[476

345

258

261

455

399

297

176

458

447

355

407

286

467

433

332

447

316

286

360

395

250

283

290

366

326

454

307

437

324 (C.C.=6.3 cm-3)]

Emissivity matching NO in Fig. 6.7d:
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Matching DMMP nerve agent in Fig. 6.5a with CdO:

150

[19

1385

270

411

770

351

603

111

553

759

583

206

480

213

876

457

1095

289

459

754

224

359

722

491

200

1009

898

1364

140

1713 (C.C.=0.29 cm-3)]

Matching DMMP nerve agent in Fig. 6.5a with gold (substrate is gold):
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Matching CO in Fig. A1a:
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Matching O3 envelope in Fig. A1b:
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Matching CH4 envelope in Fig. A1c:
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Matching NH3 envelope in Fig. A1d:
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Appendix B
Angle Resolved Thermal Emission and Gas Cell Measurements
B.1 Angle Resolved Thermal Emission Measurements
Thermal emission was measured using a Bruker Vertex 70v FTIR along with a custom
external thermal emission setup. An image of the thermal emission setup is included in the
supporting information. The sample was mounted on a vertically-oriented hot plate equipped with
a Venturi vacuum. Using a combination of micrometers and servo motors, this hot plate grants five
degrees of freedom including xyz- position control as well as polar and azimuthal angle control.
An aperture was placed in the beam path between the hot plate and a focusing parabolic mirror
with the purpose of limiting the detected solid angle to an approximate 0.5 cm diameter spot size,
limiting emission that could be from the hot plate. A schematic showing the beam path for the
angle-dependent thermal emission measurements can be found in Fig. B1 of the supporting
information. The emission from the sample was then guided and collected through a KBr window
and into the FTIR internal beam path. For polarized thermal emission measurements, a Ge
polarizer was placed in the beam path between the mirror and pinhole (location noted in Fig. B1)
and measurements were conducted as is described for the unpolarized measurements. In this
configuration the emitted signal passes through the interferometer block, taking the place of the
spectrometer’s internal broadband source which is turned off. The signal was measured using an
IR labs mercury-cadmium-telluride (MCT) detector. In order to calculate angle-dependent
emissivity, thermal emission measurements were taken at every 10˚ from 0˚ to 80˚ for the CdO
devices at 250˚C. These measurements were then compared to the thermal emission measured
from an emissivity standard at the same temperature and angle of emission. We used 500 µm tall
vertically aligned carbon nanotubes (VACNTs) grown on a Si substrate from an Fe-nanoparticle
catalyst, grown by Nanotechlabs Inc., as an emissivity standard (𝜖~0.97). These VACNTs provide
a high, consistent value for emissivity that is spectrally flat throughout the IR and stable with
temperature. The signal collected by the MCT detector in these measurements contains the
emission from both the sample as well as the internal optics of the FTIR.
𝑀(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆, 𝜃) = 𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)[𝑆(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝜆, 𝜃) + 𝐺(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)]
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(1)

Here 𝑀 is the total measured signal, 𝑅 is a response function for the internal and external optics,
𝑆 is the signal originating from the sample and 𝐺 is the ‘background’ emission from the internal
optics. Thus, in order to isolate the signal from the sample, a background measurement was taken
by placing a gold mirror in the beam path in front of the hot plate. The resulting spectrum is a
product of the response function 𝑅 with the background emission 𝐺. Once the sample, emissivity
standard and background emission have been measured we can rearrange equation (1).
𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)𝑆𝑠𝑎𝑚𝑝𝑙𝑒 (𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝜆, 𝜃) = 𝑀𝑠𝑎𝑚𝑝𝑙𝑒 (𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆, 𝜃) −
𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)𝐺(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)

(2)

𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)𝑆𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝜆, 𝜃) = 𝑀𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆, 𝜃) −
𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)𝐺(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝜆)

(3)

The response function can be normalized out by taking the ratio of equation (2) to (3) and the
emissivity relative to the standard can be determined.
𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 ,𝜆)𝑆𝑠𝑎𝑚𝑝𝑙𝑒 (𝑇𝑠𝑎𝑚𝑝𝑙𝑒 ,𝜆,𝜃)
𝑅(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 ,𝜆)𝑆𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (𝑇𝑠𝑎𝑚𝑝𝑙𝑒 ,𝜆,𝜃)

𝑆𝑠𝑎𝑚𝑝𝑙𝑒 (𝑇𝑠𝑎𝑚𝑝𝑙𝑒 ,𝜆,𝜃)

=𝑆

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (𝑇𝑠𝑎𝑚𝑝𝑙𝑒 ,𝜆,𝜃)

= 𝜀(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 , 𝜆, 𝜃)

(4)

Note that this technique is much quicker than the conventional approach to measuring emissivity
using FTIR and allows for multiple background measurements to be taken throughout the day.
Therefore, fluctuations in the ambient temperature can be accounted for readily.
B.2 Gas Cell Measurements
Transmission measurements of several concentrations of CO2 were performed using a
Bruker Vertex 70v FTIR along with a Pike short-path gas cell with KRS5 windows. Just as with
the angle dependent thermal emission measurements, the CdO PSS NIREM or the VACNT
blackbody standard was used in lieu of the globar source in the FTIR. The beam path for these
measurements is shown in Fig. B1 of the supporting information. Here our sample is placed on a
temperature controller located at a backport of the FTIR. The sample was heated to 250˚C and the
emission was directed into the FTIR at an angle normal from the sample surface. The gas cell was
placed in the sample compartment of the FTIR which was under a constant N2 purge. The
remainder of the FTIR bench was also under a constant N2 purge. The gas cell is equipped with 4
ports, 2 external ports for N2 purging of the areas outside of the gas cell windows and 2 internal
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(inlet and outlet) ports for supplying gas to the gas cell. The gas cell was initially purged with N 2
until the spectrum from the sample reached a steady state. The gas cell was then sealed (outlet
valve shut) and a background transmission measurement was recorded under N2 purge. We then
opened the outlet valve and used CO2/N2 mixture calibration gases with varying CO2
concentrations from GASCO to fill the gas cell. As with the background spectrum, we allowed the
CO2/N2 calibration gas to flow until the spectrum reached a steady state and then closed the outlet
valve and proceeded to collect our measurement.

Figure B1: a) Experimental setup showing external, angle-dependent thermal emission rig. b) Backport for angular
rig as well as external backport thermal emission device used for gas cell measurements. Both diagrams are not drawn
to scale.
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