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First-Principles Calculations of Optoelectronic and Transport Properties of
Materials for Energy Applications
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Modern semiconductor technology and nanoengineering techniques enable rapid
development of new materials for energy applications such as photovoltaics, solid-
state lighting, and thermoelectric devices. Yet as materials engineering capabil-
ities become increasingly refined, the space of controllable properties becomes
increasingly large and complex. Selecting the most promising materials and pa-
rameters to focus on represents a significant challenge.

We approach this challenge by applying state-of-the-art predictive first-
principles calculation methods to guide research and development of materials
for energy applications. This work describes our first-principles investigations
of nanostructured group-Ill-nitrides for solid-state lighting applications and bulk
titanium dioxides for thermoelectric applications.

We demonstrate several remarkable properties of nanostructured group-III-
nitrides. In InN nanowires with diameters on the order of 1 nm, we predict that
quantum confinement shifts optical emission into the visible range at 2.3 to 2.5 eV
(green to cyan) and results in a large exciton binding energy of 1.4 eV. These find-
ings offer a new approach to addressing the ”green-gap” problem of low efficiency
in solid-state lighting devices emitting in this part of the spectrum. In ultra-thin
GaN-AIN quantum wells, we show how to adjust the well and barrier thicknesses
for tuning the optical gap in the deep ultraviolet range between 3.85 and 5.23 eV.
Furthermore, we predict that quantum confinement in ultra-thin GaN wells results
in large exciton binding energies between 80 and 210 meV and enhances radiative
recombination by reducing the exciton lifetime to as short as approximately 1 ns
at room temperature. These findings highlight the capability of quantum-confined
group-Ill-nitrides to improve the efficiency and utility of visible and ultraviolet
solid-state light emitters.

Additionally, we calculate the n-type thermoelectric transport properties of
the naturally occurring rutile, anatase, and brookite polymorphs of TiO, and pre-
dict optimal temperatures and free-carrier concentrations for thermoelectric en-
ergy conversion. We also predict a theoretical limit on the figure of merit ZT'
of 0.93 in the rutile polymorph, demonstrating that TiO, can potentially achieve
thermoelectric energy conversion efficiency comparable to that of commercialized
thermoelectrics.



CHAPTER 1

Introduction

Solid-state energy conversion technologies enjoy increasingly wide deployment throughout
the world, improving global energy efficiency and quality of human life. Optoelectronic
devices such as light emitting diodes and laser diodes are ubiquitous in modern electronics
and communication technology, and thermoelectric devices offer a clean way to recycle
the vast amount of human-generated waste heat as useful electrical power. While the basic
principles behind these technologies have been understood for decades, recent advances
in semiconductor processing and device fabrication were required to make solid-state op-
toelectronics and thermoelectrics viable technologies for widespread use. Yet significant
challenges remain. The efficiency of light emitting diodes suffers at certain wavelengths
and under high-power, while researchers struggle to identify thermoelectric materials that
are cost-effective for all but the most specialized applications. We approach these chal-
lenges by utilizing predictive first-principles calculations of material properties. This en-
ables us to predict unknown properties of novel materials and gain theoretical insight into
properties of existing materials. We aim to use this capability to guide research and de-
velopment of solid-state energy conversion technologies. Our findings and conclusions in
this regard for group-IlI-nitride-based optoelectronics and titanium oxide-based thermo-

electrics are the subject of this work.



1.1 Group-III nitrides for solid-state light sources

The group-I1II nitrides (AIN, GaN, and InN) are technologically important semiconductors
for solid-state sources of visible and ultraviolet (UV) light. Applications include high-
efficiency visible light emission,[3] germicidal sterilization,[4] and optical data storage.[5]
All three materials have direct electronic band gaps, ranging from 6.2 eV in AIN to 3.4 eV
in GaN to 0.7 eV in InN, and form a continuous alloy system. In principle, these features
enable synthesis of IlI-nitride alloys with band gaps tunable across this energy range by
adjusting the alloy composition.

This alloying approach has been widely adopted for the development of III-nitride visi-
ble and UV light-emitting diodes (LEDs) and laser diodes. [6, 3, 7] However, alloying leads
to materials issues that limit the efficiency of optoelectronic devices. Composition fluctua-
tions in InGaN alloys limit the efficiency of blue and green LEDs,[8] and high Al content
in AlGaN alloys leads to poor light extraction efficiency in UV LEDs.[9, 10] Moreover,
[II-nitride LEDs are typically grown on lattice-mismatched sapphire or SiC substrates. The
resulting strain introduces dislocations and limits the amount of solute cation that can be
incorporated into the alloy while preserving good crystallinity. Addtionally, in the com-
mon wurtzite structure of III-nitrides, this strain gives rise to polarization fields in epitaxial
layers grown along the c-axis.[11] These polarization fields separate the electron and hole
wave functions, enhance Auger recombination, and reduce the radiative efficiency, con-
tributing to efficiency droop suffered at high injection current densities[12, 13, 14] Ongoing
development of III-nitride growth along non-polar directions shows promise for mitigating
these detrimental effects of polarization fields.[15, 16]

Effective p-type doping of IIl-nitride materials is another significant challenge. Dis-
covery of methods for p-type doping of GaN was such a major breakthrough for III-
nitride optoelectronics that it was recognized with the 2014 Nobel Prize in Physics.[17, 18]
Progress is being made on synthesis of p-type InN,[19, 20] but the problem remains un-

solved. On the other hand, using techniques such as utilizing internal polarization fields



in compositionally-graded AlGaN to ionize impurities is a rapidly developing area of re-

search. [21, 22]

1.1.1 Nanostructured group-III nitrides

Growth of Ill-nitride materials in nanostructured morphologies are a promising solution
to several of the materials issues outlines above. For example, epitaxial nanowires can
sustain larger lattice mismatch with their substrate and maintain higher crystalline qual-
ity than epitaxially grown layers, since the unconstrained side surfaces release strain and
terminate dislocation threads. This has been demonstrated with InGaN nanowires with
complete composition tunability,[23] as well as applied to development of more efficient
LEDs[24, 25] and polariton lasers.[26] Nanostructuring also offers the possibility of us-
ing quantum confinement to tune electronic and optical properties. Quantum confinement
can shift the band gap of bulk materials to higher energies, influence transport properties,
and enhance radiative efficiency. Tunable blue shift of near-infrared light emission has
been demonstrated in InN quantum dots,[27] while nanowires of InN have been shown
to emit in the infrared with high efficiency.[28] Large electron mobility[29] and metallic
conductivity[30] have also been demonstrated in InN nanowires.

Another promising alternative to alloyed IlI-nitrides is growth of epitaxial quantum
well structures with ultra-thin layers. Ultra-thin wells a few monolayers in thickness can in-
crease the band gap through quantum confinement while suppressing polarization-induced
separation of electrons and holes. Recently, superlattices of ultra-thin GaN-AIN quantum
well structures have been realized experimentally. Single-monolayer control over well and
barrier thickness has been demonstrated,[7, 31] with deep-UV light emission and improved
light extraction efficiency over AlGaN alloys with equivalent composition.[32] Theoreti-
cal investigations of ultra-thin AlIGalnN/InGaN quantum well structures even suggest that

efficiency droop can be suppressed in such structures.[33]



1.2 Titanium oxides for thermoelectric materials

Research into thermoelectrics for energy conversion and waste heat recycling aims to iden-
tify materials with good thermoelectric properties, thermodynamic stability, and elemental
abundance on Earth. Titanium dioxides (TiOy) show promise in all of these characteris-
tics. TiO, is readily obtained from the Earth’s crust in three naturally occurring polymor-
phic forms: rutile, anatase, and brookite. All are stable in atmosphere from low to high
temperatures,[34, 35] while measured samples exhibit large n-type Seebeck coefficients
[36, 37] and thermoelectric power factors.[38] In spite of these findings, the largest value
of the thermoelectric energy conversion figure of merit 27T measured experimentally in
TiO, is only 0.35.[39] This Z71" value is far below that of the current record-holding ther-
moelectric material (2.6 in highly optimized SnSe).[40] It also compares unfavorably to
Z'T of commercialized materials (e.g., 0.6 to 1.0 in SiGe, 0.7 to 0.8 in PbTe, and up to 1.7
in skutterudite materials).[41, 42]

The reasons for underperformance of TiO, as a thermoelectric were unknown, though
progress has previously been made in understanding the underlying mechanisms. Theoret-
ical work has helped elucidate the behavior of excess charge carriers in TiO, and identify
doping mechanisms,[43, 44] while experiments have explored the physical limits of im-
purity doping.[45] The trade-off between enhancement of Z7" by increasing electrical con-
ductivity and detriment to Z7T" by increasing thermal conductivity and reducing the Seebeck
coefficient (all of which occur with increasing free-carrier concentration) has been explored

in some detail,[37, 38] yet a clear explanation was elusive.

1.3 Topic organization and summary

In this work, we use first-principles computational methods based on density functional
theory and many-body perturbation theory to explore the materials challenges in optoelec-

tronics and thermoelectrics outlined above. Chapter 2 outlines the essential principles and



capabilities of our first-principles methodology. Chapter 3 focuses on the electronic and
optical properties of pure-phase InN nanowires approximately 1 nm diameter. We show
that quantum confinement dramatically increases the band gap and exciton binding energy,
resulting in strong optical emission at green and cyan wavelengths in the visible range.
Chapter 4 explores the electronic and optical properties of GaN-AIN quantum well super-
lattices for a range of structures with ultra-thin barriers and wells. Our findings demonstrate
that such structures have tunable deep-UV optical gaps useful for germicidal applications
and large exciton binding energies for efficient light emission at room temperature. We
also show that in single- and double-monolayer thick wells, the negative impacts of po-
larization fields are largely suppressed by the extreme quantum confinement. In Chapter
5, we calculate the thermoelectric transport properties of TiO2 polymorphs and predict the
theoretical maximum Z7" value for n-type TiO,. We quantify how much improvement can
be expected over previous experimental values and identify free-carrier concentrations and
temperatures needed to maximize performance. Finally, Chapter 6 describes recent work
on quantifying how radiative recombination is enhanced by excitonic effects in ultra-thin

GaN-AIN quantum wells and Chapter 7 recapitulates the key findings in this work.



CHAPTER 2

Methodology

First-principles calculations can predict a wide range of material properties purely from
quantum mechanics, making them a powerful tool for modern materials science. Since the
latter half of the 20" century, major advances in the theory of first-principles methods and
a rapid increase in availability of computational power have led to the highly-refined, pre-
dictive methods enjoyed today. This work utilizes several state-of-the-art methods, both to
predict unknown properties of novel materials and to gain theoretical insight into properties
of existing materials. The key first-principles methodologies thus employed are density
functional theory and many-body perturbation theory, which predict a variety of ground
state and excited state properties. Analysis of these properties is augmented by techniques
such as the maximally-localized Wannier function method and the semi-classical Boltz-
mann transport formalism. This chapter highlights aspects of these methods necessary for
a strong qualitative understanding and directs the reader to more advanced treatments and

historical texts if deeper understanding is desired.

2.1 Density functional theory

Density functional theory (DFT) has demonstrated considerable predictive power for cal-
culating the properties of atoms, molecules, and materials. With careful application of
modern DFT methods, ground state properties such as bond-lengths, phonon frequencies,

formation energies, elastic moduli, and lattice constants can be accurately predicted in a
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variety of systems. DFT also serves as a starting point for all other techniques and methods

described in this work.

2.1.1 Foundations of density functional theory

The theory is based on formalism developed by Pierre Hohenberg and Walter Kohn which
showed that the quantum ground state properties of a many-electron system are uniquely
defined by the three-dimensional distribution of electron density in the system.[46] Further-
more, Hohenberg and Kohn defined a functional (a scalar-valued function of a function)
for the total energy of the system, and proved that the electron density corresponding to the
ground state always minimizes this functional. In fact, the name density functional theory
refers to the central role of this energy functional of the electron density. Hohenberg and
Kohn’s work formally recasts the complexity of solving the quantum many-body problem

(Eq. 2.1) into the task of determining the energy-minimizing electron density.

N N N

D —2v§ +3 Vign(r) + 3 Ulriry)|¥ = EW 2.1)
i i i#i
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[+ Vion(r) + Vu[n](r) + Vee[n)(r)]é: = €y 2.2)

The second major advance in DFT is due to Walter Kohn and Lu Jeu Sham.[47] They
reformulated the quantum description of a system with many electrons interacting with
each other into a new, fictitious system of non-interacting electrons (Eq. 2.2). This re-
formulation has the feature that the ground state electron density of the fictitious system
(n(r) = 30°"“? | 4;|? in Eq. 2.2) is identical to that of the fully-interacting system (| ¥
in Eq. 2.1). The two systems are formally equivalent without any approximations having
been introduced. However, the fictitious system of non-interacting particles has the ad-
vantage of being much easier to solve, since each particle can be treated independently.

Together, these theoretical advances by Hohenberg, Kohn, and Sham form the foundation



of modern DFT methods.

2.1.2 Exchange and correlation

In the fictitious Kohn-Sham system, the full complexity of electron-electron interactions
is contained in an effective external potential (V.. in Eq. 2.2). This effective potential
accounts for non-classical features of fermion interaction, namely electron exchange and
correlation effects. The exact form of the exchange-correlation potential for arbitrary sys-
tems is unknown, so an approximate model is introduced for practical calculations. The
simplest such model is known as the local density approximation (LDA), which is based
on exchange and correlation in a uniform electron gas.[48, 49] Despite the ground state
electron density in materials of interest being quite different from that of a uniform elec-
tron gas, the LDA has achieved remarkable success in predicting properties of a range of
material systems. The LDA is used exclusively in all DFT calculations described in this

work.

2.1.3 Pseudopotentials

An additional approximation can be made in the calculation of material properties with
DFT. Interactions between valence electrons on nearby atoms affect the ground state prop-
erties of a material, whereas electrons in core shells tend to be more localized on their host
atoms, interact less with nearby atoms, and do not strongly influence ground state proper-
ties. Core electron energy levels are also often much deeper than those of valence electrons
in the host atomic potential, such that interaction between valence and core orbital wave
functions have little influence on each other. These considerations justify the use of pseu-
dopotentials to model the properties of atoms in DFT calculations.[50, 51] Rather than
model the full atomic potential and account for all electrons in every atom, a pseudopo-
tential accounts for only the valence electrons that are important for determining material

properties, significantly reducing the complexity of the system without sacrificing predic-
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tive power. This is accomplished by constructing an artificial (pseudo) atomic potential
that, when acting on electrons placed in the potential, gives rise to orbital wave functions
that replicate the features of the exact valence orbital wave functions. Specifically, the
pseudo wave functions match the exact wave functions beyond a chosen cutoff radius from
the atomic center. Short cutoff radii tend to improve the accuracy of the material model
while making the DFT calculation more computationally expensive. Long cutoff radii re-
duce computational expense, but predictive power of the model may suffer.

In certain atoms, some core electrons have wave functions with spatial extent similar to
those of the valence electrons. These core electrons interact strongly with valence electrons
and must also be treated as valence electrons in construction of the pseudo-atom. Exam-
ples relevant to this work include the 3s and 3p subshells of titanium; the 3s, 3p, and 3d
subshells of gallium; and the 4s, 4p, and 4d subshells of indium. Appropriately constructed

pseudopotentials are used where indicated in subsequent chapters.

2.2 Many-body perturbation theory

While DFT calculations are remarkably successful at predicting ground state properties for
a range of material systems, they markedly fail to predict correct excited state properties
such as electronic band gaps and optical spectra.[52, 53] One approach to predicting such
properties is to augment DFT calculations with the methods of many-body perturbation
theory (MBPT).[54] MBPT methods enable consideration of more complicated effects of
many-electron interactions than are accommodated by DFT, as described in the following

sections.

2.2.1 GW method

The GW method is an approximate approach to calculating the self-energy of electrons in

a quantum many-body system. The self-energy of an electron describes the energy of the



response of the many-body system to the behavior of that electron and appears as the opera-
tor X in Eq. 2.3, replacing the exchange-correlation potential V.. appearing in Eq. 2.2. The
self-energy encompasses the effects of adding an electron into a conduction band, meaning
that unlike DFT alone, GW calculations can predict electronic band gaps of materials. GW
calculations described in this work utilize the method developed by Lars Hedin.[55, 56] In
summary, Hedin rewrote the self-energy operator as a Taylor series expansion in powers
of single-particle Green’s functions GG and the dynamically screened Coulomb interaction
W . He then boldly truncated the expansion to a single term, approximating the self-energy

operator as Y ~ 1GW, after which the method is named.

—V2
2

[

+ Vion + Vi + X = E;; (2.3)

In practice, GW calculations are performed on electronic wave functions and eigenen-
ergies generated by DFT calculations. The GW method is used to calculate the self-energy
of each electronic state from the DFT wave functions. The self-energy is then applied as
a correction to the DFT eigenenergies, yielding predictions of the electronic structure that
frequently agree very well with experiment. [52, 57, 58, 59] This agreement is most read-
ily apparent in GW calculations of electronic band gaps for semiconducting and insulating

materials, since the band gap can be measured by a variety of spectroscopic techniques.

2.2.2 Bethe-Salpeter equation

The Bethe-Salpeter equation (BSE) in general describes two-particle bound states of quan-
tum many-body systems. In the context of electronic excitations in materials, the BSE (Eq.
2.4) describes the bound states of electron-hole pairs as exciton states v;; built up from
electron and hole states ¢; and ¢; (from Eq. 2.3) interacting through the Coulomb inter-
action. Specifically, the Coulomb interaction kernel K is calculated from screened direct

and bare exchange interactions between electrons and holes. [60] Solving the BSE thus
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enables prediction of optical properties dependent on exciton formation.[61, 62] Key prop-
erties include the exciton binding energy and fundamental optical transition energy (the
absorption/emission edge), which are useful in modeling materials for applications such as

solid-state light sources.

(Ei = Ej)ibi; + Y _(ij|K|im) = Quy; (2.4)

I,m
BSE calculations described in this work focus on optical properties of wide-gap semi-
conductors near the absorption/emission edge. These restrictions enable two practical sim-
plifications. First, wide band gaps (of several electron volts) justify use of the Tamm-
Dancoff approximation,[63, 64] which considers only optical transitions between valence
and conduction bands. In materials with smaller gaps, thermal smearing of electron and
hole occupations may permit optical transitions from valence-to-valence band or conduction-
to-conduction band, which the Tamm-Dancoff approximation fails to account for.[65, 66]
However, these transitions can be safely ignored in wide-gap materials, substantially re-
ducing the number of optical transitions explicitly included in solving the BSE. Second,
focusing on optical properties near the absorption/emission edge reduces the total number
of valence and conduction bands between which optical transitions need be considered.
Near-edge optical transitions tend to be dominated by electron and hole states near the
band edges, since these states make the dominant contributions to the lowest-energy ex-
citons. Deeper conduction and valence bands have little influence on low-energy exciton
formation and can be excluded from the BSE calculation, reducing computational expense

without loss of accuracy.

2.3 Maximally-localized Wannier functions

Maximally-localized Wannier functions (MLWFs) are an alternative to the Bloch function

basis for representing electronic wave functions in materials. MLWFs are useful as an
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alternative basis because they provide a convenient means to interpolate quantum observ-
able matrix elements, such as electronic eigenvalues and optical matrix elements. Inter-
polating such quantities using MLWFs is far less computationally intensive than explicitly
calculating them from DFT. Moreover, interpolations based on MLWFs are physically jus-
tified rather than motivated by mathematical convenience,[67] in contrast to e.g. assuming
parabolic bands to parameterize an electronic band structure. MLWEF-based interpolation
methods thus enable computationally inexpensive calculations of certain properties of in-
terest, including the electronic band structure at arbitrary points in the first Brillouin zone,
thermoelectric transport coefficients, and optical transition matrix elements.

The procedure for MLWF interpolation generally starts with calculating a few elec-
tronic wave functions in the Bloch basis with a method such as DFT. MLWFs (¢r) are then
constructed from these Bloch functions (/) by a transformation analogous to a Fourier
transform between real and reciprocal space: ¢r = >, e "*f¢,. Since Bloch functions
are only defined up to an arbitrary phase shift, they can be phase shifted to interfere con-
structively upon summation, giving rise to wave packets localized in real-space. These
localized wave packets are the MLWFs, which can be conceptualized as the solid-state
equivalent of molecular orbitals. They contain the same information as the Bloch functions
while being well-defined in space and ill-defined in energy, since MLWFs are not eigen-
states of the DFT Hamiltonian. Furthermore, the transformation between the Bloch and
MLWEF basis is unitary and thus can be represented by a unitary matrix, which is obtained
upon initial construction of the MLWFs. This unitary matrix is the key to the remarkable
applications of MLWFs in interpolating quantum observable matrix elements. For exam-
ple, applying this unitary transformation to the diagonalized DFT Hamiltonian effectively
transforms it into a tight-binding Hamiltonian, yielding a parameterization of the electronic
band structure. The MLWF method can also be applied to GW calculations to obtain more
accurate parameterizations than “true” tight-binding methods generally predict. This pa-

rameterization describes the full band structure, even at points in the Brillouin zone not
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included in the original DFT calculation. Observable matrices of other operators can be

interpolated and interpreted in an analogous fashion.

2.4 Boltzmann transport formalism

The Boltzmann transport (BT) formalism is a semi-classical approach to calculating sta-
tistical properties of non-equilibrium systems. The central equation of the BT formalism
relates partial derivatives of a probability density function describing the distribution of par-
ticle energies. The form of this distribution is usually assumed based on the type of particles
in the system (such as Fermi-Dirac or Bose-Einstein distributions), and then further manip-
ulations connect the properties of this distribution to expectation values of observables of
the system.[68] The primary application of the BT formalism in this work is studying prop-
erties of electron and hole transport in materials under imposed thermal gradients. In this
context, the BT formalism enables calculation of thermoelectric transport coefficients such
as the Seebeck coefficient, electronic conductivity, and electronic thermal conductivity.[69]

In practice, calculating thermoelectric transport coefficients with the BT formalism in-
corporates three main assumptions. First is the assumption that Fermi-Dirac statistics ac-
curately describe carrier occupation probability in the system of interest. This is called
the low-field approximation, which is reasonable under steady-state conditions when ther-
modynamic driving forces such as temperature gradients or electric fields are not too large.
The second assumption is that perturbations due to all scattering processes decay according
to a single characteristic time constant. This is known as the constant relaxation time ap-
proximation and can generally only be justified near equilibrium for elastic and/or isotropic
scattering processes. However, the constant relaxation time approximation is widely used,
yields sensible results, and avoids the significant complications of fully treating all scatter-
ing processes. Third, to simplify calculations, the electronic band structure of the system

is assumed to be invariant with changes in temperature and free-carrier concentration. This
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is called the frozen band approximation and is reasonably justified under assumed thermal
and atmospheric conditions where the material in question will not undergo phase transfor-
mation, and at free-carrier concentrations below which dopants are not expected to form
impurity bands or dramatically distort the crystal structure. With these assumptions, the
full electronic band structure calculated from DFT+GW and interpolated with the MLWF
method is sufficient to compute thermoelectric transport coefficients from the BT formal-

ism. This is the general approach used where indicated in subsequent chapters.
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CHAPTER 3

InN Nanowires for Visible Light Emission

Group-III-nitrides are widely used in commercial visible-wavelength optoelectronic de-
vices, but materials issues such as dislocations, composition fluctuations, and strain nega-
tively impact their efficiency. Nitride nanostructures are a promising solution to overcome
these issues and improve device performance. We use first-principles calculations based
on many-body perturbation theory to study the electronic and optical properties of small-
diameter InN nanowires. We show that quantum confinement in 1-nm-wide InN nanowires
shifts optical emission to the visible range at green/cyan wavelengths and inverts the order
of the top valence bands, leading to linearly polarized visible-light emission. Quantum
confinement on this scale also leads to large exciton binding energies of 1.4 eV and elec-
tronic band gaps in excess of 3.7 eV. Our results indicate that strong quantum confinement
in InN nanostructures is a promising approach to developing efficient visible-wavelength
light emitters. (Reproduced with permission from [1]. Copyright 2014 American Chemical

Society.)
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The group-III nitrides (AIN, GaN, and InN) are technologically important semicon-
ductors widely used in light-emitting diodes (LEDs) for solid-state lighting,[6, 3] radio-
frequency power amplifiers,[70] and optical data storage.[5] They form a continuous alloy
system with a direct electronic band gap that ranges from 6.2 eV for AIN to 0.65 eV for InN
and spans the entire visible range. However, quantum-well nitride optoelectronic devices
are affected by materials issues that limit their efficiency. Indium composition fluctua-
tions in InGaN alloys limit the efficiency of LEDs.[8] Moreover, nitride LEDs are typically
grown epitaxially on lattice-mismatched sapphire or SiC substrates. The strain from lat-
tice mismatch introduces dislocations and limits the thickness of the quantum-well layers
and the amount of indium that can be incorporated in InGaN alloys while preserving high
crystallinity. In addition, this strain gives rise to polarization fields in quantum-well lay-
ers grown along the c-axis of the wurtzite structure,[11] which separates the electron and
hole wave functions and reduces the efficiency, particularly for devices operating at longer
wavelengths (green-gap problem).[12]

Nitride nanostructures are a promising solution to overcome the limitations of quantum-
well devices. Nanowires grown epitaxially can sustain larger lattice mismatch with the
substrate and maintain higher crystalline quality than two-dimensional layers since the free
lateral surfaces release strain and terminate dislocation threads. As a result, the fabrication
of InGaN nanowires with complete composition tunability is possible,[23] and nanowires
have been used in new applications for efficient LEDs,[24, 25] polariton lasers,[26] and
single-photon emission.[71] On the other hand, the lattice mismatch between GaN and
InGaN can be exploited to grow quantum dots in the Stranski-Krastanov mode, which have
been used to fabricate green LEDs[72] and lasers.[73]

Quantum confinement in InN nanostructures is another possible avenue to obtain effi-
cient light emitters in the visible range. Quantum confinement can shift the band gap of
bulk InN from the infrared to visible wavelengths and can improve the efficiency by increas-

ing the exciton radiative recombination rate. Controllable growth of nanowires has been
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demonstrated with chemical vapor deposition (CVD)[74, 75, 76, 77] and molecular beam
epitaxy[78, 79], and InN quantum dots have been grown embedded in GaN by metalor-
ganic CVD[27] and in InAs by nitrogen ion implantation with rapid thermal annealing.[80]
InN nanowires have proven to be efficient infrared emitters,[28] while tunable blue shift
of the emission wavelength in the near-infrared has been demonstrated in InN quantum
dots.[27] Exceptional transport properties have also been demonstrated in InN nanowires,
with large electron mobility[29] and metallic conductivity,[30] which can be modulated by
the nanowire diameter.[81] Previous theoretical work has investigated the electronic prop-
erties of InN nanostructures using density functional theory[82, 83] and the tight-binding
method,[84] but these techniques are not appropriate for the predictive modeling of the
electronic and optical properties of small InN nanostructures on the scale of a few nanome-
ters, for which quantum-confinement effects are expected to be the strongest.

In this work, we use first-principles computational methods based on many-body per-
turbation theory to investigate the effects of quantum confinement on the electronic and
optical properties of small-diameter InN nanowires. Our calculations show that quantum
confinement in nanowires with diameter on the order of 1 nm significantly increases the
electronic band gap of InN by more than 3 eV. We further show that these nanowires have
large exciton binding energies, resulting in strong optical absorption and polarized light
emission in the visible range at green and cyan wavelengths. Our results suggest that strong
quantum confinement in InN nanostructures is a promising method for the development of

efficient light emitters at visible wavelengths.

3.1 Methodology

Our first-principles computational methodology is based on density functional and many-
body perturbation theory. The equilibrium geometry and single-particle wave functions are

calculated with density functional theory (DFT).[85] We use the local density approxima-
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1.09 nm

Figure 3.1: The cross-sectional geometries and dimensions of the investigated (a) hexago-
nal and (b) triangular nanowires. Nanowires are based on the wurtzite structure with c-axis
coincident with the nanowire axis. Dangling bonds on side surfaces are passivated with
hydrogen. (Reproduced with permission from [1]. Copyright 2014 American Chemical
Society.)

tion (LDA) for the exchange-correlation potential[48, 49] and the plane-wave pseudopoten-
tial method[86] with norm-conserving pseudopotentials[51] as implemented in the Quan-
tum ESPRESSO code.[87] The 4d states of indium are included in the valence for the struc-
tural relaxation calculations and hydrogen atoms with integer charge are used to passivate
the side surfaces. Brillouin-zone integrations for bulk InN are carried out witha 8 x 8 x 4
Monkhorst-Pack mesh.[88] Quasiparticle energies are calculated with the GW method[56]
as implemented in the BerkeleyGW software package.[66] For the quasiparticle calcula-
tions we use a semicore indium pseudopotential that includes all 4s, 4p, and 4d electrons in
the valence.[89] This semicore pseudopotential requires plane waves up to a cutoff energy
of 150 Ry, which converges DFT eigenenergies to within 10 meV. We use the generalized
plasmon-pole model of Hybertsen and Louie for the frequency dependence of the dielectric
response,[53] and follow the methods of Malone[90] and Tiago [89] by excluding indium

4s and 4p semicore electrons from the plasmon-pole sum rule to eliminate nonphysical

screening by core electrons. We additionally employ the static-remainder approach to ac-
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celerate convergence of the summation over unoccupied states.[91] With this approach, we
calculated the quasiparticle band structure of bulk InN using a converged screening cutoff
energy of 18 Ry and a sum over unoccupied states with energy up to 25% of the screen-
ing cutoff. This choice of parameters yields quasiparticle band gaps within £+ 0.1 eV of
extrapolations to fully-converged values; this is comparable to the inherent accuracy of the
GW method. We calculated the quasiparticle energies on a 8 X 8 X 4 Monkhorst-Pack
mesh and interpolated them with the maximally localized Wannier function method[67] as
implemented in the wannier90 code[92] to obtain the GW band structure of bulk InN. We
then studied electronic and optical excitations in InN nanowires with hexagonal and trian-
gular cross sections (3.1). To isolate the properties of an individual nanowire, we applied a
Wigner-Seitz wire truncation to the Coulomb interaction to nullify the interaction between
periodic images of nanowires in adjacent supercells.[93] The supercell lateral dimensions
are chosen to equal four times the radial extent of the isosurface bounding 50% of the prob-
ability density of the conduction-band wave function at I', giving dimensions of 3.14 nm
and 3.38 nm respectively for the hexagonal and triangular nanowire supercells. With these
supercells we perform GW calculations on a 1 x 1 X6 k-point mesh, which yields quasiparti-
cle band gaps converged to within &+ 0.1 eV of extrapolations to fully-converged supercells
and k-point meshes. The sum of the 0.1 eV tolerances in the supercell size/k-mesh conver-
gence and in the screening cutoff/summation-over-unoccupied-states convergence gives a
total uncertainty in the quasiparticle band gaps of 4= 0.2 eV. We then calculate the exciton
binding energies and optical absorption spectra using the Bethe-Salpeter equation (BSE)
method.[60, 66] To perform BSE calculations we interpolate the electron-hole interaction
kernel on a 1 x 1 x 24 k-point mesh and include the highest six valence bands and the
lowest three conduction bands of the hexagonal and triangular nanowires. This choice of
parameters yields well-converged exciton eigenenergies. Optical spectra and exciton bind-
ing energies are thus calculated within the £ 0.2 eV uncertainty of the quasiparticle band

gaps. Finally, we construct a scissors-shift operator from GW quasiparticle corrections to
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calculate the nanowire band structures. The band energies calculated with the scissors-shift
operator deviate from the exact values by less than 0.1 eV and reproduce the degeneracy
and band-inversion features of the exact band structures. This accuracy is sufficient and
we therefore do not need to employ more rigorous interpolation methods (e.g., based on
maximally localized Wannier functions[67]) that require a large additional computational
expense.

Our calculated band structure of bulk InN determined with the GW method is in good
agreement with experiment and previous calculations. The GW method is necessary since
DFT/LDA is not an appropriate general method for accurate band structure calculations,
as it underestimates the band gaps of semiconductors significantly.[53] In the case of bulk
InN, our DFT/LDA results show that the band gap is zero because the gap-underestimation
causes the conduction and valence bands to overlap in energy (3.2a). However, the band
structure determined with the GW method and the semicore indium pseudopotential ex-
hibits a 0.6 eV band gap (3.2b), in excellent agreement with experimental measurements[94,
95], and previous GW calculations.[96, 97, 98, 99, 100] On the other hand, our GW calcu-
lations using the indium pseudopotential that includes only the 4d electrons in the valence
also predict no band gap for InN, demonstrating the need for the semicore indium pseu-

dopotential in our method to obtain correct electronic properties of InN.

3.2 Results

Next, we investigate the electronic and optical properties of the InN nanowires shown in
3.1 with the GW method. We consider two nanowires with different cross sectional ge-
ometries: a hexagonal nanowire with a diameter of 1.08 nm and a triangular nanowire with
side length of 1.09 nm, as measured between indium atoms on the nanowire surfaces. The
nanowire axis is parallel to the c-axis of the wurtzite structure. Hydrogen-passivated ter-

minal surfaces correspond to m-plane (1010) and a-plane (1120) facets. Formation-energy
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Figure 3.2: The electronic band structure of bulk InN calculated with (a) DFT/LDA and
(b) the GW method. The band gap is zero in the DFT/LDA calculation, but GW correc-
tions open the gap to a value of 0.6 eV, in good agreement with experiment. Energies are

referenced to the valence band maximum at I'. (Reproduced with permission from [1].
Copyright 2014 American Chemical Society.)

21



calculations show that hydrogen passivation is energetically favorable over bare nanowires
by 197.7 and 204.5 kJ/mol H, respectively for the hexagonal and triangular geometry,
indicating that hydrogen passivation of the nanowires is thermodynamically stable over

nanowires with dangling bonds.

3.2.1 Electronic structure

Electronic structure calculations reveal that one-dimensional quantum confinement of InN
dramatically increases the 0.6 eV bulk electronic band gap by more than 3 eV in ~1 nm
diameter nanowires. Our application of the GW method predicts electronic band gaps of 3.7
eV in the hexagonal and 3.9 eV in the triangular nanowires (uncertainty of + 0.2 eV). We
attribute the large increase of the band gap to the impact of small nanowire diameter and the
small electron effective mass in InN on quantum confinement effects. A rough estimate of
the effect of quantum confinement on the magnitude of the band gap is given by the particle-
in-a-box equation AE,,, ~ (h*7?/2D?)(1/m. + 1/my;), where D is the characteristic
size of the nanostructure and m,. and m; are the effective masses of the electrons and
holes, respectively. The electron effective mass of InN is found both experimentally[101]
and theoretically[96] to be 0.07 m,, where m, is the free electron mass. Experimental
values for the hole effective masses of InN have not been reported due to the challenges
of measuring the transport properties of p-type InN,[19] but first-principles calculations
predict a value of 0.44 m,, for the heavy-hole effective mass of InN in the basal plane (c-
plane) of wurtzite.[98] Using these effective-mass values, we find that the increase of the
band gap due to quantum confinement to D = 1 nm is approximately 6 eV. This calculation
shows that a combination of sufficiently small quantum confinement dimensions and light
electron effective mass can account for the large increase in the band gap by several eV.
Our calculations also show that one-dimensional quantum confinement causes an inver-
sion of the order of the degenerate heavy/light hole valence bands with the crystal-field-split

valence band in both hexagonal and triangular InN nanowires (3.3). The energy difference
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between inverted bands is 0.2 eV at I' in both nanowire geometries. This band reordering
affects the selection rules of optical transitions across the fundamental gap. Indeed, cal-
culation of the optical-transition matrix elements between the lowest conduction and top
three valence bands reveals that the polarization direction of emitted photons switches from
the c-plane in bulk to the c-axis in these nanowires, resulting in optical emission linearly
polarized along the nanowire axis.

We can understand the reordering of the top three valence bands in small-diameter
InN nanowires by contemplating the effect of quantum confinement in the c-plane of bulk
wurtzite on the wave functions of these valence bands. The topmost three valence bands
arise primarily from the three 2p orbitals of the nitrogen atoms. Two of these p orbitals’
axes point along directions in the c-plane and give rise to the heavy and light hole bands
(3.2b), while the third is oriented along the c-axis and produces the crystal-field-split va-
lence band. The effective-mass tensors of these three bands are anisotropic, exhibiting a
small effective mass along the direction that the associated p orbital points to. In the lan-
guage of tight-binding theory, this is because the interatomic matrix elements between p
orbitals are larger for p orbitals that point towards each other (o-bonds) than for p orbitals
which are parallel to each other (7-bonds). Thus, the directions with small effective mass
for the heavy and light hole bands are in the c-plane, while the crystal-field-split band has a
small effective mass along the c-axis of wurtzite. Since the average effective masses of the
heavy and light hole bands in the c-plane are smaller than that of the crystal-field-split band,
quantum confinement in the c-plane of the nanowires lowers the energies of the heavy and
light hole valence bands more than the crystal-field-split band. Strong quantum confine-
ment in small-diameter nanowires lowers the energy so much that the order of the valence
bands is reversed and the crystal-field-split band becomes the topmost valence band. These
arguments explain the valence band reordering and switching of emitted light polarization

predicted with tight-binding calculations in GaN nanowires.[ 102]
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Figure 3.3: The electronic band structures of InN nanowires with (a) hexagonal and (b)
triangular cross sections. Our calculations predict that strong quantum confinement opens
the band gaps to 3.7 eV and 3.9 eV respectively in the hexagonal and triangular nanowires.
Quantum confinement in the wurtzite c-plane also inverts the ordering of the degenerate
heavy/light hole bands with the crystal-field-split band near I', modifying the optical se-
lection rules to favor photon emission with polarization parallel to the nanowire c-axis.
Energies are referenced to the valence band maximum at I'. (Reproduced with permission
from [1]. Copyright 2014 American Chemical Society.)
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3.2.2 Excitonic properties

Our calculations also reveal that quantum confinement can shift the fundamental optical
transitions of InN from the infrared to the visible range. The calculated imaginary part
of the dielectric functions, including excitonic effects, for the hexagonal and triangular
nanowires are shown in 3.4. The onset of optical absorption occurs at green (2.3 V) and
cyan (2.5 eV) wavelengths respectively in hexagonal and triangular nanowires (uncertainty
of £ 0.2 eV). This large increase in the absorption/emission energy over that of bulk InN
due to quantum confinement has applications for visible-wavelength optoelectronics, as an
alternative to bulk InGaN alloys.

We also found that the exciton binding is remarkably strong in these small-diameter
InN nanowires. The binding energy is given by the difference between the optical and
electronic band gaps, and is found to be 1.4 eV in both nanowire geometries. The sub-
stantial increase of the binding energy over that of the bulk semiconductor (20 meV)[103]
is consistent with theoretical predictions for silicon nanowires with similar cross sectional
dimensions.[104, 105] These large exciton binding energies are also consistent with the
strong localization we observe in the exciton wave functions (Fig. 3.5). Quantum con-
finement in the nanowires increases the strength of the electron-hole interaction relative to
bulk InN, which increases the binding energy of the excitons. In turn, the increased binding
energy localizes the exciton along the nanowire axis to a size comparable to the nanowire
diameter. If we consider the electronic part of the exciton wave function centered on a
valence band hole in a nitrogen p, orbital near the nanowire core, the full-width at half-
maximum (FWHM) of the exciton envelope function spans 1.44 nm along the nanowire
axis. Strong localization and binding energies of this magnitude are commonly observed
in organic semiconductors,[106] but it is evident that quantum confinement and the re-
sulting enhancement of the electron-hole interaction can yield strongly bound excitons in
InN nanostructures. The magnitude of these effects indicate potential applications in high-

efficiency excitonic optoelectronic devices operable at room temperature.
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Figure 3.4: The calculated imaginary part of the dielectric function ¢, for (a) hexagonal
and (b) triangular nanowires with and without including the effect of the electron—hole (e-
h) interaction. The difference between the lowest exciton energy (the optical gap at 2.3 eV
in (a) and 2.5 eV in (b)) and the electronic band gap (3.7 eV in (a) and 3.9 eV in (b)) gives
the binding energy of the exciton. The large exciton binding energy of 1.4 eV found in
both nanowires is a direct result of quantum confinement restricting the exciton radius and
increasing the electron-hole interaction. (Reproduced with permission from [1]. Copyright
2014 American Chemical Society.)
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Figure 3.5: The electronic part of the exciton wave function in the hexagonal nanowire
is strongly localized near the hole. The envelope function of the exciton has a FWHM
of 1.44 nm. Quantum confinement by the nanowire surface increases the electron-hole
interaction and the exciton binding energy, leading to a highly localized wave function
with dimensions comparable to the nanowire diameter of approximately 1 nm. Similar
effects are observed in the triangular nanowire. (Reproduced with permission from [1].
Copyright 2014 American Chemical Society.)
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In addition to considering spin singlet excitons, we also calculated the exchange split-
ting energy between singlet and triplet exciton states. We found that in both hexagonal and
triangular nanowires, the lowest triplet state lies 40 meV below the lowest singlet state.
The magnitude of this excitonic exchange splitting is twice that calculated for pure silicon
nanowires (~20 meV in ~1 nm diameter nanowires)[104, 105] and measured in carbon
nanotubes (from 23 to 14 meV in 1.3 to 2.1 nm diameter nanotubes),[107] and several or-
ders of magnitude larger than encountered in bulk inorganic semiconductors.[108] In these
nanostructures, it is the strong localization of the exciton imposed by quantum confine-
ment that increases exchange splitting. Despite the increase from quantum confinement,
exciton exchange splitting in these InN nanowires is still an order of magnitude smaller
than typically encountered in organic semiconductors,[106] wherein optically forbidden
triplet states can negatively impact radiative recombination efficiency. The increased ex-
change splitting in InN nanowires may reduce radiative recombination efficiency. However,
the splitting in InN nanowires is comparable to k51" (where kp is the Boltzmann constant)
at room temperature so thermal fluctuations can cause intersystem crossing to the singlet
state. Therefore, the exchange splitting is unlikely to significantly impact optical emission

efficiency in InN nanostructures.

3.3 Discussion

The exceptionally large band-gap increase and exciton binding energies we predict for
the hexagonal and triangular nanowires demonstrate the dramatic effects of quantum con-
finement on the electronic and optical properties of InN. The key insight is that imposing
quantum confinement on pure InN results in optical emission in the visible range. This
property has great utility for optoelectronics, particularly in the green part of the spectrum
where the efficiency of commercial light emitters is low. InN nanostructures provide a

route to III-nitride band-gap engineering at visible wavelengths that avoids the difficulties
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of composition fluctuation and phase segregation encountered in III-nitride alloys. Further-
more, we expect light emission and absorption to be highly efficient in these nanostruc-
tures, since quantum confinement enforces strong exciton localization and leads to large
exciton binding energies in excess of 1 eV. Large binding energies reduce thermal exci-
ton dissociation,[ 109] making InN nanostructures attractive for lasers and LEDs capable of
operating with high efficiency at room temperature in the visible range. While exchange
splitting between the optically active singlet and inactive triplet states are also increased by
quantum confinement from less than 1 meV in the bulk to 40 meV, the splitting is compara-
ble to k1" at room temperature, indicating that the triplet state does not significantly affect
the efficiency of radiative recombination.

In addition to the band gap and exciton binding energy increase of InN from quantum
confinement, we also predict switching of the optical emission polarization by inversion of
the top valence bands near I'. Inversion of the heavy and light hole bands with the crystal-
field-split band yields linearly polarized emission from the fundamental optical transition
with polarization parallel to the c-axis, which has potential applications in compact, high-
efficiency displays. Valence-band inversion has been predicted to occur in GaN nanowires
with diameter less than 7 nm,[102] which approaches the dimensions of experimentally
realized InN nanowires[110] and quantum dots.[80] At these dimensions quantum confine-
ment does not increase the optical gap of InN sufficiently to achieve visible wavelength
emission. On the other hand, polarized light emission at visible wavelengths may occur in
InGaN nanowires with a diameter of less than 7 nm, or with asymmetric quantum dots with
small dimension on the order of 1 nm. In light of these predictions, it is of technological in-
terest to investigate the valence-band inversion due to quantum confinement in asymmetric
nitride nanostructures.

We emphasize that the increase of the optical gap and exciton binding energy from
quantum confinement is also expected for InN quantum-dot structures, and can be even

larger due to the additional confinement dimension. While recent advances in InN nanowire
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growth have achieved diameters as small as 10 nm,[110] InN nanocrystals have been fab-
ricated with radii as small as 1.3 nm,[80] which approaches the quantum-confinement
regime in which we predict this large increase in the optical gap and the exciton bind-
ing energy. Although the reliable fabrication of nanostructures in the few-nanometer size
range is challenging, compound semiconductor nanomaterials have been synthesized on
this scale. Waurtzite ZnS and ZnSe nanowires with nearly monodisperse diameters of
1-1.2 nm have been synthesized by a microwave-irradiation solvothermal method.[111]
Solvothermal techniques have also been used to synthesize single-crystalline nanoparticles
of AIN, GaN, and InN, achieving GaN particles as small as 2-3 nm that exhibit blue-shifted
optical spectra from quantum confinement.[112] Optimization of solution-based methods
may be a promising avenue to explore in tandem with CVD,[74, 75,76, 77, 110, 27] molec-
ular beam epitaxy,[78, 79] and ion-implantation[80] techniques for controllable fabrication
of few-nanometer-scale InN nanostructures. It is therefore reasonable to anticipate that vis-
ible light emission in strongly quantum-confined InN nanostructures can be experimentally

realized.

3.4 Conclusions

In conclusion, we used first-principles methods to calculate the electronic and optical prop-
erties of wurtzite InN nanowires with hexagonal and triangular cross sections and with
a diameter on the order of 1 nm. We find that the small effective mass of InN coupled
with one-dimensional quantum confinement opens the electronic band gap to energies in
excess of 3.7 eV in these nanowires, a substantial increase over the 0.6 eV band gap ob-
served in bulk InN. Quantum confinement has a similarly substantial impact on the exciton
binding energy, increasing it to 1.4 eV from ~20 meV in bulk. The large exciton binding
energy results in highly efficient optical emission and absorption in the visible range at

green/cyan wavelengths—precisely where efficient light emitting devices are currently un-
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available. Such properties indicate that quantum confinement of InN in the few-nanometer
size regime is a promising engineering approach for tunable visible light emission and

absorption in optoelectronic applications.
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CHAPTER 4

Ultra-Thin GaN-AIN Quantum Wells as UV

Light Sources

High-Al-content AlGaN alloys are important materials for solid-state light emitters in the
deep ultraviolet, but AlGaN-based quantum well optoelectronic devices suffer from poor
electricity to light conversion and light extraction efficiency. An alternative approach to
using AlGaN alloys for deep ultraviolet light emission is to use strong quantum confine-
ment in GaN-AIN superlattices with quantum well and barrier layers as thin as a single
monolayer. We predict that such structures have optical gaps tunable by controlling the
well and barrier thickness and preserve light polarization perpendicular to the c-axis to al-
low for efficient light extraction from c-planar devices. We also show that strong quantum
confinement suppress the Stark shift from internal polarization fields and gives rise to large
exciton binding energies, leading to enhanced radiative efficiency. Our findings indicate
that ultra-thin GaN-AIN quantum well structures show promise as efficient deep ultraviolet

light emitters.
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The group-IlI-nitrides are an important class of semiconductors for a wide range of
electronic and optoelectronic applications. Recent developments in crystal growth and
doping technology have enabled widespread deployment of group-IlI-nitride quantum well
structures for light emitting diodes (LEDs) and semiconductor lasers. AIN and GaN quan-
tum well structures are capable of light emission in the blue to deep-ultraviolet (UV) spec-
tral range, due to their bulk band gaps of 6.2 eV and 3.4 eV, respectively. The deep-UV
range from 4.4 eV to 5.4 eV is of particular importance for optical sterilization and germi-
cidal applications,[4] especially high-efficiency and low-cost purification of food, air, and
water.

Early efforts to achieve deep-UV emission from GaN-AIN quantum wells focused on
structures with wide wells >1.3 nm composed of high-Al-content AlGaN alloy grown in
the polar c-axis direction.[113, 10] Attaining high electricity to light conversion efficiency
with this approach has proven difficult for several reasons. Foremost are the challenges
of growing high-quality p-type AlGaN alloys, though piezoelectric polarization-induced
doping is a possible solution for robust hole conduction.[31, 114] However, piezoelectric
polarization fields have detrimental effects on light generation. In quantum well structures,
polarization fields spatially separate conduction band electrons and valence band holes to
opposite sides of the well. This separation reduces radiative recombination efficiency, can
increase non-radiative Auger scattering losses, and decreases the energy of emitted photons
through the quantum-confined Stark effect. Ongoing development of techniques for grow-
ing group-III-nitrides along non-polar directions show promise for mitigating polarization
fields and the resultant detrimental effects on light emission efficiency.[15, 16] Another
difficulty is poor light extraction from AlGaN LEDs due to the polarization of the emit-
ted light. In contrast to GaN, the crystal field valence band of AIN participates in the
fundamental optical transition, resulting in light with polarization parallel to the c-axis in
high-Al-content materials. Light thus polarized is not directly emitted from the top surface

of c-axis-planar LEDs, significantly reducing overall efficiency. Preserving GaN-like light
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emission polarized perpendicular to the c-axis is therefore preferred. This has been demon-
strated in AlGaN alloys with AIN mole fraction as high as 0.82% at extreme cryogenic
temperatures,[ 1 15] though mole fractions above 0.25% typically result in AIN-like emitted
light polarization.[9]

An alternative approach to using AlGaN alloy-based quantum wells for deep-UV light
sources is to use superlattices of phase-pure layers of ultra-thin GaN wells and AIN barriers,
as shown in Fig. 4.1. With GaN wells only a few monolayers thick, light emission in
the deep-UV is achieved by boosting the band gap with extreme quantum confinement,
rather than by alloying with AIN. This configuration preserves GaN-like light emission with
polarization perpendicular to the c-axis, enabling efficient light extraction from c-planar
devices. Furthermore, ultra-thin GaN wells mitigate polarization-field-induced separation
of electrons and holes, improving radiative efficiency and minimizing Stark shifting of the
optical gap.

Ultra-thin GaN-AIN superlattice structures have been realized experimentally, demon-
strating single-monolayer control over well and barrier thickness. GaN-AIN superlattice
structures have been fabricated with GaN wells as thin as one monolayer (defined as one-
half a wurtzite unit cell), exhibiting GaN-like polarized light emission at 5.23 eV.[32] More
recently, deep-UV LEDs have been fabricated with GaN wells two to four monolayers
thick, with strong electroluminescent emission peaks at energies as high as 5.10 eV.[7, 31]
A number of previous theoretical works have investigated the electronic and optical prop-
erties of such structures, including using density functional theory to study optical matrix
elements[116] and the effects of piezoelectric polarization on the band structure,[117, 118]
as well as k - p theory to study optical gain and threshold characteristics.[119] However,
previous theoretical works do not encompass many-body perturbation theory calculations,
which are widely known to be required for accurate prediction of electronic band gaps in
group-III-nitride materials. Moreover, they do not treat excitonic effects, which have a

significant role in the optical properties of highly quantum-confined structures.
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Figure 4.1: Structure and band diagram of an ultra-thin GaN-AIN quantum well superlat-
tice. The structure shown has two-monolayer-thick GaN wells separated by eight mono-
layers of AIN. Quantum confinement results in an electronic band gap E,,, intermediate
between the bulk values of GaN and AIN. The electron and hole wave functions (|¢|? solid
lines) are strongly localized by the thin GaN well. Piezoelectric polarization fields induce
a potential gradient in the conduction and valence bands, separating and reducing overlap
of the envelope functions (||? dashed lines).
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In this work, we calculate the electronic and optical properties of GaN-AIN quantum
well superlattices with ultra-thin pure-phase GaN wells and AIN barriers. We employ
many-body perturbation theory to predict accurate electronic band gaps and optical gaps
including excitonic effects. Our results demonstrate that single- and double-monolayer
GaN wells can achieve deep-UV emission in the germicidal range of 4.4 eV to 5.4 eV with
GaN-like light polarization for efficient extraction from c-planar devices. We also demon-
strate a large decrease in the optical gap due to Stark shifts ranging from 0.07 eV to 0.31
eV in structures with two to four monolayer GaN wells. On the other hand, structures with
single-monolayer GaN wells exhibit Stark shifts only up to 0.02 eV, indicating good sta-
bility of emitted photon energy under variable bias and carrier injection. Additionally, we
predict large exciton binding energies ranging from 80 meV to 210 meV in the investigated
structures, implying efficient excitonic light emission at room temperature. Our results
demonstrate that ultra-thin GaN-AIN quantum well structures show promise for excellent

performance in efficient, tunable deep-UV optoelectronics.

4.1 Methodology

Our methodology employs density functional theory (DFT) and many-body perturbation
theory, including the GW and Bethe-Salpeter equation (BSE) methods. We performed DFT
calculations within the local density approximation with the plane-wave norm-conserving
pseudopotential method.[86, 51, 87] Crystal structures were relaxed with the basal plane
lattice constant fixed to that of bulk AIN (0.3112 nm) and the c-axis unconstrained to min-
imize strain energy and mimic pseudomorphic growth on an AIN buffer. Minimization of
strain energy resulted in extension of the GaN layer c-axis by 1.5% to 2.0% relative that of
bulk GaN (0.5178 nm). Electronic and optical properties were calculated using a semicore
Ga pseudopotential including 3s and 3p orbitals in the valence. Quasiparticle corrections

to the band gap were calculated with the GW method[66] using the static-remainder[91]
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correction and the generalized plasmon-pole model of Hybertsen and Louie,[53] exclud-
ing the Ga semicore shell from the plasmon-pole sum rule.[90, 89, 120] Optical properties
were calculated by solving the BSE to obtain the exciton energy spectrum,[60, 66] yielding
exciton binding energies and optical gaps. Stark shifts were computed by multiplying the
separation distance between electron and hole envelope function maxima by the polariza-

tion fields extracted from DFT calculations with a method similar to Strak er al.[117]

4.2 Results

4.2.1 Electronic band gaps

We calculated the electronic and optical gaps of GaN-AIN QWSLs for sixteen structural
variants, with GaN wells one to four monolayers thick and AIN barriers between one and
nine monolayers thick. The electronic band gaps of these structures are shown in Fig. 4.2a.
In the case of the thinnest wells of a single monolayer separated by nine monolayers of
barrier, quantum confinement increases the band gap of GaN to 5.44 eV. Thicker barriers
are expected to increase the band gap of single-monolayer wells only slightly above this
value, as indicated by the trend in Fig. 4.2a. At the other extreme, the structure with the
thinnest possible wells and barriers composed of alternating single monolayers of GaN and
AIN has a band gap of 4.76 eV, which is comparable to the average band gap of bulk GaN
and AIN. Figure 4.2a also shows that increasing the number of monolayers in the well
rapidly decreases the magnitude of the band gap. A large decrease in the gap of almost 0.7
eV occurs when increasing the well width from one to two monolayers in structures with
five or more monolayers of barrier separating wells. In structures with even thicker wells of
three or four monolayers, the influence of the Stark shift on the gap becomes pronounced,

actually decreasing the gap as the barrier thickness increases beyond two monolayers.
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Figure 4.2: Electronic and optical gaps calculated for GaN-AIN quantum well superlat-
tice structures as a function of thickness of wells (MLs GaN) and barriers (MLs AIN) (a).
Structures with single- and double-monolayer wells achieve light emission in the germici-
dal 4.4 eV to 5.4 eV range (shaded region). The exciton binding energy calculated for each
structure (b).
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4.2.2 Optical gaps and exciton binding energies

Optical gaps of all sixteen structures are also shown in Fig. 4.2a. Inspection indicates that
deep-UV emission in the germicidal 4.4 eV to 5.4 eV range is possible with GaN wells
with thickness of one monolayer (4.66 eV to 5.23 eV) or two monolayers (4.45 eV to 4.52
eV). In fact, for structures with two-monolayer-thick wells, the optical gap decreases as the
barrier thickness increases above four monolayers. This is due to the the strong dependence
of the exciton binding energy on the thickness of the barrier separating the quantum wells,
as shown in Fig. 4.2b. Quantum confinement from the superlattice arrangement of ultra-
thin GaN and AIN layers results in quite large exciton binding energies on the order of 100
meV to 200 meV. Such large exciton binding energies far exceed k1" at room temperature,
leading to efficient recombination and light emission.[121] Increasing confinement of the
exciton by increasing barrier thickness rapidly increases the binding energy for a given
well thickness, reducing the optical gap. This effect is most apparent in structures with two-
monolayer-thick wells, where the band gap varies little for barriers four to eight monolayers
thick, while the optical gap decreases as the barrier thickness increases (Fig. 4.2a). For
structures with thicker wells, the compound effect of the increasing Stark shift and exciton
binding energy with increasing barrier thickness prevents the optical gap from exceeding

4.20 eV and 3.96 eV with three- and four-monolayer-thick wells, respectively.

4.2.3 Stark shifts and screened optical gaps

Under non-equilibrium conditions with excess carrier injection or external bias, the Stark
shift due to polarization fields in group-Ill-nitride optoelectronic devices can be partially
screened or canceled, increasing the optical gap. The optical gaps of all sixteen struc-
tures under fully-screened conditions are shown in Fig. 4.3a, where the fully screened
gap is calculated as the sum of the optical gap and the Stark shift. It is evident from the
negligible difference between the unscreened and fully screened optical gap of the single-

monolayer-well structures that quantum confinement largely suppresses the Stark shift in

39



o

1234567809
Barrier width (MLs AIN)

[ T T T T T T T ]
[ ( a) O—<O Fully screened ]
9 5.5_‘ ¢ - & Unscreened 7]
O [ ]
g oF g
(o)) i ]
8 4.5F .
a [ ]
@) 4F 3
: 1 1 1 1 1 1 1 1 1 :
- I I I I I I I I I E
< 0.3F 3
s f )
= 0.2f
L E 3
@ : O—O1MLGaN 3
< 0.1F ' O—02 MLs GaN 3
S T ML Gl
n : o0——oO O— 3
O:_ | | | | | | | | 1 3
—_— 20-_ I I I I I I I I I .
§ t() , o7
= [ o—owel ]
S 10F 0--oBarrzr/A/A 3
Q0 [ ]
o 5F .. .
') [ i
o
L

Figure 4.3: The optical gaps of GaN-AIN superlattice structures calculated without screen-
ing and with full screening of the Stark shift as a function of GaN well and AIN barrier
thickness (a). Even with full screening of the Stark shift by free carriers, only structures
with one- or two-monolayer-thick wells can achieve light emission in the germicidal 4.4
eV to 5.4 eV range (shaded region). The Stark shift of the electronic and optical gaps
calculated for each structure (b). The Stark shift is suppressed in structures with single-
monolayer thick wells due to large quantum confinement, but structures with thicker wells
have considerable Stark shifts. The electric field magnitude due to piezoelectric polariza-
tion inside the GaN well and AIN barrier regions of each structure (c).
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such narrow wells. This indicates that these one-monolayer-well structures have excellent
stability of optical emission characteristics. On the other hand, the unscreened and fully-
screened optical gaps differ considerably in structures with two or more monolayers of GaN
in the well. Full screening increases the optical gap by 0.07 eV to 0.17 in structures with
two-monolayer-thick wells and from 0.15 eV to 0.31 eV in structures with three- and four-
monolayer thick wells, as illustrated by the Stark shift of each structure shown in Fig. 4.3b.
These large Stark shifts in such narrow wells are due to the exceptionally large piezoelectric
polarization fields arising in these structures (Fig. 4.3c). The large magnitude of the po-
larization fields are mainly due to spontaneous polarization at heterointerfaces rather than
strain, and are comparable to previous findings for ultra-thin GaN-AIN structures.[117]

In principle, high free-carrier injection levels can increase the gap both by screening
the Stark shift and due to the Burstein-Moss effect. The combined effect can be esti-
mated with a simple model that accommodates partial screening with an effective screen-
ing length plus the Burstein-Moss shift due to band filling. Thomas-Fermi or Debye
screening length (L,..) models are straightforwardly calculated from the carrier density,
effective mass, and material permittivity.[122] The Burstein-Moss shift (Ag,/)is com-
puted by numerical integration of the density of states obtained from our calculations.
The screened optical gap including free-carrier effects is then approximated by F,., =
Eopt + Egarc(1 — e Len/ L) + Epu, where the electron-hole separation distance (Lgp) is
extracted from our calculations. Example calculations of screened optical gaps are tabu-
lated in Table 4.1 along with photoluminescence (PL) and electroluminescence (EL) mea-
surements from experimental references. By comparing experimental PL and EL data to
unscreened optical gaps calculated for structures with similar well thickness, it’s clear that
the unscreened gap generally under-predicts the gap measured experimentally, indicating
that the Stark and Burstein-Moss shifts are large in these structures. While the experimen-
tal free-carrier concentrations are unknown, typical values of n = 10'® cm™ and n = 10%°

cm 3 yield predictions of screened optical gaps in good agreement with experimental data.
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Table 4.1: Optical gaps with partial screening plus Burstein-Moss shift F[n] calculated
for different free-carrier concentrations n at 300 K and experimental data from photolumi-
nescence (Fpr) and electroluminescence (Fgr) measurements. GaN well (Ly.) and AIN
barrier (Ly,,) widths are reported in monolayers (MLs).
Calculated optical gaps with partial screening
Lyen  Len (nm)  Fop (€V)  E[10'8] (eV)  Fy:[10%] (eV)
1 0.010 5.23 5.23 543
2 0.118 4.49 4.50 4.76
Experimental EL and PL data
Source Lyawy  Lwen  EpL (€V)  FEgp (eV)
Ref.[32] 7.2 0.9 5.23 5.19

Ref.[32] 7.3 1.8 4.84

Ref.[32] 7.1 2.5 4.49

Ref.[7] 11-12 2-3 4.83 4.75
Ref.[7] 11-12 4 3.78 3.64
Ref.[31] 10-11 2-3 453-530 4.79-5.10

At higher free-carrier concentrations, the Burstein-Moss shift is the dominant mechanism

increasing the gap.

4.3 Discussion

The large increase in the electronic band gap due to quantum confinement exhibited by
GaN-AIN quantum well superlattices enables light emission in the deep-UV range without
the problems associated with high-Al-content AlGaN alloy-based quantum wells. Con-
finement boosts the band gap as high as 5.44 eV in structures with single-monolayer-thick
GaN wells. Additionally, the top valence bands which participate in the fundamental opti-
cal transition retain doubly-degenerate GaN-like character, preserving GaN-like polarized
light emission. Confinement also results in large exciton binding energies ranging from
80 meV to 210 meV, leading to optical gaps in the germicidal 4.4 eV to 5.4 eV range for
single- and double-monolayer thick wells. Such large binding energies are expected to
prevent thermal dissociation of excitons at room temperature, as well as enhance radiative

recombination rates and suppress efficiency droop. Structures with wells of a single GaN
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monolayer also have exceptionally high electron-hole wave function overlap, as evidenced
by the negligible Stark shift, which is expected to additionally enhance radiative recombi-
nation and suppress droop. Furthermore, the negligible Stark shift of ultra-thin well struc-
tures implies high stability of the emitted photon energy across a range of injection and bias
operating conditions. On the other hand, structures with wells thicker than one monolayer
are subject to large Stark shifts, decreasing the gap by 0.15 eV to 0.31 eV under equilibrium
conditions. This feature can potentially be utilized for tunable deep-UV emission by care-
fully engineering screening of the Stark shift in the well. Additionally, screening effects
and the Burstein-Moss shift must be considered when comparing our predicted optical gaps
to experimental measurement techniques involving injection or excitation of large carrier

populations, such as PL and EL.

4.4 Conclusions

In conclusion, we calculated the electronic and optical properties of GaN-AIN quantum
well superlattice structures with ultra-thin well and barrier layers. We found that such
structures dramatically increase the electronic band gap and optical gap of GaN through
extreme quantum confinement, enabling light emission in the deep-UV between 3.85 eV
and 5.23 eV in structures with the thickest wells (four GaN monolayers) and the thinnest
wells (single GaN monolayer), respectively. In particular, structures with one- or two-
monolayer-thick wells achieve light emission in the germicidal range of 4.4 eV to 5.4 eV,
indicating potential applications in high-efficiency sterilization or water purification. In
all cases, GaN-like polarized light emission is preserved, allowing for efficient light ex-
traction from c-planar devices. We also found that these structures have large exciton
binding energies from 80 meV to 210 meV, which prevents thermal exciton dissociation
at room temperature and may suppress efficiency droop. Additionally, we calculated the

polarization-field-induced Stark shift in each structural variant and the maximum optical
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gap achievable through screening by injected carriers or compensation by external bias.
While structures with single-monolayer-thick wells have negligible Stark shift and offer
superior optical emission stability, structures with thicker wells have Stark shifts as large
as 0.15 eV to 0.31 eV, potentially enabling optical emission tunability across a wide range
in the deep-UV. These findings indicate that ultra-thin GaN-AIN quantum well structures
are predicted to have favorable electronic properties for applications in deep-UV optoelec-

tronics.
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CHAPTER 5

Thermoelectric Properties of n-type TiO-

We calculate the conduction band structures and n-type thermoelectric transport proper-
ties for the TiO, polymorphs rutile, anatase, and brookite from first principles within
the constant-relaxation-time approximation. Although the Seebeck coefficient is nearly
isotropic in all polymorphs, the power factor is anisotropic and takes its largest values
along [100] in rutile and anatase, and along [010] for brookite. We also identify the free-
carrier concentrations and temperatures that maximize the power factor. Our results for
the theoretical upper bounds of the figure of merit at high temperature show that optimized
rutile exhibits thermoelectric conversion efficiency that is superior to anatase and brookite
and can reach values desirable for waste-heat recovery applications. (Reproduced with

permission from [2]. Copyright 2015 American Physical Society.)
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Thermoelectric energy conversion offers a method to recover waste heat as electrical
power from high-temperature industrial and transportation applications. Current research
aims to identify thermoelectric materials that are both thermodynamically stable and ther-
moelectrically efficient at high temperatures. Titanium dioxides (TiO5) are promising in
this regard. Three naturally occurring polymorphs—rutile, anatase, and brookite—are
stable in atmosphere at high temperatures (rutile melts near 2100 K[123] while anatase
and brookite transform irreversibly to rutile above approximately 900 K and 1100 K,
respectively[34, 35]). Furthermore, large n-type Seebeck coefficients have been mea-
sured from -360 to -700 pV/K in rutile[36, 124, 125] and from -240 to -500 xV/K in
anatase,[37, 126, 127, 128, 129] while power factors as high as 14 W/(K?cm) have been
reported.[38] Despite these promising characteristics, the highest reported value of the di-
mensionless thermoelectric figure of merit ZT = 0.S*T'/x to date is 0.35 at 973 K in rutile
[39], which is well below that of the current best thermoelectric materials.

Recent advances in understanding the behavior of excess charge carriers in TiOy and
identifying new dopants show great promise for the development of TiO,-based thermo-
electric devices. Calculations by Janotti ef al.[43] revealed the dual nature of excess
carriers in TiOs, showing that delocalized carriers give rise to the high mobility mea-
sured experimentally and thus dominate transport. Other calculations indicate that the
unintentional n-type conductivity reported in anatase and rutile TiO, stems from oxygen
vacancies.[44] However, impurity doping is needed to achieve the high free-electron con-
centrations required for thermoelectric applications. Pentavalent cation doping with Nb
or Ta can achieve up to 8% cation substitution and produce free-carrier concentrations as
high as 5 x 10%° cm~3 for anatase.[45] High dopant concentrations increase the free-carrier
concentration, electrical conductivity, and thermal conductivity while reducing the Seebeck
coefficient,[37, 38] exemplifying the trade-off that makes increasing Z1" challenging.

In this work, we use first-principles methods to calculate the band structure and ther-

moelectric transport properties of n-type rutile, anatase, and brookite TiO,. We analyze
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features in the band structure that affect electronic transport and we identify optimal tem-
peratures and free-carrier concentrations to maximize the thermoelectric power factor of
TiO5. We also compute the electronic ZT' (Z.T') to compare relative thermoelectric per-
formance between polymorphs, and then estimate the maximum possible Z1" (Z.c1") of
rutile using electronic relaxation times extracted from literature. Our analysis establishes
upper bounds on the thermoelectric figures of merit in these TiO, polymorphs and demon-
strates that at least a twofold improvement over previously reported values is possible under

optimal conditions.

5.1 Methodology

Our computational methodology employs density functional theory (DFT) and many-body
perturbation theory. We use DFT with the local density approximation and the plane-wave
norm-conserving pseudopotential method[86, 51, 87] with a semicore Ti pseudopotential
including 3s and 3p orbitals in the valence. Subsequently, we apply quasiparticle correc-
tions with the GW method[56, 66] using the generalized plasmon-pole model of Hybertsen
and Louie,[53] and the static-remainder[91] correction to converge the Coulomb-hole sum.
The Ti semicore shell is excluded from the plasmon-pole sum rule to preclude nonphysical
screening by core electrons.[90, 89, 120] These parameters converge quasiparticle band
gaps to within 0.1 eV. Quasiparticle corrections also modify the band dispersion and the
relative energies of conduction band valleys, on which transport coefficients intimately de-
pend. We therefore use quasiparticle band structures for calculating transport properties,
improving on previous theoretical work that investigated only the rutile polymorph with-
out quasiparticle corrections.[ 130] We interpolate the quasiparticle band structures with the
maximally localized Wannier function (MLWF) method[67, 92]. Basis sets of 26 MLWFs
for anatase and rutile and 104 MLWFs for brookite interpolate the band structures with a

maximum error of 10 meV for states within 2 eV from the band edges. Transport coeffi-
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cients (electrical conductivity o, Seebeck coefficient .S, and electronic thermal conductivity
k.) are calculated using the Boltzmann transport formalism with an approach similar to the
method developed independently by Pizzi et al,[68] employing the rigid-band and constant-
relaxation-time approximations. While full calculations of the relaxation time due to the
various scattering mechanisms are needed to predict transport coefficients, they are compu-
tationally expensive and beyond the scope of the analysis we perform here. Carrier veloc-
ities are calculated using finite differences on dense meshes that converge transport coef-
ficients to three significant digits. Structural parameters used in our calculations are taken

from experimental measurements at room temperature and atmospheric pressure.[131, 132]

5.2 Results

Our calculated band structures for the rutile, anatase, and brookite polymorphs of TiOy
are in reasonable agreement with experiment and previous calculations. We calculate the
indirect electronic band gap of rutile as 3.49 eV for the I' — R transition, while the smallest
direct gap is 3.56 eV at I'. The fundamental band gap of anatase is also indirect, with 3.87
eV between 0.85 X — I', whereas the smallest direct gap is 4.42 eV at I'. We calculate that
the fundamental gap of brookite is direct at I' with a magnitude of 3.99 eV. These findings

are compared to previously reported experimental and theoretical band gaps in Table 5.1.

5.2.1 Seebeck coefficient

We calculated Seebeck coefficients for a range of free-carrier concentrations and tempera-
tures from 300 K up to the phase-transformation temperatures. For this range of free-carrier
concentrations, the Fermi level at 300 K spans an energy range from at most 0.16 eV below
up to 0.23 eV above the conduction band minimum (Fig. 5.1). The presence of multiple
conduction band valleys near the Fermi level increases the magnitude of the Seebeck co-

efficient. We therefore expect rutile (Fig. 5.1a) to have a larger Seebeck coefficient than
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Table 5.1: Indirect (Eéap) and minimum direct (Eg,dp) band gaps of the rutile, anatase, and
brookite TiO, polymorphs, along with the locations of the valence band maximum (VBM)
and conduction band minimum (CBM), as determined by various approaches using the GW
method and measured by experiment (indicated by asterisks). (Reproduced with permission
from [2]. Copyright 2015 American Physical Society.)

Source VBM — CBM E;ap (eV) Egap (eV)

Rutile
This work I' =R 3.49 3.56
Ref.[133] r—-r 3.40
Ref.[134] [ —7T 3.46
Ref.[135] I —7T 3.59
Ref.[136] I' - R 3.34 3.38
Ref.[137]* 3.00 3.37
Ref.[138]* r—-r 3.00
Ref.[139]* 3.03
Anatase
This work 085X =T 3.87 4.42
Ref.[133] X—=T 3.70 3.9
Ref.[134] 088M —T 3.73 3.8
Ref.[135] X—=T 3.83 4.29
Ref.[136] 088X — T 3.56 4.14
Ref.[138]* 3.2
Ref.[137]* 3.21 3.53
Ref.[139]* 3.24
Ref.[140]* 3.34
Brookite
This work I'—=T 3.99
Ref.[134] r—»r 3.45
Ref.[137]* 3.13 3.56
Ref.[139]* 3.27
Ref.[138]* I —7T 34
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anatase (Fig. 5.1b) and brookite (Fig. 5.1c). Indeed, at all corresponding temperatures
and free-carrier concentrations, the Seebeck coefficient of rutile (Fig. 5.2a,b) is larger than
those of both anatase (Fig. 5.2c,d) and brookite (Fig. 5.2e,f). The Seebeck coefficient of
anatase is the smallest of the three polymorphs, being 5% - 20% smaller than in brookite
and 30% - 60% smaller than in rutile at corresponding temperatures and free-carrier con-
centrations. Additionally, we find that the Seebeck coefficient is isotropic to within 1%
in all three polymorphs. Our calculated Seebeck coefficients are in reasonable agreement
with available experimental data for rutile[36, 124] and anatase,[128, 129] as summarized

in the insets of Figs. 5.2a,c.

5.2.2 Thermoelectric power factor

We also evaluated the thermoelectric power factor (0.52) in the constant-relaxation-time
approximation to estimate optimal temperature and free-carrier concentrations for TiO,-
based thermoelectric devices. Specifically, we analyze the ratio 0.5%/7 to remove the de-
pendence on the constant-relaxation-time parameter 7 from our transport calculations. This
necessity precludes direct comparison of the magnitude of 0.5% /7 between different TiO
polymorphs since carrier relaxation rates may vary between them, but it yields meaningful
conclusions about optimizing thermoelectric energy conversion for each polymorph.

We first consider 052 /7 of each TiO, polymorph in different crystallographic directions
at a fixed temperature of 300 K (Fig. 5.3a,c,e). While 052 /7 of rutile is nearly isotropic
(Fig. 5.3a), there is considerable anisotropy in anatase (Fig. 5.3c) and brookite (Fig. 5.3e).
Anisotropic 052 /7 implies that fully optimized bulk thermoelectric devices incorporating
these materials must take the preferred transport directions into account. Ideally, such
devices would be constructed from appropriately oriented single crystals. However, in
the case of devices assembled from, e.g., sintered powders, rutile would sustain the least
efficiency loss of the three polymorphs from the presence of randomly oriented grains.

Another key observation is that 5% /7 is maximized in these TiO, polymorphs at free-
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Figure 5.1: Conduction band structures of rutile (a), anatase (b), and brookite (c) TiO.
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tween 10'® cm™3 and 5 x 10?Y cm ™2 at 300 K. The Fermi energy increases with carrier con-
centration and exceeds the conduction band minimum in all three polymorphs at 5 x 10%°
cm 2 and 300 K. (Reproduced with permission from [2]. Copyright 2015 American Phys-

ical Society.)

r Z U R T

51

Z

-
(&)

—

o
o1

o

-
(&)

—

o
o1

o

—_
(&)

—

o
o1

0



T (o) T

-200f

000 M
] -800F :
Rutile ; : :

1000k i i o 1000E 0 L
10'® 10'° 10%° 1(3)0 800 1300 1800
T T T ] (d) AL L A

. -200%5

Rutile

—~
D)
~
o

L Anatase
-200F

o | ] : :
% -400 i | I:h . 400 M .
~ O Ref. 10 ] L ]
- 8RN Y ] _ ]
® 600 o8 11 -e00f ;
i ° ] [ |O-O5-10%cm™® ]

L -600 L 4 L 20 -3
-800[- 0% 10" 4 800F A s ]
[ J [ | V-V 101scm'3 Anatase 1
-1000b v i v <1000 | L,

I i PR IR PR L

0% 100 10® 300 500 700 900
0"| UL | HRRM | T 0 T T T T T T T T T
e) . 1 (f) L -
(e) - Brookite () M
1 -200 a

] -400M{

-2001

~600f .':.' gggE 1 600 Mt
A—A 700K 1 r .
-800F T3 Yook | ] -800F _ .
; 2000K | L Brookite ]
1000k v v vt 0 ed -1 0;...|. A T
10'® 10" 10%° 300 500 700 900 1100

n (electrons-cm's) Temperature (K)
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in rutile (b). (Reproduced with permission from [2]. Copyright 2015 American Physical
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Figure 5.4: The ratio of the power factor divided by electronic thermal conductivity
(05?/ke) of n-type TiO, polymorphs as a function of the free-carrier concentration (n)
and temperature. Rutile (a,d) exhibits significantly larger values for this ratio than anatase
(b,e) and brookite (c,f) at corresponding temperatures and free-carrier concentrations, and
thus has potentially superior thermoelectric energy conversion efficiency. (Reproduced
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transport direction of each (c). (Reproduced with permission from [2]. Copyright 2015
American Physical Society.)

carrier concentrations in excess of 1020 cm—3

. However, the particular free-carrier con-
centration that maximizes .52/7 depends on temperature, which we investigate in the
preferred transport directions (Fig. 5.3b,d,f). In every case, 0.5? /T increases with increas-
ing temperature up to the phase transformation temperature of each polymorph. Further-
more, as temperature increases, higher free-carrier concentrations are required to maximize
0S? /7. Of the three polymorphs, rutile requires the highest free-carrier concentrations to
maximize 052 /7, from 10*' cm™3 at 300 K to 5 x 10*' cm™3 at 2000 K. Anatase and
brookite require approximately an order of magnitude lower free-carrier concentrations to
maximize 05%/7. At 300 K, 0.5?/7 is maximized with 102° cm ™ in anatase and 2 x 10%°
cm~? in brookite. Near the phase transformation temperatures, 5 x 10%° cm™3 yields the
maximum .52 /7 in both anatase (at 900 K) and brookite (at 1100 K). Note that the experi-
mentally measured power factor may show a maximum at lower free-carrier concentrations

since the electronic relaxation time decreases with increasing temperature or free-carrier

concentration.
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5.2.3 Thermoelectric figure of merit

Next, we calculate the quantity Z,T = ¢S%T/k. for each TiO, polymorph in the pre-
ferred transport direction (Fig. 5.4). Z.T is related to the thermoelectric figure of merit
ZT = 0S*T/(ke + k1) = Z.T/(1 + K1/ke.), and is often called the electronic ZT. ZT ap-
proaches Z.T' in the limit where the lattice thermal conductivity ; is small compared to
the electronic thermal conductivity x.. Z.1 is thus useful for comparing relative thermo-
electric performance of the various TiO, polymorphs. This comparison reveals that rutile
has superior thermoelectric properties to anatase and brookite. At corresponding temper-
atures and free-carrier concentrations, Z. 1 is between approximately 2 to 10 times higher
in rutile (Fig. 5.4a,d) than in anatase (Fig. 5.4b,e) or brookite (Fig. 5.4c,f). The ratio of
Z. T of rutile to the other polymorphs increases with increasing free-carrier concentration
(Fig. 5.4a,b,c), but decreases slightly with increasing temperature (Fig. 5.4d,e,f).

Last, we estimate an upper bound for ZT (Z.x1") in rutile—the most promising poly-
morph. We approach this by calculating x; in the amorphous limit, estimating the elec-
tronic relaxation time from conductivity measurements in the literature, and recalculating
transport parameters based on this estimate. In the amorphous limit, short-range scattering
dominates the lattice thermal conductivity, establishing a lower limit of x; = C,lv/3 =
kyNlv/2, where C,, [, v, and N are respectively the heat capacity, phonon mean free
path, sound velocity, and atomic density.[141] The parameters for rutile [ = 0.196 nm
(average nearest-neighbor distance), v = 6850 m/s (average sound velocity)[142], and
N = 9.6 x 1022 cm 3 yield x; = 0.89 W m~! K™, This value of x; is comparable
to experimental measurements of reduced rutile samples wherein abundant defect planes
scatter phonons.[143] We then estimate the electronic relaxation time from conductivity
measurements by Kitagawa ef al.[36], which yield an average value of 7o, = 2 X 10716 s
for free-carrier concentrations between 10?° cm™3 and 5 x 10%** cm~2 at 300 K.

The upper bound Z,,,x 1" for rutile derived from «; in the amorphous limit and the exper-

imental relaxation time 7., is shown in Fig. 5.5a,b. Z,,,T" increases with both temperature
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and free-carrier concentration up to a maximum near 3 x 10*! cm™2. The maximum value
of Znax 1 of rutile is 0.93, reached near the melting temperature. This value is the highest
achievable Z'T" among these TiO, polymorphs and implies energy conversion performance
comparable to commercially available thermoelectric materials. Figure 5.5¢ shows the

Lorenz number k./(c7) of the three polymorphs, indicating the onset of non-parabolic

3 3

band effects for free-carrier concentrations above 10%° cm™2 in rutile and 10 cm™3 in

anatase and brookite.

5.3 Discussion

The large Seebeck coefficients in these three TiOy polymorphs and the behavior of 0.5% /7
and Z.T indicate that all are potentially suitable for thermoelectric energy conversion. The
rutile polymorph is particularly well-suited for two reasons. First, the high thermodynamic
stability of bulk rutile precludes phase transformation below the melting temperature near
2100 K, placing a high upper limit on the operating temperature. On the other hand, anatase
and brookite readily phase transform at approximately 960 K and 1160 K, respectively,
limiting the operating temperature for thermoelectrics based on these polymorphs. Second,
Z. T 1s larger in rutile than in anatase and brookite. This is primarily due to the greater num-
ber and multiplicity of conduction band valleys near the band edge in rutile. Furthermore,
our calculation of Z,,,x1" indicates that TiO, thermoelectric efficiency can be significantly
enhanced by mitigating lattice thermal conductivity, optimizing free-carrier concentration,
and operating at high temperature. For example, the record Z7" = 0.35 in rutile at 973
K reported by Liu et al[39] is comparable to our calculated value of Z,,,7" = 0.36 at the
same temperature, but is only a fraction of the maximum value 7,7 = 0.93 at 2000 K.
For these reasons, TiO2 shows significant promise for high-temperature thermoelectric ap-
plications, and rutile-based thermoelectrics may offer the best thermal-energy conversion

performance over the widest temperature range among these three TiO, polymorphs.
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5.4 Conclusions

In conclusion, we calculated the quasiparticle band structure and n-type thermoelectric
transport properties of the rutile, anatase, and brookite polymorphs of TiO, from first prin-
ciples within the constant-relaxation-time approximation. We found that the Seebeck coef-
ficients are large and isotropic in each polymorph, and have the largest magnitude in rutile.
Analysis of 0.5? /7 as a proxy for the power factor shows that the power factor can be max-

3

imized with free-carrier concentrations between 10%° cm™2 and 10%! cm™2 in anatase and

brookite, and above 10%' cm™3

in rutile. Our analysis indicates that the rutile polymorph
has distinct advantages over anatase and brookite, having the largest values for the See-
beck coefficient and Z. 7', as well as the best thermal stability over the widest temperature
range. Moreover, our calculation of Z,,,7" shows that ZT" approaching unity is theoreti-
cally achievable in heavily doped rutile near the melting temperature. Our findings indicate

that these common TiO5 polymorphs are promising thermoelectric materials for waste-heat

recovery at high temperatures.
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CHAPTER 6

Radiative Recombination Lifetime in Ultra-Thin

GaN Quantum Wells

Quantitative understanding of carrier recombination processes in optoelectronic materials
are critical for predicting performance characteristics of novel materials and structures.
We apply our first-principles methodology to predict the radiative lifetimes of excitons in
GaN-AIN quantum well structures with the goal of elucidating design parameters that en-
hance radiative efficiency. One approach to calculating excitonic radiative lifetimes in such
structures is adapted from a formalism previously developed for two-dimensional layered
materials. We demonstrate novel application of this approach to ultra-thin quantum well
structures. Furthermore, we develop an alternative approach to calculating the excitonic
radiative lifetime from the non-excitonic radiative B coefficient augmented by an excitonic
enhancement factor. We show agreement between the two approaches in the limit of thick
quantum wells and motivate further investigation of first-principles methods for calculating

radiative lifetimes.

59



In recent work, we build on our first-principles predictions of the electronic and optical
properties of ultra-thin GaN-AIN quantum wells by investigating radiative recombination
properties. In particular, we develop quantitative methods to predict the excitonic radiative
lifetime in these structures. The goal of this work is to determine the extent to which the
radiative lifetime can be controlled by manipulating the superlattice structure (well and bar-
rier thickness) and devise methods of suppressing non-radiative recombination pathways in
low-dimensional structures.

Our theoretical approach builds on earlier work by Spataru et al on quasi-one-dimensional
carbon nanotubes[144] and nanoribbons.[145] More recently, Palummo et al extended this
formalism to quasi-two-dimensional materials and applied it to calculate radiative life-
times in transition metal dichalcogenides.[146] This timely development coincides with
experimental work by Hangleiter et al measuring radiative and non-radiative lifetimes in
[[I-nitride quantum well structures with unprecedented precision.[147] Our earlier work
on ultra-thin GaN-AIN quantum wells uniquely positions us to integrate these recent the-
oretical and experimental advances into a coherent understanding of excitonic radiative

enhancement mechanisms in III-nitrides.

6.1 Radiative lifetime from the exciton spectrum

First-principles calculations of the electronic band structure, exciton eigenenergies, and
optical transition matrix elements are required to compute the radiative lifetime from the
formalism developed by Palummo et al. The result of this computation for two GaN-AIN
quantum well structures compared to experimental measurements by Hangleiter et al are
given in Table 6.1. Our calculations for structures with 4 monolayer-thick GaN wells pre-
dict lifetimes of 2.74 ns at 290 K, which is in reasonable agreement with measurements
of 3 to 4 ns radiative lifetimes. The discrepancy can be accommodated by the uncertainty

in experimental well thickness and differences between the experimental material system
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Table 6.1: Radiative lifetimes (7) measured by experiment in an InGaN quantum well at
290 K (indicated by asterisk) and calculated from first principles for two GaN-AIN quan-
tum well structures at O K and 290 K using the model developed by Palummo ez al . Cal-
culations and experimental measurements are in good agreement for comparable quantum
well structures. A clear decrease in the lifetime is observed with thinner well width (L)
indicating enhanced radiative recombination from quantum confinement.

Lyenn(MLs) Tor (nS) Togok (1S)

3-6" - 3-4
4 0.523 x1073 2.74
3 0.426 x1073 1.76
2 0.394 x1073 1.36
1 0.481 x1073 1.18

(InGaN wells and GaN barriers) and our theoretical structures. It is also notable that cal-
culations predict a decrease in the radiative lifetime from 2.74 ns to 1.18 ns as the well
thickness decreases from 4 to 1 monolayers. This enhancement in the radiative rate is con-
sistent with our earlier observation that electron-hole wave function overlap and exciton

binding energy increase significantly as well thickness decreases in this ultra-thin regime.

6.2 Radiative B coefficients and excitonic enhancement fac-
tor

The radiative lifetime model developed by Palummo et al appears successful when applied
to transition metal dichalcogenides[146] and our GaN-AIN superlattices. However, it is of
interest to connect theoretical calculations of the radiative B coefficient to the excitonic
radiative lifetime. The radiative B coefficient appears in the polynomial A-B-C model of
carrier recombination processes. In this model, the total recombination rate is given by R =
dn/dt = An + Bn* + Cn?® where n is the carrier concentration, A is the Shockley-Read-
Hall non-radiative recombination coefficient, B is the radiative recombination coefficient,
and C' is the Auger recombination coefficient. The radiative rate is then given by R, .4 =

Bn? = n/7 such that the radiative lifetime is related to the B coefficient by 7 = (Bn)~.
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The B coefficient can be computed directly from the electronic band structure as de-
scribed by Ridley,[148] and as shown for several GaN-AIN quantum well superlattice struc-
tures in Figure 6.1. Specifically, the B coefficient is normalized by the thickness of the
superlattice period to give the quantum well areal B coefficient Byp. As shown in Fig.
6.1a, the B coefficient depends on the free-carrier concentration and approaches a density-
independent value in the low-density limit. The B coefficients of different quantum well
structures are most easily compared in the low-density limit, as shown in Fig. 6.1b. No-
tably, the B coefficient is larger in structures with thinner barriers, which have poorer
quantum confinement of the electron and hole wave functions. This counterintuitive result
is due to the neglect of the strong excitonic interactions between highly confined electrons
and holes in this approach to calculating the B coefficient.

The non-excitonic radiative B coefficient can be augmented to include excitonic effects
via an excitonic enhancement factor.[149, 109, 150] This enhancement factor can be writ-
ten in terms of the exciton wave function v, which is obtained directly from first-principles
calculations and has the form of two-dimensional hydrogenic states.[151] Then the exci-
tonic radiative lifetime is obtained from the areal B coefficient and the enhancement factor
by Ter = (BQD|¢|2>_1-

Table 6.2 shows preliminary calculations of the excitonic radiative lifetimes obtained
from the augmented B coefficient (7.,) compared to those calculated from the model of
Palummo et al (7). The agreement between excitonic radiative lifetimes calculated by the
two methods is remarkable, since the approaches are quite distinct. However, a notable
discrepancy occurs as the well width decreases, motivating further investigation of the con-
nection between these two methodologies. This will enable a more complete understanding
of the application of predictive first-principles methods to excitonic radiative processes in

optoelectronic devices.
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Figure 6.1: The areal radiative B coefficient (Bsp) at 300 K calculated for GaN-AIN quan-
tum well structures. (a) Byp as a function of free-carrier concentration for structures with
barriers 6 to 9 monolayers (MLs) thick. Byp approaches a constant value B35 in the low-

carrier density limit. (b) B2}5* of multiple GaN-AIN quantum well structures grouped by
well width and plotted versus barrier thickness.
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Table 6.2: Radiative lifetimes calculated at 300 K for different GaN-AIN quantum well
structures from the radiative B coefficient with excitonic enhancement (7..) and from the
model of Palummo et al (7). Areal B coefficient Byp and enhancement factors [¢)|? are
also tabulated.

Lyen(MLs)  Bap(em?®/s) [|*(em™)  7.,(ns) 7(ns)

4 6.95 x10™° 5.51x10™ 2.61  2.86
3 9.12 x10™° 6.80x10'  1.61 1.83
2 129 x10™®  7.57x10?2  1.02  1.41
1 18.5 x10™° 8.24x10'?  0.656 1.23
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CHAPTER 7

Summary and Outlook

In conclusion, we applied our first-principles methodology to investigate the properties of
several material systems and nanostructures for energy conversion applications. Specif-
ically, we investigated electronic and optical properties of group-IlI-nitrides in various
nanostructured configurations and the thermoelectric transport properties of titanium ox-
ides (TiOy). A summary of the key findings of these investigations, potential impact, and
promising directions for future investigations follows.

First, we studied the effects of strong quantum confinement on the electronic and op-
tical properties of InN. Quantum confinement can increase the band gap and enhance the
Coulomb interaction between electrons and holes, modifying the optical gap and potentially
improving radiative recombination efficiency by increasing the exciton binding energy. We
hypothesized that extreme confinement of InN could boost the bulk optical gap of 0.6 eV
into the visible range for solid-state lighting applications. Our calculations predicted that
in InN nanowires with diameters on the order of 1 nm, quantum confinement opens the
electronic gap up to between 3.7 and 3.9 eV while increasing the exciton binding energy to
1.4 eV. These effects are predicted to result in highly efficient optical emission in the vis-
ible range at green to cyan wavelengths (2.3 to 2.5 eV), in contrast to the infrared optical
emission observed in bulk InN. This indicates that InN nanostructures offer a promising
alternative to existing green light emitting diode (LED) materials, which are particularly

prone to efficiency droop. More generally, this indicates that highly quantum-confined InN
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1s a promising engineering platform for optoelectronics throughout the visible range. Con-
trolling the size of small InN nanowires, nanorods, or quantum dots directly influences the
optical emission wavelength, and for InN nanostructures with characteristic dimensions on
the order of 1 nm, emission should remain in the visible range. These findings demon-
strate promise in the field of nanostructured InN for optoelectronics and may impact future
visible-range LED device design.

Next, we studied the effects of confinement in a quantum well morphology on the prop-
erties of ultra-thin layers of GaN embedded in AIN. In these piezoelectric materials, quan-
tum wells grown along the c-axis develop large internal polarization fields that decrease the
electronic gap through the Stark shift and suppress radiative recombination efficiency by
reducing electron and hole wave function overlap. We sought to determine if using ultra-
thin wells prevents these issues and enhances radiative efficiency, and the extent to which
electronic and optical properties can be tuned by controlling the well and barrier thick-
ness. We considered several structural variations with ultra-thin wells and barriers between
one and nine monolayers thick. In these structures, quantum confinement significantly in-
creases the optical gap from the 3.4 eV bulk value of GaN into the deep ultraviolet (UV).
Structures with wells as thin as 1 monolayer of GaN can achieve optical emission ener-
gies as high has 5.23 eV with exciton binding energies as high as 0.21 eV, which prevents
exciton dissociation at room temperature and may suppress efficiency droop. Moreover,
the optical gap can be tuned between 3.85 and 5.23 eV by varying the well and barrier
thickness. This capability has applications in water purification, germicidal sterilization,
and high-density optical data storage. Additionally, analysis of the electron and hole wave
functions shows that ultra-thin wells indeed enhance overlap and suppress the Stark shift,
which may improve radiative recombination efficiency. These ultra-thin well structures
also preserve GaN-like polarization of the emitted light with the electric field perpendic-
ular to the c-axis, such that light can be extracted efficiently from planar devices grown

along the c-axis. Overall, these features indicate that ultra-thin GaN-AIN quantum well
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structures have excellent characteristics for deep-UV optoelectronic applications.

In addition to investigating the optoelectronic properties of group-IIl-nitrides, we pre-
dicted the n-type thermoelectric transport properties of naturally-occurring polymorphs of
TiO,. This material system is of interest for thermoelectric applications because it has the
favorable properties of high earth-abundance, thermodynamic stability at high tempera-
tures, and large n-type Seebeck coefficients as measured experimentally. However, experi-
mental ZT measurements have yielded values no higher than 0.34 in this material system.
This mismatch between performance expectations and experimental measurements moti-
vated our first-principles study of the thermoelectric properties and theoretical limits of Z'T'
in naturally-occurring TiO, polymorphs. We discovered several important features of ther-
moelectric transport in these materials. The Seebeck coefficients are large and isotropic in
each polymorph and the thermoelectric power factor is maximized with large free-carrier

3

concentrations between 10?° cm™3 and 10%! cm~3 in anatase and brookite, and above 10!

cm~? in rutile. Additionally, the Seebeck coefficient, power factor, and electronic ZT
increase with increasing temperature up to the melting point of each polymorph. A key
finding for the field of TiO,-based thermoelectrics is that the rutile polymorph has distinct
advantages over anatase and brookite. In addition to having the best thermal stability over
the widest temperature range, rutile has the largest values for the Seebeck coefficient and
electronic Z'I'. Furthermore, our calculations predict that heavily doped rutile can theoret-
ically achieve ZT = 0.93, which is comparable to commercialized thermoelectric materi-
als. These findings indicate that common TiO, polymorphs show promise as thermoelectric
materials for waste-heat recovery at high temperatures.

The Boltzmann transport methodology used to predict thermoelectric properties of TiO-
polymorphs can readily be applied to other material systems. Of especial interest is applica-
tion to bulk and nanostructured group-IlI-nitrides. Thermoelectric properties of GaN,AlIN,

and InN have been investigated by experiment in bulk and by theoretical methods in pure-

phase and core-shell nanowire configurations. However, predictions of theoretical upper
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bounds of ZT' in the bulk materials are as yet unavailable in the literature. Furthermore,
the thermoelectric properties of ultra-thin GaN-AIN and InN-GaN quantum well superlat-
tices have received little attention, yet these nanostructured materials may offer unusual
characteristics of value to integrated thermoelectric-optoelectronic devices, such as sign-
inversion of the Seebeck coefficient at high free-carrier concentrations. Such properties
could be readily investigated in the future.

Future first-principles investigations into the optical properties of nanostructured group-
III-nitrides are expected to yield valuable insights. As outlined in Chapter 6, there are excit-
ing possibilities for enhancing the radiative recombination rate in ultra-thin quantum wells.
Quantum confinement in ultra-thin GaN-AIN could significantly suppress non-radiative
losses from Auger recombination, opening the door to more efficient UV LEDs. This same
principle could be applied to ultra-thin InN-GaN quantum wells for visible-range LEDs,

which is a promising area of future investigation.
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