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Summary

NiO and ZnO are a pair of p- and n-type wide band gap metal oxide semiconductors that forms a
partially soluble system with each other. Due to these properties, they are considered a potential
semiconductor pair for the construction of a p-n heterojunction that remains thermodynamically
stable under high-temperature applications. To this end, an in-depth understanding of the
properties of the available interface arrangements, as well as of the effects of the formation of the
mixed phases on the properties of the semiconductors is necessary. This study seeks to
investigate these aspects by a theoretical approach, utilizing DFT to model the properties of the
possible interfaces, as well as the behavior of the mixed phase systems at different

concentrations of solute ions.

The bulk properties of nickel substituted ZnO (Ni:ZnQO) and zinc substituted NiO (Zn:NiO) were
investigated utilizing a hybrid functional approach. Both systems were found to exhibit an
increase in the VBM energy level relative to the pure materials, with maxima of 0.39 eV and
0.26 eV, respectively. The VBM change with solute ion concentrations has been found to reach
saturation at 3.70% and 4.69%, again respectively. The VBM shifts of Ni:ZnO and Zn:NiO are
found to be caused by the formation of a new valence band due to localized impurity states, and
the formation of cubic ZnO bonding states, respectively. For both mixed phase materials, a
reduction of the band gap width is observed: The Ni:ZnO band gap is reduced by 0.3 eV, while
the Zn:NiO band gap changes linearly with concentration throughout the experimental
concentration range, with a band gap reduction of 0.8 eV at 31.25% zinc concentration.

The structural, energetic and electronic properties of the NiO-ZnO interfaces formed from pairs
of low-Miller index surfaces were investigated utilizing a GGA+U functional approach. The
polar-polar interfaces were found to exhibit the most favorable interface formation energies, for
either strain distribution considered. The natural band offsets were found to all form a type II

heterojunction with valence band offset values ranging from 0.73 to 1.84 eV. The majority of the



considered interface arrangements exhibit considerable interface states: Conduction band
interface states are the most prevalent, formed from nickel 3d-orbitals. The results indicate that
the prevalence of these interface states, and the general NiO-ZnO heterojunction properties, may
be manipulated to a considerable extent by choosing a suitable interface, and the growth

conditions under which it is formed.



Contents

PIETACE. ...ttt bbb bttt [
SUIMMIBIY ..t b et bbbt b e bt st E e e b e et b e bt e et b e e bt e s be b I
R 1 oo (3 Tox o] USSR P PP PP RPN 1
L1o PN JUNCHION ittt bbbt b bbbt 1
1.2.  Thermodynamically Stable p-n JUNCHIONS.........cccviiiiiiiii e 2
1.3, NIO = ZNO PN JUNCHIONS ...ttt sre e baeae e sreeneenee e 2
1.4, Goals and MethodOIOgIES.........ccueiieiieie e 3

N 1< VS SSOST 4
2.1.  Crystalline Material MOeINgG .........ccoeoiiiiiieie e 5
2.1.1. Periodic Boundary CONGItIONS..........cceivieiieiiiiieiieeie st 5
2.1.2. Reciprocal Cell and the First Brillouin ZONe...........cccocevveviiieiieieiee e 6

2.2.  Quantum Mechanical CalCUulatioNnS ..........ccccvviiiiiiiiiiie e 6
2.2.1.  Wavefunction-Based Methods...........cccooiiiiiiiiiiee e 6
2.2.2.  Density FUNCLIONAI TNEOTY ....c.oiiiiiiiiieiieie e 8
2.2.3.  POSt-DFT MENOUS........oitiiiiiiiiiieieiese s 13

2.3, DEfECt ChEMISIIY....ciiieiiiei et 15
2.3.1. Kroger-VINK NOTATION ........cceiieieieieiesiesiesie e 15
2.3.2.  Intrinsic Defects in NiO and ZNO ... 16

A S o 4 U Tod 1 o 1TSS 19
2.4.1. Fermi Levels of Approximate and Practical Semiconductors ............ccccceevvvernenne. 24
2.4.2. Heterojunctions, and HOW They DIffer .........cccccocviiiiiiicccccee e 27

2.5.  Diodes and TranSPOrt PrOPEITIES ........eiiuieiieeiie it esiee sttt e re e siee e e ssre e e e e ne e 30
2.6, WUITE CONSIIUCTION....c.eiiiiiitiii e 32



K N |V =11 T (o] (oo Y 2SS 34

T8 I [ 0] o] [=] 1= g LA o] o S 34
3.1.1.  Planewave BasiS SEL .......ccccoceiiiiiiiiiiiiieieee e 34
3.1.2.  PSEUAOPOLENTIALS .....cveeeiiieiecie ettt e e 35
3.1.3. SUPErCEll APPIOACK......cui i 36
B LA, SUIMACES ...t bbbt 37

3.2, CAlCUIALIONS ... 37
3.2.1.  Surface Energy CalCulation ............cccoooiiiiiiiiiieece e 37
3.2.2. Band AIIGNMENT ..o 38
3.2.3.  Mixed Phase Band EdQe LEVEL ...t 41
3.2.4.  Charge Carrier TraNSPOI .......ccvciveieeieeie it e e ere s se e sre e reeste e e sreesneenee e 42
3.2.5. Interface Energy CalCulation ............cccoooeiiiiiiie i 43
3.2.6.  Spatially ResOIVEd DOS ........ccooiiiieeee e 43
3.2.7. Induced Interface EIECtron DENSILY .......ccccvvevieieiiiiicie e 45
3.2.8.  Bader ANAIYSIS.....cviiieeiicie ittt 45

3.3. Calculation Settings, Convergence and Calculation Procedures ............cccooevveieinenne. 46
3.3.1.  Bulk and Interface SEttiNgS........cccviieiiiiieiie e 46

4. Review Of ReleVant LIterature ..o 53

4.1, NICKEI OXIUE ... bbbt b bbb 53

A |1 o3 @ ) d o[RS TP P PP 58

4.3. Nickel Oxide — Zinc Oxide Mixed Phase SYStem.........cccoiiieiininiiineieese e 63

4.4. Properties of the LizNiO-AL:ZNO p-N JUNCHION .....ooviiiiiiiicieeeee e 67

5. RESUILS @N0 DISCUSSION ......oviiiiiiiiiiieiieiesie sttt sttt sttt sttt bbb nneeneas 70

5.1, BUIK PAramMELEIS ...ttt bbbt bbb 70



5.1.1. BUIKNIO .ot 70

512, BUIK ZNO ..ot bbb 74

5.2, NIO-ZNO MiIXEUA PRESE........cuiiiiiiiieiiiiiteise it 78
5.2.1. Nickel Dissolved in ZNO (Ni:ZNO) .....ccoveiieiieeieese e 78
5.2.2.  Zinc Dissolved in NiO (ZN:NIO) ..ocvoiiiiiiiieiiee e e 83

5.3, SUITace CalCUIALIONS........ccuiiiiiiiieiee e 87
5.3. 1. NIO SUIMACES ......eeueiiiiiiti ittt bbb 87
5.3.2.  ZNO SUIMACES ...ttt bbbt a bbb 98

5.4.  NiO-ZnO Heterojunction INTErfaCES..........ccoviriiirieieieie e 107
5.4.1. Interface OPtIMIZALIONS. ........coiiiiiiiiiieiiieie et 108
5.4.2. Relaxed Structure INTErfaces ..........cooiiiieiiiiieieeseeese e 110
5.4.3.  StatiC StrucCture INErfACES..........coieriiiiiieiee e 130

6.  GENETal DISCUSSION .....ouviuieiitiieiiet sttt bttt nb e 136
6.1.  MIXEd PRASE SYSIEIM ....veiiiiiiiciie ettt ettt e et e e te e e e e nreenre s 136
6.2.  HeterojunCtion INtEITACES .........ccviiiie e 138
6.3.  Practical CONSIABIALIONS .........cvitiriiieiiiieiee ettt 140
6.3.1. PN JUNCHIONS ...ttt et sttt e et e e saeeneereeareeee s 140
6.3.2.  NANOCOMPOSITES ......viiiiiitiiiieieet ettt bbbttt b 141

6.4, FUINEI WOTK ...t 143
7. CONCIUSTON ..t bbbt bbbt ettt bbb 144
8. RETEIBNCES ...ttt 145
T N o] 1= o | TSSO SSO PO TP 156



1.Introduction

1.1. p-nlJunction

The formation of a p-n junction is a consequence of two different types of semiconductors, with
holes and electrons as the dominant charge carriers respectively, forming a single system. The
differing characteristics of the component semiconductors cause the free charge carriers of each
side to flow towards the junction and combine, annihilating the charge carriers. Once equilibrium
has been achieved, the charge carrier concentrations in the regions immediately adjacent the
junction is greatly depleted, decreasing the electrical conductivity in this region by orders of
magnitude. Upon the application of an external electrical potential, the charge carriers outside
the depletion region will shift in response, resulting in the depletion region either being flooded
with charge carriers, or further depleted depending on the direction of this applied potential. The
selectivity of the response to the applied potential causes the electrical resistance across the
junction to sharply change with the direction of the potential, only allowing electricity to flow in
a single direction: The p-n junction rectifies flow of electrical current.

These properties make p-n junctions a fundamental component of all modern electronics, both as
a component, as in diodes, or as a building block for more complicated semiconductor
components such as transistors, which include two or more p-n junctions. Depending on the
exact construction of the junction, it may have extra properties such as light emission, utilized in
applications such as LEDs and laser construction, or conversely light absorption, commonly

employed for electrical generation by solar panels, or several other possibilities.



1.2. Thermodynamically Stable p-n Junctions

Conventional modern p-n junctions are predominantly homojunctions constructed from doped
silicon semiconductors. While these junctions have a wide range of usages and applications, they
all have an inherent shortcoming to them: The p- and n-type semiconductors must be doped with
acceptors and donors, respectively. This forms a low-entropy system where different ions occupy
separate regions of the same system and is consequently thermodynamically unstable. Over time,
the dopant ions will interdiffuse across the junction, blurring it as the different dopant species
counteract each other’s effect. Eventually, the interdiffusion will proceed to the extent where the
junction breaks down all together and loses its intended properties. This problem has no
permanent solution, apart from slowing the decay by maintaining the junction at a low
temperature, kinetically hindering the diffusion process. Silicon based semiconductors are thus
unsuitable for high-temperature applications such as thermoelectric generation.

A possible solution to this issue is the utilization of coexistent oxide p-n junctions. The basic
idea is to utilize a pair of metal oxide semiconductors that form a partially soluble system. A p-n
heterojunction formed in such a manner would exhibit an initial period of interdiffusion, until
thermodynamic equilibrium concentration for the intended operational temperature is achieved.
At this point the p-n junction would experience no sum interdiffusion and could theoretically

remain stable and functional indefinitely.

1.3. NiO-=2n0O p-nJunctions

A potential pair of semiconductors for such applications, is the NiO — ZnO pair, as p- and n-type
semiconductors, respectively. Both materials are wide band gap semiconductors, with band gaps
of 3.37 eV for ZnO and a range of 3.6-4.3 V2™ for NiO, which absorb light in the ultraviolet
spectrum, and allow visible light to pass through. Consequently, there is great interest in the
system for potential usages such as for the construction of transparent transistors for usage in

see-through electronics.



A NiO — ZnO heterojunction system is an example of an interface where the component
semiconductors naturally assume two dissimilar crystal structures. NiO crystallizes in a rock-salt
structure, while ZnO will commonly adopt a wurtzite structure. The latter may also adopt a cubic
structure, but this occurs only under specific growth conditions. Due to this difference, NiO and
ZnO form different surface termination structures, and by extension, may form several interfaces
with different surface combinations. Distinct such interfaces may exhibit considerably different

properties.

1.4. Goals and Methodologies

NiO and ZnO are materials that have separately received considerable attention in recent years
for their properties as transparent semiconductor materials. While the specific system of NiO —
ZnO p-n junctions has been investigated to some extent,*®-8 no extensive investigation of the
various possible surfaces and interfaces has been performed. This is important, as understanding
the structural and electronic properties of the heterojunctions is necessary for the construction of

functional devices.

This project aims to investigate the effects of mixing nickel ions into the ZnO structure, and vice
versa, on the properties of these bulk materials. Further, the aim is to investigate the structural
and electronic properties of the possible interface arrangements of the NiO — ZnO system, and to
explore the individual differences between these. Specifically, the energetic favorability of each
interfaces’ formation, the presence of interface states, and the band offsets are explored. Finally,

the implications of these properties on practical p-n junctions and nanocomposites is considered.

Density Functional Theory calculations will be utilized, primarily at the GGA+U level of theory,
to simulate the NiO — ZnO interface junctions and calculate the electronic structure of these. The
effect of the mixed phases on the electronic structures are investigated utilizing hybrid

functional.



2.Theory

Gathering of experimental evidence has always been a core part of science, complemented by
theories to explain or interpret the observed results. Certain systems and properties are, however,
either difficult or impossible to explore in an experimental environment. This shortcoming is the
reason why in recent years, utilizing computational methods based solely on theoretical
principles, so-called ab initio methods, have become an increasingly big part of the scientific
discipline. Computational modelling is now considered a widely accepted methodology for
exploring the properties, especially structural and electronic, of various systems, and is now used
in a wide range of fields, such as material sciences, catalysis, general chemistry and numerous
more. They may be used in conjunction with experimental evidence to explain observations, or

to make predictions on properties new materials that have yet to be made.

Computational modeling has a number of advantages over experimental methods. As previously
noted, certain systems are too difficult, expensive or dangerous to perform practical experiments
with. Computational methods thus offer a safe, cheap and relatively simple alternative approach
to study these cases. A certain drawback of these methods is the fact that performing calculations
may be a bit too easy and may very well be wielded as a complete black box methodology, with
no knowledge of its actual workings. Consequently, there is a risk of committing errors, and
having no idea they exist in your data. Understanding the principles of computational methods is

thus just as important as for any other branch of science.

The two basic approaches for quantum chemical modelling are wavefunction based methods

such as Hartree-Fock and Post-Hartree-Fock methods, and Density Functional Theory.



2.1. Crystalline Material Modelling

2.1.1. Periodic Boundary Conditions

Bulk crystalline materials, or any non-amorphous material in general, are comprised of repeating
pattern(s) that are, from an atomic scale viewpoint, effectively infinitely repeating in all
directions. Computers cannot handle the simulation of an effectively infinite number of atoms,

however, so instead periodic boundary conditions are utilized.

The repeating atomic pattern of the material in question is defined by a single unit cell. This unit
cell is infinitely replicated in three dimensions by translational images of the original unit cell,
see Figure 2-1. These images interact with the unit cell by potential interaction, and particle
exchange. In effect, any atom that moves out of the unit cell on one side, is reintroduced into the

box from the opposite side.

Figure 2-1 Periodic boundary conditions, represented in 2D. The opaque image in the center represents the unit cell, the
transparent copies are the translational images.

The validity of this method for use within a plane wave basis calculation is tied to the Bloch

theorem, with its consequences explained in section 3.1.1.

Within periodic boundary conditions, systems that are non-periodic along one or more axes, such
as surfaces of a material, may still be treated. The non-periodicity is introduced in the form of
including a vacuum layer within the unit cell, as demonstrated in Figure 2-2. This vacuum layer

must be sufficiently wide such that the interactions between the atoms in separate images along



the non-periodic axis are negligible. This requirement causes difficulties for systems with sum

electronic charge, or significant dipole moment.
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Figure 2-2 Representation of surfaces under periodic boundary conditions. The black rectangle represents the calculation cell,
the structure to the right is the image.

2.1.2. Reciprocal Cell and the First Brillouin Zone
As an expansion of the unit cell, another important description of a crystalline system for
computational purposes, is the reciprocal lattice. This lattice is the Fourier transform of the

Bravais lattice, described by vectors b defined by the unit cell vectors a of the latter:

a,Xas
L3

a;Xas
L3

ai;Xa,
L3

b, =2n b, =2n b; =2m 2-1

The equivalent of the unit cell in reciprocal space is called the first Brillouin zone. The Brillouin
zone is of central importance for computational chemistry, as it is the region of an infinitely
repeating system the properties of which is directly sampled. This point is elaborated further in

section 3.1.1.

2.2. Quantum Mechanical Calculations

2.2.1. Wavefunction-Based Methods
The electronic and chemical properties of a given atomic system may be described by its wave
function. Hence, solving the time-independent, non-relativistic Schrodinger equation for a many-

body system is fruitful for understanding materials on an atomic scale:

6



HY = EY 2-2

Here, H represents the Hamiltonian operator, E the total energy of the system, and  is the total
wavefunction of the system. The total Hamiltonian of the system may be broken down into

individual components as follows:
H\:Tn+Te+Vne+Vee+Vnn 2-3

These terms correspond to kinetic energy of nuclei and electrons (T, and T,), and potential
energy of nuclei-electron, electron-electron and nuclei-nuclei (V,,., V.., and V,;,,) interactions,

respectively.

Once the wavefunction is known, solving the Schrédinger equation is relatively simple. The
problematic part of this equation is deriving the wave function itself. The exact analytical
solution is only known for the simplest systems, such as single-particle systems in static potential
fields. In physical atomic and molecular systems, there are a large number of mutually
interacting electrons and nuclei, so the form of the wavefunction must be derived by numerical
methods, which rapidly becomes unfeasibly time- and resource demanding with growing system

size. This difficulty is known as the many-body problem.

Due to the complexity of obtaining a near-exact wavefunction by numerical means, a number of
approximations are commonly used in practical quantum mechanical calculation methods.
Among these, the Born-Oppenheimer is practically ubiquitous in quantum mechanical
calculations. The approximation assumes the wavefunction of an atomic (molecular) system may
be broken into separate nuclear and electronic components.! Further, due to the large difference
in mass between the nuclei and the electrons, the kinetic energy of the nuclei may, for a system
where the atoms are stationary, be neglected as well.? The total energy of the system may thus be
expressed in terms of the electronic Schrddinger equation

! The approximation also assumes that the nuclear motion is sufficiently slow relative to electronic motion that
nuclei may be considered effectively fixed.

2 The Born-Oppenheimer approximation commonly also includes certain other approximations, such as the adiabatic
approximation and neglecting the diagonal correction terms. The nucleus-nucleus potential energy calculates to a
constant, and cancels out on both sides of the equation.

7



He(r; R) = E.(R)Y(r; R) 2-4
where H, is the electronic Hamiltonian:
H\e:Te'l'Vne'I'Vee 2-5

E.(R) is the electronic energy and ¥ (r; R) is the electronic wavefunction. The notation means
the wavefunction depends explicitly on the position r, and parametrically on the constant nuclei
positions R. Intuitively, the Born-Oppenheimer approximation models an atomic (molecular)
system with the nuclei as charged classical particles, that move on a potential energy surface
E.(R). Consequently, apart from special cases where the wavefunction of the nuclei is also of
interest, only the solution to the electronic Schrdédinger equation is necessary for common

quantum chemical calculations.

In recent years, an alternate approach from wavefunction-based methodologies of calculating the
electronic Schrédinger equation has gained considerable popularity due to striking a good

balance between accuracy of results with more favorable scaling of computational demands with
system size, and is now one of the dominant methodologies for electronic structure calculations:

Density Functional Theory (DFT) methods.

2.2.2. Density Functional Theory

The basic idea of DFT is that the energy of an electronic system may be written in terms of the
electron probability density p. The electronic energy E, which represents the total energy of the
electrons within the system, is considered as a functional of the electron density, henceforth
denoted E[p]. The proof of the validity of the DFT methodology lies in two theorems, known as
the Hohenberg-Kohn theorems®, which apply to any system of electrons moving in an external

potential (such as the potential from the nuclei of atoms). The theorems state that:

Theorem I: The external potential, and hence the total energy, is a unique functional of the

electron density.



Corollary: The ground-state density uniquely determines the potential, and thus all ground-state

electronic properties.

Theorem I1: For a trial ground-state electron density p ’(r) and a true ground-state electron
density p(r), then E[p’] > E[p], equal if only if p’(r)= p(T).

Together, these theorems serve not just to validate the methodology, but also the applicability of
a variational approach to finding the electron probability density. Specifically, these theorems

allow the ground state energy of a system to be written as:

Elp] = T[p] + Veelp] + [ p(r)v(r)dr 2-6

where T[p], V,e[p] and [ p(r)v(r)dr are the Kinetic energy, electron-electron interaction energy
and electron-external potential interaction contributions, respectively. The V,.[p] contribution
may be separated into a classical Coulombic contribution J[p], and a quantum mechanical

contribution.

DFT, in its basic formulation, has many advantages over conventional wavefunction based
methods. The arguably most important property for treating large systems with a quantum
mechanical approach, is that the approach uses a single three-dimensional function to determine
the state of a N,-electron system. To model the same system with a wavefunction approach
requires a (minimum) 3N,-dimensional function with constraints to ensure it is fully

antisymmetric.

DFT utilizing only a three-dimensional function to describe the system is referred to as orbital-
free DFT and could be considered as an ideal case. In practical terms, however, the accuracy of
orbital-free DFT is presently low, largely due to the lack of an accurate method of determining
the kinetic energy of electrons, from only the electronic probability density. Hence orbital-free
DFT is only an alternative for very large systems where no other alternative is practically
feasible. The method employed to remedy this issue, and the reason behind the success of
modern DFT, is the Kohn-Sham DFT model.



Kohn-Sham Density Functional Theory

The idea behind the Kohn-Sham model is to utilize the fact that the operator for calculating
kinetic energy of electrons from a wave function is known. The kinetic energy is therefore
calculated from an auxiliary set of orbitals, which are used to represent the electron probability

density p(r), commonly referred to as Kohn-Sham orbitals.

The Kohn-Sham method considers a reference system of N, non-interacting electrons moving in
an external potential v,.. (). This external potential is selected such that the reference electron
probability density p,..r(r) is identical to the true electron density p(r). For this reference

system, the total Hamiltonian is defined as the sum of all one-electron Kohn-Sham Hamiltonians:
Ne 1 KS Ks _ _ 1 o2
ref Z ‘ h hi - _Z_mevi + vref(r) 2-7

where # is the reduced Planck constant, m, is the electron mass, and V?# is the Laplacian of

electron i. The Kohn-Sham Hamiltonians have corresponding one-electron Kohn-Sham orbitals:
KS
RS = el 2-8

The total energy functional for the true system may be written in terms of the reference system
functional, plus a correction term to account for the difference between interacting and non-

interacting electrons:

E[p] = Tref[pref] +]ref[pref] + fp(r)v(r)dr + {T[p] + Vee[p] -

(Treflores] + Jreslpres])} 2-9

The correction term is the exchange-correlation energy. This final equation for the total energy is

alternatively written as:

E[p] = ref[ ] +] + fp(r)v(r)dr + EXC[p] 2-10

This equation, under the constraint that the total electron probability density must remain
constant under variation, gives the final Kohn-Sham equation, which gives the electronic energy

of any given wavefunction:
10



2
{he +— f pr2) dr, + UXC(rl)}ll)rIr{ls(rl) = 8717{15 fr{ls 2-11

4TEy ¥ |r1—T17|

where e is the fundamental charge, ¢, is the vacuum permittivity, vy.(r;) is the exchange-

correlation potential, and h,, is the one-electron Hamiltonian:

SExclp] h2
vyc(r) = #(CT')O h, = — - VZ +v(r) 2-12

The Kohn-Sham equation must be solved to find the electron probability density that minimizes
the energy functional, which is done typically by an iterative scheme designed to extract the

lowest energy solutions.

The greatest unsolved problem with DFT, is the exchange-correlation functional: its analytical
form is not known. Hence, numerous approximate functionals have been proposed. Many of
these functionals are, with varying degree, ad hoc corrections to the energy functionals. DFT
thus occupies a rather unique intermediate position between status both as ab initio and as a
semiempirical method. In fact, the main source of error associated with the DFT methodology

originates from the approximate nature of the exchange-correlation functional.

Commonly, the exchange-correlation functional is considered as a linear combination of separate

exchange and correlation functionals,

Ezc[p] = Ex[p] + Eclp] 2-13
with each part derived separately.

The most basic form of exchange-correlation functionals, are the Local Density Approximation
(LDA) functionals, and their spin polarized equivalents, Local Spin Density Approximation
(LSDA\) functionals.*®

The general form of these functionals is written as:

Exc'[p] = [ p(r)exc(p)dr 2-14

Or, with spin correlation included,

11



LSDA
Exc

(0w Pg] = [ () exc(par pp)dr 2-15
The €, is the exchange-correlation energy of a homogenous electron gas.

A primitive example of an LDA functional is the Thomas-Fermi-Dirac functional, here

simplified somewhat:

1h? fp(rl)p(rz)

Exc”lp] = Tlpl + Velp] + 5 — ——
e 1 2

dridr,

4
+Co [ p(r)sdr 2-16

The two parts of the total energy functionals that are explicitly written out are the classical
Coulomb interaction, and the exchange contribution, respectively. The form in which the latter is
expressed is the reason for the name Local Density Approximation: It is originally a property
that explicitly depends on the density at more than one position yet is expressed as a function of

a single point density.

The methodology assumes the electron probability density may be considered as a uniform gas.
Consequently, L(S)DA performs relatively decently on systems where this approximation is
appropriate, such as in metals. Systems with highly localized electrons, (and consequently
rapidly varying electron density) such as molecules or ionic species are typically badly described
by L(S)DA functionals. The LDA class of functionals have a consistent tendency to predict
overly strong bonding between atoms, which reflects in their tendency to underestimate bond

lengths and lattice constants.

A first improvement over the classical LDA functionals are functionals that take into account the
gradient of the electron probability density, the generalized-gradient approximation (GGA)

functionals, with a general form:

Eiélp] = [ p(Megép(r), Vo(r)ldr 2-17

The inclusion of the electron probability density gradient in the functional allows for the

functional to address divergences from homogenous electron distribution. Consequently, many

12



of the cases where LDA functionals fall short, may be considerably improved by utilizing GGA
functionals. In particular, the description of strongly correlated systems, and systems with

occupied d- and f- orbitals, which are highly localized.

GGA functionals generally improve most results compared to LDA functionals, but have a
tendency to overestimate bond lengths, as opposed to LDA systematically underestimating them.
Band gaps of semiconductors are also notoriously underestimated with GGA functionals. It is not
uncommon for the shape of the band structure itself to be close to correct despite the band gap

error.

2.2.3. Post-DFT Methods

Improving results beyond GGA functionals generally requires the use of relatively ad hoc post-
DFT methodologies. A first improvement beyond GGA is typically utilizing GGA+U (or more
generally, DFT+U).

In GGA+U, an extra Hubbard-like term is added to the potential of electrons in specified
orbitals. There are two common variants of the “+U” formalism: The Liechtenstein! and the
Dudarev'? approaches. In this thesis, the Dudarev approach is used, which utilizes an effective U

parameter:

Uefs TT'(pa _ papa) 2-19

EDFT+U = Eppr + Za >

Here, p® is the band occupation matrix. The main difference between the two approaches is that
the Dudarev approach ignores higher order Coulomb interactions and is therefore invariant to

rotation.

The choice of U, ¢, (or U and J separately) may be done in several different ways, such as fitting
to empirical data, or utilizing parameters commonly observed in literature. A more rigorous
methodology, however, is to determine the parameter in a self-consistent manner based on a

piecewise linearity model.®® Utilizing an exact exchange correlation-functional, the total energy
13



of otherwise identical systems with differing fractional charges should exhibit linearity between
integer charges, with discontinuities at the integer charges.** In standard LDA and GGA
functional, the observed behaviors differ from this ideal, rather exhibiting convex curves, due to
the self-interaction errors associated with these methodologies, as shown in Figure 2-3.

| | | |
° 02} A PBE+U=6¢eV © PBE+U=6.5eV 0 PBE -
‘é’ 0.15 | O PBE+U=7¢eV ¢ PBE+U=10eV O HSEOG_
3 ' ¢ PBEOQ
oS 0.1
)
5%“ 0.05
— ©
.5 .GE) 0.0
S .0.05
=
8 0.1 L _|
" |Empty | , , . Filled
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Fractional charge (e)

Figure 2-3 A figure describing the piecewise linearity model, and how various functionals and +U values diverge from the ideal
behavior. Figure from reference °.

There are a variety of GGA functionals available for use, among them the PBE functional®,

utilized in this project. It is one of the more common choices for calculations on materials.

A next step beyond GGA functionals are typically hybrid functionals. They take advantage of the
ability of Hartree-Fock type calculations to obtain the exact exchange energy, and mix a fraction
of this value, as a general standard 25%, with 75% of the density functional exchange energy.
The correlation energy is typically entirely from the density functional. Hybrid functionals may
be described by the general functional form:

Ex2’[p] = abEHF + (1 — a)ERFT[p] + ER™T[p] 2-20
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The hybrid functional utilized in this project is a hybrid extension of the PBE functional, PBEQ.’
The general structure of the basic functional is the same as the previous equation, with a standard

fraction of 25% exact exchange:

EFEEC[p] = 0.25EHF + 0.75EFPBE[p] + ELBE[p] 2-21

2.3. Defect Chemistry

As previously mentioned in in section 2.1 above, a perfect crystalline material consists of a
periodically repeating pattern of atoms or ions. For a perfect crystal, this repeating pattern
contains no flaws, discontinuities or impurities, at a temperature of OK. Any divergence from this
repeating pattern is termed a defect within the structure. In practical materials, a perfect crystal
structure is impossible to achieve, so some degree of defects is always present. Defects may have
extensive influences on the properties of the materials, so accounting for their presence is

necessary within the scope of material sciences.

Defect may be classified as either 0-, 1-, 2- or 3-dimensional, depending on how they extend in
space. O-dimensional defects, also called point defects, comprise flaws in the crystal structure
localized to a single point, such as vacancies interstitial atoms and single atom impurities. 1-
dimensional defects include dislocations like displacements along a single direction in the
structure; 2-dimensional defects include grain boundaries, interfaces and surfaces; and 3-

dimensional defects are flaws like precipitation of a different phase, within the primary material.

2.3.1. Kroger-Vink Notation
Within defect chemistry, the defect species themselves are treated as chemical species, with
chemical equations and concentrations that vary with conditions. The most commonly utilized

notation to represent these defects and their concentrations, is the Kréger-Vink notation.®

Within the Krdger-Vink notation, defect species are assigned a symbol of the general form

Scharge

site - S represents the chemical species under consideration. The site subscript describes, in a
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perfect crystal, what should be present at the current site of S. Finally, the charge superscript
represents the formal charge of species S, while it is situated at site. S does not have to be an
atomic species but may also represent defect species, such as vacancies. Within the consideration
of a metal oxide species MO, metal and oxygen ions situated at their appropriate lattice sites are
denoted Mj; and O, respectively. Metal- and oxygen ion vacancies, for instance, are denoted v,

and v;’, where " and * represent formal negative and positive charges, respectively.

The relevant species for the NiO and ZnO systems are described in Table 2-1:

Table 2-1 Krdger-Vink notation for relevant species of the NiO-ZnO system.

Species Kroger-Vink notation
Nickel vacancy Uy
Zinc vacancy Vg
Oxygen vacancy Vo
Electron e
Electron hole h*
Lithium substituted nickel ion Liy;
Aluminum substituted zinc ion Al

2.3.2. |Intrinsic Defects in NiO and ZnO
NiO and ZnO are p- and n-type semiconductors, respectively. These characteristics are closely
tied to certain defect reactions being more prevalent within the intrinsic material, as governed by

thermodynamics.

For NiO, being an intrinsic p-type semiconductor, the dominant free charge carrier is electron
holes. Charge carriers form within an intrinsic material as a consequence of the need to maintain
electronic neutrality within the material upon the formation of a charged defect. Consequently, it
may be expected that the dominant intrinsic defect of NiO are nickel ion vacancies, which may

form by the reaction with oxygen:

~0,(9) = vy + OF + 2h° 2-22
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From this reaction, it is expected that the concentration of both nickel vacancies and electron
holes will vary with the external oxygen partial pressure p0,. Nickel vacancies may form by

other processes, such as evaporation of nickel ions from the NiO lattice:
Ni}; = vy; + 2h° + Ni(g) 2-23

This process would predominantly occur under higher temperature conditions, but the chemical
activity of both nickel and oxygen in the surroundings of the NiO material, will affect the charge
carrier concentration. The dissociation of nickel ions from the bulk would not necessarily be
compensated by the formation of electron holes, however. The dissociation may also occur

accompanied by an oxygen ion; where an oxygen vacancy compensates the charge instead.
Niy;, + 0% = vy; + vy + NiO(g) 2-24
This reaction would have no effect on the electronic charge carrier concentration, however.

The intrinsic conductivity of NiO is too low for the pure material to be of practical use. Hence, to
increase the hole concentration, NiO may be doped with lower valent lithium, which forms the
species Liy; within the NiO material. As this species has a negative formal charge, the defect
must be compensated, either by the formation of a positively charged defect, or the consumption

of a negatively charged one. The doping reaction process may thus occur by one of two

processes:
Liz0 +20,(g) = 2Liy; + 2h° + 20§ 2-25
Li,0 + vl = 2Lily; + O% 2-26

The first equation shows that both the solubility of lithium in the NiO structure, as well as the
extent of electron hole formation, increases with p0,. The latter of the two processes is
unfavorable for the production of p-type semiconductors, as it does not produce electron holes;
under the doping process of NiO, controlling the environment to obtain the first reaction is

preferable.
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ZnO is intrinsically an n-type semiconductor, with, conversely to NiO, electrons as the dominant
charge carriers. The origin of the intrinsic n-type conductivity of ZnQO is still a debated matter in
literature, so the dominant process is not known, but charge carrier electrons within ZnO may
form by several defect reactions. Either by intrinsic reactions, such as the formation of oxygen
vacancies or zinc interstitials, or by extrinsic reactions such as hydrogen doping. Zinc interstitials

and oxygen vacancies may form by metal excess and oxygen deficiency reactions, respectively:

Ing, + 05 +vi¥ =7Zn;" + 2e' + %OZ(g) 2-27
0% = vy +2e + %O(g) 2-28

Differently to the p-type NiO, the intrinsic charge carrier concentration of ZnO would be reduced
at high p0,. Alternatively, at high temperatures, the metal excess may arise from gaseous metal

in the surroundings:
Zn(g) + v =Zn;" + 2¢’ 2-29

Extrinsically, n-type behavior may occur by hydrogen doping under reducing conditions by the

reaction
Hz(g) + 20(’)‘ = 2(0H)5 + 2¢e’ 2-30

The behavior of hydrogen as a donor in ZnO is a relatively unique behavior, as hydrogen usually
acts as an amphoteric dopant, counteracting the dominant conductivity of a semiconductor. In

ZnO, however, it will always assume a positively charged arrangement, and act as a donor.

Evidence exists to suggest the significance of a different hydrogen defect species in the
unintentional n-type doping of ZnO (see section 4.2), the H;, species. While the exact reaction is

not known, the possibilities include

H,(g) + 2Zn(g) = 2H;, + 2Zn}, + 2e’ 2-31

~H,(g) + 0F = Hy + €' +-0,(g) 2-32
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ZnO is doped to increase the electron concentration for practical applications, with the higher

valent aluminum to act as an electron donor, forming the Al7,, species:

Al, 05 = 241, + vi, + 30 2-33
Al,05 = 24l3, + 2¢' + 205 +5 0,(9) 2-34

Similarly to the intrinsic free electron formation process, the doping process of ZnO would

preferentially proceed the favorable doping reaction in the presence of lower p0,.

Within the partially soluble system of NiO-ZnO, the mixed phase systems will exhibit high
concentrations of the Nij,, and Znjy; species. Nominally, these will have little to no effect on the

respective systems as defects. Results in section 5.2.1 would appear to disagree, however.

2.4. p-nlJunctions

In electronics, there are two types of semiconductors; p- and n- type. These two types of
semiconductors naturally have, at temperatures above 0 K, an equilibrium excess of positive and
negative charge carriers, respectively. p-n junctions are formed when these two types of

semiconductors are brought together to form a single system.

The majority of p-n junctions utilized in modern electronics are doped silicon semiconductors,
being examples of homojunctions: the p- and n- type materials have equivalent band gap and
intrinsic band level but differing Fermi levels due to the presence of the dopants, as shown in
Figure 2-4.

p-type n-type
CBM

Fermi
VBM

Figure 2-4 Diagram of band edges in p-n homojunction prior to equilibration of fermi levels. The red lines represent the
respective Fermi levels of the p- and n-doped semiconductors on their respective sides.
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Upon formation, this static junction is unstable, with two differing energy levels within the same
system. To obtain a thermodynamic equilibrium, the Fermi levels of both semiconductors must
be equalized with one another. When the junction is first formed, a very steep concentration
gradient of charge carriers is formed at the interface. Consequently, the charge carriers will tend
to diffuse across the junction and into the opposite semiconductor where the opposite charge
carrier is dominant, and combine, neutralizing both charges. This process continues until an
equilibrium is reached between the rate of charge carrier diffusion, and charge carrier drift in the
opposite direction. At this point, a charged depletion zone with low charge carrier concentration
has formed around the interface of the two semiconductors. This charged region contains an
excess of depleted acceptor- and donor- defects of the p- and n- type semiconductors,
respectively, as shown in Figure 2-5.

neutral region neutral region
e —— R ——

————
Space Charge Region

Figure 2-5 Diagram of a p-n junction at thermodynamic equilibrium. The regions labeled as neutral have equal concentration of
charge carriers and dopant ions while the space charge region has an excess of depleted acceptors and donors, in the negative
and positive regions, respectively.

For investigating the properties of a p-n junction, the two main laws of electromagnetic theory
are Gauss’s law, which relates the first derivative, or divergence, of an electric field to the charge

density:
VE(x,y,z) = 222 2-35

and Poisson’s equation, which relates the second derivative, or Laplacian, of the electric

potential to the same:
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_P(x'y'Z) 2_36

&

Vip(x,y,z) =

where ¢ is the permittivity. The assumption that the junction extends effectively infinitely along
the plane parallel to the junction, so that there are no surface effects, reduces the problem to one
dimension, perpendicular to the junction. The simplified form of Poisson’s equation for this case
IS

dZ

-l - T (p—n+Ng;—N) 2-37

2 . .
dx Esemi Esemi

where Ny 4 are the concentrations of electron donors and acceptors, p and n are the hole and

electron densities, both respectively, &..,,; i the semiconductor dielectric constant, and q is the

charge of the carrier under consideration.

Solving this equation may be simplified by invoking the full depletion approximation. Within the
scope of this approximation, the depletion region is considered fully absent of free charge
carriers (see Figure 2-6), with a discontinuous transition into the effectively charge neutral

regions:

qWNg = Ng) ~ ~%p <X <n
p= 0 Xy < X 2-38
0 X< —Xp

where x,, and x,, are the p- and n-type depletion region widths, respectively.

4 ) £ ¢

<V
<V
<V

\— Xn
-qN,

Figure 2-6 Diagrams demonstrating the full depletion approximation. From left to right, the diagrams outline the charge density,
electric field, and potential field. The p- and n-type behavior is on the left and right of each diagram.

Under the full depletion approximation, the total charge of the depletion region, and thus the

maximum electric field is a linear function of the region’s width:
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_ _9NaXn _ _ ANaXq 2-39

E = —
max & &g

From this equation the junction potential, or more usefully, the total junction potential ¢; »omo

(for a homojunction) with an applied potential V, may be written as:

Emax(Xn+xp)
d)l,homo —Vo=- > 2-40
Under the constraint that the total charge on both sides of the junction must be of equal
magnitude and opposite sign to one another, the respective widths of the depletion layers are
obtained from using Gauss’s law to obtain an expression for the electric field across the junction,

as well as the effect of an applied voltage:

2&8semi Ng 1
X, = -4 -V 2-41
P \/ q Ny Ng+Ng (¢I,homo a)
2&semi Na 1
Xp = — -1, 2-42
n \/ q NgNg+Ng (¢I,homo a)

The shape of the physical depletion region is gradual at the edges, but for many purposes, the full
depletion approximation is sufficient, provided the depletion region is not too thin. As can be
seen from the form of this equation, the width of the depletion layer varies with the applied
potential: If the direction of the applied potential is opposite the internal potential, the depletion
region shrinks.

The formation of the depletion region and its corresponding space charge affects the level of the
energy bands that electrons and holes are permitted to occupy in the vicinity of the interface,
causing them to shift. When the depletion region has reached equilibrium, the Fermi levels of
both materials are the same, and the band edges have shifted accordingly, as shown in Figure
2-7.
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Figure 2-7 Band bending upon achieving thermodynamic equilibrium between the p- and n-doped semiconductors. xp and Xm
correspond to the edges of the p- and n-type depletion regions, respectively, and 0 corresponds to the space charge transition
point between p- and n-type. q¢ represents the extent of the shift.

These shifts in the band energy levels represents a barrier to carrier transport across the junction,
called the built-in potential. For a homojunction, the built-in potential is equal to the difference
between the Fermi level of the p- and n- sides, divided by the electronic charge. Alternatively, it

may be expressed in terms of donor and acceptor concentration,

KT, (NgNg
Binomo = - 1n (45) 2-43

l

where n? is the intrinsic carrier concentration. Due to the built-in potential, the dominant charge
carriers on either side cannot cross the junction freely, an external potential must be applied for
this to occur at any appreciable rate. Depending on the direction of this potential, the band

bending, and consequently the charge carrier transport behavior, responds in different manners.

If a negative potential is applied to the p-type and a positive potential is applied to the n-type, the
junction is under reverse-bias. In this state, the bending that occurred during the thermodynamic
equilibration of the junction is further exaggerated, widening the depletion region, and
decreasing the charge carrier flux across the junction. The total band bending, that is, the
displacement of the valence and conduction bands relative to one another across the junction, is
equal to:

AEC,V = Q(d)l,homo —Va) 2-44
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Figure 2-8 Band bending diagram of doped homojunction under reverse bias. p- and n-doped behavior to the left and right,
respectively. xp and xm correspond to the edges of the p- and n-type depletion regions, respectively, and O corresponds to the
space charge transition point between p- and n-type. q(¢p — V) represents the extent of the shift under applied bias.

If the potential is reversed relative to the previous case, the junction is forward biased. In this
case, the band bending from the thermodynamic equilibration is counteracted, and the band
levels of the two semiconductors are brought back towards the same energy. When the forward
bias external potential is equal to the internal potential of the junction, a flat band structure where
there is no band level energy difference (ideally) between the p- and n- sides. In this state, charge

carriers may move freely (with respect to potential) across the junction.

|
E p-type n-type
(@-V.
* q ¢ a) CBM
Fermi,p qV; 7? 777777777 Fermin
VBM
X 0 X, X

Figure 2-9 Band bending diagram of doped homojunction under forwards bias. p- and n-doped behavior to the left and right,
respectively. xp and xm correspond to the edges of the p- and n-type depletion regions, respectively, and O corresponds to the
space charge transition point between p- and n-type. q(¢p — V) represents the extent of the shift under applied bias. qV, is the
difference between the fermi levels.

2.4.1. Fermi Levels of Approximate and Practical Semiconductors
Constructing the band bending diagrams for the various interfaces requires the determination of
the Fermi levels of the practical materials. The two scenarios of both undoped and doped

semiconductors will be considered. In the former case, the intrinsic Fermi level is utilized.
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The intrinsic Fermi level of a material is usually near the middle of the band gap. However, to
determine the band bending, both for doped or undoped materials, the exact level must be

known.

The intrinsic Fermi level of a material may be determined from the band edge energy levels and
the effective density of states. For non-degenerate semiconductors, where the following
expression applies,

EVBM + 3kT S EF S ECBM - 3kT 2'4‘5

the intrinsic Fermi level may be determined from the following formula:

E; = Zemiven 4 2 i (Z2) 2-46

The values m,, , are the effective electron and hole masses within the material, and may be

determined from the band structure of the material according to the equations:

10
h ok

« _ (1 9%
Moy = (3o

The first equation relates the curvature of the band structure with group velocities of the

vp (k) = 2-47

-1

2-48

at k=0

electrons and holes for the conduction and valence bands, respectively, while the second
equation relates the effective mass of the carrier with the second derivative of the band structure
at the band gap transition point.

Effective masses of charge carriers are utilized for several purposes. The primary interest in this
thesis is the density of states effective mass, however the conductive effective mass is also
useful. The total effective masses are calculated utilizing separate forms of averages. The density
of states effective mass is obtained from the geometric mean of separate effective masses, by the

equation

1
Mpos = (92 H{V m;)N 2-49
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where g is a degeneracy factor equal to the number of equivalent band edge extrema within the
Brillouin zone, m; is the ith non-equivalent effective mass, and N is the total number of effective
masses of the band gap transition point. The conductive effective mass is primarily useful as it is
commonly used in literature to report experimental values and serves as a convenient means of

comparison. The conductive effective mass is calculated by a harmonic mean, by the equation

-1
) 2-50

* _ N 1
Meona = N (Zl m*
l

1
with the same symbols as equation m} s = (g2 [[¥ m)~¥
2-49.

For doped semiconductors, the Fermi levels of doped semiconductors at thermodynamic
equilibrium are obtained from the intrinsic Fermi level by the equations:

Ep = E; + kT In=2° 2-51

n;

for n- and p-type semiconductors, respectively, where n; is the intrinsic carrier concentration

Eg
n; = /N.N,e zkT 2-52

N, and N, are the effective density of states in the conduction and valence bands, respectively:

3

2mmy, kT2
N, =2 (T) 2-53
n,, Po are the carrier densities at thermal equilibrium. If the concentration of one dopant
dominates in concentration over the other, the carrier density may be expressed as:
N*+N, N*+Ng)?
ny = — 2a+\/( el N (N — Ny 2-54
E4g-Ec
N =2eo(Cir) 2-55

where E; is the donor energy. An equivalent expression applies for hole concentration.
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While the previous equations assumed non-degenerate semiconductors, transparent doped
semiconductors such as ZnO, are very commonly degenerate. In a degenerate system, the Fermi
level lies within 3kT of the band edges. Degenerate systems complicate matters, as the
approximations necessary for analytically obtained Fermi level values fail to provide an accurate
description, and numerical methodologies must be employed to obtain an accurate result.

An alternative to the numerical solution methodology, is to use the Joyce-Dixon approximation

for degenerate semiconductors:*®

ﬂglnﬂ+iﬂ_(i_ﬁ) (@)ﬂ... 256

2.4.2. Heterojunctions, and How They Differ

In the previous section, the most commonly utilized homojunctions were utilized to demonstrate
the basic properties of p-n junctions. Homojunctions are formed of two differently doped
sections of the same material: In this case, the band levels are initially equal, but the Fermi levels
differ due to the presence of the dopants, which causes the band levels to shift. Heterojunctions,
however, are the resulting interface from two different crystalline materials, with intrinsically
different band levels and Fermi energies. These two junction types follow the same basic
principle with respect to band bending, but there are also some behaviors unique to

heterojunctions.

Heterojunctions may form different arrangements of band alignment structures based on what
materials they are constructed from, classified into three different categories based on the relative
locations of the valence- and conduction band edges: Type I, Il and I11. A graphical description is

given in Figure 2-10.

I

-

N
Figure 2-10 Schematic representation of possible band gap arrangements for heterojunctions, types I, Il and 111 in order from left
to right.
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In heterojunctions, the differing band alignments cause the built-in potential, and consequently
the band bending, of the junction to act in a somewhat different manner from homojunctions
upon formation. As a convention to be utilized through this thesis, the band offset AE. is positive
for E., > E,, and the band offset AE), is positive for E,,,, < E,,,,. The built-in potential for a

doped heterojunction is then described by the equations:

D1 hetero = ¢I,p + din 2-57

qd)l,hetero = @ + kT In (M) + %Tln <%> 2-58

NinNip NenNyp

The equation for calculating the width of the depletion region mostly follows the same principles
as for a homojunction. However, unlike in a homojunction, each material has a different
dielectric constant, and responds differently to an electric field. Thus, the shape of the depletion

region depends on the relative dielectric constants of the p- and n- type materials:

2€5p€Esn N -V,
x, = sp€snNa _ (¢1—Va) 2.59
q Ng (Nags,p +Nd€s,n)
2€5p€Esn N, -V,
X, = sp€sn Na (P1—Va) 2-60
q Ng (Nags,p"'ngs,n)

A unique trait of heterojunctions that is not found in homojunctions is that, due to the band level
mismatch, discontinuities in the band bending may occur, shown in Figure 2-11. If the depletion
region of the junction is narrow, these discontinuities may form potential wells for charge
carriers, forming a localized quantized system with corresponding charge carrier transition
levels. In a physical system, this requires a sharp junction without defect states, and is not

achievable in practice for many combinations of materials.
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Figure 2-11 Diagram of discontinuous band bending in heterojunction band structure, in a type Il staggered gap. The
discontinuity is in this case in the VB structure, which could potentially form a hole potential well. Discontinuities may
equivalently form in the CB structure as well.

Due to the different potential levels of the p- and n-type band edges, heterojunctions exhibit
separate potential barriers for electrons and holes across the junction. These potentials are also
separate from the built-in potential. There are two possible scenarios, producing different barrier

heights. The barriers are demonstrated in Figure 2-12:

q ¢pr

Figure 2-12 Diagram describing the origin of electron and hole barriers of a heterojunction. Left image: Small conduction band
offset. Right image: Large conduction band offset. n-type semiconductor to the left, p-type semiconductor to the right in both
images. Figures from reference.?°

For the scenario described by the left image, with the spike at the interface lower than Ec, in a
system where the Fermi levels of the materials are equalized, the barrier heights for electrons and
holes are equal to the conduction- and valence band offsets (CBO and VBO), respectively. In the
scenario described by the right image, the spike at the interface of the interface is at a higher
energy than Ec. In this case, the electron barrier is decided by the band bending in the material

producing the left-side band gap.

These barriers act similarly to Schottky barriers, and charge carriers may flow past them by two
different mechanisms; either by thermionic emission, or by diffusion current. In the case with the
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smaller spike (left image), the diffusion current dominates. In this case, both the electron and
hole currents are independent of the AE, value, and rather depends on the ¢/, values. In the
case shown in the right image, the rate is determined by the thermionic emission current, which
is directly dependent on the AE, value, along with the built-in potential. The dependence of the

electron current on the barrier in the latter case is given as

_Q¢Bn
L, ~e kT 2-61
and equivalently for holes. In this case, applied forward bias only reduces the barrier height by
the extent the n-type semiconductor is shifted in energy. Consequently, the increase in current

with voltage is lower compared to the junctions where diffusion current dominates.
2.5. Diodes and Transport Properties

Diodes are an integral part of all modern electronics, but differently constructed p-n junctions
display different characteristics and behavior. This behavior is explained by the Shockley diode
equation for an ideal diode:?-%3

I=1|(5522) -1 2-62

NigkT

In this equation, I is the current across the diode, I is the reverse saturation current, e is the
elementary charge, V is the voltage across the diode, and n;, is an ideality factor. Most of these
properties are either fundamental constants, or variables that are adjusted in an experimental

setting. The parameter of primary interest to a theoretical analysis is the reverse saturation

I, = eAn} (Nid\ﬁ_: + Nia\%> 2-63

current:
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In this equation, A is the cross-sectional area, D, , are hole and electron diffusion coefficients,
respectively, N, , are dopant and acceptor concentrations at n- and p- side, respectively, and 7

are charge carrier lifetimes.

The components of the ideal diode equation cannot be directly calculated from DFT, so it must

be decomposed and reformulated in terms of parameters that are available, given in Table 2-2:

Table 2-2 Components of the ideal diode equation and their definitions.

Charge Carrier Dpp | BnpksT u is the charge carrier mobility
Diffusion Coefficient e e is the elementary charge
Series Resistance R, 1 n and p are the charge carrier

The difficulty lies with the calculation of the transport properties of the carriers within the
materials: the carrier mobilities. These values depend explicitly on temperature, so for a
methodology that only calculates absolute zero properties, significant extra steps must be

implemented to account for the vibrational properties of the materials.

The Shockley diode equation, being an ideal model, neglects the effects of physical defects in the
diode under consideration. While this makes a good model for describing common
homojunctions, that may be produced with extremely low defect concentrations and similarly
near perfect junction, in a heterojunction between two differing crystal structures the ideal
assumptions break down. In particular, for a heterojunction, properties at the interface and the
immediate adjacent regions, may have considerable effects. Surface recombination of charge
carriers is one process that might be expected to show considerable effects. The recombination

rate per area for the interface is described by the equation?:

_n2
Usg = P ey NgeVen 2-64

p+n+2n; cosh( T

where E; is the surface trap energy, N, the surface trap density in a two-dimensional interface,
and v, the thermal velocity, equal to the mean free path divided by collision time. The

recombination rate represents essentially lost efficiency for purposes of photoelectric generation,
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but also an increase in the junction recombination — generation current, by the Shockley-Hall-

Read process. It is essentially the same process as the interface recombination rate, facilitated by
traps, but extends into the depletion regions of both semiconductors. The equation describing the
rate is nearly equivalent to Usg, except the trap density is three-dimensional, and the total rate is
dependent on the cross-sectional area parallel to the interface. The generated current is described

as:
Jsur = 0q 7} Usug dx 2-65

where o is the cross sectional area and q is the charge of the charge carrier under consideration.
Strictly, this applies only for a single trap energy, so the integral should also be over trap

energies from the valence to the conduction band.
2.6. Wulff Construction

When crystals are allowed to grow freely in space, they tend to assume structures characteristic
of the material they are composed of. Prediction of the equilibrium structure for a given material

is done using the principles of Wulff construction.

Wulff construction is a method for determining the equilibrium shape of a crystal or other shape
of fixed volume within a separate phase, based on energy minimization. The methodology
assumes that a crystal will assume the structure which minimizes the surface free energy, defined

by the quantity

where AG; is the difference in free energy between a crystal and the equivalent configuration of
particles within a bulk material, y; is the surface free energy of surface j, and 0; is the

corresponding area of this surface.
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In order to minimize the quantity of equation 2-66, a condition must be fulfilled, namely that for

a given crystal a vector h;, normal to surface j, representing the length from the center of the

crystal to the surface will be proportional to the surface free energy, described by the equation

where A is a proportionality constant. Equations 2-66 and 2-67 together constitutes the Gibbs-
Wulff theorem.?*

The Wulff construction methodology only accounts for the surfaces of the crystal, while
neglecting the edges and corners that arise at the transitions between these. The justification for
the neglect, is that these energies are higher-order, and do not affect the thermodynamics.
Further, the proofs of the Gibbs-Wulff theorem only apply at zero kelvin, so divergence from the

equilibrium structure in real systems is to be expected.
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3.Methodology

3.1. Implementation

This project uses the Vienna Ab initio Simulation Package (VASP)?*>? to perform all DFT
calculations. VASP is a program for calculating atomic scale electronic structure from first
principles, or ab initio. The program is specialized for handling materials, or more generally

systems with systematically repeating structures.

3.1.1. Planewave Basis Set

In this project, a plane wave basis set is utilized. Plane waves do not utilize atom centered basis
functions that target electronic orbitals like conventional basis sets but are rather aimed at the
entire system. The computational load thus scales with n®, where n is the number of orbitals in

the system.?

The idea behind plane waves is that, as a system expands into infinity, the originally discrete
molecular orbitals combine into bands. These bands may be described by plane waves, of the

form:
X (1) = " 3-1
The value k is a wave vector, which may be interpreted as a position in reciprocal space.

The usefulness of utilizing a plane wave basis is based in Bloch’s theorem, which shows that the
wavefunction ¢,, of a band n for a periodic system may be written as the product of a plane

wave- and a periodic part:
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Yni(r) = e* @, (1) 3-2

The periodic part matches the periodicity of the unit cell lattice. The complete wave function of

the system may thus be written as an infinite sum of plane waves:

lpn,k(r) =26 Cn,(k+(;)ei(k+6)r 3-3

The values c,, (,+¢) are the plane wave coefficients, and G are components of the infinite set of

reciprocal lattice vectors that fulfill the requirement,
G*R=2mm 3-4
where R is one of the unit cell lattice vectors and m is a positive integer.

Plane wave basis sets would like all other basis sets, for a complete description of the system,
require an infinite number of basis functions. In practice, the plane wave basis set is truncated

according to the kinetic energy of the plane waves:
Ecue 2%|]‘7‘|'G|2 3-5

The k-points of a system are also infinite in theory, but in practice the wave function varies little
between k-points so long as their spacing in reciprocal space is small enough. Thus, only a
suitable mesh of sample k-points are used in practice, and the number may be reduced utilizing
the space group symmetry of the Bravais lattice. In practice, the number of such k-points must be
increased until the calculated energy, or other property one is interested in, converges within a

set limit with respect to the total number of k-points within the Brillouin zone.

3.1.2. Pseudopotentials

A plane wave basis has many advantages, but utilizing a basis set that is not centered on the
individual atoms gives rise to a problem: There is no good way to properly describe the
discontinuous cusp of electron density that occurs at the position of the nuclei with only a

planewave basis, without increasing the number of planewaves to an excessively large number.
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Also, for large atoms, it is for most purposes a reasonable approximation that there is no need to
explicitly model the largely chemically inactive core electrons. Consequently, pseudopotentials
are utilized to model these core electrons, and to smear the electronic charge of the nucleus and
core electrons, reducing the necessary number of planewaves in a simulation. There are several
models of pseudopotentials, but the type utilized in this project, the Projector Augmented Wave
(PAW) method, is somewhat unique. Despite being considered a pseudopotential method, PAW
formally retains all core electrons: The valence electrons are described by a plane wave basis,
plus a core region contribution. The core contribution is expanded as the difference between the
electron density of a calculation with all electrons for the isolated atom, and a set of nodeless

pseudo-orbital, which allows the core contribution to adjust.

For the particulars of VASP pseudopotentials, see the following references.?%=°

3.1.3. Supercell Approach

While pure, flawless materials may be modelled from solely the unit cell, altered systems usually
cannot. When working with mixed phase systems, or any system differing from a perfect system,
one would usually investigate these at certain percentage concentrations, in which case using a
unit cell would often not allow. Furthermore, as the Bloch theorem does not apply if the

periodicity of the system is lost, a supercell must be used.

A supercell is constructed from the unit cell by using two or more unit cells, and defining this
new, larger structure as the new repeating unit under periodic boundary conditions. When a
deviation from the pure material is introduced into the supercell, this defect is similarly repeated
infinitely in periodic space. As the periodicity of the system is thus conserved, the Bloch theorem
may be utilized. However, while the defect in question may be included into the system in this
way, its concentration within the supercell defines its concentration throughout the system.
Hence, to obtain particularly low concentrations of a defect, the size of the supercell rapidly

grows to an unfeasible level, setting a limit to what concentrations may be considered.

For this project, the supercell approach is also necessary to correctly represent the magnetic
structure of NiO for certain surfaces. The conventional rock salt structure NiO unit cell does not
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allow for the antiferromagnetic arrangement of magnetic moments in NiO to be correctly

represented.

3.1.4. Surfaces
Expanding upon the supercell approach, modelling surfaces with a plane wave basis requires a
supercell with a vacuum region imbedded along at least one or more axes. This vacuum layer

must be sufficiently wide the interactions between the periodically repeating slabs are negligible.

For nonpolar, electrically neutral slabs, this is not problematic. However, if the surface has a
dipole moment, the system takes on the form of an infinitely repeating pattern of spaced out
plates with electric fields between them, effectively creating a capacitor system. Dipole effects
are thus corrected by adding a linear correction to the system, with a method akin to what is

described in the reference.?!

3.2. Calculations

3.2.1. Surface Energy Calculation

When a slab of a material is relaxed while exposed to a vacuum, the outermost layers of this slab
will relax in a different manner from within bulk material in order to stabilize with respect to the
new environment. However, the presence of a vacuum-surface interface is necessarily less
favorable and is accompanied by an increase in the energy of the system. This increase in energy
is called the surface energy of the exposed surface, and is calculated as:

Equrs = Esiab—Ebuik __ Esiab—N*Eynit 3.6
24 24

The bulk energy is defined as the average energy per atom in the bulk unit cell, multiplied by the
number of atoms in the surface slab. The A term represents the area of the surface and is
multiplied by two to account for the fact that two surfaces are always coupled together, one on

either side of the slab.
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For nonpolar surfaces, this coupling of surfaces is not an issue, as the same surface can be
arranged on both sides of the slab. For polar surfaces, however, two different surfaces, one cation
terminated, and one anion terminated surface are coupled together. In this case, the average of

the two distinct surface energies is considered as the surface energy.

3.2.2. Band Alignment

When performing calculations on unit cells of materials, there is no way to determine the energy
level with respect to a vacuum, and the energy levels resulting from a DFT calculation are placed
relative to a rather arbitrary zero point for the energy. To determine the absolute scale energy
levels, the energy level within the material must be determined relative to a vacuum. In practice,
this is done by modelling a slab in a vacuum and determining the local potential throughout the
slab. A planar average; That is, an average over the xy-plane of the slab to obtain a one-
dimensional average of the local potential with the z-axis (or any other combination of axes), is

calculated for the calculation cell. The planar average may be formally described by the formula
— 1
V(z) = Efs V(x,y,z)dxdy 3-7

where V is the planar average, V is the property of interest, and S is the area of the cross section

Xy-plane.

The local potential planar average is rescaled such that the vacuum region corresponds with an
energy level of zero, before the average of the local potential within the slab is determined. The

average potential level within the slab is determined from a macroscopic averaging technique.

The macroscopic averaging technique serves to remove the oscillation of the local potential with

the atomic positions. By defining a filter function wy:
1, (a
w, (2) —;G’(T |z|) 3-8

where 0(z) is the Heaviside step function, the macroscopic average may be expressed as
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?(Z) =wy(z—2z")V(z')dz' = fZ V(z)dz' 3-9

Qlr

a
2

where a is a period parameter, equal to the distance between separate planes of the surface slab

along the z axis, and z functions a center point value of the z coordinate.

This definition of the planar average only works for surfaces, where only a single period
parameter works for the entire system. Is a second phase introduced into the same calculation
cell, with its separate lattice parameter and structure, a second one dimensional averaging must
be performed with a corresponding period parameter a’. Alternatively, rather than performing a
second averaging, the averaging process may instead use an alternate filter function of two

period parameters:
w(z) = [we(z — 2wy (2") dz’ 3-10

in which case the macroscopic average is

?(z) = [w(z—2")V(z')dz 3-11

For determining the average value for an isolated surface, the macroscopic average potential at

the coordinate corresponding to the center of the surface slab is selected.

The determined average energy level is set as the zero energy level with respect to all band
levels. The position of the band edges themselves, relative to the determined zero level are

determined from a unit cell bulk calculation, and may thus be described by:

EVBM/CBM = ELocal,slab average + Ebulk,VBM/CBM 3-12

In the heterojunction interface structures, a similar approach is employed, with one difference: A
fitted trendline of the macroscopic average plots of both the slabs are extrapolated towards the
center point of the interface. The value of the trendline at the point which it intersects the center
of the interface, is set as the local potential of the slab for the interface. See Figure 3-1 for an
example. From this determination, the offset of the VBM levels is calculated by the following

formula:32

39



AVB]V[hetero = AVB]V[bulk + AELocal,slab average 3-13

where the AVBM,,,,;;, parameter is the difference between the valence band edges relative to the
local potential in bulk calculations, and the AE, ,cqisiab average t€rm is the difference between

the macroscopic averages of the local potential in the interface. Hence, the first term may be

considered a bulk term, and the second an interface interaction term.

For non-polar interfaces, the determination of AE} ,cqi s1ab average 1S Straight forwards. For polar
interfaces, the macroscopic average potential constantly shifts through the surface slabs,
rendering the value at the center of the slabs an extensive property of the surface slab width. The
tangent of the macroscopic average potential at the center of the surface slabs are thus

extrapolated to the center of the interface gap, and the resulting values at the interface point is

utilized to calculate AE ¢y siab average-—

NiO-ZnO 100-10(-1)0 Zinc - Oxygen Interface Local Potential

'
(63}

-10

Potential in eV

A
(&)
T

|

50 100 150 200 250 300 350 400 450
Position Along Z-Axis

Figure 3-1 Local potential plot of the (100)-(1010) interface- The blue line is the planar average potential; the horizontal
orange line is the macroscopic average. The vertical line is the center point of the interface gap, and the green lines are the
tangents of the macroscopic average at the center of the component slabs, extrapolated to the center of the interface.

There is one issue with this approach, however. The desired VBM offset, for many purposes, is
not that of the strained surface, but rather the strain free junction. To obtain this value, a

correction must be implemented for appropriate treatment of the offset, with the resulting
equation:*

40



t
AVBMS ramiree = (AE‘I/LlBM—Ref AEVac —Ref + AEVac —Ref, X) + AERefX

hetero
(AEVBM —Ref AEVac —Ref +AE Vac— RefX) 3-14

In this equation, the AE&BM_Refis the difference between the VBM level and the reference level
for material A obtained by bulk calculation, AE7,,_ g, s Is the difference between the reference
level at the bulk-like center of the A slab and the vacuum level, in a surface where phase A is
strain free, and AE(,._ res.x 1S the difference between the reference level at the bulk-like center
of the A slab and the vacuum level, under the strain conditions of the interface X. Equivalent
terms apply for phase B. The AERef v term is the difference between the reference potentials of

the A and B phases within the interface.

The conduction band offset values are calculated by adding the experimental band gaps, 3.37 eV
and 3.70 eV for ZnO and NiO, respectively, and calculating the difference according to the

formula

ACBM = (VBMzyp + Eg z2n0) — (VBMyio + Egnio) 3-15

3.2.3. Mixed Phase Band Edge Level
The relative band edge energies between the pure and mixed phase materials are calculated by
aligning the average 1s orbital energies of the host material cation between the systems,

according to the formula
AVBMix = AEcore + VBMeone — VBMpyyre 3-16

where AE, is the difference in core levels AE:g host pure — AE1s host,mix: @A VBMonc/pure

are the VBM levels of the mixed and pure phase materials relative to the core states, respectively.
The core levels of the mixed phase materials are determined from the average value across all

host cations in the system.
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It should be noted that this is not an exact method, but rather a commonly employed
approximation. An exact methodology would require forming a single supercell from multiple
supercells with different concentrations and calculating the relative VBM values within the same

system.

3.2.4. Charge Carrier Transport

The charge carrier effective masses are calculated from the following equation:

-1

3-17

mip = (25)
at k=0
The symmetry point that gives the lowest effective mass (sharpest curvature) is utilized for the
calculation (designated k=0), which is commonly the transition points of the band gap: the VBM
and CBM symmetry locations. The effective mass is calculated by preparing a high k-point
density band structure at and between the relevant symmetry points of 1000 k-points per
symmetry line and fitting a sixth order polynomial to the relevant energy bands. The fitting is
required to achieve at least an R? coefficient of 0.9999 in the immediate vicinity of the k=0 point
to be considered adequate. The second derivative of the band curvature is analytically derived

from the fitted polynomial.

In the case of anisotropic effective masses, the fitting process is performed for each degenerate
band, on different regions of the band around the k=0 point. The separate polynomial fittings for

the anisotropic charge carrier masses are then treated identically to the isotropic equivalents.

The overall density of states effective mass is calculated utilizing a geometric mean, described

by the equation

1
Mpos = (gz HLL m?)L 3-18

where g is a degeneracy factor equal to the number of equivalent band edge extrema within the
Brillouin zone, m; is the ith non-equivalent effective mass, and L is the total number of effective
masses of the band gap transition point.
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3.2.5. Interface Energy Calculation

The calculation of the energy change that occurs with the formation of an interface is performed
in a similar manner. In addition to the interface relaxation, two slabs with the same structure and
applied strain as each slab in the interface is relaxed in a vacuum instead, and the total energy

difference is utilized:

_ Eslab,l,z_(Eslab,1+Eslab,2)
Einterface - A 3-19

In this case, as there is only a single interface between the slabs, the area is only included once.

3.2.6. Spatially Resolved DOS
In the interfaces and surfaces under consideration, the density of states is not consistent
throughout the surface and interface structures, but rather varies considerably, depending on the

environment. To show this behavior, pseudo-spatially resolved DOS graphs are utilized.
They are constructed is the following fashion:

1. The unit cell is divided into a suitable number of sections along the vacuum axis.
2. Atoms that fall into the same section are considered as a single part of the spatially
resolved DOS.

a. The atom resolved partial DOS of each atom that falls within a certain section are
summed up, the total partial DOS sum is considered as the spatially resolved DOS
for that section

3. The magnitude of the resulting sum DOS is rescaled with a cutoff density. Any state with
a density above this value are set to the cutoff value.

a. The cutoff density varies as necessary to represent surface and interface states as
clearly as possible.

4. The resulting total DOS of each section is plotted as a surface plot, with relative position
along the z-axis, energy level, and state density along the x-, y-, and z-axes, respectively.

The plot orientation is standardly aligned such that the xy-plane forms a 2D plot,
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representing density by the surface color scale, but may be tilted if this does not provide a
good image of the available states.
a. The zero-energy level corresponds to the VASP calculation zero level and may be
considered relatively arbitrary, but close to the VBM of the total system. The
dipoles of most interfaces shift the energy to an extent that aligning the Fermi

level properly cannot be done properly along a 1D axis.

For interfaces, the process is modified for the sectioning of step 1 to occur out from the interface

center coordinate, to avoid the same sections including atoms from both constituent surfaces of
the interface.

As an example of a spatially resolved DOS, se Figure 3-2:
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Figure 3-2 Spatially resolved DOS of the NiO (100) surface, calculated by PBE+U functional.

The z-axis position value represents the position of the ions providing the DOS states, as well as
the point along the structure parallel to the vacuum axis. The extrema values, in this case 1 and 6,

correspond to the surface edges. Each z-axis integer value may be considered to correspond to an
individual ab-plane layer of ions.

The colors of the structures correspond with the density of states at the ionic layer of the
structure, and energy level (in units eV) determined by the x and y axis of the 2D surface,
respectively. The dark blue regions correspond to regions where no energy states are available,
typically the band gap. The yellow regions correspond to energy levels where the density of

states exceeds the cutoff threshold. Intermediate colors correspond to shallower states.
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The bulk, and deep band states, seen at energy level -1 and down, are not of currently of interest
but tend to exhibit very dense states, and have been truncated to a maximum value, appearing as

continuous states in this diagram.

The key features in this spatial DOS structure lie at z-axis position 1 and 6, at energy level 2-3:
The density is observed to considerably increase in these regions, indicating the formation of
surface states at the CBM level. Rather than the density at the surfaces, the change in density

towards the surfaces from the center of the slabs is the key indicator of surface states.

This example shows a non-polar surface, polar surfaces exhibit continuous change in VBM and
CBM along the z-axis position. Interfaces have the corresponding interface transition along the

z-axis noted in the image caption.

3.2.7. Induced Interface Electron Density
The change in charge distribution with the formation of the interface is calculated by the

following formula:

Apinterface = pinterface — PNio Stab — Pzno Slab 3-20

where the three terms are the total electron distribution of the interface structure p;terrqace, the
total electron distribution of the relaxed NiO slab of the interface py;o siap, With its electron

distribution calculated separately in the absence of the ZnO slab, and equivalently for the ZnO
slab for pzn0 siap- The Apinterrace Charge distribution is then averaged along the ab-planes, to

give a planar average of the induced charge density.

3.2.8. Bader Analysis

Bader analysis utilizes the Bader charge analysis program, see references.®>38
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3.3. Calculation Settings, Convergence and Calculation Procedures

The calculations are set to have convergence parameters with respect to energy of 1E-6 electron
volts per electronic calculation iteration, the cutoff force on any particle in the system must be
less than 0.02 eV/A for the structure to be considered converged. All structures, except unit cell
bulk calculations, were relaxed using the GGA+U functional. Hybrid PBEO calculations were

used only in a one-shot fashion on already relaxed structures.

3.3.1. Bulk and Interface Settings

Calculation Algorithm

If possible, the tetrahedron method with Bloch corrections (ISMEAR=-5) is utilized for final
ionic relaxation and total energy calculation. If not, due to system size, a Gaussian smearing
(ISMEAR = 0) of the partial occupancies is used instead, with a smearing width of 0.01 eV
(SIGMA =0.01).

The unit cell calculations utilize the smallest unit cell for both NiO and ZnO of four atoms.

GGA-PBE+U

The +U values utilized within the GGA+U functional are 5.3 eV on the d-orbitals of nickel, and
4.7 eV on the d-orbitals of zinc. This project utilizes the GGA functional of Perdew-Burke

Ernzerhof, employing the Dudarev approach of utilizing an effective U parameter.

Planewave cutoff

The plane wave cutoff was determined using the convergence of formation energies of NiO and
Zn0, defined as:

Eformation = Epuir — Z‘fl Ny, * iy, 3-21
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Where S is the atomic species in the material, N,, is the number of atoms of species n, and u,, is

the chemical potential of species n.

The chemical potential of the individual species is calculated as the total unit cell energy, divided

by the number of atoms in the cell:

Enibulk
Ly = Nubulk 3-22
Ni N
Ni

This is equivalent for all atomic species utilized:

Hz = 3-23
o = E"NL:”‘ 3-24

The convergence cutoff requirement for the formation energy was

AE e > 1 meV

= 3-25
AEcutoff 50 eV

All calculations utilized a plane wave cutoff energy of 500 eV.

The k-points used a gamma-centered mesh for both NiO and ZnO, as both would be used within
the same system for the interfaces. ZnO and NiO bulk energy for a minimal unit cell converged
within 1 meV with meshes of 5x5x3 and 7x7x7, respectively. All supercell k-point meshes used
the same density as a reference point. All interface and surface calculations use the density of the
NiO bulk calculation, however only a single k point along the vacuum axis. GGA+U DOS
calculations uses a mesh twice along all axes except the vacuum axis, which still uses a single k

point.

PBEO

With the PBEO hybrid functional, the NiO unit cell energy converges with a 4x4x4 gamma
centered mesh, and the ZnO unit cell converges with a 5x5x3 mesh.
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All hybrid calculations on supercells, mixed phases, surfaces and interfaces use a gamma point
only mesh. This is a choice made due to hardware restrictions and is likely to introduce some

error.

For all structures where both NiO and ZnO are present, the exact exchange fraction is set to the
standard value of 25%. For each material separately, however, good agreement for the respective
band gaps of the structures is obtained with fractions of 18.5% and 27.5%, respectively.

Surface Slabs

Within the scope of this project, only low Miller index surfaces of NiO and ZnO are considered.

Hence, three surfaces of the NiO crystal structure, (100), (110) and (111), and four surfaces of
the ZnO crystal structure, (0001), (000 %) (1010) and (1121) are included in this investigation.

The number of unit layers necessary for the surface energy to converge with respect to thickness

are given in Table 3-1.

Table 3-1 Surface slab layer number: The required width of the slabs for energetic convergence with respect to thickness.

NiO Number of layers Number of Atoms
(100) 6 96

(110) 6 48

(111) 6 48

ZnO Number of layers

1

(000 §> 12 24

(0001) 12 24

(1010) 4 16

(1121) 6 24

The (0001) and (000 %) surfaces are both c-axis polar terminations of the wurtzite structure, but

rather than the termination ion, the terminology is here meant to refer to each of the two different

termination ion arrangements: (0001) represents the relatively stable, physically observed polar

termination, while (000 %) represents a much less stable, alternate termination.
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All surface structures, as well as interface structures, have a vacuum layer of at least 20A and
have dipole corrections to both energy and electronic structure applied along the vacuum axis.
For surface slabs within the interface structures that exhibited instability towards the vacuum
surface, ionic relaxation is restricted in the ab-plane, allowing movement along the c-axis to
allow the slab- and interface width to correctly adjust. The surfaces in question all exhibited
relaxation only along the c-axis when relaxed in vacuum, so the interference with the interface

structures is minor.

Interface Construction

Forming an optimal interface between two materials is a rather complex procedure. Even when
simplified to the optimization of two static structures, the process is an optimization problem in a
four-dimensional phase space: Three dimensions of relative space optimization, corresponding to
relative movement along the X, y and z axes, as well as one relative rotational dimension in the
ab-plane. Furthermore, complete optimization of any one of these parameters is a complex task

in itself, so a simplified approach is assumed here.

Optimization of the relative rotations of the slabs is particularly complicated by the requirements
of the surface calculation cell: Both structures must be fitted within the unit cell, lining up
exactly with the cell walls. For any cell containing two or more mismatched structures like in a
heterojunction, this almost always requires at least one of the surfaces to be strained into an
appropriate fit. Either that, or the cell must be extended by adding further surface cells in the ab-
plane. Both these options are problematic as the former would add the effects of changing strain
to the calculated energies, while the latter would result in unfeasibly large supercells for certain
rotation. Hence, in this project, only the relative displacements along the x, y and z axes are

considered.

The energetically optimal interfaces were constructed through a multi-step process, to account
for the instability of the magnetic structure of NiO. For images describing steps 3 and 4, see

Figure 3-3.

49



1. The slab structures were constructed using the lattice parameters from prior calculations
on the bulk material. The convergence of the surface energy with respect to slab
thickness was within a cutoff of 1 meV per layer, or double layer depending on the
surface.

a. Spin polarized calculations were used in this step.
b. One ZnO surface slab, the polar (000 %) surface, was excepted from this

requirement, and instead considered converged due to the surface energy
convergence having entered a constant cyclic behavior with respect to slab
thickness. The lowest slab thickness with that followed this trend was selected for
further calculations.

2. The initial interface structures were constructed in two sets, one with all strain placed on
the ZnO slab, and one with all strain on the NiO slab. Two sets of interfaces were created
from each of these: One with relaxed atomic positions, and one where the atomic
positions were kept static. In the latter case, step 6 was not performed.

a. A balance was struck between structure size and total strain within the system.

3. The respective surface slabs were first placed at fixed points along the c-axis of the
interface unit cell. This distance was chosen to be slightly larger than the bond length of
either material to avoid steric repulsion dominating the energy calculation. Structures
forming a 4x4 grid of relative positions of the two slabs along the ab-plane perpendicular
to the surfaces were created, and the energy of these structures without relaxation of
atomic positions was calculated.

a. The energy determination of the grid points utilized non-spin polarized
calculations.

b. The grid positions were all unique with respect to the repeating pattern of the
crystalline materials, as the process of minimizing the strain on the structures of
the surfaces required multiple unit cells in the ab-plane of one or more of the
slabs. The selected grid positions did not account for symmetrically (and hence
energetically) identical relative positions, however, as these were complex to

distinguish beforehand with the strained and angled surface slab structures.
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4. The most energetically favorable relative positions of the previous step were selected.
While fixing the relative positions of the slabs in the ab-plane, the relative positions of
the surface slabs were varied along the c-axis. The resulting energies were plotted, and
the structures corresponding to the energetic minima positions were selected.

a. The energy determination utilized non-spin polarized calculations.

b. Before the next step, for interface structures that required it, the structures were
expanded in the ab-plane to accommodate the magnetic structure of NiO.

5. A second optimization step was performed on the selected interfaces of the previous step:
The atoms within the system were restrained such that they could only relax along the c-
axis, and the structures were relaxed under these conditions.

a. The structure relaxation utilized spin polarized calculations.

b. The interface distance between the surfaces after the relaxation was retrieved, and
the initial static structures were manually adjusted to have the same interface
distance.

6. A complete ionic relaxation was performed on the resulting structures of the previous
step, to obtain the final relaxed structures.

a. The energy determination utilized non-spin polarized calculations.

b. At this step, the interface of certain surfaces collapsed, indicating the interfaces
were either energetically unfavorable, or unstable under the strain conditions and

were hence removed from further calculations.

For the polar surfaces with two possible interface termination arrangements each, both are
included as separate interfaces, with exception for the polar-polar interfaces. In this case, only

the oppositely charged termination ion pairs are considered.
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Figure 3-3 Left image: Step 3. Optimization of the relative ab-plane arrangement of the surfaces. The NiO structure is kept fixed,
while the ZnO structure is aligned to different arrangements along the plane described by the black arrows. The arrangement
with the lowest electronic energy is selected as the best interface position. Right image: Step 4. Optimization of the relative c-axis
arrangement of the surfaces. The surface positions are varied along the direction of the black arrow, and the electronic energies
of the arrangements are compared. The positions that give the lowest energy is selected as the best interface.

Mixed Phase Calculations

The calculations on the mixed phase systems utilize supercells of size 216 and 256 atoms formed
from 3x3x6 and 4x4x2 supercells for the Ni:ZnO and Zn:NiO systems, both respectively. The
NiO unit cell is not the one utilized for most bulk calculations in this study, but rather the space
group 225 representation, comprised of eight atoms. It requires supercells of even dimensions to

correctly represent the magnetic structure of NiO.

The ionic relaxation utilizes the PBE functional with the same energy cutoff as all other
calculations, and the k-point density of NiO, scaled for the supercell size. Due to the similar
ionic sizes of the Ni%* and Zn?* species, the mixed phases are assumed to be fully substitutional.
The solute phase ions substitute the solvent phase ions entirely at random; however higher
concentration supercells retain the swapped ions from the lower concentration calculations in the

same lattice sites.

Electronic calculations are performed using the PBEO functional.
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4 .Review of Relevant Literature

4.1. Nickel Oxide

Nickel has been claimed to form three different oxides: NiO, NiO> and Ni»-Os%. In this case, the
oxide of interest is the most well characterized of them, NiO.

Nickel oxide is a p-type wide band gap semiconductor with a direct band gap of 3.6 to 4.3 eV>™>,
depending on the literature consulted, and method of measurement. It is notable that single
crystal measurements have reported band gaps located both at and near either extreme of this
range. This band gap corresponds to an absorption of ultraviolet light and up, without interfering
with light at visible wavelength. Stoichiometric nickel oxide is, despite this, a distinct green
color, which are attributed to low oscillator strength d-d transitions*. NiO may contain non-
stoichiometry in the form of cation vacancies compensated by electron holes. Highly non-

stoichiometric NiO has a black appearance.

NiO assumes a rock-salt structure, where every ion is octahedrally coordinated with six
oppositely charged ions. The structure has space group Fm3m, and a structure parameter
a=4.177 A%, This representation is somewhat simplified, however, as NiO has a number of
factors playing in on the detailed structure. In particular, the highly ordered magnetic structure
nickel oxide assumes as a ground state, causes a slight rhombohedral distortion, equivalent to a
contraction of 4*10”-3 A along one of the <111> axes, per unit cell, at 9°C.*> The effect is
attributed to magnetostrictive effects*>. Consequently, ground state NiO actually has a
rhombohedral structure, with a cube angle of 90.1° at 0K*3. The fully cubic structure has been
determined to be completely assumed at a temperature of 433K, with the actual transition

probably taking place in the region of 373-433K.#
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Figure 4-1 Structure of NiO. Nickel ions are represented by light gray spheres, oxygen by red spheres. The relative sizes of the
spheres are arbitrary with respect to the specific system; The oxygen -2 ions have a greater ionic radius than the nickel 2+.

NiO is an anti-ferromagnetic material. In its ground state, neutron diffraction experiments
determine the electron spins are arranged in parallel along the 111 planes.***> The magnetic
ordering does, however, not seem to have a significant effect on the valence band structure of the

material.*¢

Figure 4-2 Antiferromagnetic structure of NiO. The black and red spheres represent nickel and oxygen, respectively. The green
arrows represent spin alignment. Figure from reference .

NiO has three low-miller index surfaces:(100), (110) and (111). (100) is the surface that is the
most commonly studied, likely due to being the most stable surface, and may be prepared either
by thin film growth or cleavage of single crystal. The surface displays distinct (100) terraces,

separated by monoatomic steps. The steps mainly run along the [010] axis.*® The (111) surface
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would, in an ideal case, consist of only a single layer of oxygen or nitrogen ions, but this is
relatively unstable, hence the surface will either rearrange itself, or adsorb atoms. Hydrogen and
hydroxy groups are common candidates for the oxygen- and metal- terminated surfaces,
respectively. Experimental evidence shows characteristic surfaces of octopolar reconstruction on

the NiO (111) surface, upon removal of adsorbent groups by heating.*®

In the production of pellets, NiO is a relatively difficult material to sinter, and is prone to
assuming a relatively porous structure. Reported pellet densities after sintering range from 70%-
95% of the theoretical density.>®! The reported density ranges appear to increase with increased

sintering temperature.

The intrinsic electronic p-type conductivity of NiO is due to metal vacancies within the crystal
structure of the compound.® The p-type conductivity arises as the charge of these vacancies are
compensated by electron holes in the valence band, representing an oxidized state in the Ni?*-O%
bonding orbitals. The form of this oxidation, whether it is most accurately represented as Ni** or
O (Mott insulator and charge transfer, respectively), and the transport of the holes within the
materials, whether it takes place either by a band-like or a small polaron hopping mechanism, are
disputed properties of NiO.%053%* Experimental evidence supports the presence of the doubly
ionized nickel vacancy in pure NiO, in support of the Kréger-Vink defect reaction 2-22

providing a proper description of the physical system.>®

The conductivity of pure NiO displays different characteristics, depending on the preparation of
the sample, but a general trend is observed for single crystal measurements: All temperature
dependent conductivity measurements exhibit thermally activated Arrhenius behavior. The
unique point to note, is that there are two anomalous points where this dependency changes in a
discontinuous manner. One is at the Neel temperature, and may be attributed to the
rearrangement of the magnetic structure. The other is near 390K and has been argued to be
caused by a small Jahn-Teller effect removing the spin degeneracy of the ground state.*?
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Conductivity of NiO Pellets with Reciprocal Temperature
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Figure 4-3 Plot of conductivity of NiO against reciprocal temperature. The circular datapoints represent measurements before
annealing, and the triangular represent results after annealing. Figure reproduced from data in source 2

NiO may be doped with lithium to increase the conductivity®, increasing the concentration of
electron holes within the material.>® The doping lithium ions are reported to randomly substitute
the nickel lattice sites without changing the crystal structure up to a concentration of 25%.3 In
accordance with equation 2-25, the solubility of lithium in NiO is dependent on the partial
oxygen pressure, with certain sources reporting that, at low partial pressures of oxygen, 1.9% is
the maximum concentration of lithium dopant before the segregation of a new phase occurs.®’
Equivalently with the nominally pure NiO material, the Kroger-Vink electron hole formation
reaction of equation 2-25 upon doping with lithium, is also found to be supported by

experimental evidence.®®

At room temperature, the specific conductivity of pure NiO for a single crystal has been
measured as 10°S cm™.% Lithium doping has been reported to increase this value to nearly 100
S cm* with optimal doping, albeit at a slightly higher temperature of 100°C, increasing to about
200 S cm'* at about 900°C.%° The addition of lithium dopant causes the conductivity of NiO to
sharply increase for lower concentrations of lithium, but the effect of increased dopant

concentration plateaus at around 2%, indicating this to be the ideal concentration.>®
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Figure 4-4 Conductivity of NiO with concentration of lithium dopant at room temperature. Figure from reference 6.

Doping of NiO with lithium ions has some effect on the size of the unit cell of NiO, with a 1.6%
concentration of dopant resulting in a 0.043% reduction of the lattice parameter at room
temperature.®” The inclusion of lithium dopant does not appear to affect the magnetostrictive
effects in NiO to a significant degree, as, for the measured dopant concentrations, the unit cell
angle remained constant.>” With respect to both structural and magnetostrictive effects, more
significant alterations to the structure occurs at lithium concentrations near and above the

random substitution solubility limits.>

There have been many computational studies on the properties of NiO. In later years, Density
Functional Theory based methods have been the most prominent. At the same time, basic DFT
functionals with approximate exchange-correlation potentials such as LDA (and LSDA) describe
NiO rather badly, especially failing with respect to the electronic structure and the band gap. The
cause of the failure has been claimed to occur due to the potentials badly describing the valence
band of NiO.%? In more recent studies, the functionals of choice are the DFT+U and hybrid
functionals, such as PBEO or HSEO6.

In studies utilizing the GGA+U formalism, commonly utilized parameters for optimal electronic
and magnetic structures are U=6.3 eV and J=1.0 eV. Commonly obtained parameters is an

equilibrium lattice parameter of 4.19 A, band gap and magnetic moment of 3.1 eV and 1.69 e,
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respectively.®® Experimentally reported magnetic momenta are, for comparison, 1.64 to 1.90 ps

showing good agreement.54-66

The surface energies of NiO vary significantly between the various cleavage planes. The
calculated surface energies of the (100) and (110) surfaces are, respectively, 1.15 (Jm?2)%" and
2.77 (JIm?)®7. In the case of the NiO (111) surface, a very thin film of four layers will have a
rather high surface energy of 4.5 (Jm), but reconstruction of the surface by what is referred to

as octopolar reconstruction, may lower this value to 4.27 (Jm?).4°

Band structure calculations of NiO have been performed in numbers, but the results do not
completely agree. In particular, it may be noted that the band structure of NiO is sensitive to the
exact choice of functional employed, displaying considerable changes in the structures, both
qualitative and quantitative, between different methods/functionals.®® DOS calculations show
that the Ni-3d and O-2p orbitals mix near the top of the valence band, making NiO a mix of
charge-transfer and Mott-Hubbard.®® The Ni-3d orbital is, however, significantly enhanced over

the O-2p, giving the band gap a character closer to Mott-Hubbard.®®

4.2. Zinc Oxide

Zinc oxide is an intrinsic n-type semiconductor with a wide direct band gap of 3.37 eV, and a
high exitonic binding energy of 60meV.! ZnO consequently absorbs light from the lower end of
the ultraviolet spectrum, and is transparent to visible light. The exact physical and electronic
properties of ZnO are notoriously sensitive to the methods of preparation, both for single crystal
and pellets, to the extent the material is used as a test bed for investigation of physical

phenomena generic to semiconductors in general.”

Under ambient conditions, ZnO has two stable crystal structures: A cubic zinc blende structure
which is formed when ZnO is grown on a cubic lattice structure, or a wurtzite structure with
space group P6;mc and structure parameters a=3.2497A and ¢=5.2055A.7* Between the two

forms, the wurtzite structure is the more stable due to filled 3d orbitals in Zn?*, and is thus the
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most common form.® The wurtzite structure and space group of ZnO lacks inversional symmetry,

which results in ZnO having notable piezoelectric and pyroelectric properties.’

Figure 4-5 Structure of wurtzite ZnO. Zinc atoms represented by grey spheres, oxygen by red spheres. The relative sizes of the
spheres are arbitrary with respect to the specific system; The O% ions have a greater ionic radius than the Zn?*,

The binding between Zn and O within the crystal structure is highly ionic but has significant
covalent contribution. The wurtzite structure places the charged Zn?* and O% ions in individual
planes, which would usually lead to the atoms restructuring themselves, but not in ZnO. The

exact reason for this behavior does currently not have an explicit consensus.

Wourtzite ZnO has four distinct low miller index surface planes, consisting of the two polar
(0001)-Zn and (0001)-O termination surfaces, and the two nonpolar (1010) and (1120). The
latter two are the natural cleavage planes due to requiring the lowest density of bonds to break.”
Relaxation of the (1010) surface against a vacuum proceeds with the anion moving outwards
and the cation moving inwards into a nearly planar sp? coordination.’”* The approximate bond

lengths remain largely the same, but dangling bonds are changed to surface- and back-bonded

states, lowering the energy and reactivity of the surface. Relaxation of the (1120) surface is

more complex, involving anion-cation rotation, and a nonplanar puckering of the surface plane.
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The behavior of these relaxations are characteristic of common I1-V1 and 111-V binary compound

semiconductors.”

The various surfaces in an experimental setting also display surface-dependent imperfections
from ideal terraces.” The (0001) Zn-polar surface displays triangular islands, with pits of
varying size. The triangular structure is considered suggest electrostatic stabilization of the
surface that acts to cancel the surface polarity.”® The islands are rotated 180° with respect to
neighboring triangular terraces. The opposite O-polar surface rather displays flat hexagonal
terraces that are separated by double layer steps but is without holes. The (0001) surface
displays flat, rectangular terraces, separated by steps of a single atomic layer, perpendicular to
the [0001] and [1210] vectors. Finally, the (1120) surface has terraces with atomic “stairs”,

building up and down a single layer at a time, along the [0001] vector.”
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Figure 4-6 Termination structures of wurtzite ZnO, with experimentally observed rearrangements. The terminations are from left

to right: (1010), {1120), (0001)-Zn termination. The white spheres represent zinc ions, the grey represent oxygen. Figure
adapted from reference .

As-grown ZnO is always n-type. The origin of this conductivity has been considerably disputed,
due to the previously mentioned sensitivity of the material. Several possible causes, both
intrinsic defects, including zinc interstitials’""®, oxygen vacancies and zinc antisites”’, as well as
extrinsic causes like impurities, have been investigated. All intrinsic causes are found to be
unlikely for differing reasons. Among the extrinsic causes, hydrogen is likely the most
extensively investigated possibility, as it is the most likely to contaminate any specific sample.
While interstitial hydrogen is found to be too mobile to be retained at high temperature,”
evidence suggests a possible cause to be hydrogen-substituted oxygen sites within the material,
forming a shallow donor.° This species is only stable up to about 500°C, so it only constitutes a

possible source of n-type conductivity below this limit.
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The electrical conductivity of ZnO is relatively complex. In a single crystal, the uniaxial wurtzite
structure results in anisotropic conductivity. The variance in the conductivity is, however, not too
pronounced. A study found the conductivity to be isotropic to within the experimental
uncertainty of 10%.5! In both sintered compressed powder samples, as well as single crystal
samples, the preparation method of the sample can affect not only the absolute conductivity, but
also how the conductivity changes with temperature. For pellets, certain preparatory procedures

may cause anomalous behavior such as reduced conductivity with higher temperatures.®2

This instability of the properties of ZnO with preparation method, also apply to single crystal
measurements. Variance of room temperature conductivity with preparation method has been
observed to span six orders of magnitude.® The higher end conductivities obtained in this study
were produced under oxygen poor conditions utilizing transport agents including hydrogen, in

agreement with the previously noted possible cause of unintentional ZnO n-type conductivity.

ZnO may be doped with aluminum to improve the conductivity. The aluminum ions substitute
the zinc lattice positions in an AI** oxidation state and introduce donor defects, increasing the
charge carrier concentration within the material, according to 2-34. Undoped ZnO has a
conductivity of about 0.1 S/cm at room temperatures, increasing to 25 S cm™ around 1000°C.
2% Aluminum doped ZnO has, in comparison, a conductivity around 1000 S cm™ at room

temperature, decreasing to 400 S cm™ at 1000°C.%

As noted previously, unintentional hydrogen doping is considered a possible cause for nominally
undoped ZnO n-type conductivity. Alternatively, hydrogen dopants may be deliberately
introduced to increase the free carrier density of the material. The most prevalent active forms of
the hydrogen dopants are, however, found to be unstable against annealing above temperatures
of 500°C.% Hydrogen doping may be used in conjunction with other dopants, such as aluminum.
Depending on the method of preparation, optimal conductivity of ~2000 S cm™ may be achieved
for such multiple dopant materials at room temperature.26-88 ZnO thin films doped only with

aluminum in the same studies had a conductivity of ~100-400 S cm™.8788

Lithium doping of ZnO has been investigated as a possible method of inducing p-type

conductivity in ZnO. Lithium ions may behave as either donor or acceptor dopants in ZnO
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depending on the sites occupied by the defect ions; they act as electron donors at interstitial sites,
and electron acceptors at substitutional sites.®® This trait inherently limits the p-type doping
efficiency of lithium, yet p-type ZnO as a result of lithium doping has been reported.® These
reports are rather controversial, due to issues of reliability and reproducibility.

GGA and GGA+U are common functionals for theoretical investigation on the electronic
structures of wide band gap transition metal oxides. The GGA functional is, however, bad at
predicting the band gap, significantly underestimating it. The GGA+U functional is used to
correct for this shortcoming. Commonly often seen U parameters utilized to obtain correct band
gap are 10 eV for the Zn-3d orbitals, and 7 eV for the O-2p orbitals.®:°2 These high potentials
do, however, cause the structure parameters of the unit cell to be significantly underestimated. It
should also be noted that there appears to be no universally applicable values of +U that work
properly for ZnO, with a very large range of values reported utilized.®® For the application of a
+Uest parameter on only the Zn-3d orbitals, a value in the vicinity of 5 eV has been reported to
give the best results, striking a balance of agreement for lattice parameters and other properties.®*
Other choices for functionals are hybrid functionals, such as PBEO and HSE, which are
commonly utilized for electronic structure calculations. There is little unity in what other basic
calculation parameters are utilized, so the necessary values appear to vary considerably on a case

to case basis, depending on the system of interest.

The surface energies of the various low-index ZnO surfaces have been investigated by
computational means by both computational and experimental methods. With respect to the polar
surfaces, the obtained values have been found to rely significantly on whether the surface is

exposed to an oxygen rich- or poor environment. In the oxygen rich limit, reported values for

relaxed surface energies of (0001)-Zn and (0001)-0 are 2.39+0.0063 and 1.35+0.0063 J m2,
respectively, from one source®, and ~3.4 and ~1.1 J m, from another.*® The significant
difference in values stems from the inherent difficulty in separating the contribution of the two
termination interfaces from each other, as any cleavage forming this interface will necessarily
form both of them. The reported coupled values for the surface energy show considerably more

consistency, with reported values of 3.31% and ~3.4%" J m™.
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The surface energies of the nonpolar surfaces are considerably lower, reported to be 1.6 and 1.7

Jm? for the (1010) and (1120) surfaces, respectively.®” It should be noted that these values
display considerable dependence on the functional utilized.

Band structure calculations for ZnO performed with GGA+U are able to qualitatively reproduce
the experimental trait of a direct band gap, which is found to be located at the gamma symmetry
point. If the +U parameters are properly fitted, a correct band gap may also be obtained.%
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Figure 4-7 Band structure of ZnO, calculated by GGA+U. Data from source .

DOS calculations show the valence band maxima to be constructed predominantly from O-2p
and Zn-3d orbitals, while the conduction band minima is constructed from Zn-4s orbitals.*®

4.3. Nickel Oxide — Zinc Oxide Mixed Phase System

Mixing pure NiO and ZnO does not form a new product phase. The Ni?* and Zn?* ions have
similar radii of 0.72 A and 0.74 A, respectively,?®% resulting in the ions inter-diffusing into
each other’s crystal structures. The crystal structures of the two materials are, however,

dissimilar, resulting in a system of limited solubility of each ion in the opposite crystal. The
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solubility limits for the formation of a single phase are somewhat uncertain, with different
sources reporting different concentration limits and trend with temperature. The reported
solubilities for the system at high temperature conditions of 800-1400°K to range from 1-7%
nickel in ZnO, and ~27%-35% zinc in NiQ.101-104
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Figure 4-8 Left image: Phase diagram of the ZnxNi1-xO system. ! Right image: Conductivity and thermopower of the NiO-ZnO
mixed phase materials at a temperature of 1050°C, with the composition of the ZnO material along the x axis. The dotted vertical
lines represent the solubility limits.?

The mixed phase materials exhibit electronic properties that differ from the pure phase materials.
The change in the conductivity with composition is plotted in Figure 4-8, right image. The
conductivity of the ZnOss phase increases sharply with nickel content, peaking at the solubility
limit of about 3%. The conductivity change of Zn:NiO is to a lesser extent, showing a non-linear
change. At room temperature, the conductivity change is to a much greatest extent, spanning
nearly nine orders of magnitude, increasing from NiO to ZnO along the composition axis.1%2

In experimental investigation of the Ni:ZnO system, the VBM level has been observed to
increase in energy relative to the pure ZnO phase, accompanied by a decrease in the band gap
width. While the band gap has been specifically reported to decrease, no exact value of the VBM
level increase is known. The band gap effects are primarily reported for thin films and
nanoparticles, which depend significantly on the construction. Reported band gap changes for
approximately 5% nickel dopant cover a range of 0.04-0.30, with outliers at 1.25 eV.1%1%° The
results depend on the preparation, the values A Ni:ZnO-ZnO heterojunction has been reported to

exhibit a VBO of 0.32 eV.1° The effects of the doping on the lattice parameters on ZnO have
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only been reported for nanostructures and is likely affected by the particle size, as there is no
agreement between studies. Increase, decrease and no change in lattice parameters with nickel

concentrations have all been reported, 05111112

A theory that experimental studies use to describe the narrowing of the band gap of ZnO with
nickel doping, is a d-orbital splitting model, where magnetic impurity d-orbital states are split,
resulting in a high-spin arrangement of the electrons, with the bands arranged as described in
Figure 4-9 (left image). One study indicates this effect only appears at around 2% concentration
of nickel, as shown in Figure 4-9 (right image), with a separate doping effect occurring at 1%

concentration. 13
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Figure 4-9 Left image: A diagram describing the d-orbital splitting model to describe reduced band gap effect in transition-metal
doped wurtzite structure. Right image: Resistivity of nickel doped ZnO vs. inverse temperature. Figure from reference 13,

The effect of incorporation of nickel ions into the ZnO structure with respect to magnetic
properties is somewhat unclear. The majority of studies are on nanostructures of the mixed phase
compounds, so particle size might have a significant effect, however both ferromagnetic and
paramagnetic behavior has been reported.**1'> The ferromagnetic properties have been
suggested to arise both as a property of the Ni:ZnO material or as a consequence of nickel-
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oxygen vacancy interactions.'*1> Antiferromagnetic interactions between the nickel ions have

been observed to suppress the ferromagnetic properties as well .

For the Zn:NiO mixed phase structure, the lattice parameter of NiO in bulk material has been
reported to increase slightly with concentration of zinc ions, by about 0.03 A, or by about 0.7%
on the NiO lattice parameter, at 30% zinc ion doping, following a generally linear trend.*'” While
separate studies disagree on the quantitative degree, the band gap of Zn:NiO is observed to

decrease with zinc ion concentration. 18119

For the native magnetic structure of NiO, neutron diffraction experiments have shown the
antiferromagnetic structure of NiO to remain upon the formation of the Zn:NiO system. At the
OK limit, at 30% zinc ion concentration, the magnitude of the magnetic moments of the nickel

ions is observed to decrease by about 4-5%.%2°

For a system of doped polycrystalline NiO and ZnO, a heterojunction composed of Lio.02Nio.0sO
and Alo.02Zno.egO (the compounds will henceforth be referred to as Li:NiO and Al:ZnQ), the rates
of interdiffusion of atoms and dopants have been investigated for high temperature

environments. 2

Figure 4-10 Interdiffusion over a Li:NiO (top) - Al:ZnO (bottom) junction. a) Scanning Electron Microscopy image of the
junction. b) Concentration of Ni2+ ions, c) Concentration of Zn2+ ions. d) Concentration of Al3+ ions.
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Ni2* is shown to diffuse into Al:ZnO with an essentially uniform inter-diffusion zone, while Zn?*
diffuses a considerably shorter distance into the Li:NiO in the same period of time. Diffusion of
the dopants into the opposite materials was found to be nearly undetectable for AI**, despite the
concentration being significantly lower than the solubility limit.}22 The reason for Ni?* relatively
rapid rate of interdiffusion is due to its diffusive process being dominated by enhanced grain
boundary diffusion by orders of magnitude, relative to bulk diffusion. Zn?* does not exhibit this
behavior, rendering the interdiffusion of Ni?* the limiting factor to the lifetime of a Li:NiO-

Al:ZnO heterojunction.!?

In doping of NiO with zinc, the zinc ions randomly substitute cationic sites within the crystal
structure, assuming the rock salt structure of NiO, which is an unusual configuration for Zn?*
ions.® Increasing the zinc ion concentration causes the structure parameter of the mixed phase
NiO to change linearly towards the structure parameters of ZnO, in accordance with Vegard’s
law.®> The band gap of the mixed phase changes in a similar manner. NiO and ZnO remain as p-
and n-type semiconductors up to the saturation concentration of the other metal ion for bulk

material.1%?

4.4. Properties of the Li:NiO-Al:ZnO p-n Junction

Theoretically, the Li:NiO-Al:ZnO p-n heterojunction has a built-in potential of 0.80 e\/123124
from the difference in the doped materials’ work functions. Good agreement is achieved with
experimental observations, which places the value at 0.90+0.10 eV.'?! The heterojunction is
rectifying at lower temperatures of 500°C, but this property is gradually lost with increasing

temperature. At 1000°C, it is for practical purposes entirely lost.*?!
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Figure 4-11 1-UA characteristics of the Li:NiO-Al:ZnO heterojunction across a temperature range of 500-1000 °C. The solid
lines represent fitted lines. The lower right schematic shows a circuit equivalent to what is utilized in the measurements.'?>

In undoped materials, the experimentally reported work functions of NiO and ZnO cover a
considerable range. NiO typically exhibits values of 5.0-5.6 eV, reaching 6.7 eV with special
preparation.?6-12% A commonly used value is 5.4 eV, around the center of the reported range.
The work function of ZnO exhibits considerable variance with preparation and termination
surface, with reported values covering a range of 3.7-5.05 eV, with an outlier value at 6.0 eV.3%
132 It should be noted that, depending on the temperature employed in the preparation of the
surfaces, the differences between the individual surfaces may change considerably. Form the
range of the work function values, the possible theoretical built-in potentials consequently cover
arange from3.0eVto-1.0eV.

In experiments with thin films, one study has claimed the band alignment over the heterojunction
interface is dependent on the orientation of the ZnO. The most significant effect was observed in
the potential difference of the conduction and valence bands of the two materials: The bands
were found to lie ~0.3eV closer with a junction across the polar surface, compared to the
nonpolar.5! Separate studies of NiO-ZnO heterojunction band offsets have been performed,
reporting values of 1.3 eV, 1.47 eV** and 1.50 eV***, with outlier values of VBO of 2.6 eV’ for

the similar heterojunctions. The surface orientations in the studies with similar values reported
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polar-polar interfaces in all cases. The observed effects of the interface on the respective energy

levels, as well as the bulk material properties, produce different values. The most likely

possibility is that the interface VBO is significantly dependent on the surface conditions.
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Figure 4-12 Left Image: Schematic energy band alignment of NiO(111)/ZnO(1120) (nonpolar) and NiO(111)/Zn0O(0002)

(polar).*? Right Image: Schematic energy band alignment of NiO(111)/ZnO(Unknown alignment).”

In experiments with deposition of NiO on thin films of ZnO, the NiO was found to preferentially

arrange itself with a (111) orientation regardless of the ZnO surface it was deposited onto. The

in-plane lattice mismatch of the (111) plane of NiO with the (1120) and (0001) planes of ZnO
has been calculated to be 13.7% and -8.7%, respectively.®

Heterojunctions incorporating ZnO as the n-type material have been explored with several other

materials, such as Cuo0-138 Cu0t®140 Cul*, BiFeOs'*?, Ga,03*® and In,03'** as examples.

The full list is more extensive, owing to the favorable properties of ZnO as an n-type metal oxide

material. A heterojunction of particular interest is the GaN-ZnO system, due to its properties as a

LED with peak emission in the violet-blue region of the spectrum.*

69



5.Results and Discussion

5.1. Bulk Parameters

By the nature of modern DFT, the methodology does not provide all physical parameters
directly. Many properties must be calculated as relative values, between two or more different
calculations. Consequently, obtaining a baseline for comparison with later calculations is

necessary, and the properties of the bulk materials of interest is a natural place to start.

NiO and ZnO are notoriously difficult materials to model correctly within a DFT formalism. To
obtain an adequate description, even extremely high-level theory such as GW is not necessarily

enough. Such calculations are only feasible for unit cell sized systems and cannot be utilized for
surface calculations. In this case, GGA+U and hybrid functionals are utilized, despite the known

inadequacies.

5.1.1. Bulk NiO
The parameters obtained for a bulk NiO unit cell with both the GGA+U and PBEO functionals
are given in Table 5-1.

Table 5-1 Basic parameters obtained for bulk NiO calculations.

Functional Lattice parameter | Band Gap | Band Gap Ni Magnetic Moment
(A) (eV) Transition (W)

GGA+U a=b=c | 4.200 3.03 L-G 1.71

PBEO: 18.5% a=b=c | 4.171 3.82 L-S 1.64

PBEO: 25% a=b=c | 4.166 5.02 L-S 1.68

Experimental a=b=c | 4.178 3.6-4.3 Direct 1.64-1.90
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The GGA+U functional overestimates the lattice parameters of the NiO structure but still
produces a reasonable result. The band gap, however, is significantly underestimated by nearly
one eV. The nature of the band gap transition is also wrongly predicted to be indirect in nature,
with a transition from the L to the Gamma point, see Figure 5-2. The calculated magnetic
moment shows good agreement with experimentally determined values. Computational results
from literature with the same parameters give a lower value, corresponding to the value obtained
in this study if the non-spherical contributions to the gradient of the electron density in the PAW
pseudo-potentials are excluded from the calculation.
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—TotalDown
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—Ni(p)
Ni(d-tzg)
_Ni(d-eg)
O(s)
— O(p)

Density (states/eV)

-5 !
Eneray (eV)
Figure 5-1 Species and orbital decomposed DOS of NiO, calculated with GGA+U.

From the GGA+U DOS structure, decomposed by species and orbital, the valence band edge is
predominantly composed of O-2p orbitals, but it is mixed with Ni-3d orbitals of both, producing
the mixed charge transfer, Mott-Hubbard transition obtained by prior studies.®®% The conduction
band edge is predicted to be constructed from mixed Ni-4s orbitals and O-2s orbitals in roughly

equal proportion. The Ni-3d states dominate the conduction band slightly higher in energy past

the edge, however.

The hybrid calculations give the same composition for the valence band; however, the
composition of the conduction band differs. The character is predicted to be nearly only of the
Ni-3d states, with only minor components of the Ni-4s and O-2s. It should be noted that the

CBM energy location in k-space has changed compared to the GGA+U. Comparing the CBM
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compositions at the same symmetry transition point shows the hybrid functional still predicts the
CBM edge to be composed from Ni-3d states. The O-2p, O-2s and Ni-4s enter at a slightly
higher energy.
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Figure 5-2 Band structure of NiO, calculated with GGA+U. The symmetry path is W-L-GM-X-W

The band gap of NiO is, contrary to experimental evidence, predicted to be an indirect transition
from the L to Gamma symmetry points. The VBM is composed by two degenerate bands (four
with spin), where curvature differs between the W-L and L-GM directions. Consequently, the

effective masses of charge carrier holes will be slightly anisotropic.

The experimental magnetostrictive effects on the structure are also observed, although the
magnitude is underestimated: The cubic angle of a perfect rock salt structure is distorted by
about 0.5 degrees from a cubic arrangement, compared with the 1 degree of distortion at 0K

expected from extrapolating experimental evidence.*®

The PBEO functional with 18.5% exchange fraction improves the lattice parameter,
underestimating it slightly. The obtained band gap is in the region of experimental values, but the
nature of the band gap has changed from the GGA+U result and is predicted to be an indirect L-S

transition band gap, where S is a point along a symmetry line between the Gamma and K
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symmetry points. The obtained magnetic moment shows good agreement with experimental

evidence, agreeing with the experimental range.54-5¢

The PBEO functional with a standard exact exchange fraction performs worse than the adjusted
version with respect to most parameters. The underestimation of the lattice parameters has
increased, but the resulting structure is still more accurate than the GGA+U results. The band
gap is overestimated by about 1.3 eV. The standard exact exchange thus overestimates the band
gap more than the GGA+U functional underestimates it. The obtained magnetic moment is still

at an acceptable value, within the experimental range.

Effective Charge Carrier Mass

Within a material such as a semiconductor, electrons do not necessarily behave as though it
possesses the same mass as it would in a vacuum. The same applies to electron holes, and
determining these values, and the ratio between them, provides information on the properties of
the material. In particular, the effective mass is a determining factor in the movement of charge
carriers between the valence and conduction bands and play a role in determining the intrinsic

Fermi level.

The band structure of NiO has previously been noted to not describe experimental results
properly, as the band gap transition is of the wrong nature. As the effective mass values are
calculated from the band structure at these points, the obtained values must be taken with

caution. The effective masses of NiO are given in Table 5-2:

Table 5-2 Effective charge carrier masses for NiO. All units are given in terms of electron masses m,. The mass subscript
represents the symmetry path, the superscripts mean electron (n), heavy hole (hh), light hole (Ih), and hole (h). The latter means
there are no degenerate bands with different curvature on the subscript symmetry path.

mI’/lI/h—L m%/{/l—L mgM—L Mmy_gum mi_cm
Calculated 1.79 0.51 1.24 0.29 0.30
Literature Calc 1.66146 0.55146 0.8646
Experimental 0.80 — 1.00*#
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The harmonic mean of the calculated effective hole masses shows excellent agreement with
experimental evidence for NiO, albeit under high temperature conditions, giving a value for the
effective hole mass of 0.90m,. The effective hole masses display anisotropy between the W — L
and GM — L directions, while the electron masses are near equal. The effect of the anisotropy in
a physical system is diminished by the light and heavy holes both contributing to conduction
along the W — L direction. As NiQO is a p-type semiconductor, however, this anisotropy might

affect the properties of certain interface alignments for junctions.

The overall agreement between the calculated and experimental effective hole masses could be
considered evidence to the GGA+U valence band maximum being correctly located, although
not conclusive. If it was correct, however, the low electron effective masses would originate
from the wrong CBM band. The low magnitude of these values would indicate an intrinsic n-

type behavior of the NiO Fermi level with temperature, contrasting observed p-type behavior.

5.1.2. BulkznO

The parameters obtained for the bulk ZnO calculations are given in Table 5-3:

Table 5-3 Basic parameters for bulk ZnO calculations.

Functional Lattice parameter (A) Band Gap Band Gap Transition
GGA+U a=b/c 3.237/5.198 1.43 G-G

PBEQO: 27.5% | a=b/c 3.261/5.213 3.43 G-G

PBEO: 25% a=b/c 3.258/5.215 3.11 G-G

Experimental | a=b/c 3.2497/5.2055 3.37 Direct

The GGA+U functional gives excellent agreement with experimental values for the lattice
parameters. The band gap is underestimated significantly, with the predicted value about 42% of
the experimental value.! The hybrid calculations perform worse with respect to the lattice
parameters, but the results still agree with the experimental range. With respect to the band gap,

the hybrid functionals perform better than the GGA+U functional, for either specifically chosen,
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or standard exact exchange fraction. The prediction of a direct band gap in both cases is also in

accordance with experimental results.

Density (states/eV)

4 2 0 2 4 6
Energy (eV)

Figure 5-3 Species and orbital decomposed DOS of bulk ZnO from GGA+U.

As may be seen from the figure, in GGA+U, the valence band edge of ZnO is predicted to be
partially formed of both zinc and oxygen states, but the O-2p orbital states dominate the structure
overall, predicting a partly covalent nature of the bonding. The conduction band is predicted to
be about equally composed of Zn-4s and O-2s states, with the Zn-4s states arising at a slightly
lower energy than the latter, in accordance with prior computational results.®® The hybrid DOS
predicts a similar result, except the band gap error of GGA+U.

The GGA+U band structure of ZnO is shown in Figure 5-4:
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Figure 5-4 Band structure of ZnO, calculated with GGA+U. The symmetry path is A-L-M-GM-A-H-K-GM.

The band gap is shown to be direct in nature, occurring at the gamma point. There are several
bands close in energy to the VBM band, that have a relatively sharp curvature comparatively.
Holes formed within these lower energy bands would have a lower effective mass than holes in
the higher valence band. The obtained structure closely matches previous calculations.
Comparison with HSE functional band structure indicates the GGA+U band shapes are

approximately correct, although the band gap is underestimated.4®

Effective Charge Carrier Mass

The effective masses of ZnO are given in Table 5-4:

Table 5-4 Effective charge carrier masses for ZnO. All units are given in terms of electron masses m,. All values are derived
according to the methodology described in the calculation section, except the mi?*_,, value. The band structure around the k=0
point displays abrupt change, not permitting enough data points for a sixth-degree polynomial fitting. A second-degree fitting is
used instead. The mass subscript represents the symmetry path, the superscripts mean electron (n), heavy hole (hh), light hole
(Ih), and hole (h). The latter means there are no degenerate bands with different curvature on the subscript symmetry path.

m1}\14}1—GMJ_ mll\fll—GMJ_ mZ—GMu mI}inMJ_ m%l—GMJ_ My—em1 | Ma-emy | MK—cm |
Calculated 2.90 0.24 3.32 2.90 0.24 0.19 0.20 0.19
Literature Calc | 0.35- 0.23- 3.23149 0.13 - 0.14- |0.13-

0.634° | 0.63#° 0.251461 | 0.30%46 | 0.25%6

2'90150 49 149 149
Experimental | 0.45-0.591°1:152 0.21 — 0.29%49/151,153,154
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The calculated effective electron masses underestimate the experimentally observed range but
shows overall good agreement. The calculated masses show anisotropy between the
perpendicular and parallel values, relative to the c-axis, but the difference is minor. Literature
results vary somewhat, however, on which of the two axes exhibits the lower or higher effective

mass.

The calculated hole masses show good agreement with previous calculations, depending on the
source, although there is considerable difference between the obtained results. The results
individually appear to either over- or underestimate the experimental hole masses. The harmonic
mean of the calculated values provides better agreement, with a value of 0.54m,. The two sets of
perpendicular mass values display no anisotropy between each other, but between the
perpendicular and parallel masses, there is considerable difference, same as with the electron

masses.

Final Considerations for Bulk Parameters

The obtained parameters and properties of the NiO and ZnO bulk materials, display significant
divergence from the experimental values. This is partly because experimental measurements
occur at finite temperature conditions, while DFT is a OK methodology. However, as mentioned
in the introduction of the bulk parameter section, both NiO and ZnO are materials that are not
well described by neither GGA+U or hybrid functionals. Consequently, a considerable degree of
error is to be expected. In this specific case, the main discrepancies are the band gaps, and the
nature of these transitions. Both are significantly underestimated, and since band gaps decrease
with temperature, this is fully due to the error within the chosen level of theory. For NiO, the
transition of the band gap is also wrongly predicted, with different, both in disagreement with
experimental evidence, transitions for each functional, indicating that not just the band gap, but
also the relative positioning of the valence and conduction bands with respect to energy are not
correctly predicted either. The calculation of effective masses for both materials, do show
agreement between the calculated and experimental values, indicating the shape of the bands are
well predicted.
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The results obtained with this level of theory are consequently subject to a considerable margin
of uncertainty and error, but GGA+U and hybrid DFT is also the limit of what may be utilized
for the system sizes that are necessitated for calculations in this study.

5.2. NiO-ZnO Mixed Phase

The goal of the greater project of which this thesis is part of, is the feasibility of constructing a p-
n junction which is thermodynamically stable with respect to interdiffusion, by utilizing
equilibrium concentration mixed phase semiconductors. Such mixed phase semiconductors
would exhibit different electronic properties, compared to the pure materials. As the equilibrium
concentrations vary somewhat with the intended operational temperature range, the properties of
the junction would exhibit a degree of variance with the specific conditions. The properties of the

mixed phase materials are thus investigated in this section.

5.2.1. Nickel Dissolved in ZnO (Ni:ZnO)

Structural Analysis

In the limit of low concentrations (0.9%), the effect of nickel substitution of zinc ions is minor.
The bond lengths of the wurtzite coordinated nickel ion are about 4.2% longer compared to the
bonds of pure wurtzite ZnO for the bond parallel to the c-axis, and about 1.8% longer for the
bonds nearly parallel to the ab-plane. The nickel ion distorts the angles of its planar direct bonds,
reducing the angle between them and the ab-plane by about 1.9°.

Despite the expansive distortion caused by the nickel ions, the total volume of the mixed
supercell displays a small reduction of about 0.1%. The reduction of the volume occurs due to
the c-axis bonds of Zn-O pairs surrounding the nickel impurity contracting and shortening in
response to the presence of the nickel ion. The a- and b- lattice parameters are both extended

slightly, but the contraction along the c-axis dominates the volume change.
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Past the lower limit concentration, the volume of the structure will increase with concentration of
nickel ions. At the limit concentration for the temperature range under consideration, 5.5%, the
total volume is still smaller than that of a pure ZnO structure. The original angles of the ZnO unit
cell structure are also displaying distortions, albeit on the order of less than 0.1° from the ideal

angle.

Thermodynamic Analysis

At the limit of low concentration, the total internal energy of the system increases with the
addition of the nickel ions, indicating the mixing process to be endothermic, and consequently
driven by entropy. At higher concentrations than this initial increase, however, the trend
reverses, and the energy decreases with concentration, indicating the process to be exothermic
instead. This trend continues past the experimental solubility limit, to the limit of complete

substitution.

Electronic Structure Analysis

The electronic structure of the Ni:ZnO mixed phase is somewhat complex to ascertain, as the
introduced nickel ions are predicted to retain their magnetic properties in the new environment.
Hence structures with an odd number of nickel ions exhibit a considerable difference in the
energy levels between up- and down-spin states, complicating the results. Due to the small
solubility range of the Ni:ZnO system, only the DOS structures of the ~1.8%, ~3.7% and ~5.6%
concentration nickel ion systems are considered here, along with the pure ZnO system for

reference. The relative band edge levels are shown in Figure 5-5.
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Figure 5-5 Relative band edge levels of ZnO with concentration of nickel ions. Energy scale of VBM values relative to the band
edge of pure NiO, calibrated against the average 1s orbital energy of zinc. The error bars represent the standard deviation of the
reference core level energies.

At lower concentrations of 1.8% nickel ions, the VBM level lies about 0.018 eV above the bulk
ZnO value, and the band gap is narrower by about 0.3 eV. The decrease of the band gap agrees
with the higher range of experimental results, and while there are differing results, saturation of
the band gap change around 2% has been experimentally reported.>>%® The VBM edge
composition mostly matches that of bulk ZnO, although Ni-3d states are mixed in, in a much
smaller ratio. The increase in the VBM level at this low concentration is of a different nature
compared to higher concentrations, likely caused by the decrease in the system volume. The limit
concentration VBM increase of 0.39 eV overestimates the band gap reduction, but is in
agreement with the experimental attribution of the band gap reduction to shallow acceptor
states.!'% The occurrence of the band gap reduction and VBM increase at separate concentrations,
however, is against this assumption.

Contrary to expectation, nickel ions are predicted to act as electron donors in Ni:ZnO, for low
nickel concentrations at and below 2.8%. For these low concentration states, the electrons in the

conduction band originate from the valence band nickel 3d-orbitals, one from each nickel ion.
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The nickel electrons assume a high spin arrangement, with a magnetic moment of 2.56 pg. In

terms of defect chemistry, the system may be described by the equation
Ni(s) + Zn%, = Niy, + e’ + Zn(s) 5-1

where the NiZ,, species assumes a high-spin electron configuration. The spin arrangement of the
mixed phase Ni:ZnO follows a consistent trend with concentration: ~0.9% to ~2.8%
concentration assumes the high-spin arrangement, and nickel is predicted to act as an electron
donor. At 3.7%, the regular spin states of nickel are assumed, and the donor behavior is no
longer predicted to occur, accompanied by the formation of a new VBM state. High spin
arrangements of nickel in ZnO have been experimentally reported, although the values are
slightly higher at 3.29 pg.*>” Nickel ions acting as a donor in ZnO at low concentrations would,
assuming no other effects dominate, cause the conductivity of the mixed phase to increase due to
the increased concentration of free electrons, a behavior which has been experimentally
reported,'°211% however the studies find the conductivity to be activated with some studies
assigning the effect to a d-orbital splitting impurity model.*>® The data used in the construction of
this model, however, only considers concentrations of 5% dopant and up, the range where this
dopant behavior is not observed.

At the higher concentration of 3.7% Ni, the VBM level has increased sharply, by about 0.39 eV
compared to pure ZnO. The band gap has reversed the previous trend and slightly increased from
the 1.8% concentration value. The composition of the VBM edge at this concentration has
changed from the bulk ZnO. This effect is due to the nickel states, and surrounding oxygen
states, assuming an energy level that forms a new valence band for the mixed phase structure.
The valence band edge is, at a concentration of about 3.7% nickel, formed primarily from O-2p
states, mixed with Ni-3d states. Hence, from even a low concentration, the presence of nickel
ions within the ZnO structure dominates the valence band edge. At the same concentration, the
composition of the conduction band fully matches the character of the bulk ZnO CBM. At the
5.6% concentration limit, the properties of the mixed phase are largely unchanged from the 3.7%
concentration. The VBM level and band gap width have both increased slightly, but the

difference from the 3.7% values are small.
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The sharp increase in the VBM level between the 1.8% and 3.7% concentrations indicate that the
concentration limit for the formation of the new VBM edge state is a relatively sudden shift. The
qualitative change in the behavior of the nickel ions may be considered as a transition from
acting as a dopant, to acting as a substituent. The exact transition point is not known, but the
presence of the high-spin nickel species at 2.8% concentration indicates the transition has not
occurred at this point. The origin of the transformation appears to be a flip in the spatial
orientation of the nickel d-orbital, and the hybridization with the surrounding oxygen p-orbitals.
The orbital arrangements are shown in Figure 5-6, which displays the partial charge density,

corresponding to the sum 3D isosurfaces of the orbitals within a certain range of energy.

Figure 5-6 Left image: Low limit concentration orientation of orbitals for the Ni:ZnO system, with isosurface level 0.0008. High
nickel concentration orientation of orbitals for the Ni:ZnO system, with isosurface level 0.005.

At low concentrations, the Ni-d orbitals are aligned parallel to the c-axis. At higher
concentrations, however, the favorable axis is changed, and the d-orbital axis is rearranged
parallel with one of the ab-plane wurtzite bonds. The ab-plane arrangement creates significantly
more localized energy states, with the surrounding O-2p orbitals with the same axis assuming the
same energy level and may be considered a localized impurity state. These ab-plane arranged
nickel d-orbital states are the origin to the VBM at high nickel concentrations, explaining the
sudden transition, as well as the largely constant VBM level before and after the transition. The
transition in magnetic behavior is also caused by the orientation flip. These localized ab-plane
states have been experimentally attributed as the origin of the Ni:ZnO band gap red shift,
displaying good experimental agreement.'® Furthermore, while the concentration range differs
from the experimental setting, a relatively sudden shift in the effects of nickel doping has also
been reported.!® Due to the nature of this transition, it is possible the specific arrangement of

nickel ion in the supercell may affect the transition concentrations. The supercell dimensions
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may also have influenced the results, as the a- and b-axes are shorter than the c-axis, resulting in

a roughly 1.5 times higher lattice occupancy along the ab-plane.

The CBM energy of ZnO decreases sharply by about 0.3 eV at 1.8% nickel concentration. The
change in the band gap width with further addition of nickel is very small, less than the core
level uncertainty. The origin of this effect appears to be a shift in the zinc and oxygen s-orbital
state energies, induced by the presence of the nickel ions. The nickel eq orbitals are mixed in
with the CBM slightly above energy band edge and is likely the cause of the dopant behavior.
The nickel hybridization does not occur at this concentration, in contrast to experimental
evidence that assigns the band gap decrease to the same nickel-oxygen hybridized state that
forms the VBM. At higher nickel concentrations of 3.7% where the hybridization behavior is
present, the DOS indicates a d-band impurity splitting of tog orbitals (described in the reference)
to be present, but at significantly too high energy.'®® The electrons are predicted to assume a
lower spin state at this concentration is possibly due to the overestimation of the antibonding tog

orbital energy.

5.2.2. Zinc Dissolved in NiO (Zn:NiO)

Structural Analysis

In the limit of low concentrations, (0.78%), the presence of the zinc ion within the NiO structure
has a very slight repulsive effect on the surrounding oxygen ions, extending their bond lengths
by about 0.3%. The bonds parallel with the c-axis are further distorted, but that is likely due to
the structure considered. The c-parameter is shorter than the a- and b-parameters, as a 4x4x2
supercell structure is utilized, so the zinc “concentration” is higher along the c-axis by a factor of

two, resulting in a greater effect on the structure.

In the immediate surroundings of the zinc ion, the rhombohedral distortion of the
magnetostrictive effects observed in NiO are counteracted to some extent, so the Zn-O bond
angles are closer to right angles than the Ni-O angles with the disruption being reduced by about
42% in the ab-plane, and by 66% in the bc-plane. This effect is reflected in the supercell lattice
angles, which approach closer to an ideal cubic arrangement with zinc ion concentration.
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Same as the case for Ni:ZnO, at low concentrations, the presence of the zinc ions reduces the
volume of the mixed supercell. The effect is lesser in magnitude however, with the volume of the
system being reduced by about 0.05%, at the most. The proportion of zinc ions in the NiO
structure at the point of this minima appears to be about the same as in the Ni:ZnO structure, but
due to lacking resolution of concentration, nothing more specific may be established here. The
increase in the lattice parameters is underestimated compared to experimental value of 0.7% at
30% zinc concentration, with an increase of slightly more then 0.4%, but overall good agreement
is obtained.!*’

The Ni:ZnO structure is predicted to retain the native antiferromagnetic structure of NiO
throughout the concentration range, in accordance with experimental observations. The predicted
magnitude of the individual magnetic moments, however behave contrary to the results of the

same study, and rather increase by about 0.8% at 31% zinc ion concentration.*?

Thermodynamic Analysis

The total energy change with zinc ion concentration displays a trend opposite to that of Ni:ZnO.
For low concentrations of zinc, the total energy change is negative, predicting the formation of
the mixed phase to be thermodynamically favorable. At greater concentrations, however, the

total energy change with concentration shifts and becomes positive.

Consequently, mixing of small concentrations of zinc ions into the NiO structure is predicted to
be thermodynamically favorable at all temperatures, but is kinetically hindered from occurring at
any appreciable rate below an appropriate temperature threshold. For higher concentrations than

about 1%, the process becomes endothermic, and hence entropy driven.

Electronic Structure Analysis

The effect of mixing zinc ions into the NiO structure depends on the concentration. The relative
VVBM level with concentration is shown in Figure 5-7:
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Figure 5-7 Relative band edge levels of the Zn:NiO mixed phase system with concentration of zinc ions. Energy scale of VBM
values relative to the band edge of pure NiO, calibrated against the average core orbital level energy of nickel. The error bars at
the top of the columns represent the standard deviation of the reference core level energies.

The VBM behavior of the Zn:NiO mixed phase system may be divided into three separate
concentration regions: 0-1.56%, 1.56-4.69% and 4.69-31.25%, for regions one to three,
respectively. The CBM change also displays some dependence on the concentration, but apart
from concentration region one, displays linear dependence throughout within the error margin of

the core levels.

At the lower limit concentrations of region one, the VBM level fluctuates, but is largely constant,
remaining near the pure NiO level. The reason for the differing behavior compared to the other
regions is likely to involve the volume change, as it only decreases in this region. Region two
exhibits a nearly linear increase in the VBM level. This region acts as an ideal region with
respect to the VBM change, as the volume change no longer interferes with the shift. Region
three contains the VBM maximum for the mixed phase system and corresponds to a saturation
region with respect to the effect of zinc ion concentration on the VBM level. At higher
concentrations than 9.38%, a gradual decrease in the VBM level occurs. It is likely not a physical
effect, but rather an error within the methodology used to determine the relative VBM levels,

caused by the shift in the reference core levels. As the shift is relatively small, within the core
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level error range, the error introduced to the VBM values by the employed approximate
methodology may be considered to most likely lie within an acceptable margin. The VBM

maximum may be somewhat underestimated due to this effect, however.

Apart from region one, where the volume change is likely to be the dominant factor, the VBM
shift may be attributed to the formation of weaker Zn-O-like bonds within the NiO structure. The
evidence to this view is the valence band edge composition linearly approaching that of cubic
phase ZnO with increasing zinc ion concentration. The endothermic enthalpy of mixing observed
beyond the lowest concentration for the Zn:NiO system, as well as the longer Zn-O bonds,

compared to the Ni-O bonds, also support this conclusion.

The continuous drop of the CBM is due to the formation of a conduction band state at a lower
energy than the CBM of pure NiO. At higher zinc concentrations, the composition of this band is
primarily O-2s states, with Zn-4s and Ni-4s states mixed in in proportion, the Zn-4s states
increasing with concentration of zinc ions, while Ni-4s diminishes. The CBM shift may be
considered a linear change of the nature of the conduction band from that of pure NiO to the
composition of bulk cubic ZnO. From the observed behavior, the CBM shift would likely remain
linear with concentration change at higher concentrations than experimentally observed. The
same drift in the energy level observed for the VBM levels would likely also affect the CBM, but

due to the greater shifts in the CBM level the relative error is less relevant.

The behavior of zinc ions in NiO may be considered akin to a diluent of nickel ion concentration.
As increasing the zinc concentration changes the electronic structure linearly towards that of
cubic ZnO, the initial overestimation of the NiO band gap would cause the obtained CBM
change with zinc concentration to be significantly overestimated as well. The cubic ZnO band
gap calculated with PBEO is 3.44 eV, so a CBM drop of 0.8 eV at 31% zinc concentration would
indicate the CBM level change would saturate prior to complete substitution of the cation lattice

sites with zinc.
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5.3. Surface Calculations

The main focus of this project is the interfaces between NiO and ZnO surfaces. A natural point to
start for such an investigation, is the properties of the individual material surfaces in a vacuum,

within a surface cell that allows the bulk of the surface to be free of strain.

5.3.1. NiO Surfaces
Nonpolar NiO (100) Surface

The ideal (100) surface, without reconstruction, has a completely planar surface as shown in

Figure 5-8.
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Figure 5-8 The structure of the NiO (100) surface.

Relaxation of the surface causes little surface rearrangement, with the outermost layer of ions
only departing the perfect crystal plane arrangement by less than 4+ 0.01 A from the perfect
plane, relative to one another, where the oxygen ions extrude slightly, and the nickel ions retract
back into the bulk of the slab.

The surface structure itself is very simple, however the complex magnetic rearrangements
necessary for the correct formation of this interface, are a cause of considerable difficulty. For
many calculation settings, the calculations of the magnetic structure collapses entirely, with the
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system converging to an entirely diamagnetic arrangement. The magnetic structure of NiO is
integral to its structural integrity in a slab, so assumption of this diamagnetic structure causes the

ionic structure to crumple entirely, collapsing in on itself.

Both the GGA+U and hybrid functional calculations predict the magnetic moments to arrange
themselves in a layered structure, where the ions closer to the surface have greater magnitude
magnetic moments, both for the nickel and the oxygen ions. Furthermore, the oxygen ions form
their own magnetic structure, shown in Figure 5-9. This magnetic structure briefly strengthens in
magnitude at the first subsurface layer, before it decays rapidly towards the bulk of the slab. By

the third layer, the magnetic moment has nearly vanished.
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Figure 5-9 The magnetic structure assumed with the NiO (100) surface formation, calculated by hybrid functional. The larger
spheres represent nickel ions; Red and blue represents positive and negative magnetic moments, respectively. The smaller
spheres represent oxygen ions. The reddish and blueish colors still represent positive and negative magnetic moment, but the
magnitude of the moment is indicated by the specific color. The deeper the color, the greater the magnitude of the moment.

The spatially resolved DOS structures display the effect of the presence of the vacuum region on

the electronic structure of the slab, shown in Figure 5-10.
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Figure 5-10 Spatially resolved DOS structure of the NiO (100) surface, calculated with hybrid functional with suitably adapted
exact exchange proportion.

The hybrid spatially resolved DOS structure displays no mid gap defect states of note, and no
reduction in the overall band gap. The most important feature is the increase in the density for
the conduction band states around energy level two at z-axis one and six. The increased density
corresponds to surface states of NiO, similar states which are observed for all terminations of
NiO consideration in this project. The interface states are constructed from almost only Ni-3deg
orbitals. The surface state energies are predicted to be shifted down into the band gap for both

hybrid and GGA+U functionals. In the latter case, a total band gap reduction of about 0.5 eV is
observed due to surface states.

Nonpolar NiO (110) Surface

The NiO (110) surface has, prior to relaxation, parallel ridges along one axis; either the a- or b-

axis depending on orientation, but the isolated structures are equivalent. The structure of the
surface is shown in Figure 5-11.
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Figure 5-11 Structure of the NiO (110) surface.

The relaxed structure is somewhat widened, and the oxygen atoms extrude slightly towards the
vacuum layer. The arrangement of magnetic moments retains the anti-ferromagnetic structure of

the bulk structure. Overall, structural rearrangement with ionic relaxation is relatively minor.

The hybrid DOS of the surface, Figure 5-12 (left image), shows that the surface introduces

significant mid-gap states, considerably reducing the overall band gap.
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Figure 5-12 Left image: DOS of the NiO-(110) surface, calculated by the PBEO functional, using 18.5% exact exchange. Right
image: DOS of the NiO-(110) surface, calculated with GGA+U. Y-axis of both figures have the same title and units. The
conduction band surface states are marked by the red section.

The hybrid DOS valence band composition is unchanged from the bulk material. The

introduction of surface states to the DOS creates mid-gap states composed primarily of Ni-3d
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orbitals, with O-2p states mixed in, reducing the effective band gap of the material by half. The
increase in the O-2p orbital contribution is likely mostly a consequence of the gamma-point only
calculation, as the same behavior is observed in bulk calculations. More gap states present at
higher energies, composed of a mix of multiple different states. The difference in the
composition of the lowest energy mid-gap state compared to the (100) surface is likely due to

the introduction of oxygen ions with two missing bonds, as opposed to one.

The GGA+U DOS, Figure 5-12 (right image), shows similar overall traits, but with distinct
differences. Unlike the hybrid calculation, the mid-gap states are predicted to be composed
primarily of Ni-3d orbitals, with a much smaller mixing of O-2p states. The GGA+U functional
significantly underestimates the contribution of oxygen to the surface states, a point which must
be noted for consideration of interfaces in section 5.4. The valence band is also affected, forming
a gap in the states not present in the bulk material about 0.4 eV below the VBM. The mid-gap
states are due to the formation of weakly bound electron states forming in continuous bands

along the surfaces, as shown in Figure 5-13.

Figure 5-13 Partial electron density composition of the NiO-(110) surface, calculated with GGA+U. The states shown in the
image correspond to the gap states in Figure 5-12 (right image). The contour density is 0.005. Further density is introduced into
these surface states at higher energy.
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The presence of such delocalized electron densities, and the mid-gap states they constitute, may
have a considerable effect on a heterojunction. The orbitals producing these contours correspond
to the mid-gap states in Figure 5-12 (right image) and determine the overall conduction band

level for the structure. At practical temperatures they serve to introduce localized charge density
to the vacuum region immediately adjacent the surface, with greater spatial expansion along the

c-axis than the bulk states permit.

The geometry of the contours displays repulsion from the negatively charged oxygen ions, with
indentations in the regions closest. The overall structure is thus likely due to sum repulsion of the

nickel states from the oxygen ions closer to the bulk of the structure.

It is likely that only a (110) surface without significant structural defects would form continuous
states. A reconstructed surface with ridge peaks two or more ionic layers apart (along the a-axis
in this case), would likely exhibit more localized surface states around each ridge peak nickel
ion. Hence, restructuration of the (110) surface to form more spaced out ridges may present a

viable pathway for the reduction of NiO surface states.

The delocalized surface states may also have a notable effect on conductivity across a junction,
due to their coherent shape and effect of introducing electron density into an otherwise isolating
region of space. It is also possible that the relative orientation of the (110) surface may play a
role as well, due to the directional distribution of electron density, but this depends on the ab-

plane symmetry of the paired surface.

Polar NiO (111) Surface

The NiO (111) surface is the simplest polar surface of NiO. As previously mentioned in section
3.1.4, two opposite nickel and oxygen ion terminations are coupled together. The separate

terminations exhibit different features and must be considered individually.
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Figure 5-14 Relaxed oxygen termination surface of the NiO (111) surface.

In the relaxed structure, the surface ions are retracted directly towards the bulk of the slab, with
no shift in the ab-plane coordinates. The terminating nickel ion structure is only slightly altered,
while the adjacent oxygen layer is altered from the bulk structure to a negligible degree. The
terminating oxygen ions relax to a considerably greater extent, where the first sub-surface nickel
ion layer is altered to a greater degree than the terminating nickel ions. The relaxation behavior
indicates the oxygen termination to less stable than the opposite nickel termination with respect

to the presence of a vacuum.

The presence of the internal dipole moment of the polar surface slab has significant effects on the
electronic structure. The GGA+U total DOS, shown in Figure 5-2, is distorted to the extent that

the location of the band gap is difficult to ascertain.
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Figure 5-15 DOS of the NiO-(111) surface, calculated with GGA+U. The Fermi energy is located at Energy = 0. Subscripts u
and d refer to spin up and down, respectively.

The separate spin states are displaced from energetic degeneracy due to the internal dipole of the
surface slab. The up-spin bulk band edge compositions are observed at 0.5 and 1.25 eV, which
may be considered the total band gap. Between the VBM and CBM, the entire gap is covered in
states, primarily composed of Ni-3d orbitals. The DOS energy shift through the slab may be
observed from the spatially resolved DOS structure, shown in Figure 5-16.
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Figure 5-16 Spatially resolved DOS of NiO-(111) surface, calculated with the GGA+U functional. The left of the plot
corresponds to the nickel termination, while the right side corresponds with the oxygen termination.
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The oxygen termination exhibits the most prevalent valence band surface states of the NiO
surfaces due to the extent of the oxygen surface relaxation, observed at z-axis 11 to 12. The
nickel termination of the surface slab is dominated by mid-gap surface states. The density of
states at the surface are continuously non-zero across the band gap, forming akin to a metallic

DOS structure in this region.

The gap states at the nickel termination were in Figure 5-15 observed to be primarily composed
of Ni-3d states. Same as the (110) surface, the states are conduction band states that have shifted
down in energy due to decreased electrostatic repulsion from surrounding negatively charged
oxygen ions. A notable difference between the polar and non-polar surfaces, is that the (110)
states are confined to a specific region of energy, while the (111) states are continuous
throughout the band gap, because of the spatial expansion of the surface states. As shown in
Figure 5-13, the surface states are restricted from freely expanding by the ionic arrangement. The
(111) surface does not have this restriction, as only nickel ions are present at the surface,

forming a continuous density distribution along the surface.

Figure 5-17 Partial charge density of the NiO-(111) nickel termination surface, with an energy range corresponding to the mid-
gap region of Figure 5-15. Isosurface level is 0.0006.

As observed in the (110) surface structure, the cause of the surface states is due to the
asymmetry of the structure at the surface. The same principles apply for the (111) surface. As
there are no oxygen ions at the surface, so the surface states assume a continuous charge density
region.
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NiO Surfaces: Surface Energy and Band Edges

The formation of a surface causes a change in the total energy of the structure to change
compared to the bulk material. These surface energies, and the changes observed, thus serve as
an indicator to the relative stability and favorability of different surfaces and conditions. The

surface energies of the NiO terminations are given in Table 5-5.

Table 5-5 Surface energies of the NiO terminations, calculated with GGA+U.

Termination Surface Energy (J/m?) Prior Literature (J/m?)
(100) 0.84 1.15%

(110) 2.70 2.77%

(111) 5.01 4.5%

The calculated surface energy of the (110) surface shows good agreement with previous
literature, but the values for the (100) and (111) surfaces under- and overestimates the surface
energy, respectively, considerably. The results are, however, in qualitative agreement on the

relative stability of the surfaces.

The calculated band edge energy levels of NiO relative to the vacuum level are not identical
between separate surfaces; a considerable degree of difference may occur as a consequence of
the surface properties. The band edge levels of the various surface terminations calculated with

the GGA+U and hybrid functionals are shown in Figure 5-18.
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Figure 5-18 Band edge energy of the NiO surfaces relative to the vacuum level, calculated with the various functionals.

The GGA+U functional gives the most consistent results between the surfaces. The calculated
VBM energy levels are too low but show overall good agreement with experimental evidence,
which places the VBM at about -5.4 eV.1 Due to the underestimated band gap, the CBM level is
significantly too low.

The 18.5% hybrid functionals obtain a better estimate of the band gap, however the lower
consistency of the absolute values of the VBM levels indicates the GGA+U method may be the
better choice for determining the relative levels of the band gaps. Utilizing the standard exact
exchange of 25%, the VBM values are not changed much, but they are overall shifted away from

the experimental values for the band edge levels, resulting in worse agreement overall.

Final Considerations for the NiO Surfaces

The NiO surfaces all tend to form surface states corresponding to the mid-gap energy range,
although the extent varies between different surfaces. The surface states are predominantly
shifted conduction band states, and primarily occupy the spatial region in the vacuum outside the
slab itself. Generally, these conduction band states form between the closest neighbor nickel
ions, and link together into continuous surface bands, while not forming in the regions

immediately adjacent the negatively charged oxygen ions. Consequently, the bands expand space
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with the same ab-plane symmetry as the surface itself, resulting in anisotropic band density for
surfaces with lower symmetry such as (110).

5.3.2. ZnO Surfaces
Nonpolar ZnO (1010) Surface

ZnO, due to the lower ionic coordination number of the wurtzite structure, exhibits more
extensive relaxation at the surfaces compared to NiO. In the relaxed (1010) surface, Figure 5-19
(right image), the oxygen ions extrude towards the vacuum layer and the zinc ions are displaced
towards the bulk. The bond lengths remain largely unchanged, in agreement with experimentally
observed behavior.™

-

Figure 5-19 Nonpolar ZnO (10710) surface. Bulk and relaxed structures to the left and right, respectively.

The PBEO DOS structure shows no presence of gap states within the band gap, but the width of
the band gap is somewhat narrowed. The GGA+U DOS gives similar results; The general
structure of the DOS is unchanged from the bulk calculations, and no gap states have been

introduced. The band gap has, however, been reduced by about 0.1-0.2 eV.

The reduction in the band gap is primarily due to shifted valence band states in the vicinity of the
surface, as they may be observed to have increased in density near the surfaces in the spatial
DOS, shown in Figure 5-20:
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Figure 5-20 Spatially resolved DOS of the ZnO (1010) surface calculated with the GGA+U functional.

The spatial DOS shows the surface to display a relatively clean density structure. The surface
states largely only occur within the bulk conduction band and would not influence the properties
of the material considerably. The slight decrease in band gap appears to be due to a shift up in
the energy of the valence band states, likely due to the surface relaxation. The effects of the more
extensive surface relaxation on the DOS may be observed in the conduction band density at z-
axis 2/15 and 4/13: The relaxation affects the subsurface layers to a significant degree, resulting
in two layers of surface states in the DOS structure. This same trait is also observed for the
(1120) surface.

The surface states of the ZnO nonpolar surfaces form continuous bonds between adjacent zinc
ions in a similar manner as NiO, forming a similar anisotropic charge density distribution for the
conduction bands. The main difference from the NiO surface states, is that the oxygen ions

contribute significantly to these surface states from O-2p orbitals, rather than inhibit them.

Nonpolar ZnO (1120) Surface

The (1120) surface relaxation is similar to the (1010) surface: The zinc ions are displaced
towards the bulk of the structure, and the oxygen ions towards the vacuum layer. Additionally,

the relaxed (1120) surface displays akin to a torsional twist on the outer layer, parallel to the ab-
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plane, rather than a straight move into or out of the slab. The bulk and relaxed surface structures

are shown in Figure 5-21:

Figure 5-21 ZnO (1120) surface termination, before and after relaxation to the right and left, respectively.
Different from the (1010) surface, the band gap increases compared to the bulk, by about ~0.1-
0.2 eV. The (1120) surface is the only surface to display a fully constant band gap throughout

the surface slab, with no mid-gap states.

Polar ZnO (0001) Surface

In the relaxed polar ZnO (0001) surface, the termination ions are retracted directly towards the
bulk of the slab. The surface arrangement approaches a planar trigonal arrangement of the
surface- and subsurface- ionic layers, minimizing the dipole moment. The bulk structure

termination is shown in Figure 5-22.
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Figure 5-22 Static structure of the ZnO (0001) surface termination. The image displays the cation termination; the oxygen
termination is equivalent, with the oxygen and zinc ion lattice sites reversed.

The spatially resolved DOS, shown in Figure 5-23 (left image), shows that the DOS energy level

of the surfaces is considerably affected by the internal dipole of the slab, causing a constant shift
in energy levels throughout the surface slab.
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Figure 5-23 Left image: Spatially resolved DOS of the ZnO (0001) surface. The left side of the image corresponds with the
oxygen termination. Right image: Partial charge density of the ZnO (0001) surface, corresponding to the surface state energies
of the zinc terminal ions in the left image. Isosurface density is 0.0005.

The sudden decrease in the energy level of the conduction band is due to surface states occurring

at the metal ion termination, as may be seen from a partial electron density distribution.

The cation termination surface states are composed entirely of Zn-4s states. The less uniform
charge density compared to the polar NiO surface is likely due to the smaller distance between

the surface and first sub-surface layers, with the repulsive effect of the oxygen ions affecting the
surface states, as well as the more localized nature of the 4s orbital.
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Polar ZnO (000 %) Surface

This surface relaxes in a manner analogous with the (0001) surface from the second ionic layer
from the surface. However, the termination ions are highly structurally unstable under physical
conditions. They only maintain their shape due to the periodic boundary conditions, and the
perfect lattice of equivalent ions that form their surroundings because of it and hence do not relax

in a typical manner.
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Figure 5-24 Left image: ZnO (000 %) oxygen termination surface. The zinc termination is equivalent, but with the oxygen and

zinc lattice sites swapped. Right image: Spatially resolved DOS of the ZnO (000%) surface. The left side of the image correspond
with the nickel termination, and the right side with the oxygen termination.

The (000 %) surface is identical in structure to the (0001) surface, apart from the termination

ions, and produces a similar spatially resolved DOS structure, shown in Figure 5-24 (right
image). The entire band gap is filled with states at the nickel termination, of similar nature to the
(0001) surface states. The zinc ions are further distanced from the oxygen ions of the first sub
surface layer compared to (0001), producing surface states that, similarly to NiO-(111), are
much less spatially restricted than the nonpolar and less polar surfaces. The surface states

essentially form a metallic band state, with no energy gap.
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ZnO Surfaces; Surface Energy and Band Edges

The surface energies of the clean ZnO surfaces are given in Table 5-6:

Table 5-6 Surface energies of clean ZnO surfaces, calculated with the GGA+U functional.

Termination Surface Energy (J/m?) Earlier Literature (J/m?)
(1010) 0.95 1.6
(1120) 0.99 1.79
(0001) 1.88 3.31-3.4%%
1 -
(000 E) 5.64 Not Available

The nonpolar surfaces are predicted to be roughly equally stable, with the polar (0001) surface

exhibiting twice as high surface energy. While the absolute surface energies significantly

underestimate the literature values, the relative values agree with the respective ratios lying

within a 5% margin of error. The surface energy of the (0001) polar surface is relatively low

compared to the other polar surfaces under consideration, ZnO-(000 %) and NiO-(111).

The (000 %) surface energy is very high, close to the NiO-(111) surface energy. Consequently,

like the latter, it is unlikely that the (000 %) surface could exist in a stable manner without

reconstruction, especially since its form is also structurally unstable.

The band edge levels calculated with the GGA+U and hybrid functionals are shown in Figure

5-25:
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Figure 5-25 Valence and conduction band edge levels of ZnO surfaces, calculated with the GGA+U and hybrid functionals.

The VBM values of the nonpolar surfaces are largely consistent with one another with the same
functional, while the polar surfaces vary quite considerably due to the dipole moments. The
VBM levels of the nonpolar surfaces are, however, compared to prior literature and experimental
evidence, considerably high.'>°1% These results typically place the VBM of ZnO around the -7.0
eV to -7.5 eV level. As the high VBM of ZnO from GGA+U would produce strange interface
band offsets in later sections, a correction scheme will be employed:

The GGA+U misplacement of the VBM on an absolute scale could be considered as primarily an
issue related to the placement of the VBM relative to the reference potential within a bulk
potential. Comparing the reference potential levels of the nonpolar interfaces between hybrid
with fitted exact exchange and GGA+U, they are found to be relatively similar. The polar
interfaces differ significantly, primarily due to a difference in the charge distributions with the
dipole field. The relative VBM calculations, predict a significant difference of about 1.5 eV
between the functionals. If the hybrid relative VBM value is utilized, rather than the GGA+U

derived, the results are considerably improved:

104



Table 5-7 Absolute band edge levels utilizing local potential of GGA+U with Hybrid functional relative VBM.

Termination VBM Relative to Vacuum CBM Relative to Vacuum
(1010) -7.73 -4.28
(1120) -7.66 -4.21
(0001) -0.83 -6.38
1 - -
(000 §> 6.82 3.37

With this arrangement, the (1010), (1120) and (000 %) absolute band edges are considerably

improved, to roughly on par with the hybrid methodology. This is important due to the inability
to run proper hybrid calculations of most interfaces. While this is an ad hoc process, the main
utility of the band edge levels is for the determination of band offsets, where the actual shape of
the DOS apart from the edges is not important. Where this method is used, it will be referred to
as “mixed” band edges. This correction scheme has no physical basis and will necessarily
introduce a degree of error and uncertainty to the results. However, as the value utilized from the
hybrid calculation is a constant to be applied to variables from GGA+U equivalently, the
procedure may also be considered as a simple ad hoc shift of the ZnO VBM by about -1.5 eV to
produce more useful results; Comparison between different interfaces, would produce the same

relative differences in band offset, hence reducing the severity of the introduced errors.

The 27.5% exchange fraction hybrid functional results are less stable for the individual surfaces,
and do not agree with the VBM levels of the GGA+U results for any of the surfaces. Compared
to experimental results, the obtained VBM levels are closer to the real values for the nonpolar
surfaces, but the dipole effects once more interfere with the values obtained for the polar
surfaces. The standard exact exchange fraction increases the VBM energy levels for all the
surfaces compared to the specifically chosen value. As the specifically chosen value tended to
place the energy levels too low, the standard exchange generally improves the result. For the
nonpolar surfaces, the VBM value agrees quite well with experimental results, but the polar

surfaces are still placed considerably too low.
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Final Considerations for the ZnO Surfaces

The nonpolar ZnO surfaces behave similarly with respect to structure, stability and electronic
structure. They are both the most stable of the ZnO surfaces. While the surface states primarily
have the character of the conduction band, the energy level lies mostly outside the band gap
(within the scope of the underestimated band gap) and would not likely cause mid-gap interface
states. Due to the surface ionic structures, the conduction band surface states exhibit anisotropic
expansion similar to the NiO-(110) structure, but less spatially constrained as the oxygen

orbitals contribute to the states, rather than repel them.

The polar surfaces display the opposite traits, exhibiting considerable surface states and

relatively unstable surface energies. The (0001) surface states display traits akin to an
intermediate between NiO-(110) and NiO-(111) surface states, while the (000 %) surface

behaves similarly to the NiO-(111) surface.

Final Considerations for Surface Calculations

The agreement between the results obtained in this section and prior literature is varying, with
some results approaching very close, and other results having considerable error. Qualitative

agreement is obtained for most values, however.

There are several differences between the properties of the NiO and ZnO surfaces. The most
important difference for later considerations of interface electronic structure, however, is the
origin of the respective surface states: In non-polar NiO surfaces, the surface states occur almost
entirely at the surface itself, originating predominantly from the termination nickel ions. In the
non-polar ZnO surfaces, however, the surface states are closer to bulk states that extend out from
the surface slab, into the surrounding vacuum region. A possible consequence of this difference
in an interface, is that the NiO states would act as electron traps, while the ZnO states would act
closer to a conducting region. Similar traits are also observed for the ZnO-(0001) surface, the
small difference between the ionic planes at the surface facilitates a considerable contribution

from the sub-surface layers to the surface states, a property not observed in NiO.
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5.4. NiO-ZnO Heterojunction Interfaces

Within the bounds of a computational investigation, unless there is a perfect match between the
lattice parameters of the components of a junction, strain must be applied to the system to
accommodate both components within the same surface cell. For a heterojunction, the strain may
be either compressive, tensile or shear, each affecting the properties of the materials differently.
Experimental investigations of strain effects for heterojunctions show that electronic properties
such as band alignment depend considerably on the strain distribution.611%2 A choice must thus
be made in how to distribute the strain between the surfaces. In this case, only one of the surface
slabs are strained, to replicate the conditions of a deposition process of one material on a strain
free second phase. Another approach would be to distribute the strain equally between the
surfaces, or in proportions decided by the elastic moduli of the respective materials. This latter
approach would represent the closest approximation to the strain distribution one would expect
within a nanocomposite, or simultaneous precipitation of multiple phases from a single
supersaturated phase. In these cases, depending on the system, multiple forms of strain would be
present, for instance in the form of compressive strain on one material, and tensile strain on the

opposite.

As previously mentioned in section 3.3.1, the interface optimization process follows a multi-step

procedure. To shortly summarize:

1. Optimization of relative arrangement in ab-plane.
2. Optimization of interface width (distance between surfaces along the c-axis).

3. Optimization of ionic positions.

The strain applied to each interface system is given in Table 5-8:
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Table 5-8 Strain imposed on the system to fit the NiO and ZnO surfaces together.

Interface Strain

NiO Surface — ZnO Surface (% Distortion from bulk structure)
(100) - (1010) 11.86

(100) - (1120) 8.15

(110) - (1010) 2.51

(110) —(1120) 457

(111) - (0001) / (111) - {0007) 5.68

(111) - (1010) 2.60

(111) - (1120) 0.70

The (100) surfaces are both considerably strained, but a lower strain was not applicable within a
reasonable system size. The (111) - (1120) interfaces show the best fit between the respective

surface structures.

5.4.1. Interface Optimizations

Relative Interface Configurations

A note on notation: For interfaces involving a polar surface, the interface arrangement of

surfaces is followed by either Ni-O or Zn-0, to indicate which surface supplies which

termination to the interface. The former means that the NiO surface supplies the cation

termination, and the latter means NiO supplies the oxygen termination. This notation is

employed both for polar-polar and polar-nonpolar interfaces.

The relative energies of the interface structure conformations display relatively small variation.
Comparing the total energy of the various conformations, several surfaces displayed a standard
deviation of less than 0.1 eV, including all polar-polar, and several nonpolar-nonpolar interfaces.
The polar-polar interfaces all display low variance in energy, likely due to the interface
interaction energy being dominated by the electrostatic interaction of the oppositely charged

termination ions.
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Figure 5-26 Conformational energy surface for the strained ZnO 111-1010 interface.

The behavior of the interface structure energies with respect to differing interface width (without
spin polarization) for the most part display a continuous curve characteristic of atomic
interactions. Early attempts at optimizing the width with spin polarization enabled, showed that,
for certain interfaces, the magnetic structure would create an energy barrier, preventing the
system from assuming the minima region for non-spin polarized region. This new magnetic state
would also create a new local energy minimum for the interface width, rather than being purely
repulsive, see Figure 5-27. Consequently, certain interfaces may be in local minima
conformations with respect to interface widths, as the subsequent relaxation process started from

the minima of the non-spin polarized energy surfaces.
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Figure 5-27 A comparison of the energy landscape with and without spin polarization. The absolute axis scales are arbitrary.
Moving in the positive direction along the x-axis corresponds to a wider interface gap.

5.4.2. Relaxed Structure Interfaces

Upon initial construction, the interface structures utilize the bulk parameters of the surface
materials, albeit strained. The interface environment requires the ionic structures to rearrange to
assume the new minimum-energy conformation. These rearrangements affect the properties of
the interface, which, in a heterojunction, this is of special importance as the bonding across the
interface is unique to every surface pair. Of the two arrangements of strain distribution
considered, however, only the structures with strained ZnO slabs have all been fully relaxed. In
section 5.4.2, all results and discussion will refer to the relaxed interfaces with strained ZnO

structures.
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Interface Formation Energies

The interface formation energy provides information on the relative favorability of the formation
of the various interfaces. The interface formation energies of the relaxed interfaces with strained

ZnO is shown in Figure 5-28:

Interface Formation Energy
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Figure 5-28 Interface formation energies of the NiO-ZnO interfaces, with strained ZnO. The Ni-O and Zn-O labels indicate what
ions are contributed to the interface by the polar NiO surface slab, referring to the nickel- and oxygen terminations of the NiO
surface, respectively.

The two arrangements of the polar-polar surfaces (111) — (000 %) are the most favorable of the
interfaces. The reason is partly due to the polar-polar attraction between the surfaces, but also the
unstable structure of the ZnO-(000 %) surface, and the stabilization of this by incorporation of the

charged ZnO surface ions into the lattice of the opposite NiO surface. These interfaces may
alternatively be considered akinto a (111) — (0001) interface with a partially saturated
monolayer incorporated into the structure at the interface to improve bonding between the

separate crystal structures.
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For all surfaces either polar-polar or polar-nonpolar, any interface that incorporates the polar

nickel termination is always more favorable than the reverse case. Except for the (100) - (1010)

interface, the polar NiO surface is the most favorable pairing with all ZnO surfaces.

The strain distribution of this system approaches the conditions of ZnO deposited on NiO. Under

these conditions, by the energy minimization principles of Wulff construction, it may be

predicted that, for the NiO-(100) and NiO-(110) interfaces, the ZnO-(1010) and ZnO-(1120)

arrangements of the ZnO structure, respectively, would preferentially form. For the NiO-(111)
surface, the (111) — (000 %) Ni-O and Zn-O interfaces are predicted to predominantly form, in

agreement with experimental evidence.!6

Nonpolar-Nonpolar Interfaces

Of the four nonpolar-nonpolar interfaces, three of them are the least energetically favorable
overall. The interfaces exhibit the greatest dependence on the relative alignment of the respective
surfaces on structural relaxation and interface states, and exhibit behaviors not observed in the

interfaces involving at least one polar surface.

(100) Interfaces

The two nonpolar-nonpolar interfaces that include the NiO-(100) surface exhibit relatively
similar traits. The relaxed structures of the (100) - (1010) and (100) - (1120) interfaces are

shown in Figure 5-29:
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Figure 5-29 Top: Relaxed structure of the (100) - (1010} interface. Bottom: Relaxed structure of the (100) - (1120) interface.
The structure of NiO and ZnO are to the left and right respectively, for both images.

The (100) - (1010) structure aligns itself such that the cat- and anion rows of the surface layer
are completely parallel and the oxygen ions of the ZnO structure are arranged directly across the
interface from the nickel ions, with a bond length of 2.05 A. The terminal zinc ions bond with
their own row of oxygen ions within the NiO structure, but the alignment across the junction is
staggered, so the bonding strength is lower. The bond lengths are 2.61A, beyond what would
normally be considered bonded, but the relaxed structure clearly indicates attraction. The ions
that are involved in the cross-junction bonding extend out from the bulk of their respective
surfaces, and towards the opposite surface.

The (100) - (1120) interface arranges in a similar manner to the (100) - (1010) interface. The
ab-plane positions of the bonding ions do not line up across the junction, however, so the bonds
are all angled, causing the (1120) surface to be further distorted from the bulk structure than
observed in other interfaces, although the applied strain also plays a role. The bonds across the
interface bonds have lengths of 2.13 A and 2.24 A, for the Ni-O and Zn-O bonds, respectively.
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The spatially resolved hybrid DOS of the (100) - (1010) and (100) - (1120) interfaces exhibit
similar traits for the electronic structure throughout the structure, as may be observed in Figure

5-30.
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Figure 5-30 Left image: Spatially resolved DOS of the (100) - (1010} interface. Right image: Spatially resolved DOS of the
(100) - (1120) interface. Both calculated with the hybrid functional utilizing 25% exact exchange. NiO is on the left side, ZnO is
on the right side. The interface transition occurs along c-axis 6-7.

A particular trait is observed in both structures, which henceforth will be referred to as invasive
states. At energies corresponding to about 1 and 2 eV in both images, states that are present
throughout the ZnO slab continue several ionic layers into the NiO surface. These states diminish
the further into the opposite slab, and with distance from the interface, so they are not native to

the NiO DOS structure, yet they appear within the structure regardless.

The presence of invasive states shows the ZnO material to have a considerable influence on its
electronic structure in the immediate vicinity of the interface. The presence of invasive states in
this interface acts as mid-gap states within the NiO band structure, reducing the effective band
gap around the immediate interface region. In applications such as solar cells, these states would

act as charge carrier traps and recombination facilitators, lowering overall efficiency.

The GGA+U functional DOS exhibits different features; however, the overall structure of the

interface agrees with the hybrid results.
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Figure 5-31 Spatially resolved DOS of the (100) - (1120) interface, calculated with the GGA+U. NiO is on the left side, ZnO is
on the right side. The interface transition occurs along z-axis position 6-7.

The main difference, apart from the underestimation of the band gaps, is the appearance of
interface states at the NiO surface. These appear for most NiO surfaces, however for the (100)

interfaces, the energy level of the NiO interface states is higher than the predicted CBM of ZnO,
so the states of the latter dominate the effective CBM at the interface.

(110) - (1010) Interface

The ridged structure of the NiO-(110) surface results in more extensive differences in interface
bonding and electronic structure between separate interfaces, hence the (110) - {(1010) and

(110) - (1120) interfaces are explained separately. The relaxed structure of the (110) - (1010)
interface is shown in Figure 5-32:
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Figure 5-32 The relaxed structure of the (110) - (1010) interface. The structure of NiO and ZnO are to the bottom and top
respectively.

The cross-interface bonding has a different effect on the NiO and ZnO structures: The ZnO
structure approaches closer to the bulk arrangement in the bonded regions, while the NiO
structure is distorted. Upon the formation of the interface bonds, the ZnO ions are bonded to two
adjacent ions at the NiO surface ridge peaks, with the NiO ions approaching closer to the ZnO
lattice positions than NiO. The Ni-O and Zn-O bond lengths are nearly equivalent, with a bond
length around 1.99 A. The cross-interface bonds are notably stronger than the Ni-O bonds along
the NiO surface ridges.
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Figure 5-33 Partial charge density of the (110) - (1010) interface, corresponding to the CBM energy. Isosurface density level
at 0.001.

As seen in Figure 5-33, the vacuum regions do not act as an insulating layer, but rather as an
electron trap region, providing the lowest energy conduction band across the interface.
Conversely, the highest energy valence bands in the ZnO structure are located at the cross
interface bonded regions, forming a structure where electrons and holes are trapped in separate
regions of the interface. Rather than the specific structure of the orbitals, the more important
point to note is rather the effect of the cross-interface bonding, and alternately the lack thereof,
on the electronic structure. This is also demonstrated by the spatially resolved DOS of the (110)-

(1010) interface, shown in Figure 5-34:
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Figure 5-34 Spatially resolved DOS of the (110) - (1010) interface, calculated with the GGA+U functional. NiO is on the left
side, ZnO is on the right side. The interface transition occurs along z-axis position 7-8. The “resolution” is somewhat lower than
other GGA+U DOS images due to computer hardware constraints.

The (110) slab displays considerable surface states, both towards the vacuum surface and the
interface, reducing the effective band gap to about 0.7 eV on the surface, and 1.0 eV at the
interface. At z-axis value 8 in the figure, the DOS of the bonding ZnO ions are isolated from the
rest of the ZnO slab states. These bonding interface ions assume an electronic state closer to ZnO

bulk, compared to the non-bonding surface ions.

Considering Figure 5-33 and Figure 5-34 together, the interface width, as well as the extent and
density of the interface bonding, may be considered among the determining factors in formation
of interface states in the NiO — ZnO interface.

(110) - (1120) Interface

The (110) - (1120) interface structure, shown in Figure 5-35, follows the general bonding
arrangement of the nonpolar-nonpolar interfaces. It may be observed, however, that the non-
bonding interface ions are significantly repelled by the electrostatic interactions, as the ions

directly adjacent the bonding ions in the ZnO structure line up with equally charged ions.
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Figure 5-35 The relaxed structure of the {110) - (1120) interface. The structure of NiO and ZnO are at the bottom and top
respectively.

The bonds that do form are relatively strong, sufficient to make the interface formation energy
favorable despite the lineup of equally charged ions. The cross-interface bond length is 2.00 A,
an intermediate between ZnO and NiO. The applied strain on this surface requires special
mention, as the original tetrahedral coordination of the ions in the wurtzite structure has been
warped into a trigonal bipyramidal arrangement. Despite the considerable rearrangement, the
structure of the relaxed slab is intact, with no bond failures or local distortions.

The spatially resolved DOS of the (110) - (1120) interface is shown in Figure 5-36:
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Figure 5-36 Spatially resolved DOS of the (110) - (1120) interface, calculated with the GGA+U functional. NiO is on the left
side, ZnO is on the right side. The interface transition occurs along z-axis position 8-9.
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Located around energy level zero, the opposite case of the invasive states of the (100) interfaces
are observed, with the valence band states of NiO continuing extensively into the ZnO slab. The
states persist to the ZnO vacuum surface layer. These valence band states are unique to the (110)

surface and are also observed for the isolated surface.

The interface states at the valence band are composed of oxygen dangling bonds at the interface,
both from the NiO and the ZnO interface ions, while the conduction band interface states is due
to the same surface state orbitals of nickel that are observed in the clean NiO-(110) surface. The
spatial expansion of the surface states are somewhat distorted, as the nickel ions that are bonded
with oxygen ions in the ZnO surface and do not form surface states, or have them shifted to a
higher energy.

It should be noted that neither of the surfaces in this interface are equivalent along the a- and b-
axes, so an interface formed by rotating either surface by 90 degrees would exhibit significantly
different bonding patterns, and possibly different interface states.

Polar-Polar Interfaces

Compared to the nonpolar-nonpolar interfaces, where the optimal relative conformation is
dominated by alignment of oppositely charged individual ions, the interfaces that involve two
polar surfaces bond in a manner primarily dominated by the electrostatic interactions of the
surfaces as entireties. Consequently, the specific conformations are less important to the

energetic favorability of the interfaces.

(111) - (0001) Interfaces

The (111) - (0001) interfaces are technically polar-polar, but due to the surface relaxation and
the applied strain, the ZnO surface approaches a non-polar structure. This is also observed in the
interface formation energy, where the (111) - (0001) formation energies matches the polar-
nonpolar interface energies closed than the polar-polar. The relaxed structures of the (111) -

(0001) interfaces are shown in Figure 5-37:
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Figure 5-37 The relaxed structure of the (111) - (0001) interfaces. The structure of NiO and ZnO are at the bottom and top
respectively.

The relaxed configuration of the ZnO termination ions generally approaches a planar surface,
however the closer the ionic position in the ab-plane is a lattice position of the opposite NiO

structure, the greater the bond strength with the NiO lattice, and the more extensive the interface
modification to the ZnO.

Due to the presence of the two oppositely arranged internal dipoles of the slabs, the spatially

resolved DOS structure of the (111) - (0001) interfaces, shown in Figure 5-38, display
significant energy shifts.
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Figure 5-38 Spatially resolved DOS of the (111) - (0001) interfaces, calculated with the GGA+U functional. NiO is on the left
side, ZnO is on the right side. Left image: Zn-O interface. Right image: Ni-O interface. The interface transition occurs along z-
axis position 10-11 for the left image, and 12-13 for the right.

Both combinations of interface surfaces similarly display considerable interface states in the
band gap. Between the two different terminations, the origin of the mid-gap states differs: The

Zn-0 interface predominantly displays valence band mid-gap states, while only conduction band
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mid-gap states occur at the Ni-O interfaces. The Zn-O interface states are dominated by O-2p
states of the first sub-surface layer oxygen ions. As the valence band surface states are not
observed in the isolated surfaces (Figure 5-23), they appear to be a consequence of the presence
of the NiO slab and the applied strain.

The mid-gap states at the Ni-O interface are the same surface states observed on the nickel
termination surface both in isolated surfaces and at the nickel termination surface in the Zn- 0O
interface. Compared to at the vacuum surface, the interface nickel mid-gap states energy range is

considerably smaller, the reason for which is explained in the subsequent section.

(111) - (000 %) Interfaces

Compared with the (111) - (0001) interfaces, the (111) - (000 %) interfaces are very similar.

Beyond the monolayer of the more exposed termination ions, the ZnO surface slab is, prior to
ionic relaxation, identical to the (0001) surface. This difference still causes significant

alterations in the structure, both electronic and ionic, at the interface. The relaxed structure of the

(111) - (000 %) interfaces are shown in Figure 5-39:
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Figure 5-39 The relaxed structure of the (111) - (000%} interfaces. Left image: Ni-O. Right image: Zn-O. The structure of NiO
and ZnO are at the bottom and top respectively.

The termination ions of the ZnO structure are displaced in separate directions, assuming lattice

positions at the NiO surface. These interfaces thus assume a tightly bonded interface between the
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different materials. Due to a difference in the density of lattice sites in the ab-plane, a fraction of

the NiO lattice sites remains unoccupied, resulting in a partially occupied intermediate layer
between the surfaces.
The spatial DOS structures are similar to the (111) - (0001) interfaces, but with few significant

differences at the interface itself. The spatially resolved DOS of the (111) - (000 %) interfaces

are shown in Figure 5-40:
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Figure 5-40 Spatially resolved DOS of the (111) - (000%) interfaces, calculated with the GGA+U functional. NiO is on the left
side, ZnO is on the right side. Left image: Zn-O interface. Right image: Ni-O interface. The interface transition occurs along z-

axis position 12-14 for the left image, and 11-12 for the right. Due to computer hardware limitations, the left DOS has a lower
“resolution”.
The cation surface of the Ni-O interface displays some gap states near the conduction band, but
the ZnO interface layer has a completely clean gap. It is notable that the nickel termination
surface states that that are common for the both the clean surface and several interfaces are
nearly completely non-existent in this interface. It is likely that, due to the relatively unique

structure of the ZnO slab with terminal oxygen ions highly exposed, and the unique bonding at
the (111) - (000 %) interfaces, that the interaction with the ZnO surface alters the electronic

structure of the NiO surface sufficiently close to either the bulk or the oxygen termination
surface structure, that the NiO surface states don’t form throughout the gap. It is a recurring
observation that nickel surface ions involved in cross-interface bonding does not form surface
states; this interface would appear to be the most extensive case, where the termination ions are
all at least partially bonded. The same effect is likely the cause of the restricted energy range of

the (111) - (0001) Ni-O interface states, although to a lesser extent due to the weaker cross
interface bonding.

123



Between Figure 5-38 and Figure 5-40, the results indicate that, for the polar-polar interfaces, the
interface states present in a physical junction may be manipulated, both by selection of which
slab contributes which ion termination, but also by the specific bonding arrangements at the

interface.

Polar-Nonpolar Interfaces

The polar-nonpolar interfaces display a mix of traits of both the polar-polar and nonpolar-
nonpolar interfaces. Between the two component surfaces, however, the polar NiO surface
dominates the general behavior. The (111) - (1010) and (111) - {1120} interfaces act in
similar manners, so both will be addressed together. The relaxed structure of the (111) - (1010)

interfaces are shown in Figure 5-41.

Figure 5-41 The relaxed structure of the (111) - (1010} interfaces. The structure of NiO and ZnO are at the bottom and top
respectively.

The relaxed structures remain close to the bulk structure. The structures align in the ab-plane
such that the bonding ions form an intermediate position between the ideal bonding angle of
NiO, and a maximal interface width. Between the two interface arrangements, there is a slight
difference in the interface width, at 1.95 A and 1.92 A for the nickel- and oxygen polar

interfaces, respectively.

The (111) - (1120) interfaces act in a similar manner. The main difference is observed in the

Ni-O interface, where the ZnO surface oxygen ions that are sufficiently close to the NiO oxygen
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lattice sites are displaced significantly further towards the NiO surface and assuming a bonding
structure closer to NiO than ZnO. This would likely also occur in the (111) - (1010} interfaces,

but the surface structures match up with the same number of ions in this case, so the effect is not
observed.

The polar-nonpolar interfaces display the greatest difference in interface state density between
the different ion termination arrangements. The spatially resolved DOS is shown in Figure 5-42:
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Figure 5-42 Spatially resolved DOS of the (111) - (1010} interfaces, calculated with the GGA+U functional. NiO is on the left
side, ZnO is on the right side. Left image: Zn-O. Right image: Ni-O. The interface transition occurs along z-axis position 13-14
for the left image, and 12-13 for the right.

Unlike for the polar-polar interfaces, the interface effects of the polar nickel termination are not
counteracted by bonding with ions on an oppositely charged polar ZnO surface. Consequently,
the nickel surface states form relatively uninhabited at the Ni-O interface, forming a continuous
band of states across the band gap (see Figure 5-43). For the opposite surface arrangement, the
ZnO conduction band surface states cannot form due to the oxygen ions on the NiO surface,
resulting in an interface free of conduction band states. Due to the low extent of interface
bonding, there are significant valence band states present, however. The (111) - (1120)
interfaces behave in a mostly identical manner, although the Zn-O interface valence band states
lie slightly higher in energy.

The polar-nonpolar Ni-O interfaces display a particular trait of interest in the spatial expansion of
the interface states, shown in Figure 5-43:
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Figure 5-43 Partial charge density of the (111) - (1010) Ni-O interface. The energy level corresponds to the mid-gap interface
states of Figure 5-42 (right image), with an isosurface level of 0.0007.

The conduction band states of the Ni-O interface cover the entirety of the interface in spatially
continuous states. As the interface states also cover the energy range of entire band gap overlap,
a consequence of this property is electronic conduction parallel to the interface. In a system
where interface boundaries are prevalent throughout the structure, such as in a nanocomposite
material, such states could significantly enhance conductivity, although the extent to which the
polar-nonpolar Ni-O interfaces are present would be an important factor in the extent of the
effect.
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Overall Comparisons
Interface Charge Density

The overall charge density, in absolute and relative values compared to the surrounding slabs, as

well as the induced charge density are given in Table 5-9:

Table 5-9 Interface charge density values for ionically relaxed, strained ZnO interfaces. The relative interface density columns is
the relative density between the mid-interface density and bulk NiO/ZnO charge minima. The relative induced interface density is
the relative difference between the sum of the separate NiO and ZnO contributions, and the total interface density.

Interface Absolute interface Relative Relative Relative
density interface interface induced
(charge/A3) density NiO | density ZnO | interface density

(%) (%) (%)

(100) - (1010) 0.1251 67.33 77.61 5.13

(100) - (1120) 0.1163 62.39 54.91 2.37

(110) - (1010) 0.1137 27.24 83.91 3.44

(110) - (1120) 0.1277 32.69 51.85 2.39

(111) - (0001) Ni-O | 0.1279 24.34 104.84 -12.75

(111) - (0001) Zn-O | 0.2570 50.54 213.28 4.00

(111) - (000 %) Ni-O | No Interface

(111) - (000 %) 7n-0 | No Interface

(111) - (1010) Ni-O | 0.1721 34.96 96.63 11.49
(111) - (1010) Zn-O | 0.1159 22.56 67.19 32.24
(111) - (1120) Ni-O | 0.2688 51.33 95.76 4.72

(111) - (1120) Zn-O | 0.1134 21.85 41.98 24.88

The polar-nonpolar Zn-O interfaces exhibit the greatest relative induced charge density at the
interface by a significant factor. The lack of polarity on the ZnO surfaces, and thus lack of an
oppositely oriented dipole field to lead the charge away from the center, combined with the
negatively charged oxygen termination of the NiO surface are likely the cause of the high
relative induced charge density. It should be noted that the absolute value of the interface charge
is also relatively low, so while the induced charge is comparably more important, the absolute
magnitude is relatively less. Apart from the continuous interfaces, the Ni-O termination polar-

nonpolar interfaces display the greatest absolute scale interface charge density.
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For the (111) - (0001) interfaces, the interfacial charge density is relatively high: equal to or
higher than the charge density minima within the ZnO surface. The (111) - (000 %) interfaces
display no interface minima from the charge density distribution, but rather a continuous

transition from the NiO to the ZnO surface, due to the tight bonding formed between the

surfaces.

Most interfaces display a relatively disorderly planar averaged induced charge distribution. The
exceptions are the NiO-(100) interfaces, which display a continuous induced charge density,

shown in Figure 5-44:

1 1

Figure 5-44 Strained ZnO (100) — (1010) relaxed surface with induced charge plot. Each y-axis tick has magnitude 2*10-3.
There is a clear spike in the induced charge density around the center of the interface gap, drawn
from the surface states of the NiO slab, as well as the first and second layers of the ZnO slab.
Other interfaces do not display such a simple induced charge behavior and tend to display a

rather chaotic curve, indicating a more complex charge rearrangement in these cases.

Interface Band Alignment

The alignment between the NiO and ZnO surfaces displays considerable variance with respect to
the nature of the interface in question, as well as the strain applied to the system. An overview of

the VBM offsets for the various surfaces are given in Table 5-10:
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Table 5-10 Band offset between strained ZnO interfaces. Positive VBM offset corresponds to the NiO VBM level being located
higher in energy than the ZnO levels.

Interface VBM Offset GGA+U VBM Offset Mixed
NiO Surface — ZnO Surface (eV) (eV)
(100) - (1010) 0.43 1.85
(100) - (1120) -0.22 1.20
(110) - (1010) 0.31 1.73
(110) — (1120) 0.92 2.34
(111) - (0001) Nickel - Oxygen -0.72 0.12
(111) - (0001) Zinc - Oxygen -0.93 0.49
(111) - (000 %) Nickel - Oxygen -1.29 0.70
(111) - (000 %) Zinc - Oxygen 0.09 1.51
(111) - (1010) Nickel - Oxygen -0.55 0.87
(111) - (1010) Zinc - Oxygen 0.31 1.73
(111) - (1120) Nickel - Oxygen 0.06 1.48
(111) - (1120) Zinc - Oxygen -0.27 1.15

The nonpolar-nonpolar interfaces exhibit the greatest average offset, while the (110) — (1120)
interface in particular displays the greatest offset overall, by a significant margin. This
divergence is partly due to the shear strain applied to the zinc slab: the zinc ions at the bulk
assume a trigonal bipyramidal coordination with the surrounding oxygen ions. Such a
rearrangement likely causes significant changes in the environment of the ZnO bulk material

properties.
The polar-polar interfaces exhibit the opposite behavior, displaying the smallest band offsets

overall. Within this group, the (0001) and (000 %) surfaces also display distinctly different

offsets, with the former displaying overall smallest offsets. This behavior of the (0001)
interfaces is unexpected, as the relaxed ionic structures and interface formation energies are
closer to those of the polar-nonpolar interfaces, which display intermediate values between the

two other groups.

The results indicate that, for a thin film system of ZnO deposited on NiO of any arrangement,

engineering of the band offset by the variables in these results: surface arrangement and
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termination ion on the polar surfaces, are both potential options, as the calculated offset variance

is considerable. The effects of strain are discussed in the section for static interfaces.

5.4.3. Static Structure Interfaces

While it varies with the surface in question and the type of the applied strain, the strained NiO
structures are relatively structurally unstable, compared with the strained ZnO. lonic relaxation
in several cases causes systematic structural failure such as periodic cavities throughout the
surface slabs due to bond dissociation or other modes of systematic structural distortion. Hence,

the static interfaces without ionic relaxation will be considered in this section.

Interface Formation Energy

Without ionic relaxation, the interface formation energies differ from the relaxed interface

values. The strained ZnO interface energies with both relaxed and static slabs are shown in

Figure 5-45:

Strained ZnO Surface Energies - Relaxed and Static Interfaces
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Figure 5-45 Interface energies for relaxed and static interfaces with strained ZnO slabs.
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Without relaxation, the qualitative picture of the strained ZnO interfaces remain largely the
same. The greatest difference is observed for the (111) - (0001) interfaces, where the interface

formation energy is considerably more negative compared to the relaxed surfaces, due to the

static interfaces retaining the greater polarity of the bulk arrangement.

While there are no overall patterns in the differences between the static and relaxed strained ZnO
interface energies, the general qualitative agreement and relatively small differences for most
interfaces evidence that the static strained NiO interface energies are sufficiently accurate to
provide a qualitative view of the relative favorability of each interface. The interface formation

energies are shown in Figure 5-46:
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Figure 5-46 Interface formation energy for interfaces with strained NiO. The (1 10)-(1120) surface is excluded, as the magnetic
structure collapsed during electronic convergence for the static surface, giving wrong interface energies.

Compared to the static interfaces with strained ZnO slabs, several interfaces display more
positive interface formation energies. The interface formation energies with the greatest relative
increase are the interfaces under the most strain. The interfaces with intermediate to low degree

of strain display approximately equal formation energy, or lower. The effect on the interface

energy with the strain distribution also depends on the surfaces in question.
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By the energy minimization principles of Wulff construction, upon deposition of NiO on any
considered ZnO surface, an interface including the (111) surface of NiO is predicted to form, a

behavior which has also been reported experimentally.513*

Interface Characteristics

Application of the strain to the NiO structure rather than the ZnO causes considerable changes
both to the to the interface states, but also to the electronic structure in general. The general
behavior of each group of interfaces remain generally constant with a different strain
distribution, although certain significant differences are observed. The effects of the strain

distribution are, however, generally consistent across the different interfaces.

While the (100) - (1010) interface is among the less energetically stable interfaces, the
simplicity of the spatial DOS structures, shown in Figure 5-47, provides a clear example of the

effects of changing the strain distribution.
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Figure 5-47 Spatially resolved DOS of the (100) - (1010) interface with strained NiO and ZnO structures, to the left and the
right respectively. The states corresponding to the NiO slab are on the left side of the diagram, while the states corresponding to
ZnO0 are to the right, with the transition being at z-axis 6-7 for both.

In the DOS for the strained NiO interface (left image), the strain free ZnO slab has a
considerably wider band gap compared to the strained slab. Contrarily, the NiO band gap is
reduced in width. The decrease in ZnO gap states is partly due to the lack of strain but the lack of

ionic relaxation also contributes to the absence of mid-gap states in the ZnO DOS.

The strained NiO slab displays considerable surface states at the valence band near the vacuum

surface. The interface states form at both the conduction and valence bands, but also in the center
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of the band gap. The nature of this gap state may be seen clearly in the partial charge density

structure of the interface, see Figure 5-48.

In the strained ZnO interface, the band gap of NiO is wider, while the ZnO slab displays
extensive density of mid-gap states. Two separate regions of interface states are present in the
strained ZnO DOS structure. Between the two DOS structures, it may be established that the
interface states at the valence band are formed by both the NiO (100) and ZnO (1010} surfaces,

but only whichever of the two is strained.

Figure 5-48 Partial charge density of the strained NiO (100)-(1010) interface, corresponding to the mid-gap density states.
Calculated with hybrid functional, utilizing standard exact exchange.

As previously noted in section 5.4.2, the strained ZnO interface lowest energy mid-gap interface
states originate from ZnO structure. The strained NiO interface exhibits a different origin of the
lowest energy states. The reason is likely twofold: Because the strain free ZnO structure cannot
form the conduction band states perpendicular to the [0001] direction of ZnO at a sufficiently
low energy with the strain on the structure removed, and because the interface structure lines up
the terminal zinc- and nickel ions (Figure 5-48), causing the former to attract the surface state
orbitals of the nickel ion. The latter point also affects the energy level of the mid-gap states,
forming lower energy states as the orbitals are bound by the positive electrostatic field in

between both termination ions.
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Band Alignments: Strain Distribution and Strain Corrected Values

For the static interfaces, the strain corrected values for the band offsets, otherwise known as the

natural band offsets, have been calculated in addition to the strained offsets:

Table 5-11 Natural and strained valence band offsets for static interfaces.

Interface Strained Band Strained Band Offsets Natural VBM | Natural VBM
Offsets (GGA+U) | (Mixed) Band Offsets | Band Offsets
Strain | Strain Strain Strain ZnO (GGA+U) (Mixed)
NiO Zn0O NiO

(100) - (1010) |-0.24 -0.22 1.18 1.20 0.032 1.45

(100) - (1120) |-2.18 -0.98 -0.76 0.44 -0.058 1.36

(110) - (1010) | -1.29 -0.49 0.13 0.93 -0.089 1.33

(110) - (1120) | 1.37 1.32 2.79 2.74 0.42 1.84

(111) - (000 %) -2.81 -2.70 -1.39 -1.28 -2.95 -1.53

Nickel - Oxygen

(111) - (0001) |-1.71 -0.96 -0.29 0.46 0.023 1.44

Zinc - Oxygen

(111) - (0001) |-2.23 -1.00 -0.81 0.42 -0.12 1.30

Nickel - Oxygen

(111) - (000 %) 0.076 0.0017 1.50 1.42 -0.32 1.10

Zinc - Oxygen

(111) - (1010) |0.66 0.33 2.08 1.75 -0.61 0.81

Nickel - Oxygen

(111) - (1010) | 0.88 0.43 2.30 1.85 -0.69 0.73

Zinc - Oxygen

(111) - (1120) |-1.24 -0.99 0.18 0.43 -0.51 0.91

Nickel - Oxygen

(111) - (1120) |-0.81 -0.46 0.61 0.96 -0.12 1.30

Zinc - Oxygen

The mixed natural offsets all predict a type Il band alignment for the interface in accordance with
experimental evidence.®”133 The only exception is the (111) - (000 %} Ni-O interface, caused by

steric repulsion between the NiO and ZnO slabs due to the lack of relaxation of the ionic

structure.

The trends observed in the relaxed interface VBO values where the (111) - (0001) interfaces

provided the smallest band offsets, are here indicated to primarily be because of strain. The
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natural band offsets for these interfaces are on average greater in magnitude compared with the

polar-nonpolar.

Comparing the static and relaxed interface VBO values, most of the strained ZnO interfaces
exhibit considerably different band offsets, although the general trends are largely the same. The
(110) - (1120) strained offset values in are largely unchanged, despite the differences in
structures. Uniquely, the offset is nearly the same, regardless of which slab the strain is localized
on. Furthermore, comparing the strained and natural band offsets of the interface, it may be
established that the origin of the divergent offset for the relaxed (110) - (1120) interface, as
noted in the section for relaxed interface band offsets, is indeed primarily due to the strain

environment, but the natural properties of the interfaces also play a role.

Experimental values for the VBO, even for just the polar-polar interfaces, are relatively varied.
The natural VBO values obtained in this study for the polar-polar interfaces show good
agreement with the lower experimental values, although somewhat underestimated.3*%* The
experimental observation of a greater band offset for the (111) - (1120} interface compared to
the polar-polar, is qualitatively observed for the Zn-O surfaces, but is not reproduced with other

combinations of terminations.

The overall conclusion is similar to that of the relaxed interface, the specific arrangement of
interface and strain distribution may have considerable effects on the band offset of the
heterojunction and may potentially be utilized to engineer the properties of the interface,
although the effect of the strain would likely only manifest to a considerable degree for thin film

interfaces, below the critical thickness of the materials.
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6.General Discussion

6.1. Mixed Phase System

For both the Ni:ZnO and Zn:NiO systems, the concentration of the solute ionic species exhibits
significant effects on the electronic properties of the mixed phase materials, beyond an initial
low concentration region. Both systems exhibit saturation behavior of the VBM shift at the
concentration limits, so these energy levels would be expected to remain stable around

equilibrium concentrations of the mixed phase systems.

The specific effects of concentration on the electronic properties are different between the two
systems, but certain similarities are present. The VBM level increases in both systems by a
maximum of about 0.26 eV and 0.39 eV for the Zn:NiO and Ni:ZnO systems respectively. If any
mixed phase interface effects are neglected, according to the calculated heterojunction natural
VBO values, heterojunctions formed from the mixed phase materials would likely remain as type

Il for all interfaces, albeit with a slightly reduced VBO value.

The effects observed on the Zn:NiO CBM value are more extensive, predicting a significant drop
in the system band edge of 0.57 eV. As a result, the band gap decreases by about 0.8 eV.
Experimental evidence on thin film systems exhibit a reduction of 0.51 eV, indicating the band
edge drop to be somewhat overestimated, likely due to the overestimated pure NiO band gap.!8
Unlike the VBM level, the CBM level does not exhibit saturation behavior at the concentration
limit, indicating that the conduction band level variation would be comparatively greater with
different equilibrium concentrations of the Zn:NiO system. Due to the low extent of the change

of the solid solution equilibrium concentration with temperature, this would likely not cause
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issues under a practical context, although mixed-phase heterojunctions would exhibit slightly

different properties depending on the operational temperature.

The band gap contraction of the Ni:ZnO system has been assigned by some studies to a d-orbital
splitting of impurity states.*'* The calculations show some points in agreement with this theory,
but others in opposition. The decrease of the band gap at 1.8% concentration does not agree with
this model, as the impurity states are only observed at higher concentrations, while to the
contrary, the high-spin magnetic arrangement of the nickel ions agree. A possible explanation is
that the PBEO functional places the energy of the nickel conduction band states too high and
calculates an exaggerated gap with the conduction band states, similar to how the NiO band gap
is overestimated. In this case, the results of the 3.7% concentration results would align with the

d-orbital impurity state splitting model.

With respect to the effect of the mixed phases on the heterojunctions, as the VBM levels of both
mixed phases are predicted to increase to a similar extent, and the CBM level of Ni:ZnO exhibits
a relatively small change overall, the influence on the properties of a heterojunction would likely
be dominated by the change in the Zn:NiO CBM. The lowered conduction band edge would have
two direct consequences on the heterojunction: Firstly, the Fermi level is moved towards the NiO
valence band, increasing the built-in potential of the mixed phase p-n junction, provided no other
effects dominate, according to the experimental work functions of the pure phases.?¢1%
Secondly, the CBO of the heterojunction would be substantially reduced. The significance of this

will be noted in section 6.2.

In conclusion for the investigation on the mixed phase materials, the calculated effects of the
isovalent doping with nickel and zinc ions at the necessary concentrations to form the
thermodynamically stable materials, are sufficient that accounting for the properties of the mixed
phase materials, not only the initial components, of a NiO — ZnO coexistent p-n heterojunction is

necessary for accurately assessing its properties.
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6.2. Heterojunction Interfaces

Due to the interaction between the differing chemical properties of the two components of the
heterojunctions, interface states occurring in the band gap region is a consistent trait observed for
nearly all interfaces. Such states have a considerable negative impact on the efficiency of such p-
n junctions for applications such as solar panels, due to the tendency of such states to capture
charge carriers. The same trap assisted surface recombination may also increase the junction

recombination — generation current, by the Shockley-Hall-Read process.

The interface states primarily exhibit conduction band composition, either from the ZnO or the
NiO structures, and are mainly caused by the presence of cations at the interface. The states may
originate from either ZnO or NiO, but nickel ions are the primary cause of the lowest energy
states for most interfaces. The exceptions are the NiO-(100) interfaces with strained ZnO (see
Figure 5-30, Figure 5-31), which is also the interfaces where the formation of NiO surface states

decreases the energy of these CBM states the least, due to the surface geometry.

In addition to the properties of the individual surfaces, there are several factors that decide the
prevalence and energy level of the interface states for any given interface. Presence of zinc ions
not in a cross-interface bonding state, and in close proximity to the nickel ion acts as an
enhancing factor for the nickel conduction band surface states, attracting them further out from
the NiO surface, and lowering their energy compared to the level they assume when formed
towards a vacuum (see Figure 5-47, Figure 5-48). In the cases where the zinc surface states
dominate, the nickel ions act as the enhancers, but to a significantly lesser degree, as the ZnO
surface states originate from the bulk, and are more tightly bound (see Figure 9-2). Another
determining factor, is the extent of the cross-interface bonding. Oxygen ions act as inhibitors to
the formation of conduction band interface states, either by the formation of ionic bonds, or by
electrostatic repulsion from the negative charges increasing the orbital energy. Hence, surfaces
where all nickel ions are sufficiently strongly bonded to at least one oxygen ion, do not display
conduction band interface states. As a consequence of the previous point, the width of the

interface, or the distance between the NiO and ZnO surfaces at any point within an interface
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structure also plays a role. The clearest example of these tendencies is seen in Figure 5-34, where

both tightly and weakly bound regions are present in the same interface.

Valence band states are primarily formed due to structural rearrangement from the ideal bulk
structure, and thus depend significantly on the strain distribution (see Figure 5-47). For both the
NiO and ZnO surfaces, the polar oxygen termination surface adjusts the most with relaxation
towards a surface, resulting in valence band states occurring to the greatest extent for these
surfaces (see Figure 5-16). While it applies to all surfaces, the application of tensile strain along
the ab-plane to the NiO and ZnO polar surfaces significantly increase the valence band interface
state energy by increasing the extent of the surface relaxation (compare Figure 5-23, left image,
and Figure 5-38, left image at the ZnO oxygen termination). By the same reason, the formation
of sufficiently strong cross-interface bonds may counteract the formation of valence band
interface states by maintaining the oxygen termination structure closer to the bulk arrangement
(compare Figure 5-38 and Figure 5-40). Cross-interface bonds may act in the opposite manner as

well, forming valence band states if the bonding is too strong, but this is only observed in the

(110)-(1010) interface (see Figure 5-34).

Most of the interfaces display extensive interface states due to the connection between surface
cations and interface states. The few interfaces that do not produce mid-gap interface states, all
have the common feature of having a polar oxygen termination involved, either on the NiO or
the ZnO surface. Due to the specific arrangements of surfaces required for the formation of a
mid-gap interface state free junction, it is very likely that it could only be achieved under
conditions where only single surfaces are permitted to form interfaces. As previously noted,
polar interfaces involving the polar nickel termination surface are more energetically favorable
compared to the oxygen terminated counterparts. Methodologies such as utilizing pellets to form
the junction, would very likely exhibit extensive interface states, of every variety observed for
these interfaces. Interface trap recombination will likely occur extensively, although the
contribution of the effect on generation-recombination current would depend on the specific

construction and usage environment of the junction.

The natural VBO values of the various interfaces (see Table 5-11) cover a range of 0.73-1.84 eV.

Using band gap values of 3.37 eV for ZnO and 3.70 eV for NiO, following the previously
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established convention, the CBO values correspondingly exhibit a range of -2.17- -1.06 eV.
Overall, the potential barriers across the heterojunction will be dominated by the conduction
band offset. As previously noted in section 6.2, the Zn:NiO phase exhibits a considerably
lowered CBM level. Consequently, the dominant heterojunction barrier will be significantly
reduced. Although the calculated CBM drop is overestimated, a drop of 0.5 eV would, in the

case of the lowest VBO interface, halve the conduction band offset.
6.3. Practical Considerations

6.3.1. p-nlJunctions

For certain applications of p-n junctions, such as solar cells, the presence of interface states is
undesirable, as they directly result in loss of efficiency by capturing charge carriers.
Consequently, there is interest in knowing what interface conditions minimize the prevalence of

these states.

Minimizing the prevalence of the conductance and valence band states require different
considerations. Valence band states are increased by the application of strain, the extent of ionic
relaxation away from the bulk structure, and the arrangement of surfaces. The conduction band
states are primarily determined by the arrangement of surfaces, as well as the strength and

density of the cross-interface bonding if nickel ions are present at the surface.

The only interfaces that may fulfill these requirements to a sufficient degree, are the (111) -
(000 %) interfaces. The polar-nonpolar Zn-O interfaces are less prone forming interface states

than the polar-polar, but they exhibit considerable valence band states due to the oxygen surface

relaxation due to lack of cross-interface bonding.

To form interfaces with the least interface states possible, either of the structures shown in Figure
5-40 must be formed. Forming an interface state free junction could, according to the results on
this study, be accomplished by fulfilling several requirements. The main point for forming an
interface state free junction, is to utilize an oxygen rich environment when the junction transition

is formed, in addition to utilizing a polar-polar pair of interfaces. The separate surfaces must also
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form a sufficiently tightly bonded structure, with the ZnO structure terminated at the correct
plane. If the cross-interface bonding is too weak or sporadic, an electronic interface structure
closer to the (111) - (0001) interfaces would result (see Figure 5-38). Under practical
circumstances, this matter is greatly complicated, due to the structural mismatch, and the
tendencies of the NiO and ZnO polar structures to spontaneously reconstruct, creating narrow
voids in.**’® An example of the possible results of defective states due to structural mismatch
may be seen in Figure 9-1: While this interface is not the relevant polar-polar, the strain applied
to the NiO interface structure increases the Ni-O bond length in the ab-plane, sufficient to
produce effects akin to dislocation defects. Consequently, the entire structure is covered in defect
states. The static structure does aggravate the results by maintaining the flawed structure
throughout, however relaxation of an interface such a degree of flaws, results in extensive
failures of the structure. ab-plane strain is much less significant for c-axis oriented NiO-(111),
but a defective NiO structure at the interface could cause defect states, depending on the extent
of the defective structure.

6.3.2. Nanocomposites

A particular nanocomposite of interest for coexistent oxide, is the structure that forms upon
phase separation of a metal oxide mixture corresponding to a two-phase region. Deducing the
exact prevalence of interfaces in such a complex system is practically impossible. However,
assuming an idealized nanocomposite structure where the internal structures are determined
entirely by the interface formation energies and the principles of Wulff construction, certain

deductions may be made.

Upon phase separation, the resulting interface structures between the Ni:ZnO and Zn:NiO phases
will not have the strain localized on one phase, but rather distributed between the phases. The
local strain distribution at the interface would be decided by the relative elastic moduli of the two
phases.

Neglecting the unknown effects of the mixed phases on the interface formation energy, for the

Zn:NiO structure, the interfaces involving the (111) surface are always the more favorable. As it
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is possible to form a complete crystal surface exposing only the (111) surfaces, it would be
predicted that the NiO crystals will preferentially approach the octahedron crystal structure of
such an arrangement. Further, since the Ni-O interfaces are collectively the most favorable polar
interfaces of NiO, the surfaces would preferentially exhibit a nickel ion termination at the

surface.

The Ni:ZnO structure is more complicated. The polar-polar interface with the Zn:NiO structure

would preferentially form, however due to the wurtzite structure, a complete crystal cannot be

formed with only (0001)/ (000 % ) surfaces. Consequently, polar-nonpolar interfaces with the

(1010) and (1120) surfaces of Ni:ZnO will also be present, forming interfaces with the nickel

terminated NiO crystals.

As previously noted in section 5.4.2, the Ni-O polar-nonpolar interfaces exhibit continuous
conduction band states across the surface, with an energy range across the entire band gap.
Consequently, the interface could be expected to exhibit enhanced conductivity. While the extent
of the effect would depend on the extent to which the conducting interfaces are interconnected, a
nanocomposite of the Zn:NiO — Ni:ZnO type could be expected to exhibit higher electron

conductivity than the bulk materials due to this enhanced interface boundary conductivity effect.

The idealized nanocomposite case considered here is significantly simplified, however. A
physical nanocomposite from a phase separation would exhibit extensive differences from the
idealized case. Nonequilibrium crystal structures due to separate factors from surface energy,
such as steric hindrance, would likely dominate the nanoscale crystal structure. The physical
nanocomposite interface regions would still be covered in interfaces states, although not only the

continuous polar-nonpolar interface states that would dominate an ideal interface.

The high concentration of zinc in the equilibrium structure is also a source of divergence from
the ideal case. Even at significantly lower dopant concentrations, the zinc ions are
experimentally reported to cause considerable divergence from the pure NiO crystal structures,

but this is dependent on the production method of the Zn:NiO material 11211
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6.4. Further Work

The NiO-ZnO coexistent heterojunction system is complex, with many separate factors closely
interacting. Consequently, there are necessarily several factors that are not considered within the
scope of this study. In a practical interface system, doping the metal oxide semiconductors is
necessary due to the low intrinsic charge carrier densities of the materials. Investigating the
effect of these dopants on the interface properties is thus necessary. The matter is further
complicated by the mixed phase materials present in a coexistent heterojunction, as the dopant
effect on these mixed phase materials must also be considered.

This study has shown that the properties of the NiO-ZnO heterojunction depends significantly on
the specific arrangement of surfaces and termination ions of the interface. Hence it is possible
that the interface properties observed with mixed phase interface slabs would display significant
differences from the pure phase interfaces considered in this study. Hence, there is a need to
study the properties of mixed phase interfaces directly, both by experimental and theoretical

means.
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7. Conclusion

Utilizing DFT with the PBEO functional, the formation of the NiO — ZnO mixed phase materials
are predicted to exhibit significant effects on the electronic band edge levels. The Ni:ZnO and
Zn:NiO systems exhibit an increase in VBM energy level relative to the pure materials with
maximum values of 0.39 eV and 0.26 eV, caused by the formation of localized impurity states
and cubic phase ZnO states, respectively. The VBM level shifts reach saturation with respect to
solute ion concentration at 3.70% and 4.69%, again respectively. The band gap width of both
mixed phase materials is reduced with solute ion concentration, with a limit reduction of 0.3 eV
for Ni:ZnO. The Zn:NiO CBM shift has not reached saturation at the high limit zinc ion
concentration of 31.25%, and exhibits a band gap reduction of 0.8 eV at this concentration. The
formation of mixed phase materials is thus considered likely to significantly alter the properties

of a NiO — ZnO heterojunction.

The properties of the NiO — ZnO heterojunctions are predicted to exhibit considerable
dependence on the specific arrangement of the surfaces forming the interface, both on the ionic
termination surfaces, and the distribution of strain between these. Properties display rough
similarities between groups of nonpolar-nonpolar, polar-polar and polar-nonpolar, but the
interfaces among each group exhibit considerable differences. The interface formation energy,

regardless of strain distribution, favors the formation of the polar-polar interfaces.

The natural band offsets make the NiO — ZnO heterojunction a type Il heterojunction, however
the different interfaces display a significant range of valence band offset values, ranging from
0.73 10 1.84 eV. Interface mid-gap states, predominantly Ni-3d conduction band states, are
present in nearly all interface arrangements. The results present evidence that the prevalence of
these interface states, and the general properties of a NiO-ZnO heterojunction, may potentially
be manipulated by selection of a suitable interface, and the growth conditions under which it is

formed.
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9.Appendix

Strained NiO-Interface

Figure 9-1 Spatial DOS structure of the (110) - (1120) interface. NiO structure to the left, ZnO structure to the right.

ZnO Conduction Band Interface States
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Figure 9-2 Conduction band charge density of the (100) - (1010) interface, calculated with hybrid functional utilizing standard
fraction of exact exchange. The image to the left has isosurface level 0.001, while the image to the right has isosurface level
0.0004, demonstrating the extension of the conduction band orbitals towards the NiO structure. The energy level corresponds to
the ZnO surface state level.

Hydrogenated Surfaces Comparison

The effect of hydrogenating oxygen termination surfaces on the structural and electronic
properties has been investigated.
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Figure 9-3 Left image: NiO-(111) Clean oxygen termination. Right image: NiO-(111) Hydrogenated oxygen termination.

As may be seen from figure Figure 9-3, the application of hydrogen to the NiO-(111) oxygen
termination (right side of images) reduces the total dipole, by acting as a positively charged
monolayer, and completely inhibits the formation of valence band states, by allowing the oxygen
ions to retain the close-to bulk structure. The hydrogen layer forms conduction band states
instead, however. The polar ZnO surface forms a lesser extent of valence band states, so

hydrogenating the oxygen termination causes little effect.

Hydrogenating non-polar ZnO surfaces has greatly disruptive effects on the DOS structure:

Figure 9-4 Left image: Zn(1120) Clean termination. Right image: ZnO-(1120) Hydrogenated termination.
In this case, the band gap is considerably reduced, and significant surface states occur. Similar

effects occur for the (1010) surface. While the effect on the nonpolar NiO-(110) surface is to a
lesser extent, hydrogen still acts disruptively to the electronic structure of all surfaces except

NiO-(111), greatly increasing the energy shift and mid-gap states.
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